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Preface

The NATO sponsored Advanced Research Workshop on “Properties and
Applications of Thermoelectric Materials” took place on the Croatian island of
Hvar over the period 20-26 September, 2008. This subject has attracted renewed
interest as concerns with the efficient use of energy resources, and the minimization
of environmental damage, have become important current issues. There has been
the recognition that thermoelectric devices could play a role in generating electricity
from waste heat, enabling cooling via refrigerators with no moving parts, and many
other more specialized applications. The main problem in realizing this ambition
is the rather low efficiency of such devices for general applications. The workshop
addressed that problem by reviewing the latest experimental and theoretical work
in this field and by exploring various strategies that might increase the efficiency of
thermoelectric devices.

A measure of the potential of a particular material for an efficient thermoelectric
device is the figure of merit ZT'. This dimensionless ratio depends on the electronic
conductivity, the total thermal conductivity and the thermopower (Seebeck coeffi-
cient) of the material. For practical applications in a given temperature range a figure
of merit should exceed a value of 1, and the search, therefore, is to find or fabricate
materials that satisfy this criterion. The difficulty that arises is the conflicting effects
of the different factors. The high electrical conductivity of good metals enhances
ZT, but this coexists with poor thermopower and high electric thermal conductiv-
ity which reduces ZT, so these materials are not suitable. Materials with a high
thermopower and low thermal conductivity, on the other hand, tend to have a poor
electrical conductivity, so some compromise has to be found between these con-
flicting factors in optimizing Z7'. One existing class of materials which are metallic,
but also have a high thermopower, are the compounds and alloys which have strong
electron correlation. These materials predominantly contain rare earth or actinide
ions, and the enhanced thermopower arises from narrow asymmetric renormalized
bands near the Fermi level, resulting from the hybridization of the 4f or 5f states
with the conduction electrons. The thermoelectric anomalies due to the proximity
of the chemical potential to the Mott—Hubbard gap have also attracted a lot of atten-
tion recently. Typical examples are provided by high temperature superconductors
and other oxides. The thermoelectric properties of these classes of materials were
the main focus of the workshop.



vi Preface

The papers in this volume cover the broad range of approaches, from the
experimental work of fabricating, and characterising, the properties of new com-
pounds to enhance ZT, through to theoretical work on renormalized band structure
calculations and model Hamiltonians to obtain a deeper understanding of the ther-
moelectric properties of these materials. The effects of disorder, the proximity to
metal-insulator transitions, the properties of layered composite materials, and the
introduction of voids or cages into the structure to reduce the lattice thermal conduc-
tivity are all explored. Other ways of enhancing ZT by exploiting glassy materials
or using the thermoelectric properties of metal-excitonic insulator interfaces are also
covered. Several papers dealing with the general physical properties of strongly cor-
related materials are included as well.

We hope the papers presented here give a guide to the current activity in the field,
and convey the fact that real progress is being made. Much work still requires to be
done — this is more of an interim report — but we hope it will encourage and stim-
ulate further developments in the field, to bring forward the day when the general
production of high efficiency thermoelectric devices can be realized.

Zagreb, London Veljko Zlati¢
March 2009 Alex Hewson
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Strongly Correlated Electron Phenomena
in the Filled Skutterudites

Maple, R. E. Baumbach, J. J. Hamlin, P. C. Ho, L. Shu,

M. B.
D. E. MacLaughlin, Z. Henkie, R. Wawryk, T. Cichorek, and A. Pietraszko

Abstract In the field of modern condensed matter physics, a major effort has been
devoted to the study of correlated electron phenomena in solids, particularly those
associated with d- and f-electrons of transition metal, rare earth, or actinide ions.
One class of materials that has contributed to this enterprise has been the filled
skutterudites, which have provided a rich reservoir of new materials including
PrOs4Sby;: the first Pr-based heavy fermion superconductor. In this class of com-
pounds, the delicate interplay between several types of physical phenomena can be
tuned by means of various “knobs”, such as pressure and chemical substitution, to
reveal the underlying mechanisms of the correlated electron behavior.

In this paper, we review recent experiments on filled skutterudite compounds
based on Ce and Pr “filler ions”, with particular attention to the arsenides and
antimonides.

1 Introduction

Historically, mineral skutterudites were mined as a source of transition metals
(such as Fe and Ni) in Skutterud, Norway, and their crystalline structure was first
characterized in 1928 by I. Oftedal [1]. In general, mineral skutterudites have
the chemical formula 7X3 where the transition metal 7 = Co, Rh, or Ir and the
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2 M. B. Maple et al.

Fig. 1 Crystal structure of the filled skutterudites. The filled skutterudites have the chemical for-
mula MT;X), and crystallize in the cubic space group /m3 with two formula units per unit cell.
The lattice constant a is large ~ 7.8-9.3 A. The rare earth position is (0, 0, 0), the transition metal
position is (0.25, 0.25, 0.25) and the pnictogen position is (0, y, z) where the parameters y ~ 0.35
and z ~ 0.16 are variable depending on the particular chemical composition. The transition metal
ions are located in distorted canted octahedra that are composed of pnictide ions. The M ions are
located in large cages composed of pnictide ions.

pnictogen X = P, As, or Sb. The crystal structure of these compounds has two large
voids per unit cell which were exploited in 1977 by W. Jeitschko and D. Braun to
accommodate a variety of atoms, thereby introducing the “filled” skutterudite struc-
ture and consequently initiating modern interest in the filled skutterudites [2—4].
The skutterudite family of compounds has since attracted concentrated interest due
to the wide variety of interesting electronic and magnetic phenomena that they
exhibit including: conventional BCS (Bardeen—Cooper—Schrieffer) superconductiv-
ity, unconventional superconductivity, heavy fermion behavior, non-Fermi-liquid
(NFL) behavior, antiferroquadrupolar order, localized moment magnetic order, spin
fluctuations, itinerant electron ferromagnetism, hybridization gap semiconducting
behavior, intermediate valence behavior, etc. [5-9]. Filled skutterudites crystallize
in the cubic space group Im3 with two formula units per unit cell (Fig.1) and are
characterized by large lattice constants a ~7.8-9.3 A. The rare earth position is
(0, 0, 0), the transition metal position is (0.25, 0.25, 0.25), and the pnictogen posi-
tion is (0, y, z) where the parameters y ~ 0.35 and z ~ 0.16 are variable depending
on the particular chemical composition. It is important to note that the variation
in the values of y and z is due to the fact that the pnictogens do not form perfect
squares and the MXg canted octahedra are distorted. This property has important
implications for the phenomena that emerge in these systems.

In addition to the wealth of correlated electron phenomena that are observed in
these compounds, some of the filled skutterudites show promising thermoelectric
properties at elevated temperatures (600-900 K) which generated new interest in
the topic of the filled skutterudites in the mid-1990s. The thermoelectric potential of
a material is quantified by the figure of merit Z = 6S? /k where o is the electrical
conductivity, S is the Seebeck coefficient or the thermopower, and k is the thermal
conductivity, which is the sum of an electronic (k,) and a lattice (k;) component. For
the filled skutterudites, k; is reduced by the motion or “rattling” of the M filler ions
which incoherently scatter phonons as the result of the filler ion’s large amplitude
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oscillations, in addition to tunneling between equivalent off-center sites within the X
cage. The reader is referred to one of several reviews for more information [5,10,11].
Until the late 1990s, it was generally accepted that the filled skutterudites have
the chemical formula MT74X;, where the “filler” atom M = La— Nd, Sm, Eu, Yb,
U, or Th, the transition metal 7 = Fe, Ru, or Os, and the pnictogen X = P, As,
or Sb. The element T can be replaced with transition metals from adjacent rows,
although this action usually results in a strong reduction of the M filling fraction.
More recently, it was shown that filled skutterudites with M = alkali metal, al-
kaline earth, Hf, or Tl, T = Fe, Ru, or Os, and X = Sb can be formed [12, 13].
Around the same time, filled skutterudites with the small atomic radius rare earth
ions M =Y, or Gd-Lu, T = Fe, Ru, or Os and X = P were also synthesized using
a high pressure technique [14-16]. Interestingly, the same technique can be used
to synthesize the compound La,Rh4P;>, which has an unusually high supercon-
ducting transition temperature, 7, = 17K [17]. Following these developments, the
filled skutterudite family was expanded to include M = Sr, Ba, La-Nd, Eu, or Th,
T =Pt, and X = Ge [18, 19]. This result is of particular interest because it shows
that by maintaining the appropriate charge balance, it is possible to deviate from the
“classical” filled skutterudites which include elements from the Fe-transition metal
and pnictogen columns. It is also worth noting that the metal oxide compounds
MMT4012, where M can be any cation with a large enough radius, irrespective of
the charge state, M’ is a Jahn-Teller cation Cu®* or Mn?*, and T can be either a tran-
sition metal or a non-transition metal, have recently attracted intense interest [20].
For these compounds, the crystal structure is derived from the simple perovskite
ABQOs structure and is essentially that of the filled skutterudite where an additional
crystallographic site is occupied, leading to a quaternary chemical composition.

In this paper, we summarize recent results for the filled skutterudites M74X,
where M = Ce or Pr, T = Fe, Ru, or Os, and X = P, As, or Sb. In particular,
these compounds have been shown to exhibit several types of behavior that are
characterized by strong hybridization between the localized f-electron and con-
duction electron states. Moreover, the delicate interplay between several types of
interactions can be tuned by means of several “knobs” such as pressure, chemical
composition, and disorder to reveal the underlying mechanisms for the phenomena
that are observed. For these reasons, the filled skutterudites continue to play an im-
portant role in the development and understanding of correlated electron materials
and, as new subsets are synthesized, they likely hold more exciting phenomena yet
to be discovered. Finally, due to the ability of this structure to incorporate many
different types of atoms, there exists a large phase space of uninvestigated filled
skutterudites which remain promising candidates for thermoelectric applications.

2 Ce-based Filled Skutterudites

A particularly interesting subclass of the filled skutterudites consists of the com-
pounds with M = Ce. These compounds are characterized by strong hybridization
between the localized 4f-electron and conduction electron states. The resultant
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correlated electron behavior is a delicate function of various parameters, the most
prominent being the lattice constant a and the electronic configuration of the 7 — X
subsystem.

As the pnictogen changes in the direction X = P, As, and Sb, the lattice con-
stant increases [2—4] and the strength of the hybridization apparently decreases for
the compounds Ce73X, (T = Fe, Ru, or Os). This progression causes the behavior
of the Ce atoms to evolve towards that of localized Ce>* ions, although it should
be noted that even for the Sb-based compounds the effects of hybridization are not
negligible [21]. Conversely, the importance of the electronic configuration is most
apparent in the differences in behavior for the series 7 = Fe, Ru, and Os where
the arsenides and phosphides appear to traverse quantum critical points (QCPs) that
are centered near the Ru members, both of which show non-Fermi-liquid behav-
ior [22,23]. Currently, the order parameters for the possible QCPs remain under
investigation. The phenomena that emerge as a result of these competing effects are
summarized in Fig. 2. The presence of impurities, chemical disorder, and vacancy
concentration also are observed to influence the physical phenomena.

For the Ce-based X = P and As examples, the effects of hybridization are first
seen as reductions in a from the values expected for typical lanthanide contractions
for ions with a valence of 3+ [2—4]. The reduced lattice constants are accompa-
nied by unusual magnetic susceptibilities that are strongly suppressed below the
values expected for Ce** ions according to Hund’s rules exhibiting a Curie law T
dependence (Fig. 3) [23-26]. In contrast to the phosphides and arsenides, the anti-
monides show magnetic behavior that is similar to that expected for Ce** ions at

Ce

Weakly
As magnetic
semimetal

Heavy
Sb fermion
Teoh ~ 150 K

Fig. 2 Grid summarizing the physical behavior observed for Ce74X;» compounds. More than half
of these compounds are weakly magnetic semiconductors where the gap size is correlated with the
lattice constant. The remaining members all show strongly correlated electron behavior with the
As-based members exhibiting weak magnetism and the Sb-based compounds displaying magnetic
behavior similar to that expected for Ce3* ions. The dark borders denote compounds in which Ce
appears to have an intermediate valence.
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Fig. 3 Magnetic susceptibility x(7) for the Ce-based filled skutterudites. The y(7') data reveal
that for the P and As-based compounds, strong hybridization between the Ce ions and the conduc-
tion electron ions results in weakly magnetic or nonmagnetic behavior below room temperature.
For the Sb-based compounds, the magnetic susceptibility is similar to that expected for Ce>* ions
for T > 100 K, below which the development of a coherent state appears to suppress x (7). The
straight line represents the Curie law behavior of x(7') for Ce** ions according to Hund’s rules
(i.e., without crystalline electric field splitting). Data are from refs. [22-28].

temperatures above 100 K [22,27,28]. However, around 100 K, the magnetic sus-
ceptibilities of the antimonides go through a broad hump and, with decreasing 7,
begin to resemble those seen for the phosphides and arsenides. At low T, these com-
pounds also show a weak increase in y(7) with decreasing 7', the origin of which
remains uncertain but could either be intrinsic, as for NFL behavior [29-32] or T-
dependent intermediate valence behavior [33, 34], or extrinsic, due to the presence
of a low concentration of magnetic impurities.

For more than half of the Ce-based filled skutterudites, the suppressed magnetic
behavior is accompanied by small energy gap semiconducting behavior (A /kp =
10-1,500K) as shown in Fig. 4, where the gap size is inversely proportional to
the lattice constant [21]. The members of this family that are not semiconductors
are particularly interesting, showing non-Fermi-liquid behavior for CeRusAs, [24]
and CeRu4Sb, [22], and moderately heavy fermion behavior for CeFesSby, [35]. It
is also apparent that sample dependence, i.e., vacancies or chemical disorder, plays
an important role in the correlated electron behavior seen in these compounds. This
result makes it necessary to synthesize high quality single crystal specimens in order
to study their intrinsic properties.

As mentioned above, the compounds CeRusAs> and CeRusSby, display NFL
behavior. In typical discussions of NFL physics in d- or f-electron materials, the
phenomena are described in terms of interactions between the itinerant electron
and localized d- or f-electron states of transition metal or rare earth ions [29-32].
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Fig. 4 Electrical resistivity p(T') for the Ce-based filled skutterudites. The p(7') data reveal that,
for more than half of these compounds, the transport behavior is semiconducting with the size of
the energy gap decreasing with increasing lattice constant. The remaining members of the series
exhibit poor metallic behavior, with non-Fermi liquid behavior appearing at low 7" for CeRusAs»
and CeRuysSbj, and a Kondo coherent state emerging at low T for CeFesSby,. Data are from
Refs. [21-24,35].

Examples include (1) proximity to a QCP where a second-order phase transition
(usually magnetic) is suppressed to 0 K and quantum fluctuations govern physical
properties, (2) Kondo disorder where a range of Kondo temperatures T are allowed,
including 7Tx = 0 K, (3) the Griffiths phase model, and (4) the quadrupolar Kondo
model. Since CeRu4Sby, exhibits magnetic behavior that may indicate that the Ce
ions remain in the 3+ valence state to low 7', one of these models may be appropriate
to describe its behavior. On the other hand, if the Ce ions do not remain in the 3+
valence state, as may be the case for CeRusAsj,, then Kondo scenarios are unlikely
to describe the physical behavior. As such, the possibility of a QCP where valence
fluctuations on the Ce ions give rise to the incipient NFL state has been considered
for CeRuyAsjs. It is also of interest to note that both CeRusSbi, and CeRugAs;»
are near semiconducting states, as evinced by the behavior of their neighboring
compounds, CeOssSby; [21,28] and CeOssAs|; [23], both of which are small gap
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semiconductors. Additionally, a recent study of polycrystalline CeRuyq Asy, revealed
small gap semiconducting behavior, in contrast to results for single crystals [24].
Thus, proximity to a 0 K transition to a semiconducting state is also an interesting
possible cause for the NFL behavior in these compounds. A related phase diagram
has been developed for the series CeRhSb;_,Sn,, where a transition from a hy-
bridization gap insulating ground state to a NFL ground state with increasing x has
been discovered [36].

3 Pr-based Filled Skutterudites

The Pr-based filled skutterudites are mainly correlated electron metals which ex-
hibit an unusually wide variety of ground states and phenomena, as summarized
in Fig. 5, for which heavy quasiparticle masses are a common feature. The abun-
dance of complicated novel ground states (often magnetic) are found in the vicinity
of superconductivity, indicating that the interplay between a number of competing
interactions generates the electronic ground states.

Several of the Pr7,X;, filled skutterudites show complicated magnetic behavior.
For PrFesAs|,, pronounced features in magnetic and transport data indicate the on-
set of long range ferromagnetic order below @¢c = 18K. A gap-like reduction of
¥ ~ 340 mJ/mol K? and several other features point to strongly correlated elec-
tron behavior likely coupled to a change in magnetic and/or structural order near
T* ~ 12 K [37]. PrOs4Asi2 has a complex phase diagram with two (and possibly
more) distinct ordered states for 7 < 2.3K and for magnetic fields H < 3 T. Neutron
diffraction measurements in zero field show that the ground state is antiferromag-
netic with Ty ~ 2.3 K, while the nature of the higher 7 and H ordered state remains
to be determined. Specific heat measurements also indicate heavy fermion behavior
with 7 ~ 1 J/mol K2. In the paramagnetic state, the Kondo effect is inferred from
the field dependence of a broad peak in the specific heat versus 7" data and a local
minimum in the electrical resistivity versus 7" data [38]. For PrFe4Sb,, long-range
magnetic ordering occurs at )y < 4.1 K and is related to both the Pr and Fe sites, in-
dicating a complex, possibly ferrimagnetic, structure. The magnitude of the specific

Fig. 5 A tabular summary Pr Fo Ru Os

of the behavior observed

_ Insulator
for the Pr7yX,, (T = Fe, p AFQ_order M-I transition No order
Ru, or Os; X =P, As, or Twa =B85 K Ty =62 K =70mK

Sb) compounds. The Pr-
based filled skutterudite
compounds are primarily
metals with correlated elec-
tron ground states. The dark
borders indicate compounds
that exhibit heavy fermion
behavior.
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heat at low temperatures indicates electronic mass enhancement, although it has not
been possible to isolate the electronic contribution [39].

The phosphorus-based analogues, Pr74P, also show anomalous magnetic and
transport behaviors that are worth noting [5]. The electrical resistivity of PrFesP,
shows a weak increase with decreasing 7 for 300-10 K which is followed by a large
peak near 5 K, below which p(T") decreases strongly with decreasing 7" [40]. Below
the phase transition at 5 K, each Pr ion has a low magnetic moment, and it has
been argued that the low T state is antiferroquadrupolar in nature. The application
of a magnetic field induces a transition to a heavy-fermion state at low 7' [41, 42].
In contrast, the compound PrRusP > shows a metal to insulator transition near 60 K
which is not accompanied by a magnetic transition [43]. Surprisingly, the compound
PrOs4P, is a metal and shows no evidence for any ordered states down to 7T ~
100 mK. However, PrOs4P;, does exhibit an abrupt drop in p(7') near 50 K and a
small kink near 7 K, the origins of which are unknown [43,44].

Of the Pr-based filled skutterudites, the compound PrOs4Sb;, has received the
most attention for several reasons: (1) it exhibits superconductivity with 7, = 1.85 K
that apparently develops out of a heavy Fermi liquid with a quasiparticle effective
mass m* ~ 50 m,, (2) it is the first example of a heavy fermion superconductor
based on Pr (all of the other known heavy fermion superconductors are compounds
of Ce or U); (3) it displays some type of unconventional strong coupling supercon-
ductivity that breaks time reversal symmetry, apparently consists of several distinct
superconducting phases, some of which appear to have point nodes in the energy
gap, and may involve triplet spin pairing of electrons; (4) there is a high field ordered
phase between 4.5 and 16 T and below ~1 K that has been identified with antiferro-
quadrupolar order, indicating that the superconductivity occurs in the proximity of a
quadrupolar QCP, similar to the situation with certain Ce and U compounds where
superconductivity is found in the vicinity of an antiferromagnetic QCP; and (5) the
pairing of superconducting electrons may be mediated by electric quadrupole fluctu-
ations, rather than magnetic dipole fluctuations, which are believed to be responsible
for pairing in the Ce and U based heavy fermion superconductors [45]. The ex-
traordinary normal and superconducting state physical properties of PrOssSb;, are
reviewed in refs. [7,45]. In the following, we give a brief update of ongoing ex-
periments that were undertaken to probe the unconventional superconductivity of
PrOs4Sby: measurements of the temperature dependence of the superconducting
penetration depth of PrOssSby, and the response of the superconducting properties
of PrOs4Sbq, to the substitution of Ru for Os and Nd for Pr.

In order to understand better the ground state of PrOssSbi,, transverse-field
muon-spin rotation (TF-uSR) measurements were recently performed. In general,
TF-uSR has proven to be an effective probe of the internal magnetic field distribu-
tion in the vortex state of conventional and unconventional type-II superconductors
[46,47]. TF-uSR measurements on the vortex-lattice of PrOs4Sby, yield a tem-
perature independent magnetic penetration depth at low temperatures (see Fig. 6a),
consistent with a nonzero gap for quasiparticle excitations. The curve in the in-
set suggests the gap is isotropic [48, 49]. However, radio frequency (rf) inductive
measurements of the surface penetration depth in the Meissner state [50] sug-
gest point nodes in the energy gap. The results of uSR and rf measurements are
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Fig. 6 (a) Temperature dependence of the vortex state penetration depth A of PrOs4Sby,. Inset:
A(T) at low temperature. The curve represents the function A(7) = A(0)[1+ /24 ¢=4/T], 1(0) =
0.3534(4)(um), 2A /kgT, = 4.9(1). (b) A(T) at low temperatures for PrOssSby,. Triangles: rf
measurements of the surface penetration depth in the Meissner state [50]. Circles: A from uSR
data.

compared in Fig. 6b. The discrepancy between the two measurements of the pen-
etration depth at low temperatures has been explained in terms of a multiband
superconductivity scenario [51,52].

Evidence for extreme multiband superconductivity in PrOs;Sb;, was extracted
from heat transport measurements by Seyfarth et al. [53,54]. Their thermal conduc-
tivity and other data could be explained by small and large superconducting gaps
on different sheets of the Fermi surface. A crossover field HCSZ, which corresponds
to the overlap of the vortex core electronic structure due to the band with the small
gap, is about 10 mT [54]. This is of the order of the lower critical field H.;. TF-
USR measurements were performed for an applied field upH = 10 mT ~ HCSZ. At
this field, the small-gap states and their contributions to screening supercurrents are
nearly uniform; the vortex-state field inhomogeneity is mainly due to large-gap su-
percurrents, and A exhibits an activated temperature dependence if the large gap is
nodeless. In contrast, the rf surface measurement was performed in the Meissner
state. Both large- and small-gap Cooper pairs contribute to the superfluid density.
The temperature dependence of the superfluid density is controlled by both small-
and large-gap contributions; the small-gap contribution dominates the temperature
dependence at low temperatures. Thus, the temperature dependence of the penetra-
tion depth from (SR is weaker than that in the Meissner state from rf measurements.

In order to gain insight into the unconventional superconductivity, as well as to
study the influence of the heavy fermion state, crystalline electric field, and the fer-
romagnetism on the unconventional superconductivity of PrOssSby,, substitutional
studies in the pseudoternary systems Pr(Osj_yRu,)4Sbiy and Pr;_,Nd,Os4Sbis
were undertaken [45,55-61]. The non-magnetic analog compound PrRuySby;, has
been identified as a conventional metal with conventional BCS-type superconduc-
tivity, and no high field ordered phase (HFOP) has been observed in this com-
pound [62,63], while NdOs4Sb, is a mean-field type ferromagnet with an enhanced
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electronic specific heat coefficient ¥ of ~ 520mJ/mol K? in the paramagnetic
state due to some type of low-lying excitations, reminiscent of heavy fermion
behavior [64].

3.1 PI‘(OSI,xRux)4Sb12

Measurements of p(T), Xac(T)s Xac(T), C(T), and zero-field muon-spin-relaxation
(ZF-uSR) have been performed to characterize the physical properties of the
Pr(Os;_xRu,)4Sby; system as a function of x [45, 55-61]. Figure 7a displays the x
dependence of the zero field superconducting transition temperature 7. T; is sup-
pressed nearly linearly from each end (x = 0, 1) and meets at a minimum at x = 0.6,
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Fig. 7 (a) Superconducting transition temperature 7, versus Ru concentration x in the
Pr(Osj_,Ruy)4Sby, system. The two solid lines drawn from x = 0 and x = 1 toward x = 0.6 are
guides to the eye. The possible low temperature phase boundary or crossover temperature identified
as T,3, which was determined from H.; (7)) and magnetic penetration depth data [65, 66], is also
plotted. (b) 7; and the ferromagnetic transition (Curie) temperature gy versus Nd concentration x
in the Prj_,Nd,OssSbj, system [58]. The vertical bars indicate the width of the superconducting
and ferromagnetic transitions (10 —90% of a p or ), drop for superconductivity, and 10 —90% of
a X4 peak for ferromagnetism). Data are from Refs. [45,55-61].
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Fig. 8 (a) Upper critical field Hy of Pr(Os;_ Ru,)4Sbi, versus temperature 7 for ruthenium
concentrations x between 0 and 0.5. The horizontal or vertical bar associated with each data
point represents the transition width, with endpoints corresponding to 10% and 90% of the drop
in resistivity due to the superconductivity. (b) H versus 7 for 0.5 < x < 1. Data are from
Refs. [45,56,57,60,61].

which suggests a competition between two types of superconductivity exhibited by
the end-member compounds. Measurements of the lower critical field [65] H (T)
and magnetic penetration depth [66] also reveal a possible low-temperature phase
in the superconducting state below a characteristic transition or crossover tem-
perature 7;3. Shown in Figs. 8a and b are upper critical field He, vs temperature
T curves determined from p(7,H) measurements at various values of x in the
Pr(Osj_xRu,)4Sbiy system [57]. The negative curvature of H., with respect to T’
gradually decreases as x increases, and when x > 0.4, H,; becomes approximately
linear in 7. This is quite peculiar because He,(T) of a BCS superconductor usually
has a curved Hq»(T) with negative curvature. In the Pr(Os;_,Ruy)4Sbyy system,
the situation is reversed: an He (7') with negative curvature is found in the vicinity
of the unconventional superconductivity and a linear Hc,(T) is observed near the
conventional superconductivity. It is unclear at this moment whether this linear
behavior of Hey(T) results from crystalline electric field effects like those found in
(Laj_,Pry)3In [67] and La;_,Tb,Al, [68], or from the two band superconductivity,
since such linearity is also observed in LaOs4Sbi; [69], which is a BCS supercon-
ductor without the complications of the crystalline electric field effect (since there
are no f-electrons in La).

From p(T,H) isotherms and data at constant magnetic fields, the H — x diagram
for Pr(Os;_,Ru,)4Sbj, extrapolated to 7 = 0K is plotted in Fig. 9a: the supercon-
ducting phase exists below 2.2T and 7. decreases monotonically as x increases;



12 M. B. Maple et al.

o
=]
o
o
o
~
o
o
o
™
—
o

| S NN T NI I I NI

2 ;—‘A. X

0 -SC?---?-""?"‘ SELT SEELY CREL L ELE e LT S
b sf ~ T ' .
Pr Nd Os Sb T~0K ]
14P 1-x X 4 12 |
121 ]
10 _
= - HFOP EM J
T 8 B 7]
6 _
L 3 3t? o tie -
4 J
2 5 R T ]
0 SCI | ﬁ'zﬁ"---&-ﬁ.d | 1 | 1 1
0 0.2 0.4 0.6 0.8 1

X

Fig. 9 0 K H —x phase diagram for (a) Pr(Os;_,Ru,)4Sbj, and (b) Pr;_,Nd,Os4Sb, [56-58].
The superconducting phase occurs below ~2T (open triangles). The high field ordered phase
(HFOP) (solid diamonds) is located between 4.5 and 15T and disappears quickly above a ruthe-
nium concentration x = 0.05, but persists in the neodymium substitution study up to x ~ 0.5. The
dashed lines and the gray areas are guides to the eye. Inset in (a): the ruthenium concentration x
dependence of the specific heat jump at the superconducting transition divided by the transition
temperature AC/T, which is a measure of the strength of the superconducting coupling times 7.
Data are from Refs. [56-58].

the HFOP lies between 4.5 and 15T and disappears quickly above x = 0.05. The
inset of Fig. 9a shows the specific heat jump AC at the superconducting transi-
tion divided by 7; as a function of x, which is a measure of the strength of the
superconducting coupling times the electronic specific heat coefficient y. The ratio
AC/T is extremely large for x = 0 and then decreases very rapidly to a plateau at
x = 0.2 (the slight jump at x = 0.4 is probably due to sample inhomogeneity at this
concentration). An interesting correlation is also observed in (SR studies: the spon-
taneous magnetic moment in the superconducting state vanishes by x ~ 0.2 [59].
The connection between the HFOP, strong coupling superconductivity, and sponta-
neous moments in the very low x regime suggests that heavy fermion behavior and
unconventional superconductivity in PrOs4Sb1; are related to the presence of strong
quadrupolar interactions.
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3.2 Pl‘lfodeS4Sb12

In order to determine the zero field 7 — x phase diagram for the Pr;_,Nd,Os4Sby,
system, measurements of X, p(T), and C(T) were performed for various con-
centrations [58]. Figure 7b shows the 7. and ferromagnetic transition (Curie)
temperature Tpy as a function of Nd concentration x in Pr;_;Nd,Os4Sbz. Al-
though there is a slight break in the slope below and above the Nd concentration
x~ 0.3 in T;(x) and x ~ 0.6 in Tpm(x), both T, and Try decrease almost lin-
early toward x = 0.55. From the C(T') data at x = 0.45 [58], the ferromagnetism
seems to extend into the superconducting region. Note that the rate of decrease of
T. with x in Pr;_,Nd,Os4Sbj> from x = 0 is approximately the same as that for
Pr(Os;_,Ru,)4Sby,. Therefore, substitution of Nd, an ion with a localized magnetic
moment, at the Pr sites has a similar effect as the substitution of Ru, a nonmagnetic
ion, at the Os sites. In addition, superconductivity disappears quite abruptly at
x ~ (.55 suggesting that this concentration may be near a quantum phase transition.

The temperature dependence of the upper critical field H(T) in Pr_,Nd,Osy4
Sbi, has also been measured for various Nd concentration up to x = 0.5 and the
curves are displayed in Fig. 10. Interestingly, in comparison to the He, (T') data in the
Ru substitution system (Fig. 8a), the stronger suppression of the H,(T') curve as a
result of Nd substitution only occurs above x = 0.2 in the Pr{_,Nd,Os4Sby; system,
in contrast to BCS superconductors, in which H»(T) is immediately suppressed by
the introduction of magnetic impurities.

Figure 9b summarizes the H — x phase diagram including the superconducting
phase, the ferromagnetic regime, and the lower phase boundary of the HFOP for
Pr;_Nd,Os4Sby, at T ~ 0 K, extracted from p(7,H) measurements [56, 58]. The

T T
x<0.5

PTE EE R

Fig. 10 Upper critical field H., of Pr;_,Nd,Os4Sby, versus temperature T for neodymium con-
centrations x between 0 and 0.5. The horizontal or vertical bar associated with each data point
represents the transition width, with endpoints corresponding to 10% and 90% of the drop in resis-
tivity due to the superconductivity. Data are from Ref. [58].
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HFOP in Pr;_,Nd,Os4Sby, persists up to x ~ 0.5, in comparison with the rapid
disappearance of the HFOP in Pr(Os;_,Ruy)4Sb> above x ~ 0.1. This striking dif-
ference in the response of the HFOP to Ru and Nd substitutions may reflect the
increase in the crystalline electric field energy level splitting between the Pr’* I3

ground state and 11(2) first excited state in Pr(Os;_,Ru,)4Sby,, in contrast to Nd
substitution, which dilutes the Pr concentration but preserves the configuration of
ions around the Pr site and thereby has less effect on the crystalline electric field

splitting between the I7 and 11(2) states. Further specific heat measurements on
Pr;_,Nd,Os4Sb;> will help to elucidate this correspondence and reveal more in-
formation about the competition between superconductivity and ferromagnetism in
this system.

3.3 ZF-uSR for Pr(Osy_xRuy)4Sb1z and Pry_yLayOs4Sbh1;

ZF-uSR measurements have also been carried out on various doping series of
PrOs4Sbys, including Pr(Os;_ Ru,)4Sbi> and Pri_,La;Os4Sbj>. An important
question addressed by these studies is whether time-reversal symmetry (TRS) is bro-
ken. ZF-uSR is a very sensitive method for detecting weak magnetism, which arises
due to ordered magnetic moments, or random fields that are static or fluctuating in
time [46]. Figure 11 shows the temperature dependence of the muon relaxation rate
A(T) in Pr(Os;_,Ruy)4Sbs, x = 0.1, 0.2, and 1.0, and Pr;_,La;Os4Sbys, y =0,
0.4, and 1.0. For PrOs4Sb1,, A shows a significant increase with an onset tempera-
ture of 7, indicating the appearance of a spontaneous internal field. This provides
evidence that TRS is broken in the superconducting state of PrOssSbj>. For Ru
doping, A(T) is temperature-independent to within experimental uncertainty for
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Fig. 11 Temperature dependence of ZF Kubo-Toyabe relaxation rate A in Pr(Os;_,Ru,)4Sbj>,
x=0.1,0.2, and 1.0, and Pr;_,La,Os4Sbjz, y = 0. (Data are from Ref. [71]), 0.4, and 1.0. The
vertical lines indicate the position of 7.
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x > 0.1. No extra spontaneous field is observed to set in below 7. In contrast, for
La doping the increased relaxation below 7. seen for y = 0 is also observed with re-
duced amplitude for y = 0.4, indicating the onset of a spontaneous field is correlated
with the superconductivity. No spontaneous field is observed in the end compounds
PrRusSbi; and LaOs4Sb,,. Therefore, ZF-uSR experiments show that Ru doping is
considerably more efficient than La doping in suppressing the TRS breaking found
in PrOs4Sby, [70]. Ru doping is more effective than La doping in (a) distorting the
Sb cage that surrounds each Pr ion, which modifies the Pr** crystalline electric
field splitting and restricts the “rattling” motion of the Pr ions, and (b) in changing
the character and density of states of band electrons on the Fermi surface. One or
more of these effects may be involved in quenching the TRS-breaking.

4 Summary

A major theme in modern condensed matter physics has been the study of corre-
lated electron phenomena in solids, for which the filled skutterudites have provided
arich reservoir of new materials. As illustrated above, the delicate interplay between
several types of competing interactions and the relatively straightforward synthesis
requirements in the filled skutterudites have provided an opportunity to tune vari-
ous interactions using “knobs” such as pressure and chemical substitution, yielding
insight into the underlying mechanisms responsible for the correlated electron be-
havior. The richness of this family of materials is exemplified by the compound
PrOs4Sbi,, which exhibits heavy fermion behavior and some type of unconventional
strong coupling superconductivity that may be mediated by a new type of pairing
mechanism: quadrupolar fluctuations. The variety of unusual and remarkable types
of behavior that have been observed in the known filled skutterudites, combined
with the enormous number of uninvestigated skutterudite-like compounds, provides
strong motivation for further investigations of this intriguing class of materials.
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Role of Structures on Thermal Conductivity
in Thermoelectric Materials

C. Godart, A. P. Gongalves, E. B. Lopes, and B. Villeroy

Abstract The figure of merit ZT = GOLZT/ A (o the Seebeck coefficient, 6 and A
the electrical and thermal conductivity, respectively) is an essential element of the
efficiency of a thermoelectric material for applications, which convert heat to elec-
tricity or, conversely, electric current to cooling. From the expression of the power
factor, 60, it was deduced that a highly degenerated semiconductor is necessary.
In order to reduce the lattice part of the thermal conductivity, various mechanisms,
mainly related to the structure of the materials, were tested in new thermoelectric
materials and had been the topics of different reviews. These include cage-like ma-
terials, effects of vacancies, solid solutions, complex structures (cluster, tunnel,.. .),
nano-structured systems. We plan to review structural aspects in the modern ther-
moelectric materials and to include results of the very recent years. Moreover, as
micro- and nano-composites seem to be promising to increase ZT in large size sam-
ples, we will also briefly discuss the interest of spark plasma sintering technique to
preserve the micro- or nano-structure in highly densified samples.

Symbols

a Seebeck coefficient

A Thermal conductivity

Ae Electronic part of the thermal conductivity

AL Phonon (lattice) part of the thermal conductivity
v Mobility
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P Electrical resistivity

c Electrical conductivity

T Thomson coefficient

I1 Peltier coefficient

ADP Atomic Displacement Parameter
I Intensity

PGEC Phonon Glass Electron Crystal
q Charge of a carrier

Q Heat quantity

S Entropy

TE Thermoelectric

v Potential

VEC Valence Electron Concentration
ZT Figure of merit

1 Introduction

Thermoelectric (TE) effects include the transformation of caloric energy to electric
energy or its reverse, and their applications consequently include the two aspects:
(micro)cooling or electricity generation from heat sources. Search for new friendly
environmental energy sources recently became of major importance in our modern
societies, specially after the signing of the Kyoto protocol. Consequently, the elec-
tricity generation from waste heat via thermoelectric modules (see Seebeck effect)
can be seen as a new “green” energy source. Moreover, thermoelectric materials can
be used to extract heat (see Peltier effect) from micro-electronic components. In the
first case, the low efficiency of the thermoelectric systems has prevented their use
for many years, but the situation is changing with increase of the needs (and cost)
of energy and improved materials. In the latter case, classical methods (air/water)
are no more appropriate due to miniaturization and high local power to dissipate. In
both cases, new concepts lead, from ~1995, to rather remarkable progress, as well
as the appearance of the topics in many conferences and national research programs
in various countries.

The understanding of physical phenomena involved in thermoelectricity and the
development of conventional TE materials occur during two main active periods.

From 1821 to 1851, the three TE effects (Seebeck, Peltier and Thomson) were
discovered and understood from a macroscopic point of view. Their potential for
applications to temperature measurements, cooling and electricity production have
also been established. Later on, from 1930 to the beginning of the 1960s of the
previous century, there has been important progress both in the understanding of
phenomena at a microscopic scale and in the discovery and optimization of presently
used TE materials. However, the efficiency was not sufficient to compete with the
cooling by compression/relaxation cycles or for economically profitable electricity
production.
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More recently, from the beginning of 1990s, a renewal of interest in TE appears
due to environmental concern with refrigerant gas and greenhouse effects, as well
as the need to develop alternative energy sources.

The two main research directions happen to be — the development of new ma-
terials with complex or open structures, and — the development of already known
materials with new low dimensional forms (quantum wells, nano-wires, nanograins,
thin films, nano-composites, etc.). Among new materials having interesting TE
characteristics for electricity generation from heat sources in the range 200-800°C
we will emphasize the role of the structure and the potential of micro- and nano-
structures to exceed the 14% efficiency reported by Caillat [16].

2 The Thermoelectric Effects

The first thermoelectric effect has been discovered by Seebeck [79] and under-
stood later by Oersted: a potential appears at the junction of two materials a, b
submitted to a gradient of temperature. The well known application of the Seebeck
effect is the measurement of temperature by thermocouple. The Seebeck coefficient,
Oap = AV/AT, is the entropy S per charge carrier q divided by the charge: oo = S/q.
Later on, Peltier [69] has discovered the second effect: a temperature difference ap-
pears when a current I pass though the junctions of two different materials. There
is absorption of heat Q at one junction and liberation of Q at the other junction,
the Peltier coefficient is defined by Iy, = Q/L The third effect [90] occurs when
both a gradient of temperature and an electric current exists simultaneously. When
a current passes through a material submitted to a gradient of temperature, then the
material exchanges heat with the outside medium. Conversely, a current is produced
when a heat flux passes through a material submitted to a temperature gradient. The
thermal flux, dQ/dx, is given by T.1.dT/dx with t the Thomson coefficient. The
Peltier and Seebeck coefficients are related by: IT = oT = Q/I.

3 Efficiencies, Figure of Merit

For both cooling or generation, a TE module is made of couples n,p electrically
connected. Each couple includes a p-type material (o0 > 0) and a n-type material
(o0 < 0) in which charge carriers are holes and electrons, respectively. These two
materials are joined by a conducting material assumed to be with o = 0.

The two branches of the couple and all other couples of the module are connected
electrically in series and thermally in parallel. The scheme of principle of a couple
for generation is shown in Fig. 1. In the case of cooling, the load is replaced by a
dc-current source, which causes the charge carriers to move from the cold zone to
the hot zone in both branches. This implies a thermal flux opposite to the normal
heat conduction.
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Fig.1 Scheme of a TE couple for generation.

The optimization of the materials is needed to enhance their transport properties
and maximize the figure of merit:

ZT = 6o’ T/A (1)

with ¢ = 1/p and A the electrical and thermal conductivities, respectively.
For cooling applications, the efficiency of the system is given by the coefficient
of performance COP which, in an optimized system, is:

YTC_Th

P =y

2

with ¥y =+/1+ZT, Ty, and T the hot and cold temperatures respectively. For elec-
tricity generation, the maximum conversion efficiency is given by:

(L, -T)(y—1)
Nmax = T T, 3)

From this expression, it is possible to estimate the maximum efficiency which can
be expected for the couple as a function of the hot temperature (the cold one is taken
as 300 K) with different values of ZT (Fig. 2).

The double arrow shows that for a ZT = 1 and a temperature gradient of 100°,
the efficiency is no more than 5%. To increase it, it is necessary to increase ZT or to
increase the temperature gradient: in both cases, this leads to a problem of materials:
(1) to increase ZT; (2) to find materials stable at higher temperature.

In fact, the previous simple calculations assume that ZT is constant versus tem-
perature, which is not correct specially if the temperature gradient is large (see below
the curves of ZT for n- and p-type materials).

The expression of the figure of merit clearly sums up the difficulty in optimizing
the materials. Intuitively, it seems difficult for a material to possess simultane-
ously a good electrical conductivity, characteristic of metals, and a bad thermal
conductivity, characteristic of insulator. Closer examination of the power factor o>
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Fig. 2 Maximum efficiency for generation.

(Gongalves et al., in this volume, pages 51-67) leads to consider semiconductors
with a small gap and a carrier concentration in the range [1018 —10%! cm_3]. The
second parameter is the thermal conductivity which, in such semiconductors, must
be reduced.

4 Thermal Conductivity, Phonons

Intuitively, a good thermal conductivity would prevent a large temperature gradient.
However, the thermal conductivity includes mainly two components: an electronic
contribution A., due to the movement of carriers, and a lattice contribution via the
phonons Ap: A = A + Ap. The electronic part of the thermal conductivity is related
to the electronic conductivity via the Wiedemann—Franz law:

Ae =LoTo, “4)

with L, the Lorentz factor. In metals, it is equal to the Lorentz number: Ly =
%2 (%)2 =2,45-1078 V2 K2, value generally used as a first approximation for the
TE semiconductors. Replacing A by its two components and with the Wiedemann—
Franz, leads to:
2 2
a‘To a- A

= 2T = ———. 5

To+i = L Aeths ©)

This last expression shows that the optimization of ZT implies the minimiza-
tion of the phonons contribution to A. Assuming a negligible lattice contribution,
from ZT = & /L, a ZT of 1 or 3! would be obtained from a Seebeck coefficient

ZT

1'ZT = 3 correspond to a COP of refrigeration of 1.1, typical of a compression fridge.
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of 156 wV/K or 270uV/K, respectively. However, the minimization should not
modify the electrical conductivity (as ZT increases with A./Ar). This leads to the
proposition of Slack [84] to check materials which conduct electricity as a crystal
and heat as a glass, so-called “Phonon Glass Electron Crystal” (PGEC). This im-
plies finding a selective diffusion process which affects the phonons more than the
carriers.

Various physical process for inducing significant phonon diffusion have been
tested on TE materials, let us quote those that are in some way related to the
structure:

— A complex crystalline structure will increase the number of optical phonon
modes, whereas the heat is mainly conducted by acoustic phonons.

— The insertion of heavy atoms in empty cages of crystalline structure may let
them rattle independently of the lattice and so, create new phonon modes (weakly
dispersive optical modes).

— Solid solutions between different materials with the same structure increase the
disorder and create an important phonon diffusion by mass fluctuations on the
sites [1]; such mass fluctuations can also be obtained by vacancy creation in
the material.

— Impurities and point defects will diffuse phonons [17,48,95]: this leads to study
micro- or nano-composites materials (mixing of a good TE material with another
neutral for TE), or use “exotic” synthesis or shaping techniques inducing large
amount of such defects.

— Grain boundaries will affect phonons (and also electrical conductivity), this leads
to the study of nano-crystalline materials to increase the number of such bound-
aries or even to reduce the mean free path of phonons (when the sizes of the
nano-grains are comparable with that of the mean free path of phonons).

That different processes are not exclusives and some of them can be created simul-
taneously in the same TE material; some examples are given by Gongalves et al., in
this volume, pages 51-67.

5 Conventional TE Materials

From 1960, all actually used TE materials (see Table 1) were known and their per-
formance, bound to a stagnant ZT to ~1, have not much changed up to 1990.

Table 1 ZT of conventional materials at their optimal temperature of use T.
Bi-Sb  BiyTe3—Sb,yTes (Bi,Sb)2(Te, Sb)s - PbTe Te-Ag-Ge-Sb Si-Ge

Type n n,p n,p - n P n,p
Ty (K) 200 <300 ~300—400 - 700 750 1,000
ZTatT, 1.1(H) 0.8 0.9 - 08 1.1 0.6

H means a value obtained under a magnetic field.
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The main market applications, were based on Bi,Tes-type of material mainly
used for cooling. Let us remark that no material was efficient in the temperature
range 400-700 K. At higher temperature, PbTe and TAGS (Te-Ag-Ge-Sb) have ZT
~1 in n- and p-type respectively.

6 Recent Bulk TE Materials

6.1 Atomic Displacement Parameter

In solids, the atoms do not move only at zero temperature. At finite temperature,
the atoms vibrate around their equilibrium position on their crystallographic site,
the mean square displacement amplitude of such atoms is called the Atomic Dis-
placement Parameter (ADP) which is useful in estimating the minimum value of
the lattice contribution to the thermal conductivity and is thus of interest in TE
materials [76].

The vibrations of the atoms are generally non-isotropic and this anisotropy is
taken into account by a tensor of the ADP, noted Uj;. These Uj; are described by the
ellipsoids of vibrations centered on each atom with an extension in one direction
corresponding to the amplitude of the vibration in that direction. An isotropic ADP
Uiso can be defined for each site, which is the mean value of the Uj; in all the di-
rections of the space. Its amplitude allows one to compare the overall movements
of the different atoms of the structure. Generally the Uiy, tends toward zero at zero
temperature, and if not, this may indicate some static disorder on the site.

The minimal value of the lattice part of the thermal conductivity is given by
AL, = (1/3)Cyvsd, with vg the speed of sound, d the mean free path of phonons and
C, the specific heat estimated from the Dulong and Petit law

C — 3R=3NA/€B (6)

T—so0

(with R the constant of gas, Na the Avogadro number). In the case of a cage like
material, like LaBg, (Fig. 3), the specific heat has been calculated from ADP of La
and B atoms.

The La atom is considered as an Einstein oscillator in a solid of Debye of
B-atoms. Cy = f.Cp + (1 — f)Cg with f the fraction of atoms contributing to the
solid of Debye and (1 —f) that of Einstein oscillators; 8p and 0g, the Debye and
Einstein temperatures respectively:

0p/T

3
CD—9NAkB< > / )

0
5 2 eOe/T
T ) (1—e%/T)2

s}

and CE = SNAkB < (8)
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Fig. 3 Cage like structure
of LaBg, the La atom e is
surrounded by B e groups.

6.2 Cage Like TE Materials

Cage-like TE materials have a rigid sub-lattice responsible for the electrical con-
ductivity and large empty cages. When the cages are filled with heavy atoms, these
atoms, weakly bound to the cage, can vibrate inside with a strong amplitude of vibra-
tion. Initially it has been proposed that these vibrations are incoherent (“rattling”)
and act as traps for the acoustic phonons and consequently decrease the thermal
conductivity. According to more recent work, the vibrations of the inserted atom are
optical phonons (coherent vibrations) mainly without dispersion (localized char-
acter) and with a weak energy which strongly interfere with acoustic phonons to
decrease the thermal conductivity.

The two most studied families of cage like TE materials are the filled skutteru-
dites AyM4X> (A: an electropositive element, M a metal and X = P, As, Sb) and
the clathrates of the type AgY X309 (X and Y being actually mainly Ga and Ge),
both of them leading to increased values of ZT.

6.2.1 Skutterudites

In the skutterudite, the atom A fills the cubic structure (space group Im3) of the
binary CoX3, which leads to the ternary filled structure AyMyX; [42] (Fig. 4).

Atoms of various oxidation numbers (single valence K, Na; divalent Ca, Sr, Ba,
trivalent La, Ce, Pr, Nd, Th, U; mixed valent Yb [6]) can fill the cage with an
occupation rate which depends on the nature of A (~1 with K and Na, [54] but
smaller with rare earths) and strongly on the nature of M (~0.2 with Co and ~0.9
with Fe) in rare earth based series (Table 2).

The cage in CeFe4Sby; is clearly evident when looking on the distances between
atoms (Fig. 5). The distance d (Ce-Sb) = 3.39 A, and the covalent radius R of Sb
(1/2 d(Sb-Sb) = 1.46 A) gives d —R = 1.93 A >> ionic radius of Ce = 1.14 A.

Consequently, two effects can affect Ap: a strong vibration of A, seen by neu-
tron diffraction [19, 73] (Fig.6), and a variable vacancy concentration rate in
Ay (Fe,Co), Sbis.
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Fig. 4 Structure of filled
skutterudite AyM;X5.

Table 2 Occupation limits of
A'in AyCo4Sbys.

Fig. 5 Distances and cage in
CCF64Sb|2.

A=Ba La Ce Eu Yb TI

0.44 023 0.1 054 025 022
[22] (631 [21] [91 [2] [75]

d(Ce-Sb)=3.39A
(Sb)=2.92/2A

. Ry

As can be seen in Fig. 6, the ADP of La in Lay (Fe,Co), Sby; is much higher than
that of M and Sb atoms. The thermal conductivity is strongly reduced in the ternaries
as compared to binaries. The smallest Ay appears in antimonides, i.e., when the cage
is larger (due to increase lattice parameter) and consequently when the amplitude of

vibration is stronger (Fig. 7) [31].

In the phenomenological model of (Sales [74,75] for skutterudites, the filler atom
is treated as an Einstein oscillator and the (M,X) lattice as a solid of Debye.

By appropriate substitutions, keeping the semiconducting (semi-metallic) state,
the values of ZT have been strongly improved from a maximum value of ~0.8
(Table 3) in CoSbs to higher than 1 in various series, with both n- and p-type

(Table 3).
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Fig. 7 Thermal conductivity versus the amplitude of rattling.

Let us note that the possibility of obtaining both types, with high ZT, in the same
temperature range, with chemically rather similar materials is a positive point of
these series, as similar behaviors are expected when used in applications.

6.2.2 Clathrates AgGay5Gezy (A = Ba, Eu, Sr)

Clathrates are compounds made by inclusion of molecules of one species in a cavity
of a crystalline lattice of another species: they consequently are cage-like com-
pounds. In this article we are only concerned with semiconducting clathrates. The
family of clathrates [44], derived from the binary AgX4s (A = alkaline or alkaline
earth, X = Si, Ge), comprise numerous structures built from complex polyhedron
of X elements (X509, Xo4, ...) filled by the electropositive element A (Fig. 8).

The type I structure, made from two polyhedron X and 6X»4, leads to a metallic
character; a semiconducting state is obtained by substituting X by an element which
accepts the electrons from A-metal. If A is divalent this means to replace 16 Ge (Si)
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Table 3 Highest ZT in binary (B) and ternary (T) skutterudites.

Samples Type Highest ZT Tzr(K) Reference
B (COSb3)0.75+ (FESbZ)O.ZS n 0.37 773 [46]
B Co0.94Nig 04 Sbs n 0.5 750 [47]
B CoSbs p 0.21 600 [45]
B CoSbs + 0.7+5%Te n 0.5 600 [93]
B CoSbs + 4%Te n 0.8 750 [61]
B IrSbs p 0.15 800 [83]
T Bag24Co4Sby g7 n 1.1 850 [22]
T Ba0,3C03.95Ni0A055b12 n 1.2 800 [28]
T CayCos_xNixSbyo p 1 800 [71]
T Ce.28Co;5Fe; 5 Sbip p 1.1 800 [88]
T CexFe3 5Co0 5Sbis P 1.4 (1.2)2 870 [30]
T EUO_42CO4Sb11_37G60.50 n 1.1 700 [53]
T Ing 25Co04Sby, n 1.2 570 [36]
T Ino,zCeo'2C04Sb12 n 1.7 570 [35]
T LayFe4_yCoySby, p 1 800 [72]
T NdxCo4Sby, n 0.45 700 [52]
T TlxCo4Sbi> n 0.2 300 [75]
T Yb0>3F63_4Ni046Sb12 p 1 800 [3]
T Yby.19Co4Sbi, n >1 600 [65]
T (Ce, Yb)o4Fe3CoSbs P 1 800 [7]

4Calculated values of 1.2 from experimental data.

Fig. 8 The two types of
polyhedron X5p and Xo4
around A atom in the type I
clathrate AgGa;sGes.

XEy,

by 16 Ga which leads to A%* Ga,,Ge§, (cubic, space group Pm3n). In the cage X»4,
the inserted atom has strong vibration amplitudes (Fig. 9) [20].

Consequently, the ADP values on the site Sr2 are higher than that on site Srl

(Fig. 10), the strong residual component at low temperature being due to static dis-
order on this site. The filling of the cages induces strong decreases of the thermal

conductivity which becomes as low as in glass or quartz [64].



30 C. Godart et al.

Fig. 9 View, along 111

projection, of the ellip-

soids of movement of Sr
in SrgGa;cGes.
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Fig. 10 Values of ADP for the different sites in SrgGa;sGesp.

Presently, the type I has lead to ZT values highest than 1 [4,5].

Other iso-electronic substitutions (Al, In) [11, 60] lead to semiconduct-
ing materials. Another possibility is to play on stoichiometry, for instance:
EugGajg1xGesprx [34] or to compensate non iso-electronic substitution by
vacancies in BagZnyGeys xy[ly, with [] a vacancy [26]. Presently, only Eu- and
Ba-based clathrates have lead to good ZT values in these materials, in which the
control of the stoichiometry is critical, not only for TE properties but also for the
appearance of parasitic phases.

The chemistry of these phases is very rich (Fig. 11, simplified version of [60],
the studies of their physical properties should lead to new interesting compounds
for TE properties.
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Clathrates
MGe,,
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Clathrate 11
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Fig. 11 Clathrates filiations.

6.2.3 Penta-Hexa-Tellurides

Three series of penta-tellurides and one hexa-telluride have been examined for TE
properties.

In TI;MTes (M = Ge, Sn), one Tl site (T1; ) does not have close nearest neighbors
whereas the (Tl,) site has (Fig. 12).

Consequently, the ADP of Tl1 are larger than that of Tl in site 2. ZT values of
~0.6 have been obtained [80]. No solid solutions have been checked until now.

The second system Re;Tes (RegTeis) has a complex structure (space group
Pbca), with 84 atoms/unit cell and has some similitude with Chevrel’s phases (octa-
hedral clusters Reg and large empty cages). n- and p-type are possible by appropriate
doping. The last penta-telluride AgyTITes has a complex structure. The thermal con-
ductivity of this material is smaller than that of other good TE materials like Bi, Te3
or TAGS [50]. AggTITes has a ZT of 1.2 at 700 K. The hexa-telluride TlgBiTeg has
also a very weak thermal conductivity and a ZT of 1.2 at 500 K, a temperature where
Bi, Tes-based materials do not work [94]. The potential of these materials is inter-
esting from academic point of view but environmental constraints will prevent their
use in devices.

6.2.4 Phases with Mo Clusters

The structure of Chevrel’s phases is built from a three-dimensional network of
pseudo-cubic clusters (Fig. 13) MogXs (X =S, Se, Te) and its versatility authorizes
the formation of various representatives.

The clusters form cavities or channels which can be intercalated by various el-
ements in such a way that it is possible to modify them from metallic in MogX3g
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Fig. 13 Structure of MogXg
(Mo: e, X: @, empty sites o
can be filled by Pb, Cu.

to semiconductor for a Valence Electron Concentration (VEC) of 24. Under these
conditions, interesting TE properties can be expected and a ZT of 0.6 (at the high
temperature of 1,150K) has been found in Cuz MogSes by studying the series
MxMogSes (M = Cu, Cu/Fe, Ti) [14]. Other compounds of these series have high
power factors, like Tig3MosRuSeg [58] or (CuyMogSes),  (MosRusSes), [77].
This shows the potential of these series, specially with the possibility to replace Mo
by Ru, Rh, Re to find good TE materials, of n- and p-type, stable at high tempera-
tures (~1,200K).

In the phase with MogSeq; clusters, the structure possesses voids, and the in-
sertion of atoms (Ag, Cs, Cl) in cages [33] (Fig. 14) leads to semiconducting or
semi-metallic compounds, depending on the number of electrons per clusters. These
characteristics should be favorable for TE properties, which have not yet been stud-
ied in detail.

However, a Seebeck coefficient of 72uV /K and a weak resistivity have been
reported in Ags sMogSer; [70].
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Powder Cell 2.0

Fig. 14 Structure of Ag; (MogSe;; (e Mo, « Se, ® Ag), Mo clusters.

Many other structural families may have empty cages in which the insertion of
atoms with various oxidation degrees may lead to a semiconducting state, a prereq-
uisite for good TE properties.

6.3 Phases with Vacancies

6.3.1 Half Heusler

The cubic structure of the Heusler phases X, YZ (space group Fm3m) consists in
four interpenetrated face centered cubic lattices in A(0,0,0); B = (14, 14, 1), C =
(12, 1o, 1/2), et D = (3/s, 3/4, 3/a), with one occupancy of the sites A=Y; B& D =X
and C = Z. If one of the equivalent sites (1/4, L4, 1/4) or (3/4, 3/a, 3/4) is empty the
Half Heusler phase (F-43m) forms (Fig. 15).

Among these compounds, those with 18 valence electrons have a band structure
of semiconductor and often high Seebeck coefficients.

To decrease the thermal conductivity, complex substitutions with increased
phonons diffusion by mass fluctuations, have been used with success (Fig. 16).

For instance, from TiNiSn (ZT = 0.4 at 750 K) and ZrNiSn, the n-type compound
Hf 5Zrg 5Nig gPdp 2Sng 99Sbg 01 has maximum of ZT of 0.7 at 800 K and the n-type
compound Tig 5 (Zrg sHf 5) NiSng 0gSbo 02 has a ZT > 1.4 at 700K [82].
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Fig. 15 Structures of the Heusler phases of Zr, Ni, Sn: half Heusler on left, Heusler on right

(e Sn, e Zr, e Ni).
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Fig. 16 Effect of substitutions in the half Heusler ZrNiSn.

800

Other systems like VFeSb (ZT = 0.11 at 900 K) have been intensively studied
[43], but other substitutions should be examined, as simple substitutions like
Vo.95Tig05 FeSb lead to a ZT (p-type) of 0.4 at 600 K.

In these series, LnPdSb-type compounds (Ln = Sr, Y, rare earths, specially Er)
have high Seebeck coefficients below 300 K [57,66], which could lead to interesting
substituted materials for cooling.

6.3.2 Zn4Sb3

Zn4Sbs exists under three crystallographic varieties: o-phase stable below —10°C,
B-phase from —10°C to 492°C and y-phase from 492°C to the melting temperature
of 566°C. The structural and TE properties are summarized in Fig. 17.
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a(R32) B(R3c) y(R3m) melting
~250K ~760K ~850K
| Zng 5Sbs I Zn,Sb, |

PF=22uW/cmK2(190K)  ZT~1.3(650K) |

Fig. 17 Scheme of structural and Te properties of ZnsSbs.

Zn interstitials

Fig. 18 Disorder in the structure of Zn4Sbs.

The B-phase leads to TE materials (p-type), with a high ZT of 1.3 at ~650K [13],
further increased to 1.4 at 525 K by substitution in Zn3 »Cdg 3Sbs [15].

In Zn4Sbs the observation of vacancies, Zn-interstitials and of 2 types of Sb
atoms (spherical ion Sb>~ and dimers Sb4’) (Fig. 18) induce a strong disorder [85]
(in fact the composition is ~Zng_wSbs) which contribute to the decrease of the
thermal conductivity.

A phonon mode of low energy has been associated to Sb dimers [78]. It does not
seem that doping leads to one achieving the n-type material.

6.4 Complex Solid Solutions Derived from Conventional
Materials

6.4.1 Bi,Tes-Derivatives

As BipTes is the archetype of TE materials used for cooling applications, few deriva-
tives systems have been studied.

At low temperature, TE properties of CsBisTeg doped by 0.05% Snl3 are equiv-
alent to old Bip xSbxTe3 ySey compositions with a ZT ~ 0.8 at 225 K, of possible
use for cooling [24].

Strongly doped single crystals lead to higher values than ZT ~ 0.8-0.9 at
~300K. The best values concern n-type (Big25Sbg.75), Tes doped with 0.07%
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Fig. 19 Structure of K;BigSeqSy.

I (in mass), 0.02% Te, et 0.03% CuBr [97] leading to a ZT > 1.1 at ~300 K. For the
p-type, doping by 8% in mass of Te leads to ZT = 1.4 at the same temperatures [96].
The effects of Te doping as well as those of texturation induced by extrusion were
previously studied in Big 5Sb; 5Tes [40]. On the contrary, the addition of few per-
cents of PbTe in Big 4Sb; ¢Tes do not lead to an improvement of ZT.

K;,BigSe 3 forms two phases: a-K,;BigSe s (triclinic, space group P-1d) and
B-K;BigSe;s (monoclinic, space group P 21/m). The B-phase (Fig. 19) has an archi-
tecture built from fragments structure type of BixTes, Cdl, and NaCl, and a mixed
occupancy of the sites K/Bi [10].

In K»BigSegSy, all the S sites are with a mixed occupancy and the representa-
tion (Fig. 19) is made according to the nature of the main occupant of the site. The
thermal conductivity is very weak (complex structure, atoms vibrating in tunnels,
disorder in the site occupancy) and the doping increases the Seebeck coefficient,
however the ZT values are presently too small for cooling applications. Other sub-
stitutions could possibly lead to p-type materials.

6.4.2 Derivatives from PbTe and TAGS

The series of cubic materials AgPb,, SbTe,, (space group Fm3m) (Fig. 20) has led
to type n semiconductor with high ZT values when m = 10 (ZT = 1 at 700K) or
m=18 (ZT =2.2 at 800K) [41].
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Fig. 20 Cubic structure of AgPb, SbTes .

The smallest values of ZT have been observed in annealed Ag-deficient sam-
ples (ZT = 1.1 at 670K with x = 0.4 and ZT = 0.3 with x = 0.3). However these
materials are not conventional bulk but composites (see below In, O3 + Ge).

High resolution transmission microscopy have shown that Ag-Sb rich phase
nano-crystals exist in a Pb—Te rich matrix, that has also been described as nano-
clusters of AgPb;SbTes in PbTe matrix [55]. Such nano-phases could be responsible
of high ZT values, theoretically predicted, and observed in quantum wells super-
lattice, nano-dots etc. (see below nano-materials). The difficult control of the nature,
size and dispersion of these nano-phases could be responsible of the mismatch of
literature results. The effect of annealing and of eventual temperature cycling which
could induce a growth of these nano-objects have not yet been checked.

6.5 Other Intermetallic Compounds

Recently, few new Sb-based compounds have been identified with good TE char-
acteristics, a property which can be due to the property of Sb to diffuse phonons
more efficiently than lighter ions with the same electronic configuration (we already
mention that for skutterudites and for ZnsSb3). Moreover, materials made from met-
alloid and slightly more electropositive elements (Zintl phase) seem to be able to
have high ZT.

6.5.1 Yb14MnSb11

The tetragonal structure of Ybj4MnSby; (space group 14, /acd) is complex (Fig. 21)
and built from various structural units. The flexibility to accommodate various
elements (possibility of future improvements?) have led to a ZT = 1 at the high
temperature of 1,220 K in this p-type material [12].
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Fig. 21 (100) Projection of the structure of Yb;4MnSb;.

6.5.2 Mo3;Sb;_Te, and Derivatives

The structure Ir3Ge; (space group Im3m) of NbsTe;_Sby [92] and of Mo3Sby_xTe
(x=1,5 et 1,6) [32] compounds forms infinite chains in the three directions of
space. Mo3Sb;_,Tex only exists for a VEC between 51 and 56, a value of 55 being
a prerequisite to obtain a semiconductor.

With a ZT of 0.8 in Mo3Sbs 4Te; ¢ at 1,050 K [32] and in Mo3_y,RuyFe,Sby at
1,000K [18] for (y,z) = (0.16,0.5) and (0.1,0.7) these materials are better than the
best p-type Si-Ge.

6.5.3 Other Sb-Based Materials

A ZT of 0.55 at 600K was initially attributed to the phase Mg;Sb, (space group
P3m1) which was invalidated with a maximum of ZT of 0.2 at 875 K [25]. Moreover,
the phase loses Mg and oxidizes above 900 K.

The structure of CaZn,Sb; is the same as that of Mg;Sb, and the material easily
oxidizes. Due to its simple crystalline structure, its TE properties are poor with a ZT
of 0.5 at 770K [86].
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6.54 Mg,Si;_,Sny

During the years 1960, the Ioffé Institute showed that the compounds Mg, X (X = Si,
Ge or Sn) are semiconductors with a band structure which should favor TE proper-
ties. Various substitutions have been tested and the best results have been obtained
when the mass difference between elements is the highest, i.e., with Si and Sn [29].
A ZT of 1.1 has then been found at 800 K, a better value than with n-type Si-Ge [99].

6.6 Oxides

The main expected advantage of oxides is their chemical stability in oxidizing at-
mosphere, even though the stability and transport properties of some oxides depend
on the partial pressure of oxygen. If many oxides have high Seebeck coefficients
(o> 1001V /K) their performance are presently limited by electrical resistivities
much higher than in previously described materials.

6.6.1 Cobaltites

Among the most promising p-type oxides, cobaltites with conductive layers of CoO;
(CdI; type) have been the starting point of interest for TE oxides with Na,CoO;: a
metallic oxide with a high Seebeck coefficient [89].

6.6.2 Misfit Oxides

Among cobaltites, the layered compound CazCo4Qg is in fact a lamellar oxide with
amisfit structure [56] and a general formulae: [A(O),|RS[C0O2 ]y /5, made of CoO
planes (as in NaxCoO;) split by AO layers of NaCl type (RS: rock salt) with possi-
ble n values of 2, 3 and 4. Considering the sub-lattice CoO, as a mono-layer NaCl
(quoted S») which matches with the sub-lattice AO (S;) along the a-axis but mis-
matches along the b-axis. The ratio of the b-axis of S; and Sy, i.e., b; /b, measures
the incommensurability of the two lattices (Fig. 22). In the case of CazCo40y, this
ratio is 1.625 (13/8) which leads to a formulae: [Ca;CoO3]RS[C003]; 6>.

The family of lamellar oxides with misfit structure is very large (choice on n, and
A, for instance Ca, Bi, Sr,... and replacement of Co by Rh,...) and many new ma-
terials are conceivable, however the actual ZT values are low due to high electrical
resistivity [49].

The highest ZT value in an oxide has been obtained in a small size single crystal
of Na,CoO; (estimated value of 1.2 at 800 K). The impossibility of growing large
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Fig. 22 Structure of the
misfit compound Ca3Co409
(b~ 8bl ~ 13b2).
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Fig. 23 (010) Projection of InpO3 structure.

enough single crystal for applications has led to many studies concerned by textura-
tion processes, with the drawback that the electrical conductivity in the CoO; planes
decrease as compared to crystals.

6.6.3 Other Oxides

Other oxides families have also been studied like perovskites ACoO3-type, mangan-
ites AMnOj3 [51], delafossites CuMO; [67], YBCO (YBayCu3Ogy), ZnO [68,87],
ruthenates ARuOj3 [37] and A,RuQy, In,O3 etc. The best ZT values reach 0.4 for
the p-type and 0.3 for the n-type in conventional oxides and of 0.55 in misfits oxides.

The structure of InyO3 (space group Ia-3) shows alternatively ordered and disor-
dered In-planes (see Fig. 23).



Role of Structures on Thermal Conductivity in Thermoelectric Materials 41

The solubility limit of Ge is no more than 0.5 atom %, for higher rate of Ge
the material forms a composite InyO3+ inclusions of micronic size (~100um) of
InyGe,O7. In that composite, the thermal conductivity is notably reduced and a ZT
of 0.45 at 1,243 K has been observed which is actually the best value for a n-type
oxide.

This shows the potential of micro-composites, as well as nano-composites (see
Ag,_,PbigSbTeyp), to improve ZT values as compared to “parent” materials.

6.7 ZT of New Materials

The use of the various processes, previously described, to minimize the thermal
conductivity has lead to a noticeable increase of ZT from ~1995. Let us remark
that the new families of materials have led to the improvement of ZT, moreover,
they have increased the temperature ranges where the TE can be used. The value of
ZT in few families is higher than 1.3 (30% increase as compared to conventional
materials). The best value in a bulk material is actually of 1.7 in skutterudites. The
curves of the best values of ZT versus temperature in bulk materials are shown in
Figs. 24 and 25 for the p- and n-type materials, respectively.
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Fig. 24 Best ZT values for representatives of n-type materials.
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6.8 Semiconducting Glasses

A certain number of characteristics leading to a weak thermal conductivity and
to good TE properties, such as complex structures, inclusions, impurities, mass
fluctuations, disorder,... can be found in glasses. However, a glass is generally an
insulator, except the metallic glasses which have low Seebeck coefficients (as met-
als). Numerous semiconducting glasses, with a small gap to favor high Seebeck
coefficients, exist specially in pnictides and chalcogenides. Their preliminary stud-
ies have shown encouraging results, even though the electrical resistivity is generally
too high (Gongalves et al., in this volume, pages 51-67).

7 Nano TE Materials

Transport properties in micro-, and nano-structures differ from that in bulk 3D
(three-dimensional) materials. The thermal conductivity of nano-structures like
super-lattices (material with periodic change of nano-metric layers of various
elements or substances) is weaker than in bulk materials. This is a positive aspect
for TE properties. However, these nano-structures are generally obtained by thin
films techniques (Molecular Beam Epitaxy, Knudsen cells, Pulsed laser, CVD,...)
too costly to be used for the production of materials for large scale applications.
Moreover, their weak thickness are not very compatible with the formation of
large temperature gradients. Conversely, they are well adapted to micro-cooling in
electronics.
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Electronic transport properties are also strongly modified by dimensionality ef-
fects on the band structure (Fig. 26) [27]).

To summarize, in a 3D material, o, ¢ and A are constrained and it is difficult
to optimize both of them, in the case of lower dimension new possibilities exist to
independently adjust them.

In addition, new interfaces are created which can increase the phonon diffusion,
more than that of carriers, leading to an increase value of ZT (Fig. 27).

It is remarkable that the improvement of ZT has been theoretically predicted [38]
(Fig. 28) before its experimental observation.
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Fig. 26 DOS for a semiconductor 3D, a quantum well 2D, a nano-wire or nano-tube 1D and a
quantum dot OD.
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Fig. 27 Proposed model for the diffusion of phonons and carriers in a 1D structure.
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Fig. 28 Evolution of ZT with the dimensionality.
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The experimental proofs, in various forms of nano-structures, concern, for
instance:

— Super lattices including quantum wells PbTe-PbSeTe [39], in which ZT value of
1.6 has been calculated (in front of 0.4 for the bulk).

— Super lattices of BiyTes/SbyTes, with a ZT of 2.4 (in front of 1.0 for the
bulk) [91].

— A decrease of the thermal conductivity of a Ge matrix by inclusions of Si-nano-
wires which depends on the diameter of the nano-wires [98].

— An increase of the ZT value in various compositions of BipTes by addition of
Bi, Te3-nano-powders [62].

These two last examples, as well as the case of AgPb,,SbTe;., (see above) show
that the study of nano-composites may allow one to benefit from TE performances
related to the nano-sizes with samples of large sizes (greater than centimeter) re-
quested for applications. The next year should be crucial for the understanding of
mechanisms in nano-composites and consequently to be able to increase benefi-
cial effects of such systems as compared to detrimental effects, for instance, on
resistivity.

8 Shaping of Nano-Composites TE Materials

The shaping of such samples can be realized by hot pressing techniques. In the re-
cent studies, this shaping is generally obtained by Spark Plasma Sintering (SPS)
technique, a technique of fast sintering under pressure, which mainly avoids grain
growth observed with a conventional hot press. A small size SPS machine, as we ac-
quired in CNRS Thiais (Syntex 5155), is able to perform sintering under conditions
up to 50 MPa and 2,000°C, with non costly graphite crucibles. Sample diameters
of up to 20-25 mm are obtained for sintering temperatures up to ~1,500°C for ce-
ramics and ~1,000°C for intermetallics; for higher temperatures smaller diameter
can be produced. These temperatures are generally sufficient as the pressure helps
to sinter. Pressures of up to 500 MPa have been realized with other crucibles (W-C)
at lower temperatures and diameter.

Such techniques have been used with various TE conventional powders (grains
smaller than a few 10um) of BiyTes, skutterudites [8], clathrates, half Heusler,
Zn4Sbsz, Mg, (Si,Sn), PbTe, Zno derivatives, etc.. Electric contact or protection
against corrosion can be made, in few cases, by direct sintering of a thin metal
foil with the powder.

More recently, the technique has been successfully applied in various composites
systems, the starting nano-particles being produced by sol-gel method, electrochem-
istry, ... but more often from ball milling:

— Various compositions of Bi;Te; with addition of Bi,Tesz-nano-powders [62]
— Synthesis of YbyCo4Sb12 /Yby03 composites [100]
— Shaping of composite made of nano-particles of SiC dispersed in BipTes [101]
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Shaping of binary skutterudites with Cgg inclusions [81]

— Mixing of micro-nano-skutterudites (Zhang 2006)

Bi addition in Heusler V,FeAl [59]

— Nano-inclusions of ZrQO, in the half Heusler Zr( sHf( 5sNig gPdy.2Sng.99Sbg o1 [23]

It is remarkable that such sintering process takes place within a short period of
time (typically few minutes) and lead to density higher than 95% of the theoretical
x-ray density, a very crucial parameter for TE transport properties. This explains the
increasing use of this technique for the synthesis and/or shaping of TE materials and
micro-, nano-composites from 2004.

As a conclusion, within the last 15 years, bulk materials with an increased com-
plexity (structure, solid solutions) have led to an improvement of the TE figure of
merit of ~30%, and sometime more, in various series. With the complexity of the
micro-, nano-structure it seems promising that these values of ZT can be exceeded.
Studies of nano-composites coupled by fast shaping process by SPS, should lead to
a real potential of using thermoelectricity for large scale applications.
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Abstract A deeper understanding of the parameters that affect the dimensionless
figure of merit, the development of new concepts and the use of innovative synthe-
sis techniques has recently led to systems with better thermoelectric performances.
Here we present part of the work that has been recently performed in our groups in
order to get new and improved thermoelectric systems. Two new systems, electri-
cal conducting glasses and doped tellurium films, are proposed as new families of
thermoelectric materials.
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S%c Power factor

Ae Electronic contribution to the thermal conductivity

AL Lattice (phonon) contribution to the thermal conductivity
PGEC  Phonon Glass Electron Crystal

T, Glass temperature

Tc Crystallization temperature

p Electrical resistivity

GIXRD Grazing incidence x-ray diffraction

SEM Scanning electron microscopy

EDS Energy dispersive x-ray spectroscopy
RBS Rutherford backscattering spectroscopy
Pgi Electrical resistivity of bismuth doped tellurium regions

1 Introduction

The climate changes that are being observed on a planetary scale, together with the
recent oil crisis, has woken up public opinion to the serious consequences of an
exaggerated consumption of primary resources and increase of pollution. A better
use of energy became top priority for most of the developed countries, in particular
of the European Union.

Following its general environmental politics, which has as primary objective to
keep the maximum increase of the average world temperature below 2°C, the Euro-
pean Union has recently established as main targets a 20% decrease of greenhouse
effect gases emission (when compared with the 1990 levels), a 20% increase of
the energy efficiency and a rise of the renewable energy sources proportion to 20%
by 2020.

The research of new environment friendly energy sources and the energy con-
sumption optimization are therefore priority targets. A huge and almost unexplored
reservoir of “green” energy is the electricity generation from temperature gradients.
Thermoelectric materials are able to convert directly electrical energy into thermal
energy and, reversibly, thermal energy into electrical. In many applications, thermo-
electric energy generation uses zero-cost input energy (waste, heat of exhaust pipe of
cars, etc.). Moreover, the complete absence of moving parts and the absence of sub-
stances as fluorinated cooling agents makes thermoelectric devices highly attractive.

The actual thermoelectrical devices use materials developed until the early 1960s,
mainly based on the Bi;Tes and Si—Ge phases. However, their efficiency is small
(<10%). It is therefore fundamental to identify new systems which could lead to
higher device efficiencies.

A deeper understanding of the parameters that affect the thermoelectric per-
formance, the development of new concepts and the use of innovative synthesis
techniques have recently led to the identification of materials, as skutterudites,
clathrates, half-Heusler and low dimensional systems, with improved thermoelectric
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characteristics (see review by Godart et al. in this volume [1]). However, the effi-
ciency increase is limited in bulk materials and the cost of low dimensional systems
is very high and therefore new systems need to be identified. In the next section the
fundamentals of the thermoelectric effects and figure of merit will be presented,
together with the new concepts on the parameters that affect the thermoelectric
performance. Section 3 is devoted to the presentation of two new systems with
promising thermoelectric performances. Finally, this chapter will finish with a con-
clusions section.

2 The Thermoelectric Effects and Figure of Merit

The three thermoelectric effects, Seebeck, Peltier and Thomson, were discovered
during the first half of the nineteenth century. The first one was discovered by See-
beck, in 1821, and consists in the formation of an electrical potential difference, AV,
when a circuit made of two different electrical conducting materials is submitted to
a temperature gradient, AT. The Seebeck coefficient is defined as S = AV/AT.

Peltier effect was discovered in 1834: when an electrical current, I, is applied to
the circuit there is a heat absorption, Q, in one of the junctions and its liberation on
the other. The Peltier coefficient is given by IT = Q/I.

The third thermoelectric effect, the Thomson effect, is observed when there are
simultaneously present in an electrical circuit, a temperature gradient and an elec-
trical current. There is absorption or liberation of heat in each individual segment of
the circuit, being the thermal flux given by dQ/dx = tI dT/dx, where x represents
the spatial coordinate and T is the Thomson coefficient of the material. Thomson
also show that the Seebeck and Peltier effects are related by [ =S.T = Q/I.

The optimization of a compound or material for thermoelectrical applications
mainly implies the maximization of a dimensionless number, the figure of merit Z7,
that depends only on the material and is given by

ZT = S’To /),

where T represents the absolute temperature, S is the Seebeck coefficient, and 6 and
A represent the electrical and thermal conductivities, respectively (for a deeper ex-
amination of the efficiencies of a thermoelectric material see review by Godart et al.
in this volume [1]). ZT maximization can be done via both the maximization of the
numerator, S?G (also called power factor), and the minimization of the denominator
(thermal conductivity).

Figure 1 shows the Seebeck coefficient, electrical conductivity and power fac-
tor as a function of the charge carriers concentration on a logarithmic scale. The
Seebeck coefficient decreases with the increasing concentration, whereas the elec-
trical conductivity increases. Therefore, a maximum on the power factor is ob-
served for concentrations of ~10'8-10! carriers/cm?, which correspond to low gap
semiconductors or semimetals. The identification of Bi,Tes-based materials, which
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Fig. 1 Maximization of the power factor, S>c, through carrier concentration tuning.

have ZT ~ 1 and are one of the most used materials for commercial thermoelectrical
devices, followed this criterion.

The thermal conductivity is a second factor that must be optimized in order to
maximize ZT: a material will increase its thermoelectric performance with the de-
crease of its thermal conductivity.

The thermal conductivity can be seen as a sum of two main different contribu-
tions, A = Ae + Ap,, where A, represents the electronic contribution and Ay, is the
contribution from the lattice vibrations (phonons). The electronic contribution to
thermal conductivity is related with the electrical conductivity via the Wiedemann—
Franz law, A, = LTo, where L represents the Lorentz factor. Therefore, ZT can be
rewritten as

82 Qe
LA+

being evident that its maximization implies the minimization of the phonons contri-
bution.

At the beginning of the 1990s Slack presented the new concept of “Phonon Glass
Electron Crystal” (PGEC) [2], which proposes the research of compounds that con-
duct the electricity as a crystalline material and the heat as a glass. Based on this
concept new improved thermoelectric materials, as skutterudites and clathrates, have
been identified. The research of new thermoelectric systems based on the PGEC
concept has lead to an intense effort to understand better the mechanisms that af-
fect the phonons propagation without changing significantly the electrical charge
propagation. Some general rules have been identified from these works, the most
important ones being presented in Table 1. It must be stressed that these rules are
not exclusive and several can exist simultaneously in the same material.
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Table 1 Main general approaches to develop improved thermoelectrical systems by using the
“Phonon Glass Electron Crystal” concept.

Approach Effects on phonons Materials (examples)
Heavy atoms weakly bounded Phonon-scattering Skutterudites, clathrates
to the structures centers
Complex structures Increase the optical Clathrates, Yb;4MnSb
phonon modes
Inclusions, impurities Increase diffusion (affects Composites
more phonons than
carriers)
Solid solutions Increase mass fluctuations Half-Heusler systems
(higher phonon
scattering)
Grain boundaries Reduce the phonons Low dimensional systems

mean free path

3 New Systems

3.1 Conducting Glasses

A careful analysis of the main general approaches recently developed to obtain im-
proved thermoelectric systems shows that the new materials must have complex
structures, including the presence of inclusions and impurities, and should have
mass fluctuations and disorder. A type of materials that follows all these principles
are the glasses. Indeed, they have extremely complex structures, with a certain de-
gree of order only at small distances, and present mass fluctuations, easily allowing
high concentrations of inclusions and impurities.

Metallic glasses have been widely studied in the 1970s—1980s. The reported
electrical conductivity and Seebeck coefficient values indicate that these types
of materials are not suitable for thermoelectrical applications: in fact, they show
Seebeck coefficients values typical of metals, ranging between +5 pV/K [3-7].
Moreover, their electrical conductivity is smaller than the crystalline counterparts
due to the intrinsic disorder. However, it is known that the maximum of the power
factor is observed for low gap semiconductors and semimetals, and not for met-
als. Therefore, to identify glasses with improved thermoelectric performances it is
necessary to center the investigation on the low gap semiconductor and semimetal
glasses.

Numerous semiconducting glasses have been reported in the literature (see, for
instance, [8,9]), most of them based on pnictides and chalcogenides. One in partic-
ular, GeygTegp, is based only on two elements, is formed mainly by heavy atoms,
and has been described as easy to prepare [10]. Moreover, its electrical transport
properties have already been studied, being reported as having high Seebeck coef-
ficients, albeit presenting small electrical conductivity values [11]. Previous works
have also shown that doping it with copper or silver can increase dramatically the
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Fig. 2 CuxGeyTe, general composition glasses (black squares) studied in the work presented
in [14].

electrical conductivity [12,13]. For all these reasons we decided to use the GeygTeg
glass as a starting test material, in order to check the possibility of optimizing the
thermoelectrical performance of a glass by changing its composition [14].

Several samples with CuyGeyTe, general compositions close to Gezo—xTego—y
Cuyy (Fig.2), together with the CupsTsTezo (T = Si, Ga) ones, have been pre-
pared by melt spinning, as described elsewhere [14]. The quality of the samples
was checked by powder x-ray diffraction and differential thermal analysis measure-
ments, together with optical microscope observations.

The materials have in general a glassy aspect (Fig. 3a), the disordered state being
confirmed by the x-ray diffraction results for most of the samples (Fig. 4) [14]. How-
ever, it has been observed that some materials with higher copper concentrations
frequently present regions where crystallization already starts (Fig. 3b), most prob-
ably being a sign of inhomogeneities on the cooling. X-ray diffractograms, made on
powders representative of the totality of the sample, also reflect this reality, many of
the higher copper concentration samples showing small crystallization peaks. The
extreme composition CuzgTe7, albeit still presenting some disorder, is already crys-
tallized and its electrical transport properties were not studied. The higher facility
for samples with larger copper concentration to crystallize can be also deduced from
the differential thermal analysis measurements: a decrease of the glass and crystal-
lization temperatures are observed for the doped materials, when compared with
the GeyoTegy (Fig. 5). Therefore, it can be concluded that there is a decrease of the
glass stability with the increase of the copper concentration, which implies higher
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Fig. 3 Optical micrographs of the Cu;5Ge;sTe775 (a) and Cuyy 5Gey sTess (b) melt-spinning

samples.
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Fig. 4 Powder x-ray diffractograms of the GejoTegy, Cuy5Ge;sTe775, CujsGejoTess and
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Fig. 5 Differential scanning calorimetric thermogram of the CuyoGesTe74 glass sample. Ty and
Tc represent, respectively, the glass and crystallization temperatures.
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Fig. 6 Temperature dependence of the electrical resistivity for the GeypTego-based glasses.

cooling rates to obtain the disordered state. Moreover, the low glass transition tem-
perature limits their use to temperatures close to the ambient. For all these reasons,
the study of the effect of glass stabilizers addition on GeygTego-based glasses needs
to be performed.

The thermoelectric performance of GeygTego-based conducting glasses was
tested by measuring their Seebeck coefficients and electrical resistivities as a
function of the temperature [14]. Special care was taken in order to make the
measurements on purely glassy pieces, preferably with a needle-like shape.

All samples show a semiconductor behavior, with the electrical resistivity in-
creasing with the decreasing temperature (Fig.6). A strong dependence of the
resistivity with the composition is observed. The analysis of the influence of the dif-
ferent components concentration in the electrical resistivity (Table 2) indicates that
copper concentration is the main factor: a decrease on the room temperature elec-
trical resistivity of five orders of magnitude can be observed when the composition
changes from GeyoTegy (~3 X 108 pQm [11]) to Cuypy5Ges sTeyg (~3 X 103 L m)
[14]. Moreover, a decrease of the energy gap from ~0.47 to ~0.13eV is also ob-
served when changing from GeyoTegy to Cuy7.5Ges s5Teso [11, 14].

Given the strong dependence of the electrical conductivity with composition one
could also expect a corresponding huge change of the Seebeck coefficient. However,
only a decrease from 960V /K to 394 mV /K has been observed for the extreme
compositions (GeyogTegy and Cuy75Ges sTeyp). Furthermore, the measurements of
the Seebeck coefficient as a function of temperature (Fig. 7) show an almost constant
variation, particularly for the higher copper concentration samples.

The large decrease of the electrical resistivity together with low drop of the
Seebeck coefficient, observed during the Ge,oTegp-based conducting glasses com-
position optimization, lead to a huge increase of the power factor: the GeyoTego
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Table 2 Electrical transport properties of the GeyoTegp-based glasses.

P300k Eanigh 1) S300k S?/p
Glass composition (uQm) (meV) (LV/K) (LW /K?m) Reference
GepgTegp 2.77 x 108 470 960 33%x1073 [11]
Cu15Ge7.5Te77,5 1.6 x 105 244 540 2 [14]
CuaoGesTers 2.9% 100 263 453 1% 10! [14]
Cup 5Gey sTegs 6x10° 164 415 29 [14]
CuZ7.5G6245TC70 2.5 % 103 126 394 62 [14]
Cuy5SisTerg 52x10% 125 357 25 [15]
CuysGasTerg 2.5% 103 134 344 47 [15]
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Fig.7 Variation of the Seebeck coefficient as a function of the temperature for the Geo Tegp-based
glasses.

presents a value of 3 x 1073 ].LW/K2 m, five orders of magnitude lower than the
Cuy7.5Gey 5Teqp, which has a value higher than 6 x 10! pW/K?>m. The very low
values of thermal conductivity observed in this type of glasses (<0.2 W/Km for
GeyoTegp [14]) lead to ZT > 0.1 at 300K for the Cuyy5Ge; 5Te7g sample, making
them interesting materials for thermoelectric applications.

The work described was only a first study of the possibility of using conducting
glasses for thermoelectrical applications. Much work on the exploration of other
systems and optimization of compositions is still to do, in order to get the proper
materials. However, this study clearly indicates that conducting glasses are very
promising materials and a strong efforts should be made to investigate their thermo-
electric properties.



60 A. P. Gongalves et al.

3.2 Bismuth Doped Tellurium Films

Low dimensional systems are actually considered one of the most important types
of thermoelectric materials. Indeed, ZT values as high as 2.4 have already been
reported in the literature for Bi; Tes /SbyTes superlattice devices [16]. However, they
are difficult to prepare, frequently not reproducible, and their preparation costs are
very high. Therefore, the identification of new, simple and easy-to-prepare systems
is also needed for these kinds of materials.

Many of the most promising recently discovered thermoelectric materials have
tellurium as one of the main constituents [1]. This element has been widely studied,
mainly in Japan in the late 1940s and early 1950s, for semiconductor applications,
its thermoelectric properties being also explored [17-23].

Tellurium is an element that has a small value of thermal conductivity at room
temperature and ambient pressure (~2 Wm~! K1) [24], and presents a semicon-
ductor behavior, with an energy gap of ~340meV) [21,25]. Moreover, its Seebeck
coefficient was reported to be high, albeit very sensitive to impurity concentra-
tions [22]. The electrical conductivity of pure tellurium crystals is low, but can be
increased significantly with doping [22], making it a good candidate for thermoelec-
trical applications if higher power factor values are obtained.

Studies on tellurium low dimensional systems, in particular on films, have
been performed from the beginning of the last century [17, 26-28]. However,
non-reproductive behavior was observed on tellurium thin films, which was later
identified as being due to the absorption of atoms and molecules at the surface
[29-31]. Only for thicknesses greater than 180 nm does the effect of gas absorption
become negligible [29]. Doping effect studies on tellurium films are scarce [32,33]
and, to the authors’ best knowledge, no work has been made with bismuth in low
dimensional systems. Moreover, only one work was recently reported on bulk mate-
rials, with the carrier concentration significantly increasing with the bismuth doping
content [34]. On the other hand, several studies have been made on tellurium-doped
bismuth materials [35-38]. Most probably, this discrepancy is due to the small sol-
ubility limit of bismuth on tellurium (~0.1 atom %) [34].

One way of overcoming the solubility limits imposed by thermodynamic rules
can be achieved using ion implantation by introducing bismuth ions into the tel-
lurium. Ion implantation is a well established technique in the semiconductor field
and allows the incorporation of any element in a matrix to concentrations well above
the equilibrium values [39]. Therefore, we decided to use the ion implantation tech-
nique to prepare films with high bismuth doping concentrations and study their
effect on the electrical transport properties. Additionally, being a ballistic process,
ion implantation also increases the structural disorder, with a consequent decrease
of the thermal conductivity, as observed in BixTes/Sb,Tes multilayers implanted
with silicon [40,41].

The films were prepared by evaporation of high purity tellurium (99.999%, metal
basis) on glass substrates and under a pressure of <107% mbar, as describe else-
where [42]. Their thicknesses were controlled during deposition in order to be
insensitive to the atmospheric gases and Rutherford Backscattering Spectrometry
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Fig. 8 Grazing incidence x-ray diffractogram of a deposited tellurium film with the major peaks
labeled.

(RBS) analysis of the evaporated films confirms an average thickness of 500 nm. The
quality of the films was checked by grazing incidence x-ray diffraction (GIXRD)
and by scanning electron microscopy (SEM) observation, and their composition ho-
mogeneity was studied by energy dispersive x-ray spectroscopy (EDS).

Figure 8 shows a typical x-ray diffractogram of the deposited tellurium films.
All peaks can be indexed to the ambient pressure tellurium trigonal crystal struc-
ture [43], albeit their intensities indicate some texture with a preferential orientation
along the a axis.

The tellurium films were implanted with bismuth with fluences ranging from
5 x 101 to 2 x 10'® Bi™ /cm?. The energy was 170keV corresponding to an im-
plantation range of 37 nm, according the theoretical predictions of the simulation
code SRIM2006 [44].

After implantation GIXRD measurements of films show no structural changes,
with the diffractograms identical to the undoped ones and with all peaks belonging
to the tellurium trigonal crystal structure. SEM/EDS observations of the implanted
films point to a homogeneous distribution of the bismuth atoms, with no signs of
visible precipitates. In any case we cannot rule out the presence of precipitates with
dimensions below the detection limits of the technique. In fact the presence of pure
Bi or BiyTes precipitates in the nanometer range is a possibility to consider since
the maximum concentration of Bi in the Te films highly exceeds the solubility limit.

The thickness of the implanted Te layer after the implantation and the concen-
tration profile of the Bi were measured by RBS. The spectrum obtained for the film
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Fig. 9 Experimental RBS spectrum of a tellurium film implanted with nominally
1x10' Bi™/cm? implantation fluence (open squares) and calculated curve by assuming a
Gaussian implantation profile. The measured fluence is 8.6 x 101> Bi*/cm?.

implanted with 1 x 10'®cm~2 is shown in Fig. 9. The results reveal a reduction of
about 50% of the thickness of the films implanted with the highest fluences indi-
cating that a significant sputtering effect occurred during the implantation. Also the
measured fluences show a decrease of 5—-10% relative to the nominal values com-
patible with a self-sputtering process. The Bi profile, due to the sputtering process,
extends from the surface up to ~70nm with a maximum around 20 nm (Fig. 10).
The maximum concentration values measured for the implanted fluences were in
the range of 3-8 atom % in the implanted regions (Fig. 10). In order to have a better
control of the implantation profile further studies are necessary to establish the im-
plantation conditions that minimize the sputtering yield. This a relevant parameter
considering the low surface binding energy (2.02 eV) of Te responsible for the high
sputtering yields determined.

Even though the sputtering effects limit the maximum concentration attainable
of Bi in Te by ion implantation, the results clearly show that values much higher
than the ~0.1 atom % reported for an equilibrium situation [34] are possible,
confirming that this technique is suitable for doping tellurium with large bismuth
concentrations.

The electrical transport properties of the films were studied by measuring
the electrical resistivity and Seebeck coefficient variation as a function of the
temperature.

A change from a semiconductor to a semimetallic behavior can be seen with the
bismuth doping (Fig. 11). Annealing the implanted films at 200°C for 10 min re-
covers the semiconductor behavior, which is most probably due to the formation of
Bi,Tes precipitates. However, this point still needs further clarification. An energy
gap of 56 meV (Table 3) is obtained for the unimplanted tellurium film, much lower
than what would be expected for this element (~340meV). The annealed films also
show energy gaps of the same order of magnitude as the undoped sample. These
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Fig. 11 Electrical resistivity of tellurium films as a function of temperature (TT 200° C represent
implanted films after heat treatments at 200° C for 10 min).

lower calculated values possibly indicate that the tellurium used in the films prepa-
ration had already some impurities.

It is important to emphasize that bismuth exists only in a limited volume of the
tellurium film, close to the surface and, consequently, the samples can be considered
as a double layer. Therefore, a more careful analysis of the resistivity data implies
the consideration of the samples as two resistances in parallel, which correspond
to pure and bismuth doped tellurium regions (pg;). By using this approximation
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Table 3 Electrical transport properties of the bismuth doped tellurium films.

Film type Ppisook (MQm) Ey (meV)  Ssoox (WV/K)  S?/p (WK *m ")

Pure Te 738 56 187 47

Biimpl. 5x 108cm=2 28 - 188 1262

Biimpl. 1 x 10'%cm—2 26 - 145 809

Bi impl 2 x 10" cm 2 55 - 29 15

Bi impl. 1 x 66 53 147 327
10'%cm~2HT200°C

Bi impl 2 x 152 50 172 194

100 cm=2HT200°C

it is possible to calculate more accurate resistivity values for the bismuth doped
tellurium regions (Table 3) than the average values obtained if the total thicknesses
are considered. A significant decrease of the resistivity at room temperature (of more
than one order of magnitude) can be seen in the bismuth doped tellurium regions,
when compared with pure tellurium. The annealing increases the resistivity values,
albeit not recovering the pure tellurium ones.

Measurements of the Seebeck coefficient as a function of the temperature indi-
cate that the conduction is mainly hole-type for all films (Fig. 12). Bismuth doping
decreases the room temperature Seebeck coefficient by ~25%, from ~200uV /K,
for the unimplanted and 5 x 10'3 cm™2 implanted film, to ~150uV /K for 1 —2 x
10'°cm™2 implanted films. These results are in agreement with the presence of
small amounts of impurities already in the undoped films, as a Seebeck value of
—2001V/K has been reported for high-purity bulk tellurium, together with an ex-
treme sensitivity of thermopower to doping [22].

In all films is observed a linear decrease of the Seebeck coefficient with the de-
creasing temperature. Albeit they present similar values, there is a change from a
convex to a concave curve with implantation, the annealing partially recovering the
convex curvature, in agreement with the complex band structure of tellurium [25].

Thermoelectric power is mainly sensitive to the less electrical resistive part of
the samples and, therefore, the measured Seebeck coefficients are mostly coming
from those regions. In the case of tellurium films, and considering the electrical re-
sistivity differences in the bismuth doped and undoped regions, this means that the
measured Seebeck coefficients mainly come from the contribution of the bismuth
doped tellurium regions, and consequently, as a first approximation, can be consid-
ered as only coming from those regions. As a result, a power factor of those regions
can be roughly estimated if the calculated electrical resistivity of the bismuth doped
tellurium regions and the measured Seebeck coefficients are considered.

An increase of almost two orders of magnitude in the power factor of the best
doped film (bismuth implanted with 5 x 101> cm~2 fluence) is observed, when com-
pared with the pure tellurium film (Table 3). The best doped film has a power factor
of ~1,260uW K 2m~!, which is already close to those obtained on the BirTes
based phases (2,000 —4,0000 W K~2m~") and points to a good possibility of ob-
taining high performance thermoelectric materials by implantation (if the thermal
conductivity of bulk tellurium is considered, a ZT value of ~0.2 is already obtained
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Fig. 12 Seebeck coefficients of the tellurium films, as a function of temperature (TT 200° C rep-
resent implanted films after heat treatments at 200° C for 10 min).

at 300 K for the best doped film). However, a better understanding and optimization
of the implantation process is still need in order to get bismuth doped tellurium films
with thermoelectric performances suitable to practical applications.

4 Conclusions

The deeper understanding of the parameters that affect the thermoelectric per-
formance, together with the development of new concepts and the use of novel
synthesis techniques, have recently led to the identification of materials with im-
proved thermoelectric characteristics. Nevertheless, there are still strong limitations
on those materials and the discovery and investigation of new systems are highly
desirable.

The identification and use of general rules based on the “Phonon Glass Elec-
tron Crystal” concept, which affect the phonons propagation without changing
significantly the electrical charge propagation, can lead to the development of new
improved thermoelectrical systems. Here were presented two new systems, elec-
trical conducting glasses and doped tellurium films, which we think that should
be studied more deeply. Albeit not yet optimized, both show interesting thermo-
electric performances, with room temperature ZT values higher than 0.1. However,
much work is still to do on these two new systems, from the development of n- and
p-type conducting materials and increasing of the thermoelectric performances, to
the enhancement of the glass stabilization and the optimization of the implantation
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conditions, before they could be considered as high-efficiency thermoelectric mate-
rials with practical use. The rising of the global need for sustainable energy should
encourage not only the optimization of the already identified promising systems, but
also the development of new families with better thermoelectric properties.
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Thermoelectric Effect in Transition
Metal Oxides

W. Koshibae and S. Maekawa

1 Introduction

Thermoelectric materials generate electric energy from heat without pollution. The
potential applications include the utilization of waste heat and power sources for
deep-space probes etc.

Terasaki et al. [1] have shown the unique thermoelectric response in the layered-
hexagonal oxide NaCo,0,4. The in-plane resistivity of the oxide shows metallic
behavior; the electrical resistivity (p) at 300 K is 200 uQcm, i.e., that of a good
metal. Although the thermopower of good metals is usually small, this oxide shows
a large thermopower(Q), increasing with temperature to reach 100 uV /K at 300 K.

A real advantage of the cobalt oxide is the large thermopower at higher tempera-
tures. Large high-temperature thermopower has also been observed in many related
compounds [2—-7]. The thermoelectric performance of a material is quantified by the
figure of merit ZT (= Q°T /pk where T and k are temperature and thermal conduc-
tivity, respectively). The maximum ZT in sintered samples of NaCo,0y is around
~1,000K [8], and the value ZT > 1 has been measured [9] at T > 873K for layered-
hexagonal oxide Ca;CO;,0s5.

Traditionally semiconductors have been useful as thermoelectric materials. The
electronic structure of semiconductors is well described by the band theory. The
design of conventional thermoelectric materials is made by compromising between
low electrical resistivity and large thermopower. Both depend on carrier density
with the thermopower increasing logarithmically with decreasing carrier density.
However, a low carrier density also implies a larger resistivity. The optimum carrier
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density is estimated to be 10'8~10'° cm 3. Thermoelectric materials for application
at the present stage are synthesized with this restriction on the carrier density.

For conventional thermoelectric materials, attention is focused on the charge
degree of freedom of electrons. However, as will be seen in the next section, ther-
mopower does not always reflect the charge. It has to do with the entropy transported
by an electric current. From this point of view, we may ask: what are the key ingre-
dients to be used in the design of new thermoelectric materials?

Let us focus on the electronic structure of NaCo,0O4. The lamellar-crystal struc-
ture of NaCo,04 has hexagonal layer of CoO, sheets. Similarly CayCo,0s, (Bi,Pb)-
Sr-Co-O systems and other related cobalt oxides also contain CoO, layers. It has
been observed [10, 11] that there exist Co’T and Co** sites in NaCo,04 with the
configurations of ¢° 2¢ and r 2¢- respectively. The CoOg octahedra in the hexagonal
layer share edges with each other, so that the angle of the Co-O-Co bond is about
90°. In the 90° configuration, the hopping-matrix-elements of adjacent 3d orbitals
due to ¢ bond are zero, and consequently, the 3d electrons have small hopping-
matrix-elements due to a © bond with neighboring sites. Consequently, the bands
derived from these ,, orbitals are narrower than in other metallic transition metal
oxides with perovskite structure whereas the effective on-site Coulomb interaction
is comparable with them.

In contrast to semiconductors, strongly correlated >, electrons characterize the
electronic properties of the cobalt oxides. Before discussing the thermo-electronic
behavior of NaCo,0, in more detail, let us review [12] the thermoelectric response
of a solid.

2 Thermoelectric Effect

Thermodynamic systems are either in equilibrium or are not. In turn,
non-equilibrium systems may be either in the linear or non-linear regime. The
thermoelectric effects which are of interests here are based on the approximation
where the deviation from the thermodynamic equilibrium values are small and are
linear in the driving fields.

It is known that not only the electric field V¢ but also the gradient of the temper-
ature VT drive the electric current, where ¢ is the electrostatic potential. When an
electric current flows, there is a concurrent heat current. This situation is reflected
by the following linear response equations,

{je:l“V(p—leVT 0
Jheat = l21V(P + VT

where j, and jj., are the electric and heat currents, respectively. The linear dy-
namical laws of thermoelectric response normally exhibit the Onsager reciprocity.
However, Egs. (1) do not express the Onsager reciprocity relation by /!> = /2!, since
the generalized forces, which correspond to V¢ and VT, and the currents, j, and
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Jheat> are not chosen appropriately. Let us derive expressions for the dynamic ther-
moelectric linear response which do not have this defect.

Shown in Fig. 1 is a finite but very small area in a thermoelectric system. For sim-
plicity, it is assumed that all flows and forces are parallel to the x-direction. The low-
and high-temperature sides are labeled a and b, respectively, and between these there
exist differences in the electro-static potential A¢ and temperature AT, where n and
AU denote the amount of transferred particles and energy, respectively.

The system is irreversible, i.e., there is a net generation of entropy. The change
in the local entropy density As, on side a is expressed as

AU T
ASa = ‘7*%”’

where W(7') is the chemical potential at temperature 7. On side b,

AU W(T +AT)—eAg@

As, = — .
S =TT IAT T+AT

where ¢(>0) is the absolute value of electric charge. The rate of change of the
entropy is therefore,

ds _d(satsp) d(AU) ( AT\ dnfe — _d (p
dr dt T dr T2 +dt TA(p AT&T(T) : 2)

Note that dn/dt is the rate at which particles move through the boundary of ¢ and b,
i.e., the particle current. In the same way, d(AU )/dt is the energy current. The gen-
eralized forces are identified from the coefficients which multiply the energy and
number currents in Eq. (2). These are written as,

e J [uy\ edp J /U
TA(P_ATQT<T)_AX[T8x_8x<T)
for the particle current and
AT d (1
7 =AM (T)

for the energy current, respectively. Finally, the appropriate form for the linear dy-
namical laws is
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(3)

where the j; are the particle, (I = 1), and energy, (I = 2), flux densities. Here, the
quantities M"™ are called the kinetic coefficients and satisfy the Onsager reciprocity
relation M'? = M?!.

The kinetic coefficients M are determined from the experimental data through
the relevant phenomenological laws, i.e., Ohm’s law of electrical conduction,

. .1/ do
Je = eJl—p ox

(where j, is the electric current and p is the electrical resistivity), Fick’s law of
diffusion,

Iny

dx

(where n,, is particle density and D is the diffusion coefficient), Fourier’s law of heat
conduction,

Jj1=-D

. . . aT
Jheat = J2 —WJj1 = —KT
X
(where jj.. is the heat-current density and K is the thermal conductivity). The final
law corresponds to the Seebeck effect which is to be discussed below.
When the temperature and concentration gradients are not allowed (dT /dx =0
and d|/dx = 0), the first equation in Eq. (3) gives

de
. :Mnﬁi
h T ox
and the relation 0
1_ M
p T

is obtained. In the case that 7 /dx =0 and d¢/dx = 0, the first equation in Eq. (3)
gives

1du 1 du dn
RS VAR Bl o V| Bl oy
7 T Jx T dn, ox
and we find
D:M”lﬂ
T on,’

The thermal conductivity K is expressed as

oz

T M

with the condition that j; =0 and d¢@/dx = 0.



Thermoelectric Effect in Transition Metal Oxides 73

An expression for the thermopower (Q) is obtained from the first Eq. (3) for an
open circuit (j; = 0), i.e.,

dp 1du 1 M2  uw\or  oT
( ) ( eT M1 eT> dx T ox
This defines the absolute Seebeck coefficient, i.e., the thermopower is defined to be
the ratio of the gradients of electro-chemical potential (¢ — 1/¢) and the tempera-
ture, i.e.,
1 M12 u
O="gmi ter @
When we apply a temperature gradient to a solid, the hot electrons will spread into
the cold end of the sample due to the diffusive force originating from the tempera-
ture gradient. Consequently, electrons tend to pile up at the cold end. The resulting
charge imbalance causes an electric field. The force due to the electric field will
compete with the diffusive force. The difference between the forces appears as a net
electro-motive force between the ends of the sample. This is the physics implied by
Eq. (4).
The steady state (j; = 0) thermoelectric response follows from the linear dynam-
ical law, Eq. (3), i.e.,

_yl|ede 9 m 2d (1
0=M {T&x 8x<T)}+M ax(T>' )

The steady state reflects the balance among the various terms. There are not only
electric and diffusive forces but an interference between the electric and heat cur-
rents (the last term of the left hand side of Eq. (5)). This is the nature of the
thermoelectric effect.

We are now in the position to expose an interesting insight into the physical
meaning of the thermopower. Given that the heat Aq is related to the entropy change
by T As, then the relation between heat, J;,.,, and entropy, Jy, currents is

Jhear = TJ.
On the other hand, the heat current-density is defined by
Jheat = J2 —WJj1- (6)

Inserting Eq. (3) into Eq. (6), the entropy current-density can be expressed as

1 M o1, M) o /1
JS i +H J1+7 M~ — Mll g ?

T\ M1 T

1 oT
=0je+ T (_K8x> . (7
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This expression shows that there are two contributions to the flow of entropy: one is
the entropy carried by the Fourier heat and the other is carried by electric current.
An electric current is a flow of charge carriers. Equation (7) demonstrates why the
thermopower is often said to be the entropy of electric current and to measure the
entropy per carrier.

It is often said that the thermopower reflects the sign and the density of charge
carriers in metals and semiconductors. However, Eq. (7) should convince the reader
that the thermopower is not solely determined by carrier charge degrees of freedom.
The thermopower is, in fact, a direct probe of the charge carrier entropy. An elec-
tron has not only charge but also spin and orbital. Although the spin and orbital
degrees of freedom may exist in metals and degenerate semiconductors, they do not
always contribute to their entropy, since the electronic state is well described by the
degenerate electron gas.

To understand this physics in more detail, let us discuss a microscopic formula-
tion for the thermopower in the following sections.

3 Spin and Orbital Degrees of Freedom and Thermopower

A real macroscopic body can be divided into a set of sub-systems which are rela-
tively small but yet macroscopic. These sub-systems interact with each other, i.e.,
the extensive parameters (such as energy) flow to and from the neighboring sub-
systems and the interesting extensive parameters undergo spontaneous fluctuation
even in the thermal equilibrium state. Evidently, the smaller the sub-system is, the
larger the spontaneous fluctuation is. The fluctuation will then dissipate through the
spontaneous flow of the relevant extensive parameters to or from the surrounding
sub-systems. The Onsager reciprocity theorem follows if these spontaneous fluctu-
ations obey the same dynamical laws as do the irreversible process described in the
previous sections. With this assumption, the linear response theory based on statis-
tical mechanics has been constructed, based on the phenomenological law Eq. (3).

The formula for the linear response to an external perturbation is known as the
Kubo formula. In this formula, the kinetic coefficients are expressed by correlation
functions of the currents j; and j,. It can be shown [13-15] that M'?/M'! in the
expression for the thermopower equation (Eq. (4)) becomes temperature indepen-
dent at high-temperatures, and the thermopower at high temperatures is given by the
simple expression

o
0= ®)

Thermodynamics tells us that /T is given by the partial derivative with respect to
the number of particles N of the entropy s, so from Eq. (8)

1/ ds
o= (%), ®
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where E and V are the internal energy and the volume of the electron system, re-
spectively. In other words, Eq. (9) states that the thermopower is the entropy per
carrier.

In the high temperature limit, Eq. (9) is valid. In the strongly correlated electron
systems, there exist characteristic energies, i.e., inter-site interaction (J), kinetic en-
ergy (t), and Coulomb interaction (U). The electron systems like transition metal
oxides are characterized by J,t < U. Let us consider the electronic state, in par-
ticular, the state of d shell and the entropy or /T at high temperatures (J,r <
kgT < U).

The expectation value of the number of electrons (n,) is given by

Tr [Ne—(H—mvkaT]

YT e[ HwN)keT]

(10)

where H and N are Hamiltonian and the number operator, respectively. The chemi-
cal potential [ is a function of n,. Because of the large Coulomb interaction U, the
chemical potential is restricted into a Hubbard band for given n,.

Figure 2 shows a schematic representation of the relation between the chemical
potential and electron and/or hole concentration: In the case that all of the sites
take d" states, the Hubbard band are completely filled, i.e., the system is a Mott
insulator. By introducing holes with amount 7, the chemical potential is in the Hub-
bard band and n, is given by m — n;,. This situation is expressed by the Boltzmann
factor exp(—U /kgT). Because of the Boltzmann factor, only the " and "~ elec-
tronic states are available and other electronic states are excluded in the calculation
of Tr[~] in Eq. (10). At high temperatures (J,7 < kgT < U), kinetic energy and
inter-site interactions are neglected. As a result, Eq. (10) turns into the following

expression:
0
-1 kpT
ne = (M=) gntmgeeR” (11)

8h +geekBir

Here, g, and g, are the local degeneracies of d” and d"~! electronic states, respec-
tively. Finally, we derive the formula of thermopower at high temperatures [15, 16]:

k k k
0=t = Bing+ Ling,— L2 (12)
el e e e 1—ny
where n;, denotes the hole concentration.
4 energy
n,=m-—n,

Fig. 2 Chemical potential Hubbard band

and number of electrons in 3d u: chemical potential
shell. Here, n, and n;, denote
numbers of electrons and
holes, respectively.
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In the oxide NaCo,0y4, for example, the electronic states of cobalt ions are t62g
and 2¢» 1.6., m = 6 for available electronic states in the d shell. Figure 3 shows the
electronic configurations of cobalt ions.

The electronic state #°,4 is able to be understood as the state obtained by re-
moving an electron from the state t62g. There exist six ways to remove an electron
from the state t62g, so that the state 17 2¢ has sixfold degeneracy. On the other
hand, the state t62g has no degeneracy. Therefore, in the cobalt oxide, g, and g, are
1 and 6, respectively. Since the average valence of a cobalt ion in the stoichiometric
compound is +3.5, the ratio of Co®" to Co** ions is unity, i.e., n;, = 0.5. Thus,
the theory (Eq. (12)) gives 154 uV/K for the high-temperature value of the ther-
mopower and well explains the experiment. This result clearly shows why NaCo,04
has the large thermopower with positive sign regardless of the carrier-density. The
last term in Eq. (12) vanishes for n, = 0.5, and it is solely the spin and orbital de-
grees of freedom reflecting the strong Coulomb interaction (U > ¢) [15-17] which
gives rise to the large thermopower.

The underlying physics is easily understood. Suppose that the " and "' elec-
tronic states are next to each other. When an electron moves between them, the
d™ (d"~1) state changes into the ¢! (d™) state. In this process, the charge —e
moves and the degeneracy is exchanged. This displacement of the degeneracy cor-
responds to the motion of entropy. This is reflected as a large thermopower since the
thermopower is a direct probe of the entropy per carrier. This is in contrast to the
resistivity.

We can extend the theory to more complicated oxides. The double Perovskite
systems, for examples, involve two kinds of transition metal ions. In this case, pos-
sible configurations of local electronic state may realize interesting entropy flow in
the strongly correlated systems. Let us use A and B for the two different transition
metal ions of the double Perovskite system.

Figure 4 shows the relation between number of electrons and chemical potential.
The chemical potential on A and B should be the same in an electron system. Sup-
pose the ion A (B) takes electronic states with "4 and d"4~! (@ and d"5~! ). The
numbers of electrons on A and B are given by ng = my —ny, and ng = mp — ny, re-
spectively, where ny, is the hole concentration. Therefore, the expectation value of
electrons is expressed as

i i
— 1) A+ maA %" —1)By, +mgB.e™sT

1y tnp = (ma—1)Ay, mﬁ € +(mB )Bn mf e
Ap+AgerBT Bj, + B.e*sT
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Fig. 4 Chemical potential and number of electrons in 3d shell in the double Perovskite systems.
Here, n4 and np denote numbers of electrons of ion A and B, respectively.

where Aj, and A, (B, and B,) are the local degeneracies by spin and orbital degree
of freedom on ion A (B), respectively. Finally, the formula of thermopower at high
temperatures in the double Perovskite systems is expressed as follows:

_ M
0= 5 ; (13)
— klln (1—2nh)(AeBh+AhBe)+\/(1—2nh) (AeBj+ApBe)"+16n;,(1—n;)A.ApBeBy,
e 4nyAeBe

The expression of Eq. (13) is complicated. However, the underlying physics can
be understood in the same way as the previous formula (Eq. (12)). In the case that
n, = 0.5, the contribution from the charge degree to the thermopower disappears
because of the particle-hole symmetry. As a result, Eq. (13) in this case gives

1] k k
0= 22 (InA,+1nB,) + =2 (InA, +InBy,) | . (14)
e e
It is noted that Eq. (14) is the average of the results given in the previous formula
(Eq. (12)) with nj, = 0.5. Even in the complex oxides, we can see that the entropy
flow by spin and orbital degrees of freedom results in the thermopower and its es-
sential physics in strongly correlated electron systems.

4 Summary

We have seen that the strong Coulomb interaction induces the spin and orbital de-
grees of freedom which enhance the thermopower. This realization indicates a new
path by which novel high performance thermoelectric materials will be developed.
The thermopower can be enhanced with little effect on resistivity when, due to
strong Coulomb interactions, there is a large degeneracy in spin and orbital degrees
of freedom. This is completely different from the physics of conventional thermo-
electric materials based on semiconductors.

It should, however, be noted that the electron-phonon and superexchange in-
teractions can lead to the long-range order which suppresses the spin and orbital
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degeneracies at temperatures lower than that at which short-range correlations set
in, and that this might be considerably higher than the critical temperature for
long-range order. Such correlations are detrimental to a substantial spin and orbital
thermopower especially in the bipartite lattices. However, for a triangular lattice
there is a frustration of the spin and orbital degrees of freedom and this helps
prevent the electron—phonon and superexchange interactions from lifting the de-
generacies. Thus, frustrated lattices favor a large thermopower.

The carrier doping is usually needed in order to have a good conductivity. Al-
though the effects of the spin and orbital degrees of freedom in the thermopower
have been also observed for some other doped transition metal oxides, the ef-
fects are lost with increasing carrier concentration since Coulomb correlations are
less important as the doping is increased. Upon doping, sufficient strong Coulomb
interaction (U) is required to retain its internal degrees of freedom which are re-
flected in the thermopower. The layered-hexagonal structure of NaCo,O4 with the
Co—O—Co bond angle of about 90° provides the narrow electron band width (W)
[18],i.e., U/W is large and the effects of Coulomb interaction are important.

In this sense, small angle TM—O-TM bonds (TM denotes a transition metal ion)
leading to a narrow band, strong correlation of the electrons and frustration are con-
sidered to be the key ingredients for potential transition metal oxide thermoelectric
materials.

The thermopower derived from the first and second terms in Eq. (12) for several
transition metal oxides is listed in Table 1.

Equation (14) tells us that in the strongly correlated complex oxides, the pos-
sible thermopower is given by the average of the list in Table 1. Therefore, there
is no further enhancement in comparison with the previous formula (Eq. (12)).
However, there exist other useful functions in the complex oxides and they can
be effective in assisting an enhancement of the thermopower. The following is
one possibility: Although the formula (Eq. (12)) gives large negative thermopower
for the manganese oxides, the oxides do not always show such behavior even at
high temperatures. This is also well understood by the formula (Eq. (12)). Some
manganese oxides show strong cooperative Jahn—Teller effects. In those cases, the
orbital degree couples with lattice distortion strongly, so that the thermopower due
to the degree is strongly suppressed. Therefore, the formula (Eq. (12)) gives small

Table 1 Possible thermopower induced by spin and orbital in transition metal oxides.

8e/8h —(kg/e)In(ge/gn), WV/K
Ti**(3d'), Ti** (34°) 6/1 —154
V3+(3d?), V4 (3dY) 9/6 35
Cr3t(3d%), Cr*t (3d?) 4/9 70
Mn** (3d%), Mn** (34%) 10/4 -79
Co’*(3d®), Co** (3d%) 1/6 154
Rh3" (4d%), Rh* (4d°) 1/6 154

The first column shows the combination of ions. The second column shows the ratio of the local
degeneracies g, and gj,.
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thermopower in the system without orbital degree of freedom. By composing com-
plex oxides using manganese and un-cooperative transition metal ions, it is expected
that the cooperative effects is weak. For this strategy to enhance the thermopower,
the formula (Eq. (12)) and Table 1 summarize the important physics of strongly cor-
related systems.
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Thermoelectric Power of Correlated
Compounds

N. Oeschler, S. Hartmann, U. Kohler, M. Deppe, P. Sun, and F. Steglich

Abstract In the search for effective thermoelectric materials the class of strongly
correlated electron systems has become one the main research topics for low-
temperature Peltier cooling applications.

In this paper we present results for a number of different compounds which ex-
hibit strong correlations. The described heavy fermion metals have a particularly
large thermopower S(7') below 30 K. The enhancement of the thermoelectric power
is related to the large degeneracy of the ground-state f multiplet. The maximum in
S(T) can be shifted by volume changes which cause a change of the hybridization.
Some correlated semiconductors which have a huge thermoelectric power at low
temperatures are also described. As an example, we consider FeSb, which has a
thermoelectric power exceeding —30,000V /K at 10 K. Due to its semiconduct-
ing behavior, this material exhibits a record power factor PF = S20, where o is the
electrical conductivity.

1 Introduction

The development and characterization of effective thermoelectric materials is
a major topic of applied research in condensed matter physics. Whereas most
groups have focused on the search for high-temperature applications above room
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temperature, we consider here the class of correlated electron systems, which might
prove to be useful as Peltier coolers at cryogenic temperatures below the boiling
point of nitrogen.

Important members of this class are the heavy-fermion compounds, which con-
tain elements, such as cerium or ytterbium with partially filled f'shells and associated
magnetic moments. Below a characteristic temperature Tk that ranges typically be-
tween 10 and 100 K, a sharp peak of the density of states develops at the Fermi
energy Ep, associated with the screening of the f spins by the conduction elec-
trons [1]. The interaction between the local moment of the f electrons and the
conduction electrons can be described by the Kondo exchange interaction. Simi-
lar physical phenomena are observed in d-band materials, in particular, Fe-based
compounds.

Due to the large density of states at Erp an enhanced Sommerfeld coefficient,
Y= C/T(T — 0), is found in these materials with values that can exceed those for
ordinary metals by two to three orders of magnitude [1]. The thermoelectric power,
S, is found to be similarly enhanced to values above 30 uV /K [2], while ordinary
metals exhibit thermoelectric powers in the order of 1 0V /K at low 7.

The electron-diffusion part of the thermoelectric power S, is described by the
Mott formula based on the linearized Boltzmann equation:

R <8ln 0'(8))
Eg

Sd:'a‘ e oe

(D

where o is the electrical conductivity. ¢ can be approximated by the density of
states at the Fermi energy assuming a temperature-independent relaxation time.

5, ~ <81n N(e)) 2)
Eg

e

Thus, the diffusion thermoelectric power is given by the slope of the density of
states at the Fermi energy. For strongly correlated electron systems, S; may be sig-
nificantly enhanced due to the narrow peak in the density of states at the Fermi
level. By contrast, the phonon-drag contributions are usually of minor importance
compared to the diffusion thermoelectric power. In clean samples with long phonon
mean free paths phonons with higher energy “drag” charge carriers from the hot side
to the cold side of the sample. The effect is most pronounced at low temperatures at
a fraction of the Debye temperature (typically 0.20p).

The thermal conductivity consists of two relevant parts. One is determined by
the heat transport by phonons, the other by charge carriers. The electronic part of
thermal conductivity, k) is related to the electrical conductivity via the Wiedemann—
Franz law (Lo = 2.45-1078 WQ/K? being the Lorenz number):

ke /T = Lyo (3)
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As a measure of the thermoelectric performance the dimensionless figure of merit
has been introduced:

ZT = (S’ /K)T “4)

A ZT value that exceeds unity is essential for practical use as thermoelectric gen-
erator or Peltier cooler. For metallic systems, on the assumption that the phononic
thermal conductivity kpn = 0, the figure of merit is given by ZT = $?L. Then, en-
hancing S to above 150 uV /K yields a ZT of more than 1. However, particular effort
is required to ensure that the contribution from K, can be neglected.

A number of compounds have reached values above ZT =1 at high T [3]. For
low temperatures such a system has yet to be discovered. Whereas for the temper-
ature range above room temperature, heavily doped semiconductors are the best
candidates for high ZT values, strongly correlated electron system with metallic
conductivity seem to have considerable potential at low temperatures. However, an
extremely large thermoelectric power has also been observed for correlated semi-
conductors with d elements.

In the following, examples for heavy-fermion metals are presented and discussed
in Section 2. The two systems Yb,PtgAl;s and CeTiGe have a degenerate ground-
state f multiplet which seems advantageous for enhanced thermoelectric power
values below 30 K. Chemical substitution affects the hybridization strength, and
thus leads to a shift of the maximum in S(7). This raises the possibility of achiev-
ing a good thermoelectric performance over a specific 7 range, as will be shown
for Lu; _,Yb,Rh;Si,. In Section 3, the semiconductor FeSb, with correlated narrow
gaps is introduced. We present evidence that this compound has a very high ther-
moelectric potential. The thermoelectric power and the power factor exhibit record
values, which are most likely enhanced due to strong correlations. Our conclusions
are given in Section 4.

2 Strongly Correlated f-electron Systems

Large thermoelectric power values are commonly observed for heavy fermion sys-
tems at low temperatures [4]. Two well separated maxima (minima) are found for
a number of Ce (Yb)-based heavy fermion compounds such as CeCu;Si, [S] and
CeCug [6]. The low-T extremum is attributed to the Kondo scattering on the ground
state doublet around its characteristic temperature [7]:

Tiow = Tk )

The peak at higher temperatures results from Kondo scattering on higher multiplets
which are split by crystal electric field (CEF) effects. Its relation to the CEF levels
is given by [8,9]:

Thigh = (0.3...0.6)Acgr/kg. (6)
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The thermoelectric power is known to be rather insensitive to the number of
magnetic moments. Even dilute systems show high thermoelectric power values.
Therefore, substitution with isoelectronic elements of different atomic radii does
not reduce the absolute values of S significantly. Instead, it allows for shifting the
extrema of S to the desired temperature ranges due to the continuous change in the
hybridization strength upon doping. As an example the thermoelectric power of the
substitution series Lu;_,Yb,Rh;Si; with x = 0.23 and x = 1 is shown in Fig. 1.
YbRh;Si, is a well established heavy fermion system which attracted considerable
interest due to its unusual low-temperature properties [10, 11].

The lattice Kondo scale of 17 K [12] is deduced from entropy considerations ac-
cording to Rajan’s calculation [13]. The ground-state doublet is well separated from
excited crystal electric field split multiplets by Acgr/kp ~ 200 K [14]. However, the
thermoelectric power of YbRh,Si, exhibits only one peak close to 80 K with large
absolute values of close to 60 LWV /K [15], cf. Figure 1. The minimum is caused by
Kondo scattering on the excited CEF levels. According to Eq. (6) the position of the
peak in S(T) is in good agreement with the observed CEF splitting.

By reducing the hybridization strength the signatures of the Kondo scale can be
enhanced. In Lu;_, Yb,Rh,Si, this is achieved by substitution of the non-magnetic,
slightly larger Lu on the Yb site [16]. As an example, we show in Fig. 1 the ther-
moelectric power of Lu;_,Yb,Rh,Si, with x = 0.23. Indeed, the second minimum
becomes apparent in the thermoelectric power data at lower temperatures. The peak
at 80 K does not shift significantly with respect to the x = 1 data, but decreases in
size. This observation agrees with the expectation that the CEF levels remain unaf-
fected by the substitution. The Kondo scattering on the ground-state doublet gives
rise to a minimum around 10 K. The Kondo scale can be estimated from the min-

Lu, YbRh,Si,

T(K)
Fig. 1 Thermopower S of Lu;_,Yb,RhySiy withx =0.23 and 1 vs. T
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imum temperature of the thermoelectric power, cf. Eq (5), whereas the observed
lowering of Tx with reduction of Yb reflects the weakened hybridization.

The absolute values of the thermoelectric power, although reduced compared to
those of YbRh;Si,, are still enhanced. While the resistivity changes largely upon
substitution, the thermoelectric power decreases only slightly. A fraction of mag-
netic ions (Yb) is sufficient to generate large thermopower values.

Although Luj_,Yb,RhySiy does not exhibit thermoelectric power values suffi-
ciently large for application, this study shows that the temperature of the extrema
of the thermoelectric power can be shifted by modification of the hybridization
strength. Here, such shifts in the Kondo scales are realized by a volume change
through substitution. Such an approach can commonly be applied to strongly corre-
lated electron system.

The highest values of the thermoelectric power among f electron systems
have been found for compounds with intermediate valent behavior [17]. The Kondo
scale of these systems rises above the CEF levels. Consequently, the f electrons
become partly itinerant with Ce valences between 43 and +4 or Yb valences be-
tween 42 and +3. A large thermopower exceeding 80 LV /K has been observed for
instance in CePd3 [17]. For Yb systems even larger negative values are reported for
YbAIl;z [17]. Due to the high Tk, all these compounds exhibit large thermoelectric
power above 100 K.

However, for applications at cryogenic temperatures, large thermopower values
are required at lower T. As will be shown here, such behavior can be observed also
for heavy fermion compounds with highly degenerate ground states. YboPtgAlis
crystallizes in a hexagonal structure with a large ¢/a ratio of around 4. The mag-
netic susceptibility  and the magnetic part of the specific heat Cy4; are described
in terms of the Cogblin—Schrieffer model with full Yb momentum J = 7/2 and
enhanced Sommerfeld coefficient of 330 mJ/mol K> [18]. From the characteristic
maximum in x and Cs¢/T around 20-30 K a Kondo temperature of 64 K is de-
duced. In Fig. 2 the thermoelectric power of single crystalline Yb,PtsAl;s is plotted
for the heat flow along the g-axis. The minimum in the thermoelectric power of
approximately 70 LWV /K lies in the same temperature range as for y. Such large
values at low temperatures are rarely observed and presumably characteristics for
correlated compounds with multiplet ground states.

A similar behavior has been detected for the tetragonal compound CeTiGe.
Again, the magnetic contribution to the specific heat is well described by the
Cogblin-Schrieffer model. Above a constant specific heat divided by 7 with a
Sommerfeld coefficient of 270mJ/mol K? a maximum occurs below 20 K [19].
This feature indicates the involvement of the full Ce momentum J = 5/2. The ther-
moelectric power of a polycrystalline sample shown in Fig.3 is also dominated
by a single maximum at 17 K. Again the maximum temperature in S(7') corre-
sponds to the one in C47/T. The absolute values of S(7') are comparable to those of
Yb,PtgAlys which has a similar Sommerfeld coefficient as CeTiGe. The high slope
of S/T for T — 0 supports the enhanced effective masses of the quasiparticles [19].

Interestingly, the compounds presented have a full multiplet as ground state. Due
to the CEF splitting one expects the multiplet of Ce (Yb) ions for systems with non-
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Fig. 3 Thermopower S of CeTiGe vs. T

cubic symmetry to split into three (four) doublets. However, the CEF effects seem to
be of minor importance for Yb,yPtgAl s and CeTiGe. Thus, the ground state involves
all states of the full moment. This appears to be essential for a large thermoelectric
power at low temperatures. No heavy-fermion metal with a ground-state doublet
reaches thermopower values of such magnitude at low 7. However, the thermo-
electric power of CeBg forming a quartet ground state exceeds values of 60 uV/K
around 10 K [20]. Theoretical calculations for a sixfold degenerate ground state re-
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veal values of up to 100 pV/K around the Kondo temperature [7]. A theoretical
comparison of different ground-state degeneracies are not available.

The power factors PF = S° /p of these compounds are comparably high since,
besides the enhanced thermoelectric power, the electrical resistivity p is rather low
(cf. Fig. 4). Peak values around 50 (CeTiGe) to 250 uW/ K’cm (YbyPtgAly5) are ob-
tained for the compounds presented. They are in the same order of magnitude as
those of commercial thermoelectric materials [3]. However, in order to achieve high
figures of merit the thermal conductivity has to be reduced significantly. As the elec-
tronic part to the thermal conductivity, k) and the electrical resistivity are connected
(Eq. (3)) the phononic contribution to Kk has to be tremendously diminished.

Attempts to use heavy fermion systems for Peltier cooling have been already
undertaken. Modules based on CeBg achieve a cooling power of 0.2 K at 4 K [21].

3 Correlated Semiconductors

The most promising thermoelectric materials among strongly correlated electron
systems are semiconducting Kondo compounds. In some cases the hybridization of
the d or f'states and the conduction bands leads to an opening of a gap at the Fermi
energy [22]. This phenomenon is observed in a few cubic rare-earth compounds as
YbB|, and Ce3BisPt3 [23]. At room temperature they behave like ordinary met-
als with local moments. At intermediate temperatures typical Kondo signatures are
observed. Upon lowering the temperature their resistivity increases even further
showing semiconducting behavior. The gap size roughly corresponds to the Kondo
temperature which is the cause for the gap opening. Also 3d systems might develop
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a narrow gap as was identified in FeSi [24]. At low T, the extended d states seem to
hybridize with the conduction electrons to form a hybridization gap.

A new member of this class is FeSby. It is an orthorhombic system with marca-
site structure. The Fe ions are surrounded by distorted octahedra of Sb atoms. The
susceptibility is temperature independent up to 50 K indicative of a non-magnetic
ground state of the Fe and becomes paramagnetic at higher temperatures [25]. The
resistivity of FeSb, follows a semiconducting behavior below room temperature
with two regions of thermal activation separated by a plateau around 20 K. The
gap sizes are estimated as 320 K for the high-T part and 54 K for the low-7 side.
Hall effect measurements indicate the existence of multiple charge carriers with
electron-like and hole-like character. Calculations within a two-band model by Hu
et al. derived a huge carrier mobility [27]. The thermoelectric power of FeSb; is
displayed in Fig. 5. The thermopower exhibits negative values below 30 K at which
the smaller gap opens. At 10 K extremely large values in the order of —45mV /K
at 10 K are observed [26]. The maximum values of |S| are largely enhanced com-
pared to the thermopower of related systems like RuSb, [28]. This indicates that the
phonon-drag effect can only be of minor importance for the unique thermoelectric
properties of FeSb,. In fact, the experimental S(T) curve can be qualitatively de-
scribed within a full decade in temperature (7-70K) by a ‘classical’” description of
electron diffusion in a non-degenerate system. However, to reproduce the observed
S(T) behavior semiquantitatively, an enhancement factor of 30 is required [29]. It
is assumed that strong electron—electron correlations have to be taken into account
to explain this enhancement factor. The origin of the strong correlations is not yet
fully understood.
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FeSb, meets the requirements for high thermoelectric performance. It is a semi-
conductor with a very low charge carrier concentration and high mobility. The
thermoelectric power at low temperature is extremely large. For the power factor
which is shown in the inset of Fig. 5, a broad maximum with high values below
30 K is deduced. The values at the maximum of 2300 uW /cm K> depict record
values among all thermoelectric materials [26]. However, in order to obtain large
ZT values the thermal conductivity of the single crystals exhibit too high values due
to the large phononic contribution. The aim of achieving high ZT values are pur-
sued by minimization of the phononic mean free path. The first studies on doped
FeSb, revealed a reduced thermal conductivity. However, concomitantly the elec-
tronic properties changed drastically [30].

4 Conclusion

The thermoelectric power of strongly correlated electron systems has been shown
to reach very high values at low temperatures. Different routes are presented for
possible high-performance materials. It has been demonstrated, how chemical sub-
stitution of heavy-fermion systems can be applied to tune the position of the
maximum in S(T) to a specific temperature region to meet defined requirements.
However, even more promising for low-temperature applications are Ce or Yb com-
pounds with a highly degenerate ground state. As an example the thermoelectric
properties of YbyPtgAljs and CeTiGe have been introduced. Both compounds ex-
hibit a fully degenerate ground state without CEF splitting. The thermoelectric
powers exceed values of 60 LV /K below 30 K. Although those values are not suffi-
cient according to the simple estimation presented in the introduction, they suggest
a possible route for improvement. Rare cases of high § at such low T are known in
the literature. However, the phononic thermal conductivity of the crystal has to be
lowered in order to improve the thermoelectric performance.

Another highly promising class of materials are 3d semiconductors, in particu-
lar, FeSb,. The record power factor generated by an extremely large thermoelectric
power of —45mV /K fulfills the requirements for a good thermoelectric. Further
effort has to made to reduce the thermal conductivity. If k is reduced by two or
three orders of magnitude, which is realistic considering the high values on single
crystals, ZT would rise to values around 1.
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Thermoelectric Power and Thermal Transport
of Anomalous Rare-Earth Kondo Compounds

B. Cogblin, B. Chevalier, and V. Zlati¢

Abstract This paper reviews the thermoelectric power (TEP) of cerium and
ytterbium Kondo systems. We present first the experimental situation regarding the
Kondo compounds and describe briefly the intermediate valence (IV) systems. We
then define the Kondo temperature Tx and summarize the theoretical approaches
that explain the behavior of Kondo systems much above, and much below, the
Kondo temperature. The results obtained for 7 > Tk, explain the high-temperature
TEP data of cerium (ytterbium) compounds which exhibit a broad positive (nega-
tive) maximum at 7 ~ A /a, where A is given by the crystalline field (CF) splitting
and a > 1 is a numerical constant. For T < T, the theory yields a small posi-
tive (negative) TEP peak at about Tk /2 which explains the low-temperature TEP
data on cerium (ytterbium) compounds. Combining these theoretical results, we
can account for the overall temperature dependence of the TEP in most Kondo
and IV compounds. We also explain the anomalous pressure dependence of the
TEP in some cerium and ytterbium compounds and show that the charge transfer
is of crucial importance for pressure experiments. We discuss in some detail the
hydrogenation effects for cerium compounds and show that one should distinguish
between the “negative pressure” effects and the chemical effects which are due to
the cerium-hydrogen bonding. Finally, we present briefly the experiments of the
thermal conductivity in anomalous rare-earth Kondo compounds and show that the
data can be explained by the Kondo scattering in the presence of CF splitting.
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1 Introduction

The thermoelectric properties of intermetallic compounds with cerium, ytterbium
and other anomalous rare-earth or actinide ions are attracting considerable atten-
tion and are widely studied by experimental and theoretical methods. The reason
is that an understanding of thermal transport is important for possible applications
and transport coefficients are directly related to the electronic structure of a given
system. An understanding of heat and charge transport in Kondo systems is of a
fundamental importance.

The thermoelectric power (TEP), or the Seebeck coefficient, has been measured
for many magnetic systems [1-5], as the search for systems with a large ther-
mopower is obviously of great practical interest [6,7]. The efficiency of a thermo-
electric material is given by the dimensionless quantity called “figure of merit” ZT":

2

ZT = E, (1)

pK
where S,p and k are the thermoelectric power, the electrical resistivity and the
thermal conductivity, respectively. The figure of merit is directly affected by all
three transport coefficients [2], so that one can try maximizing ZT following many
different routes. Efficient thermoelectric materials should have Z7 > 1 and the
largest ZT has recently been obtained in semiconducting materials in which the
thermal conductivity was greatly reduced [8]. There are several recent reviews
which discuss the thermoelectric power and the figure of merit of various materials,
and describe different contributions due to electrons and phonons [9-11].

The thermoelectric powers of cerium compounds are large and show some typi-
cal features. In general, the TEP has two peaks: the high-temperature one due to the
crystalline field (CF) splitting and the low-temperature one due to the Kondo scatter-
ing on the lowest CF state. In this paper we first review the experimental situation
and, then, present various theoretical approaches which explain the experimental
data. We also discuss the competition between the Kondo effect and magnetic or-
dering coming from the intersite magnetic interaction, and explain the effects of
pressure in the case of cerium and ytterbium compounds. Finally, we describe the
effects of hydrogenation and its influence on cerium compounds, where the hydro-
genation can lead to different and even opposite effects.

2 The Thermoelectric Power of Cerium and Ytterbium Systems
2.1 The Experimental Situation

The TEP has been measured for many cerium and ytterbium compounds or other
anomalous rare-earth systems. A review of the different behaviors can be found
in Refs. [12, 13]. The data on cerium and ytterbium intermetallics exhibit some
characteristic features which can be used to classify these systems into various
groups, as explained in Ref. [12].
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In many cerium compounds, a large positive TEP peak is observed at about
100 K. For example, the TEP of CeAl; and Ce;_,La,Als shows large positive peaks
of 40uV/K and 55uV/K at 50 and 40 K, respectively [14, 15]. A very large and
negative peak of —90 LV /K has been observed in YbAlj at about 200 K [16]. Such
large positive (negative) peaks have been observed in many cerium (ytterbium) com-
pounds at sufficiently high temperatures and, as shown in the theoretical part of this
review, can been explained in terms of the CF effects in Kondo systems [17]. This
strong connection between experiment and theory was a good motivation for the
study of the TEP in Kondo systems.

Another interesting example is provided by the pressure-dependence of the TEP
in CeCu;Si,, which is shown in Fig. 1 as a function of temperature for pressures up
to 6 GPa [18, 19]. A positive peak of the order 20 — 50 WV /K is observed at about
150 K. The compound CeCu;Si; is a superconductor at very low temperatures [20]
and, as we can see in the inset of Fig. 1, the TEP vanishes in the superconducting
state. In the presence of a large magnetic field which destroys the superconductivity,
the TEP exhibits a low temperatures a small positive peak [19]. Such a positive
peak has also been observed at very low temperatures in CeAls and in Ce;_,La,Al3
alloys [19, 21, 22]. The emergence of a low-temperature positive peak in cerium
Kondo compounds is a theoretical challenge, which is addressed in the theoretical
part of this review [13].

In CeM;Si, compounds [23], the CeAu;Si, behaves as a normal metal with an
integer valence and has a very small thermoelectric power. The thermoelectric power
of the Kondo compound CePd,Si; has at normal pressure a positive peak at 95 K, a
negative minimum at 23 K, and then rises to a positive peak at 4 K, which is below
the Néel temperature 7y = 10 K. The compound CeRh;Si, orders magnetically at
ambient pressure at 7y = 39 K; the TEP has a positive peak at 165 K and another
positive peak around 20 K. Between these two peaks the TEP is negative, reaching

Fig. 1 The experimental
curves of the thermoelectric
power of CeCu;Siy versus
temperature at different
pressures. (Reproduced from
Ref. [13].)
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a minimum at the Néel temperature. The TEP of CeRu;Si; exhibits also a two-peak
structure but is always positive; the high-temperature maximum is at 220 K and the
low-temperature one at 22 K [23].

The TEP of many cerium compounds has been measured under very high pres-
sure by Jaccard and coworkers [12]. In CeCu;Ge; and CePd;Si,, the TEP increases
with increasing pressure to yield a large positive peak which remains roughly at the
same temperature at all pressures. In CeCuyGe,, this peak reaches 100 pV /K at
150 K, while in CePd,Ge,, it reaches 60 LV /K at 100 K. In both compounds, the
negative minimum becomes less pronounced with pressure and disappears at very
high pressure [12] (the minimum disappears when the low-temperature peak merges
with the high-temperature one).

Another example is provided by the TEP of CeRu,Ge,, plotted in Fig.2 as a
function of temperature for pressures up to 15 GPa. The change of shape of the TEP
follows the same pattern as in other Ce compounds. At ambient pressure, there is a
large positive peak at 200 K and a small positive peak at low temperature, separated
by a negative minimum. As pressures increases, this minimum is less pronounced
and finally disappears completely. At very high pressures, above 10 GPa, the TEP
exhibits only a single peak with the maximum of 70 — 80 uV /K at 200 K [24]. The
compound CeRu,Ge; shows an antiferromagnetic order at Ty = 8.55 K and a fer-
romagnetic order below 7, = 7.40 K [25-27]. The onset of the long-range magnetic
order is pushed with pressure to lower temperatures and disappears at 7.8 GPa [24].
In CeRu;(Si;_,Gey),, the Néel temperature decreases with decreasing germanium
concentration, which can be understood as a chemical pressure effect; the compound
CeRu,Si» is non-magnetic [26,27].

Although doping produces in cerium alloys similar features to pressure, the
connection is not completely straightforward, as can be seen from the magnetic re-
sistivity and the thermopower of Ce,La;_,Cu; 5Sis [28,29] and Ce, Y |_,Cu; 95512

80 : T
p(GPa) CeRu,Ge

F[ —o—8.0
——96 Slc
60 || ——104 1 i

——15.6

S (LV/K)

Fig. 2 Experimental depen-
dence of the thermoelectric !
power of the compound 10 100 300
CeRu,Ge, with pressure [24]. T(K)
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Fig. 3 Thermopower versus temperature for different concentrations x of cerium in
Ce,La; ,Cuy 05Siz alloys. Inset : The magnetic resistivity pqg versus temperature for different
x values [28].

alloys [30]. Figure 3 shows the thermopower of Ce,La;_,Cu; 05Siy plotted versus
temperature for different concentrations x of cerium. The data show that for x =1,
the thermopower S(7') has a negative minimum at about 20 K, equals to zero at 70 K,
and passes through a large positive maximum at about 170 K, where S = 25 uV/K.
The corresponding magnetic resistivity pqe 1S typical of a stoichiometric com-
pound; it passes through a maximum at approximately 100 K and decreases at
higher temperatures as log7. When x decreases to x = 0.7, the system is still co-
herent down to lowest temperatures. For x < 0.5, however, the resistivity increases
with decreasing temperature, which is typical of an alloy-like incoherent behavior.
When x decreases below x = 0.5, the TEP is always positive but has two peaks. As
shown in Fig. 3, the positions of these peaks are almost x-independent but the values
at the maxima first increase with decreasing x and then decrease for very small x;
the maximum of the TEP is 35uV /K which is found at 150 K for x = 0.5 [28,29],
Similar behavior is observed in the case of Ce,Y|_,Cuy o5Siy alloys [30].

It is now well established that among cerium Kondo compounds we have to
distinguish between Kondo and intermediate valence (IV) systems. For example,
very large positive peaks of the TEP are observed in the intermediate valence com-
pound CePds and in some concentrated Ce;_,Y,Pds alloys, where the TEP reaches
90 wV/K [31]. The temperature dependence of the TEP of pure cerium metal and
Cep9Thg,; alloy has also been measured under pressure. The data show a TEP peak
at the temperature where the Y — o transition takes place, i.e., the magnitude and the
position of the TEP maximum varies with pressure or thorium concentration [32].

The distinction between Kondo and IV behavior is complicated by the fact that a
smooth transition between the two behaviors can be induced by changing the ex-
perimental parameters. The resistivity and thermopower have been measured in
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intermediate valence compounds CeNi,. In CeNi, one finds a very large positive
TEP peak of 55 uV/K at 110 K. In CeNi, [33] there is an even broader TEP
peak of 20 uwV/K at 200K The thermopower of Ce,La;_Ni, Ce,La;_,Ni, and
Ce,Laj_,In3, shows a positive peak at high temperatures, followed by a smaller
peak or a shoulder at lower temperatures. Such a behavior can be interpreted in terms
of the Kondo scattering [34]. The thermoelectric power of Ce,La;_,NiggPtg, and
Ce,Y1-xNiggPty» alloys shows positive peaks at temperatures of the order 100 K,
which can also be related to the Kondo effect [35].

The TEP of CePd;_,Ni,Al single crystals has also been investigated [36]. The
compound CePdAl is a heavy fermion antiferromagnet with Néel temperature
Ty = 2.7 K and an electronic specific heat constant y = 270 mJ/mol K2. The com-
pound CeNiAl is a non-magnetic valence fluctuator. The TEP of CePdAl shows
along the a- and c-axis a positive peak at 180 K and a negative minimum at 30
K, while the TEP along the a-axis shows a second positive peak at 5 K. The TEP
along the c-axis shows only an upward curvature at the same temperature. On the
other hand, the resistivity of CePdAl along the a- and c-axis shows an increase up
to about Ty, then a logT decrease, and finally a continuous increase up to room
temperature; the high temperature maximum of the resistivity lies clearly above the
positive peak of the TEP. In CePd;_,Ni,Al alloys, the magnetic ordering disappears
for x > 0.1 and the electronic specific heat constant of CePd( 9Nig Al approaches
y = 1100 mJ /mol K2. The positive TEP peak continues to be present for x > 0.1,
indicating a non-magnetic heavy fermion system.

The TEP of CeTGe (T =Ni, Pd, Pt) shows large positive values at sufficiently
large temperatures [37]. In CePtGe and CePdGe, which are Kondo systems with
an antiferromagnetic order, the TEP has a large positive peak at roughly 100 K and
another positive peak at 1-2 K. On the other hand, CeNiGe has also a very large TEP
which is almost constant between 150 and 300 K; this compound appears to be an
intermediate valence compound [37,38]. Finally, the TEP of the Kondo compound
CePdSn, which has a Néel temperature Ty = 7 K, exhibits a relatively small positive
peak around 100 K, a negative minimum around 20 K, and finally another positive
peak around 2 K [38,39].

The thermopower of several intermediate valence Ce-based compounds, namely
Ce,NipIn, CeyRhyIn, CesNipGa and CeNisSn, remains positive between 6 and 300
K. A large positive peak is often observed at about 100-200K [40]. In Kondo
compound CePtyIn [41], a small positive peak occurs at 70 K. This value should
be compared with 210 K which is the theoretical value deduced for the CF split-
ting [17] and is close to the CF splitting derived from the analysis of the magnetic
susceptibility [41]. All these compounds are heavy fermions, with very large elec-
tronic specific heat constants, reaching y = 1.75 J/mol K2 in CePtyIn [41]. None of
these compounds order magnetically at low temperatures. CePt4In is apparently a
Kondo compound, like CeAls, while the four other compounds seem to be valence
fluctuators with valence close to 3. In cerium compounds, typical Kondo behavior
is indicated by a large positive thermopower peak at relatively high temperatures,
a small positive peak at low temperatures, and a well defined negative minimum
in-between.
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Fig. 4 The thermoelectric powers of the compounds YbMCuy (with M = Pd, Au, Ag) and
YbPd,Si, [42].

We now examine the experimental situation regarding the ytterbium Kondo
compounds; a review on these compounds can be found in Ref. [13]. We have
already mentioned a large and negative TEP peak of —90 uV/K found in YbAls
at 200K [16]. A large negative peak, approaching —60 WV /K, is shown in Fig. 4,
where we plotted the temperature dependence of the TEP of YbPd,Si; or YbMCuy,
with M = Pd, Au, Ag [42]. The TEP of these Yb compounds approaches zero
at very low temperatures and only YbAuCuy shows a small positive maximum at
6 K. The YbPd,Si, and YbAgCuy appear to be intermediate valence compounds,
while YbAuCuy and YbPdCuy are Kondo systems which order magnetically below
1 K [42].

A negative TEP peak has been observed in several other ytterbium compounds.
The thermopower of Yb,Ir3Alg has a negative peak of —25 uV /K at 40 K and a pos-
itive one at 5 K. The variation of the TEP of YbyRh3Alg is similar but smaller [43].
A smaller TEP is also found in YbAu, and YbAus, where a negative peak is seen
around 60-80 K [44]. The thermoelectric power of YbPtIn reaches a minimum of
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—9uV/K at 150 K, another minimum of —6uV /K at 4 K, and a positive maximum
of +6 uV/K at 30 K. The TEP of YbPtIn with two negative minima separated by a
positive maximum mirrors the behavior of cerium compounds, although the TEP is
here much smaller [45].

The thermoelectric powers of YbRhIns and Yblrlns are relatively small and
change to a small negative value around 100 K. However, these two compounds
are divalent non-magnetic ones, and are not really relevant of the present descrip-
tion [46].

The resistivity and the thermoelectric power of YbInAu,, YbCu;Sip, YbCuAl
and YbSi have also been measured under very high pressure [47]. For ytterbium
ions, pressure has the opposite effect to that for cerium ions. On the Doniach
diagram, pressure tends to decrease the exchange integral Jx and, consequently,
pressure changes a non-magnetic heavy fermion into a magnetically ordered one, as
observed in YbCuAl [48] or in YbCu,Si, above the critical pressure of 8 GPa [47].
The ordering temperature increases with pressure in YbSi [47]. At normal pressure,
the thermopowers of YbCu,Si, and YbSi are very large and negative around 100 K.
In YbCu;Si,, the position and absolute value of the TEP at the minimum decrease
with pressure but there is no positive value at very low temperature even at 9.6 GPa.
On the other hand, the thermopower of YbSi has, at very low temperatures, a posi-
tive peak which increases with pressure [47].

The thermoelectric power has also been studied in Kondo Uranium compounds
such as UBe;3 [49] and UPd,Sb [50]. However, they are not relevant of our present
study which does not discuss the case of Kondo compounds with more than one f
electron [51].

In summary, we have presented in this section the TEP of many cerium and
ytterbium systems. The analysis of the data shows clearly the occurrence of a large
peak, positive for cerium and negative for ytterbium, at relatively large tempera-
ture, typically of about 100 K. In cerium compounds, the low-temperature data often
show a second positive peak, like in CeAls, and a change of sign at intermediate tem-
peratures. In ytterbium compounds, only a few of them show a second negative peak
at low temperatures. In the next sections we present the theoretical interpretations
of these experimental data.

2.2 Calculation of the Thermopower in the “High Temperature”
Regime

The most prominent feature of Kondo systems is the crossover from the high-
temperature regime, where the conduction electrons are weakly scattered on the lo-
cal moments of the 4 f ions, into the low-temperature Fermi liquid regime, where the
conduction and 4f electrons are tightly-bound into a non-magnetic singlet. Since
the crossover takes place in a rather narrow temperature range, it can be used to
define the Kondo temperature Tx of a given system. The properties of the system
above and below the Kondo temperature are fundamentally different and can be
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conveniently described by different effective models. A unified description of the
high- and low-temperature regimes has been a major theoretical problem for a long
time. The exact solution of the single-impurity Kondo effect valid at all temperatures
has, first, been obtained by the renormalization group technique [55] and, then, by
the Bethe Ansatz method [56,57]. The evidence for the “heavy fermion” behaviour
has also been provided by the experiments on cerium compounds, like CeAls [58],
and there are now many reviews describing the experimental and theoretical aspects
of the Kondo problem and physics of strongly correlated electrons [59—-62].

This section presents the calculation of the thermopower valid in the high-
temperature regime. Before providing the details, we remark that the Kondo effect
originates from the theoretical attempts to explain the resistivity minimum in dilute
alloys with magnetic impurities, like Mn or Fe in copper. A logarithmic increase of
the resistivity has been explained by the perturbative treatment of the exchange in-
teraction between the conduction and f electrons [52]. The thermopower has been
computed by the same perturbation calculation [53], after previous calculation of
the thermopower for normal magnetic systems [54].

In cerium alloys and compounds with 4 f electrons, the Kondo effect takes place
together with the CF effects which split the (24 1) = 6 degenerate ground state
either in three doublets, or in a doublet and a quartet, depending on the symmetry of
the lattice. The splitting A between different CF levels is often of the order of 100 K,
which makes the CF effects so important for Ce and Yb systems. The CF effects are
particularly important when one goes from a sixfold degenerate level at high temper-
atures (T > A) to a two- or fourfold degenerate level at low temperatures (7T < A).

The starting point of the high-temperature (T > Tk) calculation is the Anderson
Hamiltonian [63], which describes the hybridization between the conduction and
correlated 4f electrons; we consider the CF effects in the f-energy term by taking
the sum Yy, Eprnyy, where the new energies E)yy are the energies of the configuration
411 split by the crystalline field effect. By making the Schrieffer—Wolff transforma-
tion [64], this Hamiltonian is reduced to an effective exchange Hamiltonian which
describes both the Kondo and the CF effects. It is defined by Hamiltonian [65, 66]:

_ c
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The Vjy are classical potential integrals and the J,;;, are the exchange integrals

given by:
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Since the CF splitting is much smaller than the average distance Ey from the 4f level
to the Fermi level, different exchange integrals can be approximated by,

| Vig I*
| Eo |

Jk = “)

The high temperature electrical resistivity [66], thermoelectric power [17] and
thermal conductivity [67] of cerium or ytterbium Kondo compounds have been suc-
cessfully explained using the above described “Cogblin—Schrieffer” Hamiltonian
(2). We do not give the details but present here only the main lines of the calculation
for the thermoelectric power [17]. The transport coefficients are calculated using the
Boltzmann equation and the perturbation expansion of the Hamiltonian (2) up to the
third order in exchange integrals Jy;.

The resistivity p and the electrical conductivity ¢ due to the Kondo effect are

given by [66]:
1
L ( ) wde 5)

P 37t2m
and the thermopower is [17]:

1 fgk( fk>de8k
= eT f( afA)deEk ©

where fj. is the Fermi function and e < 0. The result for the relaxation time 7; reads,

1 mkvoe

P W(Rk +S%) (N

where the second order term Ry, is given by:

|JMM/|2 < gt >
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and the third order term Sy is
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The thermopower calculated in such a way has a pronounced peak which depends on
the different parameters A, Jy,,, and also on direct scattering potential 7. The peak
is located at temperature corresponding to a fraction of the CF splitting, typically
A/3[17].



Thermal Transport of Kondo Compounds 101

sk
75
50 o
25 9 s,
A o o - o (d) x
. @b —©
o X5
¥
_25 1 1 1 L
0 50 100 150 T(K) 200

Fig. 5 Comparison between experiment and theory for the thermoelectric power S of dilute
Ce;_,La,Al; [17]. The experimental points correspond to the differences between the values of
S of Cej_yLa,Alz and those of LaAlz for x = 0.99(0), 0.9(A), 0.5(0),0(X). The theoretical
curves correspond to the two-level case with a doublet ground state for Vi = 0.07 eV, n(Er) =2.2
states/eV at., D = 850 K and the following parameters. Curve (a): A = 130 K, ¥ = —0.27 eV,
Ji1 = —0.145 eV and E; = —395K; curve (b): A = 166K, ¥ = —0.7¢V, J;; = —0.2¢eV and
E; = —285K; curve (c): A =203K, ¥ = —0.85¢eV, J;; = —0.195¢eV or E; = —290K; curve (d):
A=255K, 7 =-093eV,J;; =—0.16eV and E; = —355K.

Taking a ground state doublet and assuming that the two excited doublets at a
distance A above the ground state are nearly degenerate, we can fit the TEP of
CeAl; and Cej_yLa,Al;z [14] with reasonable parameters [17]. Figure 5 shows the
TEP data of Ce;_,La,Als for different values of x =0, 0.5, 0.9 and 0.99, together
with four theoretical curves obtained for the different parameters. The temperature
of the maximum provides an estimate of A and the form of the curves allows us to
determine ¥ and J1;. The theoretical curve (d) of Fig. 5 is close to the experimental
curve of CeAls. The values of A deduced by fitting of the thermopower [17] are in
rough agreement with the values required to fit the electrical resistivity [66]. We can
conclude that the agreement between the theory and the experiment is satisfying and
that the high-temperature TEP peak is due to the Kondo scattering on the 4 f state
split by the CF effect.

However, a closer inspection of the theoretical curves shows that below the
CF maximum the TEP monotonically decreases as temperature is reduced, while
the experimental curves show a non-monotonic behavior. The TEP of CeAl; and
Cej_,La,Alz [14] goes below the high-temperature maximum through a minimum
and, then rises again to a low-temperature maximum. A unified description of Ce
systems with the CF splitting valid at all temperatures is difficult but the description
of the low-temperature thermopower maximum is relatively straightforward and is
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presented in the following subsection. By interpolating between the low- and high-
temperature calculations, an overall description of the thermopower can be obtained.

2.3 Theoretical Approach to the “Low Temperature’ Regime

At low temperatures, the Kondo systems approach the Fermi liquid ground
state [55]. In the case of cerium Kondo systems, the Kondo temperature T is
always much smaller than the CF splitting A, so that for T < Tx the excited CF
states can be neglected [13]. The Cogblin—Schrieffer (CS) model can, therefore,
be approximated by the spin—1/2 Kondo model or, alternatively, by the single-
impurity Anderson model (STAM) with the number of 4 f electrons (or holes) close
to 1. The TEP of such a model is calculated by the modified perturbation theory [68]
which interpolates between the weak coupling limit and the exact atomic solution
of the STAM.

The results are displayed in Fig. 6, where the TEP is plotted as a function of
T /Ty for different values of the number of 4 f electrons n4 r- The TEP obtained for
n4r ~ 1, has a positive peak at a temperature of order Tx /2 and changes sign at about
Tk. These curves describe the TEP of a cerium compound with a ground state dou-
blet. A similar, but negative, TEP peak is obtained for nﬁ‘}’” ~ 1, which corresponds
to ytterbium compounds. We point out that the magnitude of the low-temperature
TEP peak increases as n4y (or nﬁjﬁle“') decreases below 1, and that the sign change

60 T T T T T T —,
.
.

S [WV/K]

Fig. 6 The thermoelectric power S versus T'/Tx for different values of the number ns of 4f elec-
trons (as indicated on the figure). The corresponding values of Tk are respectively kgTx /W =0.011
(for ny = 0.98), 0.011, 0.012, 0.025 and 0.035 (for ny = 0.6) [13].
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above the maximum occurs only for n4y ~ 1. Such a behavior is easy to understand
by the following argument. The system with ngy ~ 1 has a low Kondo tempera-
ture but is relatively close to the electron—hole symmetry, where the thermopower
vanishes exactly. For nyy < 1, the Kondo temperature is large but the system is fur-
ther away from the electron-hole symmetry and the TEP increases. This behavior is
most clearly seen in pressure experiments which reduce the number of f electrons
in Ce compounds. The pressure data show clearly that (i) an increase of pressure
enhances the low-temperature Kondo peak of the TEP and moves it to higher tem-
peratures, and that (ii) the sign change occurs only for small pressure and vanishes
once n4y becomes small. (A more detailed discussion of pressure effects is given in
Refs. [13,69].)

Combining the low- and high-temperature calculations we can explain the experi-
mental results which show the thermopower of Kondo systems with two asymmetric
humps, the small one at about 7} /2 and the large one at A /3. The high-temperature
positive (negative) peak is often seen in cerium (ytterbium) systems. The low-
temperature peak is also found in some cerium compounds, such as CeAls or
CeCu,Siy. However, it is only rarely observed in ytterbium compounds [13].

3 The Kondo Lattice and the Effect of Pressure

3.1 The Doniach Diagram

The single-impurity Kondo effect has been extensively studied after the perturbation
calculation of Kondo [52]. An exact solution of the Kondo Hamiltonian has been
obtained by the renormalization group method [55] and by the Bethe Ansatz [56,
57]. The single impurity multichannel Kondo model [70, 71], and more realistic
impurity models like the Anderson and the Cogblin—Schrieffer model, have also
been solved exactly. A Fermi liquid or heavy fermion behaviour has been observed
experimentally in cerium compounds like CeAls [58].

In the case of a lattice, the problem is much more difficult, as there exists a
competition between the Kondo effect on each site which tends to decrease the
magnetic moment below Tx and the indirect Rudermann—Kittel-Kasuya—Yosida
(RKKY) type interaction which favors magnetic order below the Néel Ty or Curie
T, temperature. This situation is illustrated by the Doniach diagram [72] shown in
Fig.7, where several characteristic temperatures of the system are plotted versus
Jkp. Here, Jx is the exchange intra-site integral and p the density of states of the
conduction band at the Fermi energy. On Fig. 7, Tk¢ is the Kondo temperature for
a single impurity and 7y¢ the Néel (or Curie) temperature without the Kondo ef-
fect, which is proportional to J,%. For small values of Jxp, Tyo is larger than Tk
and the system continues to be ordered magnetically often with a reduction of the
magnetic moment due to the Kondo effect. In the opposite case, for large values of
Jxp, Tyno is smaller than Tk and the system tends to become non-magnetic with
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Fig. 7 The Doniach diagram,
as explained in the text. T
Tko
Tro
TN
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an heavy fermion behaviour. The Doniach diagram provides a simple explanation
of the transition between the magnetically ordered state and a non-magnetic heavy
fermion state, which takes place at the “Quantum Critical Point” (QCP).

Pressure tends to decrease the distance | Ey | between the 4f level and the Fermi
level and to increase the hybridization term V¢ in the case of cerium compounds. It
results from the expression (4) that the effect of pressure is to increase Jg in cerium
systems and has an inverse effect in ytterbium systems. A transition from a magnetic
order to an heavy fermion state has been observed in many cerium compounds [62],
like CeAl,, CeRh,Siy [73], CePd,Si, or the ferromagnetic CeAg [74]. The inverse
transition from an heavy fermion state to a magnetic order has been observed for
example in YbCu;Sij [47] or in YbCuAl [48].

We have to remark finally that the effect of pressure is complex. The Doniach
diagram describes the case of Kondo materials where the number of 4f electrons
does not change too much under pressure. But, it is well known that the pressure
can also induce a large change of the number of 4f electrons and yield, therefore, a
change from a magnetic state with ny close to 1 to an intermediate valence behavior.
The difference between the two approaches has been studied very often and, for
example, the first explanations of the Yy — ¢ transition with pressure in cerium metal
have invoked either a large decrease of ny [75] or a large increase of Tk [76,77].

Detailed results can be found in many reviews, cited in Ref. [62]. Then, in the
next two sections, we will present two cases showing the effect of pressure on the
thermopower of the cerium compounds, such as CeRu,Ge; [24], and of the ytter-
bium compounds.

3.2 The Effect of Pressure in Cerium Compounds

The compound CeRu,Ge, is a Kondo system, which orders magnetically at 10
K at normal pressure and the magnetic order disappears at roughly 7.8 GPa. But,
we are studying here the pressure dependence of the thermoelectric power S of
CeRu;yGe; up to the very high pressure of 15.6 GPa [24]. As shown on Fig. 2, at
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normal pressure, one observes a positive peak at roughly 300 K and another small
positive peak at roughly 10 K, separated by an important and negative minimum. S
increases with pressure and there are always two positive peaks still separated by an
important minimum which becomes positive above 5 GPa, as shown on Fig.2, At
very high pressure, one observes only one very important positive peak. The temper-
ature of order 200 K of the maximum of S does not vary practically with pressure,
which corresponds to a roughly constant crystal field splitting versus pressure.

We have presented in Ref. [24] a reasonable theoretical explanation of these ex-
perimental results based on the two models in Ref. [13, 17]. In our model to account
for the pressure dependence of the thermopower S with pressure, there are in fact
two parameters, the crystalline field splitting A which is taken constant with pres-
sure and equal to A = 0.07eV and I" = |V, ¢|>/D, where D is the half-width of the
conduction band. In our model, I" varies from 0.06 eV at normal pressure to 0.2 eV
at the maximum pressure of 15 GPa and this increase of I with pressure corresponds
in fact to an increase of the hybridization parameter |V |.

The spectral density of the single impurity Anderson model (SIAM) with the CF
split f states has for small I" two low-energy peaks which correspond to the CF
excitations and a Kondo peak which is located right at the chemical potential. For
larger values of I" the CF resonances merge with the Kondo peak, i.e., the effective
degeneracy of the f level increases. Figures 8 and 9 give the theoretical results for
the temperature dependence of the TEP obtained for various values of I". We note a

100 ——
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Fig. 8 Theoretical calculations of the pressure dependence of the thermopower S of the compound
CeRu,Ge; for small I" values corresponding to low pressures [69].
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Fig.9 Theoretical calculations of the pressure dependence of the thermopower S of the compound
CeRu,Ge; for large I” values corresponding to high pressures [69].

rather good agreement between the theoretical curves shown in Fig. 8 and 9 and the
experimental curves in Fig. 2 which show the temperature dependence of the TEP
at various pressures.

Our model can, therefore, account for the increase of the TEP with pressure. It
explains the evolution from a relatively small TEP with two positive peaks sepa-
rated by a negative minimum to a large positive TEP with a single positive peak
centered at about A /3 [24]. The CeRu,Ge, provides a good example for the effects
of pressure on the thermopower but similar behavior is also seen in other cerium
compounds, like CeCu;Si, which is shown on Fig. 1.

3.3 The Effect of Pressure in Ytterbium Compounds

The thermopower of intermetallic compounds with ytterbium and cerium ions is
quite different, as can seen by comparing the data in Fig.4 and the first three fig-
ures in Section 2. We already noticed that the TEP of Yb systems has a negative
minimum at relatively high temperature, which is given by some fraction of the
CF splitting. The pressure effects for Yb and Ce systems are also different. In Yb
compounds, pressure stabilizes the 4f'3 configuration with one magnetic f hole,
while in Ce it stabilizes the non-magnetic 4 f° configuration. Thus, the tendency to
magnetism is suppressed by pressure in Ce and reinforced in Yb compounds. In the
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case of ytterbium compounds with n?c holes in the 4 f shell, the 4£'3 configuration

corresponds to n’- = 1 and Kondo effect is found for n/ ~ 1. The 4 ' configuration
with two f holes is forbidden due to large Coulomb repulsion.

The thermopower of Yb compounds has recently been computed using the sin-
gle impurity Anderson model which assumes that the conduction electrons scatter
incoherently on magnetic ions [13,69]. The 4 f hole is placed at negative energy Eq
(below the Fermi energy) and it is assumed that |E | increases with pressure. Thus,
pressure increases the number of 4f holes and makes the system more magnetic.
It is also assumed that the 4 '3 magnetic configuration is split by the CF into four
doublets at energies Erp and E } = Ey+A; (withi=1,...,3). The hybridization of
the conduction electron and 4f hole is described by the function I, introduced in the
previous section.

The transport properties of such a model have been calculated by the non-
crossing approximation (NCA). The Kondo temperature 7x of the system is esti-
mated from the position of the Kondo peak in the spectral function with respect
to the chemical potential. The details regarding the NCA solution of the Anderson
model with infinite f-f Coulomb integral Uy, can be found in Refs. [69,70].

For small Tk, i.e., for n} ~ 1, the spectral function exhibits a narrow Kondo peak
at the chemical potential u and several low-energy resonances at energies [ + A;.
The zero-temperature width of these low-energy resonances is much smaller than
I'. The CF splitting is important, because the effective low-temperature degeneracy
is determined by the degeneracy of the CF ground state. For large 7k, which is
obtained for n? < 1, the spectral function does not show the CF excitations and the
effective degeneracy of the f-state becomes large.

Figure 10 shows the thermopower due to the scattering of conduction electrons
on four CF doublets. We are showing the TEP curves obtained for various values of

S (UV/K)

TK]

Fig. 10 Thermopower of an ytterbium 4f-ion with the ground state doublet and three excited
doublets separated from the ground state by 200, 300 and 500 K, respectively. The thermopower
is plotted as a function of log7 for several values of the f-level position Eyg, as indicated in the
figure. We have Ty = 24, 27, 30, 40, 60, and 90K, as Eyy changes from —0.35 to —0.25 eV.
The corresponding room temperature values of n7 are 0.95, 0.94, 0.935, 0.93, 0.91, and 0.89,
respectively.
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E 7o and for three excited doublets separated from the ground state by 200 , 300 and
500 K, respectively. The hybridization I" and the total number of electrons (the sum
of conduction electrons and localized f holes) is kept constant. Different values of
E o produce different values of Tx, and n’}; the actual values of Ey, Tx and n? are
shown in the caption of Fig. 10.

All the TEP curves in Fig. 10 have a broad negative minimum at about 150 K,
which corresponds to about one-third of the overall CF splitting A. The TEP curves
obtained for large |E | (n? ~ | and relatively small 7x) have an additional negative
minimum at temperature given by some fraction of Tx. A similar figure, showing
the TEP of Yb systems with larger values of |Ef| (smaller Tx), can be found in
Ref. [69]. The overall agreement with experimental data on Yb systems is rather
good, despite the quantitative differences regarding the value of the TEP and the
magnitude of the high-temperature minimum.

As noticed already, the effect of pressure is complex, as it affects both the hy-
bridization function I" and the position of the f level |Es|. In the case of CeRu,Ge»
Kondo compound, we assume that pressure increases the overlap between the 4 f
states and the ligands, i.e., we assume that the main effect of pressure is to increase
the hybridization function I'. This agrees with the experimental data which show
that pressure enhances Tx and makes Ce ions less magnetic. In the case of Yb ions
the situation is more complicated. Since Yb is a very small ion, we assume that
pressure does not affect I" but increases |E |, which reduces Tx and makes Yb ions
more magnetic. As usual, we assume that pressure does not appreciably change the
CF splitting. With these assumptions, we obtain the curves in Fig. 10 which describe
the pressure effects in intermetallic compounds with Yb ions.

The TEP curves shown in Fig. 10 can also be used to describe the chemical pres-
sure effects due to the substitution on the ligand sites in ternary Yb systems. For
small |E fo\, which gives n}; < 1 and large Tk, the theoretical TEP curves can be
compared with the experimental data on YbAgCuy and YbPd;Si; which show a sin-
gle large negative minimum at high temperatures. The experimental thermopower
of YbAuCuy, which shows a small positive maximum at very low temperatures, and
a large negative minimum at high temperatures, can be explained by performing the
calculation with larger |Eg| or smaller I', as discussed in Ref. [69].

4 The Hydrogenated Cerium Compounds

The effect of the insertion of hydrogen in cerium compounds has been extensively
studied in the recent years and here we describe the main results regarding the
thermopower.

We notice, first, that CeNiln is an intermediate valence system with a spin fluc-
tuation temperature estimated to about 100 K, while according to magnetization
measurements [78,79] the hydride CeNilnH; g is a ferromagnetic below the Curie
temperature 7, = 6.8 K. The insertion of hydrogen in CeNiln expands the unit-cell
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volume by 9.6% [78]. The hydrogenation induces a transition from an intermediate
valence to a ferromagnetic order and has clearly a role opposite to that of pressure,
according to the Doniach diagram.

The compound CeNiGa exists in two crystallographic forms (LTF and HTF,
at low and high temperatures, respectively). The hydrogenation which leads to
CeNiGaH; ; is accompanied by an increase of the unit cell volume by 19.3% and
15.6% for the LTF and HTF, respectively [80, 81]. The CeNiGa is an intermediate
valence compound, while the hydride becomes a trivalent Kondo compound. The
electrical resistivity shows a clear Kondo behavior with a maximum at 100 K and
two well pronounced log 7 behaviors below 20 K and between 100 and 200 K. A
value of 100 K has been estimated to be the crystal field splitting A from the different
experimental data. At very low temperatures below 4 K, there is a possibility to ob-
tain a non-magnetic atom-disorder spin glass behavior, very close to the occurrence
of a magnetic ordering [81]. The thermoelectric power S of CeNiGaH; ; is rela-
tively small and has a maximum of 6 LV /K around 40 K [81], which corresponds to
an important fraction of A [17]. However, it is difficult to interpret the change of S
under hydrogenation, because the thermopower is very different in the two LTF and
HTF phases, but any way there is a global decrease of S under hydrogenation.

Both CeNiGe and its hydride CeNiGeH ¢ are intermediate valence compounds,
but their magnetic susceptibilities are quite different: the behavior of the compound
is characteristic of a nearly Pauli paramagnet, while the susceptibility of the hydride
is larger and shows a broad maximum centered around 130 K. The hydrogenation of
CeNiGe has been interpreted by considering an important decrease of the spin fluc-
tuation temperature [82] and the thermopower S of the two compounds is relatively
large, as shown on Fig. 11. The thermopower of the hydride presents a positive peak
of about 38 LV /K near 125K and a weak negative peak of —5uV /K around 15 K,
which can be considered as characteristic of a Kondo-type behaviour with a large
Kondo temperature [82]. A similar change under hydrogenation from an intermedi-
ate valence behaviour to a Kondo-type behavior with an almost Ce3* state has been
also observed in CelrAl [83,84] and in CeNiAl [85].
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CeRuSi is a compound which has a moderate heavy fermion behaviour with
an electronic specific heat coefficient ¥ = 220 mJ/mol K and which does not or-
der magnetically at low temperature. On the contrary, the hydrogenated compound
CeRuSiH has a smaller y = 26 mJ/mol K? value, but orders magnetically with two
antiferromagnetic transitions at Ty; = 7.5 K and Ty, = 3.1 K, according to magne-
tization and specific heat measurements [86] or neutron diffraction [87]. Thus, the
hydrogenation has here a clear effect opposite to that of pressure, which corresponds
to a decrease of Ji in the Doniach diagram. Figure 12 gives the thermoelectric pow-
ers of CeRuSi, CeRuSiH and the two equivalent compounds with lanthanum [86].
The thermoelectric power S of CeRuSi has a maximum at a temperature roughly
equal to half the value of 45K of the crystalline field splitting deduced from the
resistivity measurements [86]. The curve of S shown on Fig. 12 has a similar shape,
in the regime 7' > Tk, to that of CeAls which is obviously a stronger heavy fermion
compound and the thermopowers of CeRuSiH, LaRuSi and LaRuSiH are negative
and very small.

In conclusion of this part, we can say that the previously described compounds,
CeNiln, CeNiGa, CeNiGe, CelrAl and CeRuSi undergo the type of change under
hydrogenation, which corresponds to an effect opposite to that of pressure. More
precisely, the behaviour of the two compounds CeNiln and CeRuSi is the most clear,
with a change from a non-magnetic state to a magnetically ordered state and with
a decrease of the heavy fermion character, which corresponds to a decrease of Jg
in the Doniach diagram. The change of the three compounds CeNiGa, CeNiGe and
CelrAl is less obvious, because they remain non-magnetic but with a clear change
from an intermediate valence to an almost trivalent one, which goes in the same
direction as a “negative” pressure. In these compounds, the hydrogenation gives a
dilatation of the atomic volume cell, opposite to the pressure effect.

But, the hydrogenation can yield a different effect on cerium compounds and
we will describe it now. The two ternary compounds CeCoSi and CeCoGe exhibit
an antiferromagnetic ordering at 8.8 and 5 K respectively, while the two hydrides
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Fig. 13 The thermoelectric T o T T
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CeCoSiH and CeCoGeH present a non-magnetic spin fluctuation behavior [88, 89].
A spin fluctuation temperature has been estimated from magnetic susceptibility
and specific heat measurements to be 130 K in CeCoSiH and 15K in CeCoGeH.
Figure 13 shows the temperature dependence of the thermoelectric power of the two
hydrides CeCoSiH and CeCoGeH [89]. The thermopower of CeCoSiH is always
positive, with a minimum at low temperatures (S = 8 LV /K near 30-35 K) and a
broad peak at high temperatures (S = 22 uV/K around 110K), while S of CeCo-
GeH has a negative minimum of —30 uV /K around 16 K and a small positive peak
of 7 wV/K near 110 K. The positive peak observed at 110K can be interpreted as
corresponding to a fraction of the CF splitting A, while the low temperature behav-
ior can be related to the Kondo effect, but the determination of a precise Kondo-type
temperature is not obvious, especially in this spin fluctuation regime. However, the
thermopower of CeCoGeH seems to be shifted from that of CeCoSiH and the differ-
ence in behavior between the two hydrides looks like the pressure effect observed
in Fig. 2 on CeRu,Ge;.

The compound CeCuGe is magnetically ordered with a Curie temperature 7, =
10.5 K, while the hydride CeCuGeH does not present any magnetic ordering [82].
The difference in behaviors between the resistivities is surprising, since the resis-
tivity of CeCuGe has a very weak minimum around 20K above 7. and is then
continuously increasing up to 270 K, while the resistivity of CeCuGeH is continu-
ously decreasing with a log 7" decrease from 70 to 270 K [82].

Thus, the three compounds CeCoSi, CeCoGe and CeCuGe undergo under hy-
drogenation a transition from a magnetically ordered behavior to a non-magnetic
spin fluctuation one and this change is going in the same sense as the pressure and
corresponds to an increase of Jx in the Doniach diagram.

In conclusion, the effect of hydrogenation can have two opposite effects, either
a dilatation of the unit cell volume, or a Ce—H bonding which has an opposite ef-
fect. The first effect is relatively simple to understand when the hydrogen atoms are
sufficiently far from the cerium atoms and have a simple minded effect of dilatation
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or “negative pressure”’. The second effect originates from a strong Ce—H interac-
tion, which is bonding throughout the conduction band and tends to destabilize the
4f' configuration and, therefore, to make a possible change from a magnetic order
compound to a non-magnetic one in the same direction as pressure in the Doniach
diagram. A critical distance Ce—H between Ce and H atoms has been invoked to
separate the effect of negative pressure above it from the Ce—H bonding below it.
This critical distance has been estimated to be roughly 2.42 A.

The electronic and magnetic structures of CeCoSi and CeCoSiH have been self-
consistently calculated within the local spin density functional theory [90]. These
calculations have shown that, in the case of CeCoSi, the chemical effect of hydrogen
prevails over the cell expansion effect. On the other hand, the electronic properties of
the valence intermediate compound CeNiln and its ferromagnetic hydride have been
self-consistently calculated within a local spin density theory, in order to describe
the opposite effect of a negative pressure [91]. Thus, the competition between the
cell expansion effect and the Ce—H bonding effect in the insertion of hydrogen is
not completely understood from a theoretical point of view and has to be studied
more quantitatively in the different cerium compounds.

5 Thermal Conductivity of Anomalous Rare-earth Systems

Another important transport property is the thermal conductivity, which has been
much less studied in anomalous rare-earth systems than the electrical resistivity and
the TEP [92]. However, this property is important for the figure of merit given by
Eq. (1). The separation of the thermal conductivity in the Kondo contribution and the
other ones is difficult. In this case, we have to separate the different contributions
which enter either the thermal conductivity K if they are coming from different
carriers or the “thermal resistivity” W if they are coming from different scattering
mechanisms for a given carrier. In fact, when the Kondo contribution is large, we
can start directly from W and write it as a sum of a magnetic contribution W, and
of a phonon contribution W, taken, as usual, as the thermal resistivity of a similar
non-magnetic compound (e.g. with lanthanum):

K '=W =W+ Wy, (10)

The magnetic thermal resistivity W,,,, has been computed for 7 > Tx with the
Hamiltonian (2) describing the Kondo effect and the influence of the crystalline
field effect [67]. The most interesting result is that the product W,,4,.T has a logT
behaviour, for temperatures larger than the crystalline field splitting A, in analogy
to the well known result of the magnetic electrical resistivity. This contribution in
logT is given by:

2j+1) 2D

A
Winag T = ZL—n(EF)JS (11)
0
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Fig. 14 W, T (in units 18 i
of mK?/W) versus logT v\
for different heavy fermion 16 4 .

compounds. The straight lines
give the temperature intervals
in which the log T of Wy T
is observed. The numbers
correspond to the following
compounds: 1 for CeAly,

2 for CeCuy, 3 for CeCus,

4 for CeCu4Al, 5 for PrSns,
6 for TmGas, 7 for Tmlnz and
8 for YbCusAg [95].
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where A is given by:

_ 3n(m*)*voc  2mwm*pe
o erkE zeth

12)

and Ly = (wkp)? /3e? is the Sommerfeld value of the Lorenz number.

Figure 14 gives the experimental results on the thermal conductivity of the
Kondo compounds CeAl,, CeCu,, CeCus, CeCugAl, YbCusAg, PrSnz, TmGaz and
Tmlnz and the theoretical log7T behaviour of W,,,,.T is also plotted for compar-
ison [93-95]. A good agreement between experiment and theory for 7 > A is,
therefore, obtained for these eight compounds of cerium, praseodymium, thulium
and ytterbium [95]. A good agreement is also obtained between the Jg values
deduced from the measurements of the thermal conductivity and of the electrical
resistivity [95]. Finally, in some cerium compounds like CeCu,, the measured ratio
of the slopes in log T’ of W,,4¢.T for T > A and T < A is clearly much larger than 1
and is in rough agreement with the theoretical value of 35/3 deduced from Eq. (11)
for ¢ equal to 6 and 2.

6 Conclusions

We have reviewed the thermoelectric power and the thermal conductivity of anoma-
lous rare-earth systems. The experimental data on cerium Kondo systems often show
a thermopower which has a broad positive maximum at about 100 K, a small positive
peak at very low temperatures, and a negative minimum between these two peaks.
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The thermopower of some ytterbium Kondo compounds has a negative maximum
at high temperatures, while a small negative peak is more rarely observed at very
low temperatures. The experimental behavior of the thermopower is explained by
the theoretical models which give a large peak at temperatures Tx < T < A and a
smaller peak at about T ~ Tk /2. The same models accounts for the log 7 behavior
observed in the product 7" - W, for the magnetic contribution to “thermal resistiv-
ity”” of many rare-earth Kondo compounds.

We have also described the effect of pressure, using as an example the ther-
mopower of CeRu,Ge, which shows at ambient pressure two positive peaks sep-
arated by a large negative minimum. Our theoretical analysis explains very well
the pressure-induced increase of the TEP from relatively small values at ambient
pressure to a single positive peak centered at about 7' ~ A /3. These results show
clearly that the charge transfer is of crucial importance for explaining the pressure
experiments.

We have also reviewed the TEP measurements on hydrogenated cerium com-
pounds. The hydrogenation effects are complicated by the fact that the insertion of
hydrogen leads in some cases to “negative pressure” and in other cases to the chem-
ical bonding between Ce and H atoms. These two effects influence the thermopower
in opposite ways. Different behaviors induced by the hydrogenation are related to
a critical distance Ce—H, which has been estimated to be 2.42 A. However, further
studies are needed for a better understanding of these effects.

The search for cerium and ytterbium intermetallics with large thermoelectric
powers is of considerable interest for application. In the case of heavy fermion com-
pounds, the thermopower is often large, the thermal conductivity can be relatively
small, but as long as the electrical resistivity remains large, the figure of merit can-
not be very large. We hope that further studies of cerium and ytterbium alloys and
compounds might improve the situation, so as to reduce the thermal conductivity
and increase the thermoelectric power, to finally increase the figure of merit.
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Thermoelectrics Near the Mott
Localization—Delocalization Transition

K. Haule and G. Kotliar

1 Introduction

1.1 Weakly Correlated Systems

The dream of accelerating the discovery of materials with useful properties using
computation and theory is quite old, but actual implementations of this idea is recent.
Successes in material design using weakly correlated materials, are due, to a large
degree, to a two important developments:

1. Approximate implementations of the first principles density functional theory,
which are relatively accurate and computationally efficient

2. Robust implementation of algorithms which are highly reproducible and widely
available

Density functional theory based approaches gives reliable estimates of the total
energy, and are an excellent starting point for computing excited state properties
of weakly correlated electron systems. These approaches allows the evaluation of
transport coefficients using very limited, or no empirical information, and are be-
ginning to be used in conjunction with data mining technique and combinatorial
searches.

1.2 Strongly Correlated Electron Systems

Since a large number of interesting physical phenomena, such as high temperature
superconductivity and large Seebeck coefficients, are realized in strongly correlated
materials, there is a great interest in the possibility of carrying out rational material
design with correlated materials.
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The theoretical situation in this area, however, is a lot more uncertain. For
example, the issue of whether the two dimensional one band Hubbard model sup-
ports superconductivity or not is still very open [10]. Given that this model is an
extraordinary oversimplification of realistic materials, it is hard to contemplate ex-
plaining, let alone predicting experimental results in materials that require a much
more elaborate models for their description. The prospect of predicting properties
of materials which have not yet been synthesized is even more daunting. In this
chapter we will argue that this assessment is overly pessimistic, and we will give
some reasons why we expect a rapid progress in the coming years through the in-
terplay of qualitative reasoning, new theoretical methods, and experiments. We will
then describe some attempts in gaining experience in this field, and the lessons that
we have learned in the process using thermoelectric performance as an example.

1.2.1 Dynamical Mean Field Theory

The advent of Dynamical Mean Field Theory (DMFT) removed many difficulties
of the traditional electronic structure methods. DMFT describes Mott insulators,
as well as correlated metals. It treats quasiparticle bands and Hubbard bands on
the same footing, and, unlike simpler approaches such as LDA-+U, is able to de-
scribe the multiplet structure of correlated solids. The latter is being inherited from
open shell atoms and ions. DMFT has been successful in accounting for the be-
havior observed in correlated materials ranging from plutonium to vanadium oxides
and has even made some predictions, which have been confirmed by experiment.
This suggests that the approach is reasonably accurate, in the sense that it gives a
zeroth orderpicture of correlated materials, not too close to criticality. Ten years
ago, a combination of DMFT with electronic structure methods, LDA+DMFT,
wasproposed [1, 8, 15] and accurate implementations are being actively developed
across the world. Just like LDA, these tools connect the atomic positions with the
physical observables using very little information from experiment, and therefore
they have the potential to accelerate material discovery.

Predicting the phase diagram of strongly correlated materials is an extremely
difficult problem. Correlated materials have many competing phases, which are very
close in energy. This poses serious difficulties to traditional many body approaches.
(i) Terms in the Hamiltonian, present in the actual material, but absent in the model
Hamiltonian, can exchange the stability of two very different phases. (ii) Finite size
effects or boundary conditions can artificially stabilize a phase, which is not stable
in experiment.

DMEFT divides the solution of the many-body problem of a solid state system into
two separate distinct steps. Common to many mean field approaches, a given Hamil-
tonian can have many distinct DMFT solutions, describing various possible phases
of a material. Which phase is realized for a given value of parameters (temperature,
volume, stress, doping concentration of impurities, etc.) is determined by comparing
the free energy of the different DMFT solutions. A lot of important information can
be obtained from the first step alone, when combined withexperimental information.
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If one knows that for some value of parameters certain phase is realized in material,
one can use DMFT to explore the properties of that phase, and optimize desired
physical property, side stepping the difficult issue of the comparing the free energies
of competing phases. The free energy difference can be computed at a later stage.

2 The Process of Rational Material Design

Figure 1 describes schematically the rational material design process. It begins with
a qualitative idea, which is then tested by a calculation. One of the major advances
of realistic DMFT implementations such as LDA+DMFT or GW+DMFT is that
now this calculation can be made material specific, resulting in a set of predictions
that can be tested experimentally. The experimental results can either rule out the
qualitative idea, in which case the process stops, or reinforce and refine the idea.
Experiments also help to calibrate the computational methods, which in turn lead
to an improved material specific prediction in the next iteration. Not only materials
with improved properties My, My, M3, - result from this approach, but in addition,
this process tests theoretical ideas in an unbiased way, deepens our understanding of
materials physics, and refines the accuracy of computational tools. Large databases
of existing materials are created (e.g. http://icsd.ill.eu/icsd/index.html), which are
starting to be used, in combination with the first principle methods, for data min-
ing techniques. Using the crystal structure information from the database, the first
principles methods can identify potentially promising materials, which can then be
analyzed experimentally.

f""// \\\\,\ i N .
{ Qualitative idea | fwwwdatabasex”\
h y \_ of materials '

o

rial specific computation

(hauleweb. rutgers.edu)

?

Experimental Material
Specific Prediction

~w———p  Experiment

Fig. 1 A schematic drawing of the rational material design process. It relies on condensed matter
theory, material databases and realistic DMFT implementations, and it involves a close and iterative
interplay of theory and experiment.
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3 Thermoelectricity of Correlated Materials

3.1 Formalism

The transport coefficients that govern the thermopower, electric and thermal con-
ductivity can be expressed in terms of the matrix of kinetic coefficients A,, relating
the electric and thermal currents J, Jg to the applied external fields Vu /T, VT / T2
Transport quantities become S = —(kp/e)(A1/A¢), 6 = (¢*/T)Ag, k = kz[As —
A1?/Ap). The thermoelectric response thus reduces to the evaluation of kinetic
coefficients.

The thermoelectric figure of merit is defined by

S26T
ZT=—"""
K+ K'phorzorz

(D

where T is the absolute temperature, ¢ is the electrical conductivity, S is the Seebeck
coefficient or thermopower, and K (Kpjonon) 18 the electron (phonon) contribution to
the thermal conductivity.

The Wiedemann—Franz law is an approximate relation that allows us to estimate
the ratio of the electronic contribution to the thermal conductivity (k) and electric
conductivity (o). It postulates that the Lorentz number, L = k/(cT), is weakly
material dependent.

Its value at low temperatures is given by (72/3)(kg/e)? = 2.44 x 107 8WQ /K>.
We will return to the Lorentz number at higher temperatures later in this article. If
we ignore the thermal conductivity of the lattice, the figure of merit can be writ-
ten as ZT = S? /L, hence to have a promising figure of merit (ZT close to or larger
than one) it is necessary to have S bigger than the basic scale k/e = 86 x 100V /K.
The thermal current of an interacting electronic system was determined first by
Mahan and Jonson [11]. Reference [11] discusses a model containing electrons
interacting with phonons, and the review [16] discusses the general case of the
electron—electron interactions (see also Ref. [22]).

DMEFT expresses the one particle Greens function in terms of a local self energy
of an impurity model, satisfying a self consistency condition. Practical evaluation
of the transport coefficients becomes possible in the approximation of small vertex
corrections. This was first done by Schweitzer and Czycholl [25] (see also Ref.
[23]). For the Hubbard-like interactions, there are no contributions from the non-
local Coulomb interactions, and the neglect of the vertex corrections can be justified
rigorously in the limit of infinite dimensions [13]. The same is true, but far less
obvious, for the thermal current, as it was shown in Ref. [22]. In the multi-orbital
situation, the vertex corrections to the conductivity need to be examined on a case
by case basis, and do not necessarily vanish, even in infinite dimensions. With this
approximation, the LDA+DMFT transport coefficients reduce to

agy =t [do(~50) (3)" Trbt@pomiom@] @
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where vﬁ =—if dre’ikrﬁ are velocities of electrons and py is the electron spectral
density
1
0) = —[G}(®) — G (o)]. 3
pi(©) = 5= [Gy(0) ~ Gi(w)] )

The weakly interacting case appears as a limiting case where the spectral func-
tion becomes a delta function px(g) = Y, 6(€ — &;). One can therefore formulate
the problem of the optimization of the figure of merit as the problem of optimiz-
ing a functional of spectral functions, with self energies which are realizable from
an Anderson impurity model, with a bath satisfying the DMFT self-consistency
condition.

3.2 Thermoelectricity near the Mott Transition: Qualitative
Considerations

Following the early developments of DMFT and its successful application to the
theory of the Mott transition in three dimensional transition metal oxides [6], it
was natural to use this approach to formulate and answer the question of whether
we should look for good thermoelectrics near the Mott localization—delocalization
transition. The theoretical answer to this central issue of this article is no, but
perhaps yes.

There were several reasons to suspect that proximity to the localization—
delocalization transition is good for thermoelectricity:

1. Sharp structures in the density of states lead to large S in simple theories [17]. The
modern theory of the Mott transition predicts a quasiparticle peak, which narrows
as the transition is approached. And this could result in a large thermoelectric
response.

2. One can think on a qualitative level of the thermoelectric coefficient as the
entropy per carrier. In the incoherent regime, one could imagine that each car-
rier can transport a large amount of entropy. The incoherent regime, above a
characteristic coherence temperature 7*, is easy to access near a localization—
delocalization transition, because the proximity to this boundary makes 7" low.

3. Orbital degeneracy increases the number of carriers and would be expected to in-
crease the figure of merit. There are many orbitally degenerate three dimensional
correlated transition metal oxides.

Reference [14] considered a model of the prototypical doped insulator LaSrTiOs3,
which has been carefully investigated in a series of papers [26]. The thermoelectric
properties of this system had not been investigated at that time. Early DMFT studies
accounted for the divergence of the linear term of the specific heat, and the suscep-
tibility, as well as the existence of a quasiparticle peak in the spectra [28].

The Hall coefficient, however, coincides with the band theory calculations, and
is non-critical near the Mott transition [12]. It is possible to analyze the DMFT
transport equations in two regimes: (i) 7 < T, where the electronic transport is
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controlled by band-like coherent quasiparticles, well described in momentum space,
(ii) T > T* when the electron is better described as a particle in real space, and
the transport is diffusive [14] (see below). The second regime is well described by
the high temperature expansion, valid for 7 > D (D is the bandwidth), and by com-
parison with approximate numerical solutions of the DMFT equations. In Ref. [14] it
was noticed that the thermoelectric response of the high temperature regime matches
smoothly with the low response at low temperatures, valid for 7 < T*.

3.3 Application to LaSrTiO3

An approximate numerical solution of the DMFT equations for the titanides was
shown to interpolate smoothly between the high temperature and low temperature
region. This is consistent with the idea that DMFT reconciles the band picture at low
energies and low temperatures, with the particle picture at high energies and high
temperatures. The temperature scale here is set by the coherence temperature 7.
Taking a tight binding parametrization suitable for the titanites, the figure of merit
as a function of temperature and doping is reproduced in Fig. 2.

The behavior of the thermoelectric power near the Mott transition is shown
in Fig.3. Notice that at low doping, the contribution from the lower Hubbard
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Fig. 3 Experimental (left panel) and theoretical computations of the thermoelectric power of the
titanites from Refs. [7, 14].
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band dominates and the thermoelectric power is positive while at high doping the
quasiparticle contribution dominates and the thermoelectric power is electron-like.
Measurements near the Mott transition were carried out a few years later [7], and
they are qualitatively, but not quantitatively, similar to the theory. This is to be
expected, given the various approximations that were made (the electronic structure,
the lattice distortion, and crystal field effects ignored, the impurity solvers used were
very approximate).

3.4 Low Temperature Regime

LaSrTiOs3 is described by a multi-band Hubbard model. At low temperatures, the
Fermi liquid theory is valid. The slope of the real part of the self energy scales
as 1 —1/Z, where Z is the quasiparticle residue. The quadratic part of the self
energy is related to the quasiparticle lifetime, which is small in the Fermi liquid
regime.

Under these assumptions, we can rewrite a simpler expressions for the transport
coefficients A, of a multiband Hubbard model at low temperatures

NkgT [~ X Dy (xT+u— X' (xT))

8 J . cosh? (x/2) ZV(xT) 7 @

Al =

where @y, is the transport function defined by @y = Y vi vy 8 (® — &) and £’ (o)
is the imaginary part of the electron self-energy.

At low temperatures, Ag and A, are simply estimated by replacing X" () by its
quadratic approximation, X (@) ~ % (@? + #2T?) = £(?)(@). We then obtain

7% Nkg
=T E3, ®@yy (M),
where 1o =t — X’(0) and

[T x"dx
En= ./700 4cosh?(x/2)[1 + (x/m)2]

are numerical constants of the order unity.

On the other hand, this approximation neglects particle-hole asymmetry and
gives zero thermoelectricity since E 11 = 0. There are two sources of particle-hole
asymmetry. One is obtained by expanding the transport function in Eq. (4) to first
order, which describes the particle-hole asymmetry in the electronic velocities, con-
tained in the bare band structure of the problem. This term can be approximated by
the LDA Seebeck coefficient divided by quasiparticle renormalization amplitude Z.
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The second contribution is the result of the particle hole asymmetry of the scattering
rate. It involves subleading cubic terms in the self energy, which scale near the Mott
transition as

(0) =2 (0)+ 20 (w) + -,
(01(1)3 +ap C()Tz)

(o) = 2O

(&)
and ay, ay are constants of order unity (even terms in frequency are not important).
This leads to the following expression for the thermoelectric coefficient:

Nk
Ay =25 [ @l 10) B} = P (o) (anEf +a2E3) /] (©6)

where @'(x) = d®(x)/dx.

Unfortunately it has proved to be very difficult to estimate the magnitude of
the coefficients a; and aj. It is important to develop intuition into when these
terms are important and their sign. Since in many cases, LDA predicts the correct
sign of the thermoelectric power at low temperatures, perhaps the scattering time
particle-hole asymmetry Eq. (5) is not dominant in the LaTiO3 system but should
be investigated carefully in other materials.

At low temperature, the thermoelectric coefficients is

S =

Feg ks T [df”(uo) E} a1E3+azE22} )

el Z [ ®(uo) Ef  nE]
which clearly scales as T'/Z with Z vanishing at the Mott transition. Since the linear
term of the specific heat y scales as 1/Z the ratio S/(yT) in a Hubbard-like model
approaches a finite value as Z vanishes:

YT lel D(uo)

S 301 {qb'(uo) E, a1E3+a2E22]
P(1o) Ej WE} '

®)

The first part of the ratio depends only on the bare band-structure quantities and is
not effected by strong correlations. The second part, however, is due to the asym-
metry of the quasiparticle lifetime, and might be less universal and more material
and correlation specific. This question deserves further study.

For the LaSrTiO3 system, we estimated its value numerically using LDA+DMFT
[21] and we include its value in the plot of Behnia et al. [2] in Fig. 4. In Ref. [2] it
was observed that the ratio S/yT is weakly material dependent in a large number
of materials which they compiled. From the theoretical point of view, the weak de-
pendence of the ratio of Behnia et al. on material can be view as a validation of the
local approximation, since the most material dependence is embodied in the quan-
tity Z, which cancels in the ratio S/(yT). This suggest that the DMFT approach
holds great promise for the search of good thermoelectric materials. Deviations
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Fig. 4 Bhenia Jaccard
Flouquet plot from Ref. [2].
The theoretical point obtained
on the LaSrTiO3 system with
20% doping away from the
Mott insulator is also shown
in the same graph.
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from universality arise from the variations of the bare density of states and from
the effects of the cubic terms in the self energy that were not included in the anal-
ysis of Ref. [14]. It would be interesting to return to this problem using modern
LDA+DMEFT tools.

3.5 High Temperature Results

In the high temperature region, the expansion of the solution of the DMFT equa-
tions led to the celebrated Heikes formula for the Seebeck coefficient. In this limit,
thermopower is given by S = u/(eT'), where p is the chemical potential. The exact
diagonalization of the atomic problem gives a set of atomic eigenvalues E,, and their
degeneracies d,,. The chemical potential is then determined from the partition sum

n— dee*ﬁ(E»ﬁ#N)/Z 9)

where n is the number of electrons in a correlated orbital. Hence, the valence of the
solid, n, can be used to predict the high temperature value of thermopower.

For the case of n < 1, which is relevant for the titanides, the expressions for
transport quantities take the explicit form:

2 n
e (1—n)
s KBy (11)
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%(1 —n)
(v +(1=n)*

= —aN(D
k= ——nN(DB)"n

12)
Here N is the spin and orbital degeneracy, and 7 is the electron density, D is half of
the bare bandwidth and 7}y, 7» are numerical constants of order unity.

Notice that at high temperature the Lorentz number is given by L = (k/e)?(D/kT)?
Y /% Hence the Lorentz number in a model with a fixed number of particles and
finite bandwidth goes to zero at high temperatures. Thus eventually the electronic
thermal conductivity becomes less than the lattice conductivity and the latter con-
trols the figure or merit. This effect was modeled in the dashed curve of Fig. 2, where
the effects of the lattice thermal conductivity was modeled by a constant 2.0 W/mK.
The inclusion of the lattice thermal conductivity resulted in a dramatic reduction of
the figure of merit. We can interpret the high temperature DMFT results for the
thermal transport using a well known equation Kk = %chvl , where v is the Fermi
velocity, cy the specific heat, and [ the electron mean free path. Since the specific
heat decreases as (D/T)?, the mean free path has saturated to a lattice spacing, and
the velocity of the electrons is of the order of vr. This is consistent with the value of
the conductivity if one uses the Einstein relation 6 = D dn/du with dn/du ~ 1/T
and the charge diffusion constant D, = vgl. Here the mean free path [ is of the or-
der of the lattice spacing, and the Fermi velocity vr is approximately temperature
independent.

4 Towards Material Design

4.1 Rules for Good Correlated Thermoelectricity

From the theoretical analysis it becomes clear why LaSrTiOs is not a good thermo-
electric material. The contributions from the Hubbard bands and the quasiparticle
peak have opposite signs, and they compete with each other in the interesting tem-
perature regime, when 7' is comparable to 7. This observation leads to empirical
rules for the search for good correlated thermoelectric materials:

1. The optimal performance (when the thermal conductivity of the lattice is taken
into account) occurs in the crossover region 7' ~ T*. Hence one should tune 7"
to the temperature region where the thermoelectric device operates. One should
also reduce the electronic thermal conductivity (and therefore also the electric
conductivity) until it becomes comparable to the lattice thermal conductivity, but
not any further.

2. In the crossover regime, both the quasiparticle bands and the Hubbard bands con-
tribute to the transport. Hence one should try to optimize both high temperature
and low temperature expressions for the figure of merit. Therefore good candi-
dates for thermoelectricity have quasiparticle carriers and Hubbard band carriers
of the same sign.
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We see that LaStTiO3 does NOT satisfy the second rule, and hence its figure of
merit is not large. The quasiparticle contribution to the thermopower is electron-like
while the lower Hubbard band contribution is hole-like.

In contrast, the cobaltates have one hole in the lower Hubbard band, and the
quasiparticle contribution evaluated from the LDA [27] has a positive sign, hence it
satisfies the second rule for good thermoelectricity (assuming that the contribution
from the asymmetry in the scattering rate does not modify the sign of the Seebeck
coefficient).

An investigation of the density driven Mott transition in the context of a two
band Hubbard model, with one electron per site, was carried out in Ref. [20], and
the qualitative analysis is very similar to the doping driven Mott transition.

4.2 Emergent Mottness

Interest in thermoelectricity near the doping driven Mott transition leads to the-
oretical and experimental investigations of La;_,Sr, TiO3 and CoO,Na, for small
values of the concentration parameter x. Both theory and experiment suggest that
the thermoelectric figure of merit is not very large in this regime. On the other hand,
the vicinity of the band insulator end, La;_,Sr, TiO3 [19] and CoO,Na, (see Fig.5
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Fig. 5 Phase diagram of CoO;Na, compound from Foo et al. [5]. The Mott insulating side at
x = 0 has low thermopower, while the thermopower is greatly enhanced in the vicinity of the band
insulator at x = 1.
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for the phase diagram) were shown to have promising thermoelectric performance.
Should we conclude that Mottness is bad for thermoelectricity? Not necessarily,
after all, clear signatures of correlation were found in more realistic modeling of
doped band insulators, once the impurity potentials of the dopant atoms were taken
into account [24]. The impurity potential was found to restrict the spatial regions
available for the motion of the electricity and heat carriers. In this restricted config-
uration space, the occupancy of the electrons is close to integer and Mott physics is
realized.

We have suggested that a similar situation occurs in the electron gas close to
the metal insulator transition. Here, the long range Coulomb interaction generates
short range charge crystalline lattice order. The occupancy of these lattice sites is
close to integer filling, suggesting that the character of the metal to insulator tran-
sition is that of a Wigner—Mott transition [3]. The mechanism, spatial or orbital
differentiation results in a restricted low energy configuration, making Mott physics
relevant. This mechanism is quite general, and operates in other materials such as
the ruthenates [18]. It could be called emergent Mottness or super-Mottness, and
contains similar physics to the orbital selective Mott transition phenomena. Hence
(super) Mottness might be relevant for high performance thermoelectricity after all!.
It would be useful to reconsider the most recent advances in thermoelectric materi-
als in this light, and investigate the local magnetic susceptibility at the impurity sites
of the high performance thermoelectrics [4,9].

5 Outlook

The outlook for material design in the field of thermoelectric is quite promising.
DMFT seems to capture qualitative trends in oxides of practical interest, further-
more we have simple qualitative ideas, which can be refined and tested with tools of
ever increasing precision. In this context, the new thermoelectric modules to be de-
veloped in conjunction with the new generation of LDA+DMFT codes, look very
appealing. In conjunction with the renewed experimental efforts in this field, the
future looks very promising.
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Quasiparticles, Magnetization Dynamics,
and Thermopower of Yb-Based Heavy-Fermion
Compounds

G. Zwicknagl

Abstract We calculate the dispersion of the heavy quasiparticles which form in
the heavy-fermion compound YbRh;Si; at low temperatures due to the Kondo ef-
fect. We analyze the consequences of the tetragonal Crystalline Electric Field (CEF)
which removes the degeneracy of the Yb 4f states. The calculated Fermi surface is
compared to recent deHaas-vanAlphen (dHvA) data. The calculated quasiparticle
bands may serve as starting point for the calculation of transport integrals and thus
a more quantitative understanding of transport properties.

1 Introduction

Thermoelectricity of systems with correlated electrons has gained much interest dur-
ing the past years [1]. The interest derives from the fact that thermoelectric power
provides a sensitive tool to study low-energy excitations. A wide range of com-
pounds including heavy-fermion systems, organic metals and various oxides display
a striking correlation between the Seebeck coefficient and the electronic specific
heat. Introducing a dimensionless ratio relating the two signatures of mass renor-
malization Behnia et al. [1] demonstrated that the absolute value of this ratio can
characterize the ground state of correlated electron systems. A simple relation be-
tween o/T and 7 is found for free electrons scattering off impurities. It was pointed
out by Miyake and Kohno [2] that a similar behavior should be expected in heavy-
fermion materials provided the low-energy excitations can be described in terms of
quasiparticles. This result was confirmed by Zlatic et al. [3] starting from micro-
scopic model Hamiltonians. Although the existence of a simple correlation between
the Seebeck coefficient and the specific heat has been convincingly demonstrated
for many systems the actual value of the above-mentioned ratio should depend upon
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bandstructure effects in real materials. A quantitative analysis hence requires de-
tailed information on the dispersion of the renormalized quasiparticles.

This paper presents calculations of the quasiparticle bands in the heavy-fermion
compound YbRh;Si,. For this material, detailed studies of the low-temperature ther-
mopower have been performed recently [4]. YbRh,Si; belongs to the same family of
ternary compounds as the archetype heavy fermion superconductor CeCu;Si;. The
isostructural compounds of this family exhibit a great variety of ground states and
were extensively studied to clarify the interplay between the formation of magnetic
order and heavy fermion behavior [5]. YbRh;Si, has gained much interest since its
low-temperature behavior is highly anomalous. The compound undergoes an anti-
ferromagnetic phase transition at a Néel temperature Ty = 70 mK [6,7]. By applying
a tiny magnetic field of B, = 60 mT the magnetic order is suppressed and the sys-
tem is driven through a quantum critical point (QCP) into a strongly renormalized
Landau Fermi Liquid (LFL) state. The changes of the ground state and the low-
energy excitations across the QCP manifest themselves in numerous thermodynamic
and transport properties. A prominent example is the Hall coefficient whose abrupt
changes indicate Fermi surface reconstructions (see e. g. [6] and references therein).
Pronounced anomalies are found in the thermoelectric power which changes sign
when the system is tuned through the QCP [4].

The energy bands of YbRh,Si; in the local-moment phase prevailing at high
temperatures are well understood theoretically. Recent calculations adopting the
LDA+U ansatz [8] yield an energy dispersion which is in reasonable agreement
with the corresponding results from Angular-Resolved Photoemission Spectroscopy
(ARPES). In this regime, the Fermi surface and the single-particle excitations are
derived from the weakly correlated conduction states which can be described by
standard bandstructure methods.

Our calculations focus on the Landau Fermi Liquid regime where the relevant
excitations are strongly renormalized (heavy) quasiparticles. The dispersion of
the quasiparticle bands is calculated by means of the Renormalized Band (RB)
method [9] which has been shown to describe successfully quasiparticles and
Fermi liquid instabilities in a great variety of heavy-fermion systems [9—12]. The
renormalized bands provide a basis for evaluating transport integrals [13] which
eventually may yield a more quantitative understanding of thermopower in heavy-
fermion systems.

The present paper is organized as follows: In Section 2 we explain the technical
aspects of our calculations. Section 3 briefly discusses the local 4f dynamics. The
Fermi surface predicted by the RB method is analyzed in Section 4. A brief summary
and an outlook will be given in Section 5.

2 Model and Calculational Scheme

The band-structure results reported in the present paper were obtained by the fully
relativistic formulation of the linear muffin-tin orbitals (LMTO) method [14-16].
The spin-orbit interaction is fully taken into account by solving the Dirac equation.
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Fig. 1 Crystal structure and Brillouin zone of YbRh;Si,.

Because the heavy fermion compound YbRh,Siy crystallizes in the tetragonal
ThCr,Si, structure, the crystal structure is relatively open. Therefore we took into
account the combined correction term [14]. Exchange and correlation effects among
the conduction electrons were introduced using the Barth-Hedin potential [17]. The
band-structure was converged for 405 k-points in the irreducible wedge, whose vol-
ume equals 1/16 of the Brillouin zone. The density of states (DOS) was evaluated
by the tetrahedron method with linear interpolation for the energies. For the con-
duction band the DOS was calculated at 0.25 mRy (=0.0034 eV) intervals. We used
the experimentally determined lattice parameters a = b = 4.007A, c = 9.858 A [18].
The unit cell and the Brillouin zone are displayed in Fig. 1 where the notation for
symmetry lines and points of the Brillouin zone according to Ref. [19] is explained.

The crystal potential seen by the conduction electrons is calculated self-
consistently within the LDA. The calculations were done using two energy panels, i.
e., two separate LMTO calculations were performed to determine self-consistently
the Yb 5p states and the conduction bands, respectively. The charge contributions
of the other core states were taken from atomic calculations and kept frozen during
the iterative procedure. For the lower panel we included s-p-d angular momentum
components in the basis at the Yb and Rh sites and s-p components at the Si sites.
For the upper panel we included s-p-d-f components at the Yb site and s-p-d at the
remaining sites.

The strongly renormalized “heavy” quasiparticle bands are determined by means
of the renormalized band method. A detailed description is given in Ref. [9]. Within
this approach the influence of the strong correlations is accounted for by introduc-
ing a small number of parameters. The key idea of the renormalized band method
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is to determine the quasiparticle states by computing the band structure for a given
effective potential. Coherence effects which result from the periodicity of the lat-
tice are then automatically accounted for. The quantities to be parameterized are
the effective potentials which include the many-body effects. The parameterization
of the quasiparticles is supplemented by information from conventional band struc-
ture calculations as they are performed for “ordinary” metals with weakly correlated
electrons. Within the scattering formulation of the band structure problem the char-
acteristic properties of a given material enter through the properly chosen set of
phase shifts {n},(E)} specifying the change in phase of a wave incident on site i with
energy E and symmetry v with respect to the scattering center. Within the renormal-
ized band method the effective potentials and hence the phase shifts of the weakly
correlated conduction states are determined from first principles to the same level
as in the case of “ordinary” metals. The f-phase shifts at the lanthanide and actinide
sites, on the other hand, are described by a resonance type expression

- Ay
My ~ arctan z (D

which renormalizes the effective quasiparticle mass. One of the two remaining free
parameters, usually €, is eliminated by imposing the condition that the charge
distribution is not significantly altered as compared to the LDA calculation by intro-
ducing the renormalization. The renormalized band method devised to calculate the
quasiparticles in heavy-fermion compounds is essentially a one-parameter theory.
Spin-orbit and CEEF splittings can be accounted for in a straightforward manner [9].
The method has been successfully used to study quasiparticle properties in a great
variety of Ce-based compounds. In applying the method to Yb compounds we
account for the fact that Yb can be considered as the hole analogue of Ce. Oper-
ationally this implies that we have to renormalize the 4f j = 7/2 channels at the Yb
sites instead of the 4f j = 5/2 states in the Ce case. As the 4f hole count is slightly
less than unity the center of gravity €, will lie below the Fermi level. In addition,
we have to reverse the hierarchy of the CEF scheme. We should like to mention that
the effective band structure Hamiltonian constructed along these lines corresponds
to a hybridization model which closely parallels the one obtained from the periodic
Anderson model in mean-field approximation.

3 Local 4f Dynamics in YbRh;Si,

The central goal is to determine the CEF energies and states which enter the
Renormalized Band calculation. In general, we use the Inelastic Neutron Spectra
(INS) [20, 21] to determine the relative positions of the energy levels and the ob-
served easy plane anisotropy in the magnetic susceptibility to select the CEF states.
At low temperature, however, the properties of the heavy-fermion compound un-
der consideration are determined by a strong interplay between the CEF effects
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and the formation of (local) Kondo singlets. The CEF scheme is therefore tested
by calculating experimental quantities from a simplified Non-Crossing Approxima-
tion (NCA) [22, 23]. Proceeding along these lines yields the following values for
the tetragonal CEF By = 0.5246 meV, B4g = 0.01195 meV, B¢y = 0.0004725 meV,
B4s =0.03598 meV, Bgy = —0.01206 meV [24]. The densities associated with these
CEF states are displayed in Fig. 2. We use these parameters and a Kondo tem-
perature of Tx 25 K to calculate the averaged imaginary part of the dynamical
susceptibility x/,(®) =1/3 (xﬁ’ (0)+ 2)(1((0)) where || and L refer to the direc-
tions parallel and perpendicular to the tetragonal axis, respectively. The result agrees
rather well with the INS data as can be seen from Fig. 3. The low energy peak in the
calculated spectra is a consequence of the Kondo effect. The experiments did not
measure in this energy regime for technical reasons. To further assess the validity of
the suggested CEF scheme it were desirable to have data on the quadrupole moment
Q(T) which we expect to vary non-monotonically with temperature.

E=0meV E=17 meV

Fig. 2 YbRh;Si,: CEF states
calculated from the CEF
parameters given in the text.

AT

12 YbRh,Si,

Fig. 3 YbRh,Siy: Averaged

- 10
imaginary part of dynamical z I
susceptibility and vs INS ; 08
[20,21]. The theory curve S osft
(solid line) is calculated g._
from the simplified NCA % 04
assuming a Kondo 9 02

temperature of TK =20K - E
and a 4f valence of nf=0.9. 00 ]
The experimental data P I T S I
(filled circles) were taken 0 10 20 30 40 50 60
atT=15K. fo (meV)
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4 Fermi Surface and Quasiparticles

The conduction states are determined from a self-consistent fully-relativistic cal-
culation treating the Yb 4f electrons as localized core states. A common feature
of the YbM, X, (M = metal, X = Si, Ge) compounds are the broad s-p bands. In
YbRh;Siy, the density of conduction states at the Fermi level of about 2.1 states/(eV
cell). This value corresponds to a bare Sommerfeld coefficient ¥ ~ 5 mJ/mol K?
which is in reasonable agreement with the experimental y-value found for the non-f
sister compound LuRh,Si,.

Let us now turn to the Fermi liquid model as described by the renormalized
band scheme. For the intrinsic band widths of the quasiparticle band, A 7> a value
of Ay ~ 20 K is chosen. The present calculations adopt a CEF scheme which is
consistent with susceptibility data and the results from inelastic neutron scattering.
The low-energy properties are mainly determined by the CEF ground state which
is well separated from the excited states. The hybridization and hence the effec-
tive quasiparticle masses are rather anisotropic. The renormalized band calculation
yields a DOS of 290 states/(eV unit cell) corresponding to a specific heat coefficient
of 680 mJ /mol K>.

We focus on the two most important FS sheets which are displayed in Fig. 4.
There is a rather small pocket derived from a third band which we shall not discuss
in detail here. The strongly anisotropic hybridization of the CEEF split f states with
the conduction bands affects the two sheets of the Fermi surface differently. The
Fermi surface cross sections in selected directions are in good agreement with recent
dHvVA studies [25].

The characteristic feature YbRh,Si;, shares with other Yb-based heavy fermion
compounds is that the effective masses are distributed over a remarkably broad
range. This data suggests that two different types of long-lived quasiparticles
with significantly different mass renormalizations coexist in these compounds. The
anisotropy of the CEF ground state is reflected in strong anisotropies of the hy-
bridization between f states and conduction bands. As a consequence, we anticipate
a strong variation of the band curvature over the Fermi surface. Numerical calcula-
tions of the transport integrals relating to thermopower require high k- and energy
resolution. This problem is currently under investigation.

Fig.4 YbRh;Si,: Fermi surface of the renormalized quasiparticles.
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5

In

Summary and Discussion

this contribution we presented renormalized band calculations for the heavy

quasiparticles in the LFL state of YbRh;Si;. The results will be used as starting
point for a quantitative study of transport properties.
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The LDA+DMFT Route to Identify
Good Thermoelectrics

K. Held, R. Arita, V. I. Anisimov, and K. Kuroki

Abstract For technical applications thermoelectric materials with a high figure of
merit are desirable, and strongly correlated electron systems are very promising
in this respect. Since effects of bandstructure and electronic correlations play an
important role for getting large figure of merits, the combination of local density
approximation and dynamical mean field theory is an ideal tool for the computa-
tional materials design of new thermoelectrics as well as to help us understand the
mechanisms leading to large figures of merits in certain materials. This conference
proceedings provides for a brief introduction to the method and reviews recent re-
sults for LiRhyOg4.

1 Introduction

Against the background of climate change and the present energy crisis, the quest
for alternative, green energy sources is more urgent than ever. In this regard, ther-
moelectric materials which transform waste heat (gradients) into electrical power
through the Seebeck effect [1,2] are particularly appealing. However, due to a low
efficiency we have not yet witnessed a wider technological application almost 200
years after Seebeck’s discovery. Instead, thermoelectrical applications are restricted
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to niche markets such as radioisotope power systems for satellites [3]. A possible
first major application is the exhaust heat of cars and trucks, as automobile compa-
nies presently test thermoelectrical generators in prototypes [4]. Such efforts could
be put on another level if novel materials with a higher figure of merit ZT', where Z
is the power factor and 7" the temperature, and hence a higher efficiency, were avail-
able. Most present technical applications use semiconductors such as BiyTes [2]
where recently power factors Z considerably larger than 1 could be achieved through
phonon [5] and bandstructure engineering [6].

Very promising are novel materials on the basis of strongly correlated electron
systems (SCES) [7] which are at the core of the present conference proceedings.
This class of materials is very diverse, ranging from metals to Kondo insulators and
semiconductors, from d to f electron systems, from relative simple crystal structures
such as FeSb, [8] to most complex metallic cage compounds.

Having such a wide field and the additional possibilities to nano- and het-
erostructure these systems, a better theoretical understanding and reliable tools to
compute thermoelectric properties quantitatively are mandatory. Theoretical physi-
cists from the SCES community have analyzed thermoelectric materials mainly on a
model level, i.e., on the basis of the Falikov-Kimball, Hubbard and periodic Ander-
son model [9, 10], often employing dynamical mean field theory (DMFT) [11-13].
These calculations showed, among others, the importance of correlation-induced
enhancements of the effective mass generating a high, but narrow density of states
—or spectral function to be precise— close to —but not at— the Fermi level. As a
consequence, the thermoelectric figure of merits can be strongly enhanced. On
the other hand, theoreticians from the density functional theory (DFT) [14] com-
munity have been emphasizing the importance of a particularly high density of
states (DOS) [15, 16] and of the large group velocities for certain shapes of the
bandstructure [17].

Since both, correlations and bandstructure, can substantially contribute to en-
hanced thermoelectrical figures of merit, we need to deal with both of them on
an equal footing. Only if both aspects are optimized we can expect to design
materials or artificial heterostructures with really large figures of merit. Taking
correlations and bandstructure into account is possible with the merger [18, 19]
of DFT in its local density approximation (LDA) [20] and DMFT, for which
the name LDA+DMFT was coined [21], see Refs. [22-24] for reviews. While
LDA+DMEFT has been applied already to many SCES materials, thermoelectri-
cal properties have been calculated rarely in the past. Noteworthy exceptions are
LaTiO;3 [25] and LiRhyO4 [26]. The main reasons for this is that a wider experimen-
tal interest in SCES thermoelectrics emerged rather recently and that the calculation
of thermoelectric properties such as the Seebeck coefficient requires some additional
postprocessing which is not yet standard in LDA+DMFT calculations.

1.1 Outline

In the following, we will give a brief, elementary introduction to the LDA+DMFT
approach in Section 2. This section is divided into the three steps LDA (Section 2.1),
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DMEFT (Section 2.2), and the necessary postprocessing for calculating thermoelec-
trical response functions (Section 2.3). Section 3 presents exemplary results by
hands of LiRh;O4 which are reproduced from Ref. [26]. Finally, Section 3.1 gives
a summary and an outlook.

2 LDA+DMEFT Method

The aim of this section is to give the reader a brief, elementary introduction to the
LDA-+DMEFT approach; for more details see the reviews [22-24].

Starting point is the general ab-initio Hamiltonian for every material which, with-
out relativistic corrections, reads in the Born—-Oppenheimer approximation

Kinetic energy Lattice potential Coulomb interaction

R2A, 7 1 1 & 1

(’2
H = — + — -
; l 2me ;47[&) ‘l‘,‘ 7R/‘ 2 i 477,'8() ‘I'l'fl‘j‘

(1)

It consists of three terms: (1) The kinetic energy given by the Laplace operator A;,
Planck constant 7z, and mass m, for every electron i. (2) The lattice potential given
by the Coulomb interaction between (static) ions at position R; with charge Z;e
and electrons at position r; with charge —e. (3) Finally, the Coulomb interaction
between each pair of electrons i and j [note the factor 1/2 is needed since each
pair is counted twice in Eq. (1)]. Input for the LDA+DMFT calculation is usually
the experimental crystal structure, i.e., the positions R; as an adequate relaxation
procedure to determine the R;’s from theory still needs to be developed.

While Hamiltonian (1) is easy to write down, it is impossible to solve, even nu-
merically, for more than ¢(10) electrons, since the movement of every electron is
correlated with that of every other electron through the last term: the Coulomb in-
teraction between the electrons. These electronic correlations play a particularly
important role if electrons are confined in or d or f-electrons or in artificial nanos-
tructures. For such systems the typical distance |r; —r;| between two such electrons
on the same lattice site (i.e., two electrons in the set of d- or f-orbitals around the
same ion) is small so that the Coulomb interaction and, hence, also the electronic
correlations are strong.
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2.1 LDA Step

Since it is impossible to solve Hamiltonian (1), we have to develop approximations,
and arguably the most successful approximation so far are those developed within
the DFT framework, particularly the LDA [20]. Strictly speaking, DFT only allows
to calculate ground state energies and its derivatives but not bandstructures and ther-
moelectric transport functions. However, it turned out that the auxiliary Kohn-Sham
Lagrange parameters & often also describe bandstructures very accurately, making
bandstructure calculations one of the major applications of LDA. Interpreting the
LDA Lagrange parameters & as the physical (one-electron) excitation energies, i.e.,
the bandstructure, corresponds to replace Hamiltonian (1) by the Kohn—Sham [27]
LDA Hamiltonian

A
+

2m,

,2 ]
Z [&

2
e 1
+/d3r r) +VEPA(p(x;
; 47.5&) r,'*R/‘ ) p( ) X (p( 1))

Hopa=Y |-
LDA ; 4rey |l‘,‘*l“

2)

This Hamiltonian shows that the complicated electron-electron interaction causing
the complicated electronic correlations has been replaced by two simpler terms:
The Hartree term describing the Coulomb interaction of electron r; with the time-
averaged mean density p(r) of all electrons and an additional term VP which
aims at including the effects of correlations and interactions.

However, the exact form of this term is unknown and certainly it is not local
in r as approximated in the LDA. One can take the V.. of the jellium model [28]
which has a constant electron density and is only weakly correlated. Hence, it is
not surprising that LDA bandstructure calculations fail for SCES [20]. For such
materials, which are at the focus here, we need to take electronic correlations into
account more profoundly.

A possibility to do so is to take the LDA bandstructure of the less correlated
orbitals but to supplement that of the more correlated d- or f-orbitals by explicitly
taking into account the most, important local Coulomb interaction. This leads to the
Hamiltonian

N . 1 /
_ LDA AT A oo’ A ~ A~
H = Z Eklm CkicCkmo +§ Z U™ s Nime' — AE Z Nimo (3)

kimo ilomo' imo

Hipa

where the first part is the same as the LDA Hamiltonian (2) but in second (instead
of first) quantization and in k and orbital space (with / and m denoting two different
orbitals) with creation and annihilation operators 6}:[ o and &, . respectively.

The second term explicitly takes the local Coulomb interaction on the same ion
site i into account. Typically only the Coulomb interactions for d (or f) [ and m
orbitals are considered here. These interactions are spin and orbital dependent be-
cause of the exchange matrix elements leading to Hund’s rules, see Fig. 1 for an
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Fig. 1 Illustration of the
different elements of the
Coulomb interaction matrix
of Hamiltonian (3). There

is an inter-orbital Coulomb
repulsion U’, which is reduced
by Hund’s exchange J for a
ferromagnetic spin alignment,
and an intra-orbital interaction
U. Orbital rotational symme-
try relates these quantities as
U=U"+2J.

illustration. Let us note that in Hamiltonian (3) only the density-density terms are
included since the inclusion of the spin-flip terms of Hund’s exchange became only
possible in quantum Monte Carlo (QMC) simulations [29] with recent improve-
ments [30-34].

Finally the third A€ term subtracts those contributions of U already taken into
account in the LDA to avoid a double counting. For a truly ab-initio calculation,
U’, J, and Ae still need to be determined. To this end, screening has to be taken
into account; and a possibility within the LDA framework is to employ constrained
LDA, for details see Ref. [24].

2.2 DMFT Step

Having derived a multi-orbital many-body Hamiltonian (3) from the ab-initio
Hamiltonian (1), we still need to solve it. A possible way to do so is to use Hartree-
Fock, allowing for symmetry breaking with respect to the spin and orbital ele-
ments, i.e.,

Z USS hig imor — Y USS Ao (Rimo) Z USS (g (imor), ()

zlcmc’ ilomo’ zlamo"

where (#;,,5/) is the average occupation of the orbital m on site i with spin ¢’. How-
ever, in this LDA + U [35] approach electronic correlations are neglected through
Eq. (4); and the only chance to reduce the Coulomb interaction energy is by a strong
symmetry breaking. Hence, tendencies to magnetic or orbitally ordered phases are
grossly overestimated, as is the tendency to open gaps. Even within these ordered
phases many-body aspects such as spin-polarons are neglected as was shown in [36].

A reliable approximation to include the local correlations induced by the local
Coulomb interaction of Hamiltonian (3) is possible with DMFT [11-13]. We cannot
derive this approach in full detail here and refer the interested reader to [12, 24]. The
basic idea is visualized in Fig. 2: We replace the local interaction on all sites but one
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OGS
2oL

Fig. 2 In DMFT, we approximate the material specific lattice Hamiltonian (3) by a problem
where the interaction is replaced by a self energy on all sites except for one. This DMFT single-
site problem is equivalent to an Anderson impurity model which has to be solved self-consistently
together with the k-integrated Dyson (Equation (6)).

by a self-energy X(w). This gives rise to an Anderson impurity model of a single
interacting site in a medium %)(®) given by the self energy and the interacting
Green function G(o):

%D(0)' =G(0) ' +Z(0) (5)

This Anderson impurity model, defined by its non-interacting Green function %
has to be solved self-consistently together with the k-integrated Dyson equation,
where the LDA bandstructure &/, (k) enters as a matrix in the orbital indices (Vaz
denotes the volume of the Brillouin zone):

S5 (ot p— [N — Ae)in(k)-Z5, ()] . (©)

From a diagrammatic point of view, DMFT corresponds to all (topologically dis-
tinct) Feynman diagrams of which, however, only the local contribution for the self
energy is taken into account. Hence, it is non-perturbative in the Coulomb inter-
action but neglects non-local correlations between sites. Recent improvements of
DMFT include such non-local correlations by taking a cluster of interacting sites
instead of a single one in Fig. 2 [37-39] or by extending the diagrammatic contribu-
tions in the dynamical vertex approximation (DI"A) [40], also see [41-43].

What we still need to do is to solve the Anderson impurity model self-
consistently, which for realistic multi-orbital calculations is typically done by
quantum Monte Carlo simulations, different approaches are discussed in [24]. The
standard result of such a DMFT(QMC) calculation is the interacting local Green
function G(i®, ) for imaginary (Matsubara) frequencies i®, or its Fourier transform,
the imaginary time Green function G(7). But also various correlation functions and
susceptibilities can be calculated.
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2.3 Calculation of Thermoelectrical Response Functions

Starting point for calculating transport properties is the Kubo formula. For thermo-
electric materials the Seebeck coefficient

A
5=t (7)

el Ao
is of particular importance. It is given by the constants Boltzmann kg, unit charge e
and the ratio of two correlation functions, the current—current and the current—heat-
current correlation function

jnkgT (B .
Ao = lim =8 / dre™™ (T j(7)j(0)) ®)
iv—0 1V 0
Ai = lim ﬁ/Bdre"”<T i(7)jo(0)) ®)
L= a20iv o wAtle

in the static limit, i.e., frequency iv — 0. Here, T; is Wick’s time ordering operator;
Jj(7) and jo(7) are the current and heat-current operators respectively. Also relevant
is the heat-current—heat-current correlation function

ih B .
Ay = lim — /0 dte" (Trjo(7)jo(0)) (10)

iv—0 ivkgT
which yields the electronic contribution to the thermal conductivity k similar as
Ay does for the electrical conductivity ¢. Since the phononic contribution to the
thermal conductivity is however typically much larger at room temperature and can
be reduced by phonon engineering, we will not consider k in the following. Instead
we will concentrate of the purely electronic contributions to the power factor

2
Z= S—o-, (11)
K
i.e.,on S and .

Diagrammatically, the correlation functions Eqs. (8)—(10) correspond to Fig. 3.
As indicated, the vertex I" is usually not taken into account. In case of full orbital
degeneracy (of the low energy orbitals), this holds exactly since one can show by a
simple argument that vertex contributions are, for the local DMFT vertex, odd in k
and hence their integrated contribution vanishes, see [44]. In the case of LiRhyO4
where the three low energy orbitals are very similar in energy and occupation, ne-
glecting the vertex is still justified approximately. This allows us to calculate the
bubble diagram for the (heat-)current—(heat-)current correlation functions A,, from
the spectral function p(k,®) = —1 /7 ImG(k, ®). In the x-direction, we obtain for
diagram Fig. 3

An =270 [ do é;n [V (K)p(k, @) (K)p (k, )] () f(~w)(Bo)".
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N

—

Fig.3 Diagrammatic representation of the (heat-)current—(heat-)current correlation functions Egs.
(8)—(10) with an incoming frequency (wiggled line) iv — 0. For the current operator the wiggled
line yields a factor v* (k), for the heat-current operator a factor e£P*1* (k). The vertex I" is typically
neglected as indicated so that the calculation of the correlation function reduces to the simple
bubble diagram of two (interacting) Green function, i.e., a factor G(k,®) for each of the two
double lines.

Here vk are in the general formalism the dipole matrix elements which we replaced
approximately by the simpler group velocity obtained through the derivative of the
dispersion relation:

LDA
_ 9%

TR

(12)

These are relatively easy to calculate from the LDA bandstructure. Note, here the
quantities vk, £-°*, and p (k, ®) are all matrices in the orbital indices.

What we still need for calculating the DMFT (heat-)current—(heat-)current cor-
relation functions, is the k-dependence of p(k,®). In the DMFT self-consistency

cycle, one calculates however only the local Green function
. 1 ,
Glioy) = VZG(k,zwv) (13)
k

at Matsubara frequencies i®,. From the DMFT G(i®y) or its Fourier transform the
imaginary time G(7), we can determine the optical and thermal conductivity as well
as the Seebeck coefficient in some post processing steps:

First, we need the self-energy for (real) frequencies. The standard procedure [46]
to this end is first to analytically continue the Green function to real frequencies.
This is done by the maximum entropy method [45] yielding ImG(®) at real fre-
quencies @ from G(7). From this, in a second step, the full G(®) is constructed
by Kramers—Kronig transformation. Third, that self energy is determined which, if
plugged into the k-integrated Dyson (Equation. (6)), gives the Green function which
is closest to the QMC-determined G(®). Finally from the self energy X (®) for real
frequencies, we can determine

G (@) = [0+u—[e"" = Ag](K)-Zg (0)] ",

or its imaginary part p (k, ®).
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For the LiRh;Oy4 calculations presented below it turned out that this standard
approach does not work so well because the high spectral weight close to the Fermi
level makes the analytical calculation very sensitive to the statistical QMC error.
On the other hand, we only need X(w) at small frequencies, of the order kg7, if
we are interested in thermodynamical responses to static fields (as S and ¢). Hence
in [26], we did a Padé fit [47] to X(i®,) which works rather well for not too large
frequencies. Comparing it with a polynomial fit allowed us to estimate the error in
X(w), see Fig. 6 in Section 3.

Let us note the connection to the Boltzmann approach. This is obtained for non-
interacting electrons and a constant-T approximation, i.e., calculation (Eq. (12)) for
a self energy X(®) = —i/. This reduces (Eq. (12)) to

Ap = ;1: v (k)™ (K) [— a];(:)} <£LZ:T(k))m. (14)

Note that, in contrast to the thermal and electrical conductivity, T cancels in the
Seebeck coefficient since we divide A by Ag. Hence, the exact value of the difficult
to determine relaxation time is not relevant, as long as it is constant.

For a better understanding of the microscopic origin of a large thermopower,
at least as far as the bandstructure effects are concerned, we can approximate the
Boltzmann (Equation (14)) by summing only the states in a window £ kg7 around
the Fermi energy (indicated by the tilde below):

AgRTY i+ Ve AL RTY Vi — Ve (15)

Here vf‘ and vlzg are the typical (averaged) velocities above and below the Fermi level,
respectively. For the current—current correlation function A these two contributions
have to be added, whereas they have to be subtracted for the heat-current—current
correlation function A;. The reason for the latter is that a quasiparticle above the
Fermi level carries a positive energy contribution relative to the Fermi energy, while
we have a negative energy-contribution for quasi-hole excitations below the Fermi
level. For getting an (absolutely) large Seebeck coefficient we need a large A; rel-
ative to Ag. Since A is the difference of the same (positive) contributions which
are added Ay, this requires the minuend to be much smaller than the subtrahend in
Eq. (15) or vice versa. This is possible if either (i) there are many more states below
the Fermi level than above (or vice versa for a large negative S) or (ii) the group
velocity v% above the Fermi level is much larger than vlzg (or vice versa). Optimal
would indeed be a combination of both. The route (i) can be heavily affected by
electronic correlations, e.g., if we have a sharp Kondo peak directly above or below
the Fermi level, but also bandstructure effects play a role. In contrast for mechanism
(i1) the LDA group velocities (or dipole matrix elements) enter so that electronic
correlations are not directly relevant.
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3 An Example: LiRh;0y4

Let us here briefly review the calculation of the Seebeck coefficient for LiRh;O4
of [26]. This mixed-valent spinel, see Fig.4, was most recently synthesized by
Okamoto et al. [48]. It shows two structural phase transitions: cubic-to-tetragonal
transition at 230 K and tetragonal-to-orthorhombic transition at 170 K. For the
high-temperature cubic phase Okamoto et al. reported a thermopower as large as
80 wV/K at 800 K, which for a metallic system, is quite exceptional. Together with
Na,CoO, [49], it shows that transition-metal-oxides are promising candidates for
thermoelectric application since, even in the metallic phase, large power factors
(5%0) are possible. Concerning Na,CoO,, these experimental findings led to some
“heated discussion” on the origin of the large Seebeck coefficient on the theoreti-
cal side [17,50, 51]. This makes a reliable ab-initio calculation which can put the
theoretical ideas on a more solid fundament mandatory.

Starting from the experimental crystal structure Fig. 4, the first LDA+DMFT step
is the calculation of the LDA bandstructure. Our results, using linearized muffin tin
orbitals (LMTOs) [52], are shown in Fig.5 (left panel; dashed line). We further
simplified the LDA bandstructure by a Wannier projection [53] of the LMTO wave
functions onto the subspace of Bloch waves, which were in turn Fourier transformed
to Wannier functions, see [54] for details. Here, we even model the LDA bandstruc-
ture by a two-band model (solid line).

The next step is a self-consistent DMFT calculation. To this end, quantum
Monte-Carlo simulations were used as an impurity solver [29]. The Coulomb in-
teraction parameters were estimated as (U,U’,J) = (3.1,1.7,0.7)eV from [55] and
temperatures 8 = 1/kgT = 30, 34, 40 eV~! were considered. From the imaginary
QMC self energy we obtained the self energy on the real axis (Fig.6) through a
Padé and polynomial (Taylor) fit. As one can see from a comparison of the two fits
there is some uncertainty, but absolute differences are small, i.e., of 0(0.01) eV.
Nonetheless, we proceeded with both self energies to have an estimate of the error.

Lio,

RhO,

Fig. 4 Crystal structure of
LiRh;0O4, made up from
LiOy4 tetrahedra and the
RhOs octahedra. Reprinted
with permission from [48].
Copyright (2008) by the
American Physical Society.
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Fig. 5 Left panel: Band dispersion of the effective 3-orbital Hamiltonian (solid line) and total
LMTO band structure (dashed line) of LiRhyO4. Right panel: partial a;, and ey density of states
for the model. LDA. Reprinted with permission from [26]. Copyright (2008) by the American
Physical Society.

From the self energy, Fig.6, we can estimate the quasiparticle weight Z =
(1—0JReX/dw) ! and the effective mass enhancement m*/m = 1/Z. This effec-
tive mass enhancement is actually not very strong, i.e., ~ 40% for the efof band and
~ 30% for the a;, band. This indicates that electronic correlations are only inter-
mediately strong for this compound, even though it is a transition metal oxide. The
reason for this is the mixed-valent nature of LiRh,O4 which puts the orbital occupa-
tion far away from a (more strongly correlated) integer filling. A second noteworthy
aspect, we can extract from the self energy is the strong frequency dependence
and asymmetry of the imaginary part of the self energy. This poses the question
whether a constant-ImX, i.e., a constant relaxation time 7 approach as in the much
less involved Boltzmann approach, works.

From the (two) self energy of Fig. 6, we calculated the Seebeck coefficient using
the formulas of Section 2.3. As one can see there are some differences in the Seebeck
coefficient for the Padé (x symbol) and polynomial fit (x symbol), giving us an
estimate of the accuracy of our calculation. Both are in good agreement with the
experimental values [48].

Besides the LDA+DMFT study, we also performed calculations (i) putting a
constant-7 self energy into the equations of Section 2.3 (+ symbol) and (ii) using
directly the Boltzmann equation (solid line). As one can see in Fig. 6 both agree, as
one can expect from theoretical considerations; but it is a good test in an actual
implementation as two completely different programs based on different equa-
tions were employed. The Boltzmann equation yields a slightly too large Seebeck
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Fig. 6 DMFT(QMC) self energy calculated by the Padé approximation (/eff) and a polynomial fit
(right). Reprinted with permission from [26]. Copyright (2008) by the American Physical Society.

coefficient S, albeit it still agrees surprisingly well with experiment. The reason for
this is that LiRh, Oy is not strongly correlated. Besides, the two ei,’ and a1, bands are
not strongly shifted with respect to each other by electronic correlations and have a
not too different self energy. Hence, we are not too far from a situation were the self
energy is orbital independent. In this case, the DMFT spectral function is just a more
narrow (quasiparticle renormalized) version of the LDA DOS with the same height
at the Fermi level. Because of this, relatively weak electronic correlations do not
strongly affect the Seebeck coefficient. We hence attribute the differences between
Boltzmann approach and LDA+DMEFT to the non-constant and strongly asymmet-
ric ImX. This means that, in contrast to the constant-T approximation, the actual
life time of quasi-holes is longer than that for quasi-particles. Let us emphasize that
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Fig. 7 Thermopower calculated by the Boltzmann equation approach and the constant-7 method
as well as by LDA+DMFT, using both the Padé approximation and a polynomial fit for the self
energy. Reprinted with permission from [26]. Copyright (2008) by the American Physical Society.

electronic correlations play a much more prominent role in other transition metal
oxides, so that for these the Boltzmann approach will fail.

Being confident, that the Boltzmann approach roughly describes the Seebeck co-
efficient of LiRhy;O4, we analyze Eq. (15). To this end, we plot in Fig. 8 the group
velocity along the indicated paths through the Brillouin zone, within the energy
window of |€ — Er| < 3kgT at T =~ 300 K. Figure 8 (upper panel) shows that v is
considerably larger than v125. in large parts of the Brillouin zone, particularly around
the K and W point. The reason for this difference is a particular shape of the band-
structure very similar to the ideas proposed in [17] for Na,CoO,. This pudding-mold
type of shape is sketched in the inset of Fig. 8, for the full bandstructure see Fig. 5.
In contrast to the one band situation in Na,CoO, [17], we have however a double
pudding mold. For the lower band, the pudding-mold shape leads to a very flat band-
structure above the Fermi level, flatter than a simple maximum because of additional
turning points and minima. Consequently the group velocity above the Fermi level
is very small and the Seebeck coefficient largely positive.
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Fig. 8 Group velocity squared (v?) along different directions of the first Brillouin zone for Rh*3-
(LiRhyOy; upper panel) and Rh39 (electron-doped LiRh,Oy; lower panel). k point above the
Fermi energy Er are shown in yellow, those below Ef in red. Reprinted with permission from [26].
Copyright (2008) by the American Physical Society.

Having understood the bandstructure origin of the large thermopower in LiRh; Oy,
we are now in a position to identify routes to increase the thermopower even further.
As the sketch in Fig. 8 suggests the upper pudding-mold band does not strongly con-
tribute to the Seebeck coefficient or thermopower. Here, the situation is more like in
a standard metal with group velocities being large above and below the Fermi level
(this is the region between I and X and between I" and L point in the main panel).
Therefore, positive and negative contributions to the Seebeck coefficient roughly
cancel for this upper pudding mold band.

We can improve the situation however by electron doping which shifts the Fermi
level to higher energy. Then the situation becomes very much the same as for the
lower pudding-mold band before and, at the same time, the lower pudding-mold
band is still contributing with the same sign because there are states below the Fermi
level but no states above. As one can see in the lower main panel of Fig. 8, doping
by 0.42 electrons, i.e., for a valence Rh13:98 indeed leads to a situation where only
the squared group velocity below the Fermi energy is large.

We further studied this idea by calculating the thermopower and the power fac-
tor for various Rh valences, using the Boltzmann equation approach. Note that we
assumed the electron doping not to affect the LDA bandstructure except for a shift
of the Fermi level. We also neglected the energy and filling dependence of 7, which
should be present and affect p and, hence, the power factor (albeit not S). Depending
on how the electron-doping is realized T might change because of disorder effects.
Nonetheless, we expect the tendencies to hold also for the power factor in experi-
ments electron-doping LiRhyO4.

As one can see in Fig. 9 (inset) the Seebeck coefficient strongly increases with
electron doping, i.e., with reducing the Rh valence towards 3. However if the Rh
valence is 3, the band is completely occupied so that while the Seebeck coefficient
is large, the conductivity ¢ = 1/p becomes small. Hence for the power factor S?>c
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Fig. 9 Power factor (normalized by its value at Rh valence = +3.5) and thermopower (inset) as a
function of the valence of Rh, calculated by the Boltzmann equation.

(Fig. 9 main panel), there is a trade-off between a larger Seebeck factor and a large
resistivity if the valence goes towards 3. This trade-off leads to a maximum for the
valence Rh*3%8, afore shown in Fig. 8.

3.1 Summary and Outlook

We presented a brief introduction to the LDA+DMFT approach for the realistic
calculation of thermoelectric properties, including bandstructure and electronic cor-
relation effects. We have shown that the LDA+DMFT results for LiRh,O4 well
agree with experiment. Furthermore, we identified the origin of the large ther-
mopower in this material to be a particular shape of the bandstructure of the form of
a (double) pudding mold. Even larger thermopowers can be obtained if the material
is electron-doped, according to our prediction. For the particular material LiRh,O4
the microscopic mechanism for the large thermopower is foremost the bandstructure
since electronic correlations are not very strong (the effective mass enhancement is
only 40% and even less for the a;, band). This shows the strength of LDA+DMFT
to unbiasedly identify bandstructure effects as the origin of large thermopowers
where this is appropriate and electronic correlations where these prevail.

For getting the optimal thermoelectric material, hetero- or nanostructure we
likely need both ingredients. First, a good bandstructure such as the pudding-mold
form discussed in the present paper which due to dramatically different group ve-
locities above and below the Fermi energy yields an extraordinarily large Seebeck
coefficient. And second, correlation effects which result in asymmetrical, sharply
peaked renormalized spectra in the vicinity of the Fermi level which enhance the
Seebeck coefficient as well. With LDA+DMFT, we have an ideal tool to scan
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and design a wide range of potential SCES materials on a computer, providing
experimental physicists and chemists with valuable hints on how to improve the
thermoelectric figure of merit. In the exemplary case of LiRhyOy4 this would be
through electron-doping the material.
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Theory of Electronic Transport
and Thermoelectricity in Ordered
and Disordered Heavy Fermion Systems

C. Grenzebach, F. B. Anders, and G. Czycholl

Abstract A theory for electronic transport in heavy fermion systems has been
developed and applied to the calculation of the temperature dependence of the resis-
tivity and of the thermoelectric power. The dynamical mean-field theory has been
used for the periodic Anderson model (PAM) together with the numerical renor-
malization group (NRG) as the impurity solver. To investigate also the influence of
impurities and disorder, the method has been combined with the coherent potential
approximation (CPA) for disordered systems. Considering two distinct local envi-
ronments of a binary alloy with arbitrary concentration, two types of disorder have
been investigated: on the f-sites and on the ligand sites. The temperature and con-
centration dependence of the thermoelectric power is calculated. The characteristic
concentration dependence as well as the order of magnitude of the thermopower
are reproduced for metallic heavy-fermion systems and for Kondo insulators. In
particular, sign changes of the Seebeck coefficient as function of temperature and
concentration are observed.

1 Introduction

Characteristic information on heavy-fermion systems (HFS) [1, 2] is obtained by
measurements of the temperature (T) dependence of the transport coefficients. The
resistivity p(7') of HFS usually shows the following characteristic behavior: For
high T, the resistivity p(7') is determined by a negative temperature coefficient, and
one usually observes a logarithmic, “Kondo”-like increase of the resistivity p(7')
with decreasing 7. In metallic heavy-fermion systems — for example, CePds [3],
CeAls [4] or CeCug [5] — a maximum is observed in p(7) at a characteristic
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temperature Tr,x before the resistivity approaches a small residual value for 7 — 0.
At low temperatures T, p(T) often obeys a T> law in such materials. The obser-
vation of a T2 behavior well below the characteristic temperature scale Thax (in
combination with a strongly enhanced ¥ coefficient of the specific heat) indicates
the formation of a Landau Fermi-liquid with heavy quasiparticles. In Kondo insula-
tors (KI), p(T') crosses over from low values to an activation behavior for smaller
T, indicating the opening of a gap and an insulating ground state. Another interest-
ing transport quantity is the Seebeck coefficient S(7'), or the thermoelectric power.
At temperatures comparable to Thax, the thermoelectric power can reach absolute
values of about 50 pV/K in metallic HFS, often accompanied with sign changes
at intermediate temperatures [1,2]. In Kondo insulators, even larger values of S(T")
up to 300 uV/K have been observed [6-13]. Much of the recent interest in the
heavy-fermion thermoelectricity results from these large absolute values at low tem-
peratures which might be useful for applications, for instance in solid-state cooling
devices [14].

Disorder has a strong impact on the transport properties such as p(7') and S(T').
In substitutional alloys like La;_,Ce,Pd3 [3], Ce,La;_,Cug [5], Ce,La;_,Cuy 05Sis
[15,16], U;_,Th,Pd,Al; [17], etc., the residual resistivity p(0) rapidly increases
with increasing concentration x of the nonmagnetic impurities, and one obtains
a crossover from the metallic p(7) behavior with a maximum to a monotonic
curve, where p(T) decreases with increasing 7. The thermoelectric power S(7T')
for CeCuy o5Si> shows a crossover from one case with a negative minimum, a sign
change, and a positive maximum to a behavior with two positive maxima and no sign
change when substituting Ce by La [15, 16]. For materials such as Ce3Cu,Pt3_,Sby,
ligand alloying introduces a transition from a Kondo insulator to a dirty metal [7].

The basic model for a description of the electronic properties of HFSs is the
periodic Anderson model (PAM) [18]. We study the PAM within the dynamical
mean-field theory (DMFT) [19,20] and show that the characteristic transport proper-
ties of HFSs can be understood within this framework. Within the DMFT, the lattice
model is mapped on an effective single-impurity Anderson model (SIAM) [21] by
a self-consistency condition. We use the numerical renormalization group [22-24]
(NRG) as impurity solver for this effective STAM. The NRG is a nonperturbative
method applicable at very low temperatures which reproduces the correct character-
istic low-temperature scale (Kondo temperature) [25].

To study also the influence of disorder, we have extended this DMFT-NRG
treatment to the disordered PAM. Thereby the disorder is studied within the
coherent-potential approximation [26,27] (CPA), which was originally developed
for noninteracting disordered systems. In the CPA, lattice coherence is restored
by introducing a (complex) “coherent” potential (local site-diagonal selfenergy).
Jani§ and Vollhardt have pointed out that the local nature allows one to embed
the CPA into the DMFT framework [28]. Therefore, within the DMFT a unique,
straightforward generalization of the CPA to disordered, correlated systems is possi-
ble [28-32]. We have applied this approach to the disordered PAM and calculate the
transport quantities p(7') and S(7') for disorder on the f site as well as for disorder
on the ligand sites. We treat the whole range of impurity concentrations ¢ € [0;1]
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for different choices of the PAM parameters, starting with either a metallic HFS or
a Kondo insulator for ¢ = 0. We find that this CPA-NRG treatment of the PAM is
able to explain the strong disorder dependence of the transport quantities of HFSs.

This paper gives an overview or review of results obtained within a research
project over the last three years. Most of the results presented here have been pub-
lished already in two original papers [33,34] and in Claas Grenzebach’s thesis [35].
We would also like to mention some older related work [36], in which not the
selfconsistent DMFT treatment of the PAM was used but an effective SIAM was
studied. In another earlier paper [37] also the role of disorder on the transport prop-
erties of the PAM was investigated within a DMFT/CPA combination, however, not
yet the NRG was used as the impurity solver. Furthermore, we would like to draw the
attention to some very recent related work [38], also investigating the thermopower
and thermal conductivity of the PAM within the DMFT starting from Fermi-liquid
laws and relations.

The paper is organized as follows: We start with a short description of the model
in Section 2, namely the PAM for periodic HFS and the “disordered” PAM, i.e.
a straightforward extension of the PAM to describe also disordered (substitutional
alloys of) HFS. Section 3 contains a short description of the different approxima-
tions applied, namely the DMFT mapping on an effective single impurity Anderson
model (STAM), the NRG treatment of this SIAM, and the combination of DMFT
and CPA to study disordered, correlated systems. In Section 4 the (standard) start-
ing relations and equations for a calculation of the transport coefficients based on
the linear response theory and the simplifications arising within the DMFT/CPA
are summarized. The results obtained for the resistivity and the thermopower of pe-
riodic metallic HFS and Kondo insulators and of disordered HFS with Kondo hole
and ligand disorder are presented in Section 5 before the paper ends with a short
summary and conclusion in Section 6.

2 Model

The basic model for the electronic properties of periodic HFS is the periodic
Anderson model (PAM) given by

H ngcckocko +Z£f(7 t5 Z Azfa Azf 0'+VZ f,GCzG"‘C,szc) (1)

where ckq (c]tg) destroys (creates) a conduction electron with spin ¢, momentum k
and energy €q. The energy &fo denotes the spin-dependent single particle f-level
energy at lattice site i, { fm fic 1s the f-electron occupation operator (per site
and spin), fis ( fiTa) destroys (creates) an f electron with spin o at site i, and U
denotes the on-site Coulomb repulsion between two f electrons on the same site
i. The uncorrelated conduction electrons hybridize locally with the f electrons via
the matrix element V. In this simplified model, only a single band is considered.
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Moreover, the restriction to a single twofold degenerate f-orbital is only correct if all
other crystal field states are energetically well separated from this magnetic ground
state doublet.

The total filling per site, no = Y. ((A55) + <ﬁlf6>) is kept constant by a
temperature-dependent chemical potential u (7). We absorb the energy shifts (due
to w) into the band center €. of the conduction band, & = &, + &, as well as the f
level & (i.e. energies are measured relative to pt). For n = 2 and U = 0, the uncor-
related system is an insulator at 7 = 0, since the lower of the two hybridized bands
is completely filled. According to Luttinger’s theorem a finite U of arbitrary strength
does not change the Fermi volume which includes the full first Brillouin zone. As
long as the ground state does not change symmetry due to a phase transition, the
system remains an insulator at arbitrarily large Coulomb repulsion. Therefore, the
nonmetallic ground state of Kondo insulators is not correlation induced, but it is
already present for the noninteracting system and a consequence of Luttinger’s
theorem. For nonintegral values of n, the paramagnetic phase of the system must
be metallic.

We want to investigate, in particular, also the influence of substitutional disorder,
i.e. not only pure periodic systems will be considered and modelled but also alloys
of different materials with arbitrary concentration of the constituents. The model (1)
is easily extended to such disordered HFS:

A = Yo ko Cloho + 5§ Liohlohl o+ Lio (£ ¢y ) Vi (fc > )
10
Vie €ico
To describe an A B _. alloy we set:
A -
Vi = “V% W¥th probab%l?ty ¢ @
¥ with probability 1—c.

where ¥/B contains the local on-site matrix elements of the Hamiltonian of the
pure A(B)-system.

We will, in particular, consider two types of disorder, namely the substitution of
the correlated, f-electron (lanthanide or actinide) ions by (chemically similar) non-f-
electron ions, e.g. the substitution of Ce by La as in Ce;_,La,Pd3. We call this type
of disordered (substituted) HFS Kondo holes and model it by allowing two different
values for the f-electron energy level:

A . oy
&? with probability ¢
& :{ y 5)

8? — oo with probability 1—c¢ ‘

By shifting 8}3 to oo the f-level of this ion remains unfilled because of which it is
a suitable model for a non-f-electron ion.
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The second type of disorder to be considered is the substitution of the non-
correlated component (ions) by other ions, for instance in CezCu,Pt3_,Sby, in which
the Pt-ions are substituted by Cu. We call this type of disorder ligand disorder and
model it by assuming that the f-electron level is the same at all sites but that the
band electron level and the hybridization vary depending whether an A- or B-ion is
at the corresponding site. Therefore, for ligand disorder one has:

€2 with probability ¢ VA with probability ¢
Eic = = (6)

€B with probability 1 —¢’ ' | V2 with probability 1 —¢ ~

3 Approximations

The transport properties depend on the one-particle Green function, which is a
2 x 2-matrix for a two-band model like the PAM. For the periodic PAM (1) without
disorder the Green function can be written as

ona- [ 288]H{G)-(77 )

where Xy(k,z) denotes the f-electron self-energy, which is k-dependent, in gen-
eral. Our first approximation will be the assumption of a local, k-independent
self-energy, i.e. Xy(k,z) = Zy(z) which corresponds to the dynamical mean-field
theory (DMFT), which becomes correct in the limit of infinite spatial dimension
d — oo, Just for the PAM this DMFT-assumption should be quite good also for finite
d and small hybridization V, because it can be shown that corrections to the local
approximation occur only in order V.

Within the DMFT the f-electron Green function of the PAM can be mapped on
that of an effective single-impurity Anderson model (SIAM) via the self-consistency
condition

1 1 1
Grrla) = 5 ; Grr(ak) =5 ) (8)

Ki—e - I -

7—&
1

__ ~SIAM _
A =T e e ©

Here A(z) describes an effective bath (of conduction electrons) to which the
single, local, correlated impurity is coupled, and this A(z) has to be determined
self-consistently.

We accurately solve this effective SIAM using Wilson’s numerical renormal-
ization group (NRG) [22, 23]. The key ingredient in the NRG is a logarithmic
discretization of the continuous bath, controlled by the parameter [22] A > 1. The
Hamiltonian is mapped onto a semi-infinite chain, where the Nth link represents
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an exponentially decreasing energy scale Dy ~ AN2, Using this hierarchy of
scales the sequence of finite-size Hamiltonians 7% for the N-site chain is solved
iteratively, truncating the high-energy states at each step to maintain a manageable
number of states. The reduced basis set of .73 thus obtained is expected to faithfully
describe the spectrum of the full Hamiltonian on the scale of Dy, corresponding [22]
to a temperature Ty ~ Dy from which all thermodynamic expectation values are
calculated. The energy-dependent hybridization function A(z) determines the coef-
ficients of the semi-infinite chain [39].

To treat the disorder problem we apply the coherent potential approximation
(CPA) for the configurationally averaged Green function (matrix)

_ (@) Gpe(2) | _ .
4(z) = ( Gur(2) Do (Z)> =cGY2) + (1-0)GB(z) (10
1 z 0 -
N%KOZ—&()ZCPA(Z)} b

Here the latter equation defines the “coherent potential” XPA(z), i.e. the (site-
diagonal, complex) CPA-self-energy, which is a 2 x 2-matrix for a two-band model
like the disordered PAM (2). The CPA is the best single-site approximation for the
self-energy, which is again local (site-diagonal, i.e. k-independent). Therefore, the
CPA also becomes correct in the limit of large dimension or coordination number,
and a combination of DMFT and CPA is consistent for a description of disordered,
correlated systems. The G* and G? are the local Green function matrices of the ef-
fective single-impurity problems for the two subsystems A and B, determined by the
effective media A4 (z) and Ag(z), respectively:

Gl = [e—e" A0 -2} @], (12)
A/B
1) = 5 26H (@) = 261 (a). (13)

Therefore, to solve the problem of correlated, disordered systems within a suitable
combination of DMFT and CPA, one has first to determine the correlation self-
energies 2?/ B (z) for the pure A- and B-system within the DMFT using the NRG as
impurity solver; then one has to use these Green function matrices G*/ B(z) of the

A- and B-system in the CPA-equation (Eq. 11) to determine the disorder-self-energy
ZCPA ( Z) .
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4 Transport Quantities

We start from the standard relations [40] for the generalized transport coefficients,
according to which the electrical current density J and the heat current density q
depend linearly on the electric field E and the temperature gradient VT

1
J= L11E+L12(—?VT),

1
q= L21E+L22(—?VT). (14)

All coefficients are calculated within the linear response approach, starting from
similar Kubo formulas [40,41]; for symmetry reasons, L1y = Lp; must hold.

According to the standard linear response theory, the real part of the frequency-
dependent (optical) conductivity tensor [40,42,43] o(®w) = L;;(w) is given by the
current—current correlation function as

Oap (@) = —rmIm{(al jp)) (0 +i0%), (15)

where V) = a> is the volume of the unit cell and N counts the number of unit cells.
For a k-independent hybridization the current operator consistent with the PAM is
given by [44]:
j:eZchicckG, (16)
ko
where v = %Vk&‘k is the group velocity. Then the current-susceptibility tensor
{(jli" (z) is connected to the particle-hole Green function

@i =¢ Y wivpllcistrole) o cwe) (2)- (17)

oo’Kkk’

In general, the current-current correlation function involves vertex corrections
[40]. However, for a k-independent hybridization, the current operator vertex cor-
rections vanish [45-48]. This prevails even in the disordered system within a CPA
treatment, since the two-particle vertex remains local. Then the current-current cor-
relation function is completely determined by the free particle-hole propagator, and
all transport coefficients depend only on the single-particle Green function and its
self-energy.

Then in the limit @ — 0, one obtains for the generalized transport coefficients:

2 o
L= 1| [-f(0)] () do, (18)
Lo= [ (@) 0(0) do, (19)
ha ) -
L= 2

L= | [-f(0)] o t(0)do. (20)
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where f” is the derivative of the Fermi function and 7(®) represents a generalized
relaxation time defined as

w(@) = 707 [ pole)pie opte

*\2
_ (t*)= [dD(z) _ ImD(z) 7 @1
nd dz Imz
which is to be evaluated at z = x+ iy
z=0+i0" —g — X (0+i0")
Above, we have used the notations
(€,0) = —~ImG(@+10,¢), Gelt,80) = —————  (22)
Pc 5 - T c ) , UcelZ, &k _Z—Ek—ZC(Z)
v? CPA po(€)
2(z) = —=——=+2%, . D :/dsi. 23
(z) =50 (z), D(2) P (23)

Here py(€) is the unperturbed conduction band density of states for which we have
chosen a Gaussian model density of states, which is just the density of states of the
d-dimensional simple hypercubic tight-binding system in the limit d — oo:

1 2
po(€) = W“P(‘ﬁ)- (24)

From the generalized transport coefficients (18—20) one finally obtains the mea-
surable quantities resistivity, thermopower and thermal conductivity as [40]

1L 1 L2
pa‘lLIIESTLf,KT(Lzz”). (25)

The thermopower S is directly obtained in natural units kz/|e| = 861V /K, but the
unit of the resistivity depends on the lattice constant a. If we assume a ~ 10~10m,
the resistivity has the unit ia/e* ~ 41uQ cm.

The dimensionless “figure of merit” defined by

T 2
7T = (’iS , (26)

measures the efficiency of a thermoelectric material, which is not only determined
by a high thermopower S, since a simultaneously large thermal conductivity K may
easily compensate the temperature gradient generated by the large S. An efficient
thermoelectric cooler requires a large figure of merit which should be Z7 > 1.
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5 Results

5.1 Periodic Systems

5.1.1 Maetallic HFS

Besides the parameters of the PAM (&7 — &.,U,V and the model assumption con-
cerning the band structure of the unperturbed conduction band) one has to fix the
total number of electrons n per site. To achieve a heavy fermion situation £ must
be below the chemical potential i and &7 + U above u so that (for small V) the
f-level at each site is singly occupied and thus carries a magnetic moment. The
chemical potential and the f-electron occupation numbers have to be determined
selfconsistently for a given ny, which ranges between 0 and 4. For 1 < nyo <2 U
falls automatically into a region of a finite density of states and one has, therefore,
a metallic system. For the results presented in the following figures energies (and
temperatures) are measured in units of Iy = 7£V2po(0) (V hybridization, py(0) un-
perturbed conduction band density of states at the band center). Iy corresponds to
the “Anderson width” of the (original) SIAM and measures the charge fluctuation
scale. For HFS one can expect I to be of the magnitude 100 meV.

For a metal with n;,; = 1.6, and & — &, = —U /2, p(T) is plotted for different
values of the Coulomb repulsion U in Fig. 1. We observe a small residual resistivity
p(0), a maximum at a characteristic temperature Ty, and p(7) (Kondo like) de-
creasing with increasing T for T > Tiax. The fact that p(7 = 0) is finite (and not
0 though the system is periodic and does not contain any residual scattering any-
more) is due to a finite broadening, in particular a finite energy imaginary part &,

g U=12
x U=11
o U=10
150 + U=9
O U=38
'g o uU=7
& A U=6
= 100
S
=

IR MR TR MR | MR "
1073 1072 107! 100 10!
T

Fig. 1 Resistivity p(7') as function of T for different U, & — &, = —U /2, and fixed total filling
Neot = 1.6.
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which has to be introduced to obtain a continuous density of states from the discrete
NRG spectrum and for numerical reasons to achieve a better convergence of the
self-consistency equations. This broadening may be interpreted physically as simu-
lating the effects of residual impurity scattering. T,y is shifted to lower values for
increasing U; within DMFT-NRG one obtains an exponential dependency of Tin,x
on U in agreement with the (non-analytic) dependence of the Kondo temperature on
U according to the Schrieffer—Wolff transformation. For sufficiently strong U the
peak height at T, is nearly U independent.

For the same parameters the T-dependence of the thermopower S(T') is shown
in Fig. 2. One observes a rich two-peak structure. Obviously, the low-T peak again
moves to lower temperature with increasing U whereas the upper peak moves to
higher 7. The characteristic temperature, at which the first extremum of S(7') is
obtained, scales similarly as the Tp,x at which the resistivity p(7') has its maxi-
mum and as the Kondo-temperature with increasing U. Therefore, this temperature
of the first (low-T) extremum is essentially just the characteristic low T (Kondo
temperature) scale of the system. The two maxima are separated by a minimum in
S(T), and for U > 8 S(T) is negative at this minimum, i.e. S(7) changes sign and
has a negative minimum. Several extrema and similar sign changes were found ex-
perimentally for several HFS materials, in particular below 80 K for CeCu;»>Sis
[49, 50]. Note furthermore the large absolute values of S(7) of the magnitude
1001 V/K.

250
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S(T) [nV/K]

=50

—-100 sl TR | Lol TR | Lo
1073 1072 10”1 100 10!
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Fig. 2 Thermoelectric power for various values of U and fixed total occupation ny = 1.6 and
g —e =-UJ2.
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5.1.2 Kondo Insulators

For ny = 2 the lower hybridized bands are completely filled in the (exactly solv-
able) uncorrelated case U = 0. Therefore, the chemical potential p falls into the
hybridization gap and one obtains an insulating ground state. According to the Lut-
tinger theorem this statement holds also for the correlated system with finite or large
U': for nyy = 2 u always falls into a small hybridization gap and the system is, there-
fore, an insulator for 7 — 0. For such a filling, different £, — €. and U = 10 the
T-dependence of p(T) is shown in Fig. 3. One obtains the p(T)-behavior typical
for Kondo insulators, i.e. a crossover from a Kondo like (logarithmic) increase of
p(T) to an activation behavior for smaller 7. The (artificial) finite p(0) depends
hardly on &; — &, but only on the finite residual imaginary part (broadening) §.

For the same parameters the thermoelectric power S(T') is shown in Fig. 4. In the
symmetric case £ — & = —U /2 = —5, §(T) vanishes due to particle-hole symme-
try; away from the symmetric case, the peaks reach extremely large absolute values
of S up to 200 wV/K. This shows that Kondo insulators could be excellent candi-
dates for thermoelectric applications.

5.1.3 Approaching the Kondo Insulator from the Metallic Side

We investigate the crossover from the metallic HES to the Kondo insulator by vary-
ing n;o;. For fixed U = 10 and &y — €. = —U/2, Fig.5 shows the results of the
temperature dependence of the resistivity p(7'). One observes the crossover from
the typical metallic HF behavior with a finite residual resistance and a maximum in
p(T) to the KI activation behavior.

10* g
c- as

103 £

—— & &= 2
—— & € =3

p(T) [uQem]

10 F| —a— & &= 4

—o— & € =5

101 | M | M |
1073 1072 107!

T

Fig. 3 Resistivity p(7') for different &7 — &, U = 10, nyoy = 2 (Kondo insulators).
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250 =y

S(T) [uV/K]

Fig. 4 Thermoelectric power for U = 10, ny = 2 (Kondo insulator regime) and different values
for &7 (or & — €.).
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Fig. 5 Resistivity p(7") for different total fillings ni, U = 10, &f —€. = —U /2, § = 1073,

Corresponding results for the temperature dependence of the thermopower are
shown in Fig. 6. This choice of parameters corresponds to the (particle-hole) sym-
metric PAM exactly in the KI situation n = 2; therefore, the thermopower vanishes
identically for n¢ = 2. But very close to the KI behavior a very large S(T') is ob-
tained. The closer one is to the KI regime the larger becomes S(7'). Therefore, very
large absolute values of S(7') cannot only be obtained for KI but also for metallic
HFS which are close to the KI regime.
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Fig. 6 Thermoelectric power for a fixed U/Ij) = 10 and various occupations ny = 1.4,
1.6,1.9,1.95,2 and &y — e, = —U /2.
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Fig. 7 Electronic part of thermal conductivity for U = 10, &y — &, = —U /2. All parameters: as in
Figs.5 and 6.

For this set of parameters we have also calculated the electronic contribution to
the thermal conductivity shown in Fig. 7. Combining this with the electrical conduc-
tivity and the thermopower we get the figure of merit shown in Fig. 8. Obviously,
just in the situation close to the KI case a large figure of merit ZT ~2 > 1 is possible.
However, additional phonon contributions not included in the PAM will increase the
thermal conductance and, therefore, reduce the figure of merit. Hence, a low phonon
thermal conductance is needed to optimize Z7'. One possible root is disorder, be-
cause phonon scattering at the impurity atoms may reduce the phonon mean free
path and therefore the phonon contribution to the thermal conductivity.
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Fig. 8 Figure of merit for U = 10, & — &, = —U /2. All parameters: as in Figs. 5 and 6.

5.2 Disordered Systems

5.2.1 Kondo Holes

First we consider the case of a metallic, substitutional A.Bj_. alloy, where A de-
notes a (correlated) heavy-fermion system and B a (less correlated) system with
empty f-shells far above the chemical potential. Such a situation is realized, for in-
stance, in Ce.Laj_.Alz, where the rare earth Ce-ion is substituted by La. Results
for the temperature dependence of the resistivity p(7') are shown in Fig.9 for the
whole concentration regime 0 < ¢ < 1. For the pure HES (¢ = 1) we obtain once
more the typical behavior with a small residual resistance p(0), a rapid increase
with increasing 7' and a maximum at a characteristic (Kondo) temperature 7p,x
and a p(7T) decreasing with increasing T for T > Tyax. When substituting A by
the non-magnetic B-system, the residual resistance p(0) quickly increases and the
characteristic temperature Tpax, at which the maximum is reached, moves to lower
values. At ¢ = 0.6, p(0) assumes its largest value and there is no longer a maximum
but the resistivity p(7) monotonically decreases with increasing 7' and saturates for
T — 0 to a large, finite value. The resistivity behaves as that of a typical Kondo
impurity system. For still smaller ¢ a qualitatively similar behavior is obtained but
the value p(0) decreases again with increasing ¢, and finally in the opposite limit
¢ — 0 of an uncorrelated metal a very small resistivity is obtained.

Nevertheless, for small finite concentration of the magnetic f-electron ions, i.e.
here for ¢ = 10™*, the typical Kondo impurity behavior is obtained. This can be seen
by plotting the resistivity normalized to the concentration, p(7')/c shown in Fig. 10.
‘We obtain the typical resistivity behavior of a Kondo impurity system for all ¢ < 0.6,
but the normalized resistivity p(T') /c does not saturate but has a maximum at ¢ = 0.5
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Fig. 9 Resistivity p(7T') as a function of T for different concentrations ¢ of system A, calculated
with DMFT/CPA-NRG; U = 10, &} — &' = —U /2, &} = eo, and nyoe = 1.6 — (1 — ¢).
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Fig. 10 The same data as in Fig. 9 plotted as p(T')/c.
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and decreases with decreasing ¢ approaching a finite value in the limit ¢ — 0. To
demonstrate this in more detail, we show the concentration (c-) dependence of the
residual resistance p(7 = 0) and p(7T = 0)/c in Fig. 11. Obviously a behavior

c

PIT=0.)~ 1%

27)
is obtained.

Results for the thermopower are depicted in Fig. 12. Again we find very large
absolute values for S(7') (of the magnitude 100 pV /K). Similar to the resistivity, the

thermoelectric power exhibits a low-temperature peak which is correlated with the
maximum of the resistivity. The position of this low-temperature peak and the peak

500 1 T 1 T

Fig. 11 Resistivity as a

function of the concentration
catT~0.2K p(c) (dashed
line), p(c)/c (full line), and

approximation o< 1 /(1 —0.6¢) 0 0.2 0.4 0.6 08 !
(dotted line). C
1 —
= =1
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—+— ¢=0.8
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Fig. 12 Thermoelectric power S(T') as a function of T for fixed U = 10 and different concentra-
tions ¢ of system A; all parameters as in Fig. 9, among others nio = 1.6 — (1 —¢).
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Fig. 13 Thermoelectric power S(T') as a function of T for fixed concentration ¢ = 0.8 of system
A and different U; 8}‘ —eA=-U)2, ej’f = oo, chemical potential 4 = 0, and a filling ny = 1.4.

height depend on the concentration c. In addition, we observe a second extremum at
a very high temperature independent of the concentration and the low-temperature
scale which results from the charge fluctuations on the energy scale €7 — . This
maximum moves to higher temperatures with increasing U, as displayed in Fig. 13.

5.2.2 Ligand Disorder

In the case of ligand disorder, i.e. disorder in the non-correlated (non f-electron) part
of the HFS, we have first investigated a situation, in which the HFS is driven from
a metallic HFS to a KI by alloying. In Fig. 14, the resistivity and the thermoelectric
power are displayed for &} — &' = —U /2, ef —&? = —1, and various values of the
concentration ¢ of system A. The curves for ¢ = 1 are identical to the ¢ = 1 curves
in Figs.9 and 12. We plot the resistivity on a log-log scale in Fig. 14a to cover the
almost three orders of magnitude of resistivity change.

In contrast to the previous case of f disorder introduced by Kondo holes, the
number of Kondo scatterers remains constant as a function of the concentration c.
Therefore, the resistivity does not vanish for ¢ — 0. For temperatures T > Tpax,
the absolute values of the resistivity remain nearly the same; above this charac-
teristic low-temperature scale Tj,., lattice and Kondo disorder scattering become
indistinguishable. For temperatures 7" < Tax, an increase in the resistivity with
decreasing concentration ¢ is observed; Fig. 14a demonstrates such a crossover
from low resistivity to an insulating behavior for 7 — 0 and ¢ — 0. The disor-
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Fig. 14 (a) Resistivity p(7’) and (b) thermoelectric power S(7') as functions of T for different con-
centrations ¢ of system A, calculated with CPA-NRG for V4 = Vp =V, U = 10, 8? — Sf =-U/2,
8}; -8 =-I, 8}‘ = 8};, chemical potential y = 0, and a filling nyo = 2 — 0.4c and § /Iy = 1073,

der introduced in the conduction band destroys the lattice coherence of the heavy
quasiparticles at low temperatures. Even though translational invariance is restored
for ¢ — 0, the residual resistivity remains increasing for ¢ < 0.5 due to the crossover
to an insulating behavior.
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The thermoelectric power does not show much variation with the concentration
c as can be seen in Fig. 14b. In contrast to the resistivity, the thermoelectric power
depends on the asymmetry of the spectrum [see Egs. (25) and (19)]. This means
that ligand disorder, which has strong influence on the value of the resistivity (and
also on the thermal conductivity), has only weak influence on the thermopower.
Therefore, a large figure of merit should become possible by suitable choices of
ligand disorder, because the thermopower may be nearly unaffected (and large),
whereas the thermal conductivity is reduced.

Next, we investigate the transport properties as a function of disorder in the case
in which ligand substitution keeps the system in a metallic regime for all values of c.
In Fig. 15a, the resistivity is displayed for &} — &/ = —6 and e — &/ = —4. In this
case, we have a disordered conduction band where both subsystems A and B are
asymmetric. By choosing a filling of ny = 1.8 — 0.2¢ and ej} — 8}3 = 0.2, a nearly
c-independent f occupation ny =2 0.92 is achieved, significantly departed from the
Kondo insulator regime. This is clearly visible in the figure: in the limits ¢ = 0 and
¢ =1, the residual resistivity p(7—0) is small as expected for metallic systems. For
0 < ¢ < 1, the disorder in the conduction band leads to an enhanced resistivity. The
residual resistivity peaks between ¢ = 0.4 and 0.6. At high temperatures, the resis-
tivity becomes independent of the concentration c: the incoherent Kondo scattering
dominates the scattering processes over the lattice disorder.

In Fig. 15b, the thermoelectric power is shown for the same parameter set. The
overall appearance is equal to the case with Kondo holes, but, in addition, we ob-
serve a sign change at small temperatures. This sign change originates from the
change of asymmetry in the relaxation time 7(®) as defined in Eq. (21).

6 Conclusion

We end by shortly summarizing and emphasizing the most important conclusions to
be drawn from our investigations and calculations:

1. The DMFT/CPA treatment of the PAM in combination with an NRG impurity
solver for the effective STAM is able and in our opinion the most suitable method
to study the influence of correlations and of disorder on the electronic properties,
in particular the transport properties resistivity and thermopower, of metallic HFS
and Kondo insulators.

2. The method is able to describe the crossover from the coherent behavior typical
for periodic HFS to the behavior typical for diluted Kondo impurity systems.

3. A simple scaling of the residual resistivity with the concentration of the Kondo
“impurities” (p(T = 0,c¢) ~ c) is usually not obtained.

4. The large absolute value of the thermopower observed in HES (Kondo systems)
can be reproduced and understood within the PAM. The absolute value becomes
even larger when approaching the Kondo insulator state.

5. The thermopower of HES has several extrema, the first extremum at the charac-
teristic low (Kondo) temperature.
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Fig. 15 (a) Resistivity p(7') and (b) thermoelectric power S(T') as functions of T for different
concentrations ¢ of system A, calculated with CPA-NRG for V4 =V = V), U = 10, s’f4 —eh =6,

B_ B _
& —€ =

c

. = —4, s? — 8;3 = 0.2, chemical potential u = 0, and a filling n; = 1.8 — 0.2¢. The inset

of (b) shows the antisymmetrized relaxation time 7(®) — 7(—®) [Eq. (21)] in the vicinity of the
chemical potential for the temperature 77 = 0.48 K. NRG parameters: number of retained NRG

states, Ny = 800, A = 1.6, and § /I = 103,



Thermoelectricity of Heavy Fermion Systems 179

The thermopower (and its absolute value) is nearly unaffected by ligand disorder.
A figure of merit larger than 1 (and thus the possibility of applications as thermo-
electric cooling devices) should be possible for HFS close to the Kondo insulator
state.
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Role of Multiple Subband Renormalization
in the Electronic Transport of Correlated
Oxide Superlattices

A. Riiegg and M. Sigrist

Abstract Metallic behavior of band-insulator/ Mott-insulator interfaces was ob-
served in artificial perovskite superlattices such as in nanoscale SrTiO3z/LaTiO3
multilayers. Applying a semiclassical perspective to the parallel electronic transport
we identify two major ingredients relevant for such systems: (i) the quantum con-
finement of the conduction electrons (superlattice modulation) leads to a complex,
quasi-two dimensional subband structure with both hole- and electron-like Fermi
surfaces. (ii) strong electron-electron interaction requires a substantial renormaliza-
tion of the quasi-particle dispersion. We characterize this renormalization by two
sets of parameters, namely, the quasi-particle weight and the induced particle-hole
asymmetry of each partially filled subband. In our study, the quasi-particle disper-
sion is calculated self-consistently as function of microscopic parameters using the
slave-boson mean-field approximation introduced by Kotliar and Ruckenstein. We
discuss the consequences of strong local correlations on the normal-state free-carrier
response in the optical conductivity and on the thermoelectric effects.

1 Introduction

Recent experiments [1] have shown that a metallic state can be stabilized at the
interface between the Mott insulator LaTiO3 and the band insulator SrTiO3. There
is strong evidence that in such systems electronic charge is redistributed between
the Mott insulator (MI) and the band insulator (BI) in order to compensate for the
mismatch of the work functions and to avoid the so-called polar catastrophe [2]. The
electronic charge reconstruction [3] at the interface leads to metallic behavior.

The experimental data [1,4-6] are consistent with Fermi liquid behavior and a
single-particle perspective, where transport properties are studied by the semiclas-
sical transport equations, offers a natural starting point. However, it is necessary
to clarify how the single-particle picture for weakly interacting electrons, which
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is successfully applied in the study of semiconductor nano-structures, is modified
by strong electronic correlations. In particular, understanding the renormalization
of the quasi-particle dispersion as function of microscopic parameters is crucial.
Let us in the following ignore complicating aspects related to the orbital degrees
of freedom [7] or to possible symmetry-broken phases [3]. Then, from quite gen-
eral considerations, we can expect two major ingredients determining the electronic
structure:

(1) The LaTiOs3 bulk system has a Ti-3d ! configuration whereas the SrTiO3 com-
pound has a Ti-3d° configuration. Therefore, from a single-particle point of view,
the BI/MI/BI sandwich acts as a quantum well confining the conduction electrons
to the MI region, cf. Fig. 1. The bound states of the quantum well form quasi-two
dimensional subbands with dispersion Ey, labeled by the in-plane momentum k
and the subband index v.! The Fermi surface (FS) defined by the k points satisfying
Exy = 0 contains in general both open and closed sheets which brings about that
electron-like and hole-like contributions can lead to partial compensation [10].

(ii) Strong electron—electron interaction introduces novel electronic physics at
the band-insulator/ Mott-insulator interface. When the local self-energy corrections
are dominant, we can assume that Ex, = E\ (&), where € is the non-interacting
in-plane dispersion [8,9]. In this case, the renormalization of the quasi-particle dis-
persion is characterized by two sets of parameters. On the one hand, the on-site
repulsion leads to a reduction of the Fermi velocity of the subband v by a factor

8Ekv
v = (D
d €k |gs
N=M= 10, U,= 22t, E= 0.8t

1F T T T
Fig. 1 The charge density <05 ¢ MI Bl ¢ Mg Bl ¢ MI§ BI ¢ M
ny, the fraction of doubly
occupied sites d? and the % 20 40 60 80
Lagrange multiplier A; as 0.2
obtained by the present mean-
field approach for a band- < 0.1
insulator (BI)/Mott-insulator
(MI) superlattice. L =N + 00 — 20 — 20 — 60 EE— 80
M denotes the number of
unit cells of the superlattice
modulation where N is the
number of MlI-layers and M
the number of Bl-layers. The

set of microscopic parameters 0 20 40 60 80
is given in the figure. !

! Our discussion is restricted to large superlattice periods where the dependence on the perpendic-
ular momentum Q can be neglected when studying the parallel transport.
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which is equal to the quasi-particle weight of the subband v. On the other hand,
at the interface, the hybridization of (almost) localized with itinerant degrees of
freedom induces an enhanced particle-hole asymmetry. We quantify this asymmetry
by the dimensionless parameter

)/ (%)
ay = | Ag
Y ( K 0g2 dex

where we have defined Agg = g — &, with €, the energy of the lower band edge.
Starting from a microscopic model, we calculate the quasi-particle dispersion in a
self-consistent way to obtain the dependence on microscopic parameters. We obtain
an interfacial heavy-fermion state and discuss correlation effects as characterized by
Egs. (1) and (2), cf. Fig. 2. Implications for transport are illustrated by calculating
the free carrier response and the thermoelectric effects, cf. Fig. 3. We find that in
both cases important contributions arise from the interface.

2

)
FS

2 Microscopic Model

For the microscopic description we assume perfect lattice match between the two
materials, thereby neglecting aspects related to the lattice relaxation [11]. The
microscopic model is given by an extended single-orbital Hubbard model on a cubic
lattice (introduced in Ref. [13])

H=H;,+Hy+H,+H,+Hj. (3)

Here, the kinetic energy is given by a nearest-neighbor tight-binding model and the
on-site repulsion is modeled by a Hubbard interaction,

Hy=-tY cycist+he and Hy=UY njn, 4)
(ij),0 i

where n;s = C[TG ¢;- The nanoscale structure is defined by the superlattice period L =

N + M and the number N of counter-ion layers (see also Fig. 1). They simulate the

difference between Sr°* and La’* and sit in the center between the electronic sites

[3] interacting with the electrons through the long-range electron—ion interaction

H,i = EcZ T (5)

IOIl |

where rijOn denotes the position of the ions, n; = n;; +n;|, and we have introduced
the parameter Ec controlling the screening length. Furthermore, the long-range
electron—electron and ion—ion interaction energies are given by

_minj Ec 1
Z |l’ _r; | Hij = 7 |rion _rion|’ (6)
t#f L i#j 1T i
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respectively. The number of electrons is fixed by the charge-neutrality condition.
Notice that we can formally relate the parameter E¢ to an effective dielectric con-
stant € = ¢*> /Eca where a is the lattice constant and e > 0 the elementary charge.
However, for a more realistic description of the screening at the interface a single
parameter for the long-range electron—electron interaction is too crude. In fact, the
polarization of the lattice dominates the dielectric constant in the considered tran-
sition metal oxides and the effect of the relaxation of the lattice near the interface
introduces additional parameters in an effective model description [11,12]. For sim-
plicity, such effects are not considered here.

3 Slave-Boson Mean Field Approximation

To discuss the low-energy behavior of the model (3) in the normal state we ap-
ply the four-boson mean-field approximation of Kotliar and Ruckenstein [14]. This
approach allows one to discuss the effect of local self-energy corrections by intro-
ducing auxiliary bosons representing the local charge and spin degrees of freedom
together with pseudo fermions. The effective low-energy theory is then obtained
by the saddle-point approximation for the slave bosons which can be controlled
by a 1/N-expansion of a suitable generalization of the slave-boson action [15, 16].
The remaining fermionic degrees of freedom are interpreted as the Landau quasi-
particles of a Fermi liquid which are dressed by the interactions and therefore have
modified single-particle properties.

3.1 Superlattice Geometry

For a quantum well system, the effective low-energy model was derived in Ref. [8].
In the following, we will briefly discuss the case of a superlattice. Assuming a trans-
lational invariant state in the in-plane direction, the problem of finding the eigenval-
ues of the effective low-energy Hamiltonian reduces to a one-dimensional problem

which is parameterized by the non-interacting dispersion &, = —2(cosk, + cosk,):
e+ w)—t Y zzw(l+7y) =Ey(l). ()
y==*1

Here, [ labels the layers along the direction of the superlattice modulation. The hop-
ping renormalization amplitude z; depends on the charge density n; and the fraction
of doubly occupied sites d12 in layer / and is given by the standard Gutzwiller
expression [17]

\/(1 —m+d?)(n — 2d2) +d1\/nl —2d?
2= . ®)
n(1—n;/2)
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The mean fields n; and d; are determined by the minimum of an appropriate free
energy, as discussed below. The Lagrange multiplier A; acts as a single-particle
potential and enforces the self-consistency of the electronic charge distribution.

Decomposing  according to y(I) = yiy(1)e'?, where K = (k,Q), —7/La <
Q0 < m/La with yx, (I +L) = yky(l), the problem reduces to diagonalizing the
following matrix

z%ek +A —t71720¢"2 ... —tz1z726 9
—i0 2 i0
. —tnz1e7C Bek+ A —tze
K(Q) = 2 )
—t7771€"€ s —tzpgzre € Zect+ AL

A further simplification is obtained by restricting to superlattices with a large pe-
riod L > 1. In this case, the Q-dependence can be safely neglected for the parallel
transport and it is sufficient to consider only K(0). In this case, the quasi-particle
dispersion has the form stated in the introduction, E = Ey (&), v=1,...,L.

3.1.1 Long-Range Coulomb Interaction

The long-range Coulomb interaction is treated in the Hartree-type of mean-field
calculation [8]. In order to find the interaction matrix W;; between electrons in layer
[ and I’ of the superlattice unit cell we explicitly take into account the periodicity of
the charge distribution. In the same way, we also determine the resulting (screened)
potential V; of the counterions. In the end, these potentials have to be found self-
consistently by simultaneously solving the mean-field equations and the Poisson
equation, A¢(z) = 7477:%@, where ¢(z) is the electrostatic potential and p(z) the
charge distribution.

We start with the approximation commonly found in the literature [18], namely,
we replace each layer by a uniformly charged plane, thereby respecting the polar
nature of the Mott insulator. Corrections due to the discrete nature of the charge
distribution (lattice) are calculated numerically, but are only significant very close
to (or within) the considered layer [19]. It is convenient to use the following ele-
mentary solution ¢, determined by a periodical array of uniformly charged layers
with period La

Po(z)=0) 8(z+mLa)—p (10)

meZ

where ¢ = e/a’ is an elementary surface-charge density and p = ¢ /La is a uniform
background charge to keep the total system charge neutral. The solution can be
written in a compact form by use of the polylogarithm Lij(z) =Y ,~¢ ;—2

¢o(z)=%f Liy (2™/14) 4 Liy (e~ 2%/1ay | | (11)
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Between two neighboring layers at nLa and (n+ 1)La, the resulting potential is
simply given by the parabola

2no

¢0 (Z) = Le

——(z—nLa)(nLa+ La—z). (12)

From the elementary solution Eq. (11) it is straightforward to determine W, and
V; by summing up the contributions from the different layers within the superlat-
tice unit cell and adding the numerically determined correction terms due to the
discreteness of the charge distribution.

3.1.2 Free Energy

Eventually, we give the expression for the free energy per lattice site (8~ = kzT)

f(n,d,A)= Zln +e Py =L Zdl +57 Z”lez'”l'—*Z(ll Vin.

w !
(13)
Sums over layers are restricted to a single superlattice unit cell. The self-consistency
equations are solved by maximizing Eq. (13) with respect to A; and minimizing the
resulting function with respect to the mean fields n; and d; under the constraint of
charge neutrality, };n; = N.

A typical solution of the self-consistency equations at 7 = 0 is shown in Fig. 1
for a superlattice with N = M = 10. The charge distribution n; allows one to dis-
tinguish naturally between three different regions, n; ~ 1, n; =~ 0.5 and n; ~ 0. The
layers with filling n; = 0.5 separate the “Mott-insulating” (MI) regions (1; ~ 1) from
the “band-insulating” (BI) regions with n; ~ 0 (notice that the whole system is ac-
tually metallic). The presence of the interface (IF) layers with filling n; ~ 0.5 is a
consequence of the polar nature of the Mott insulator.

ﬁNH 2L

4 Transport Properties

From the self-consistent solution of the mean-field equations we also obtain the
quasi-particle dispersion Ey, and the envelope wave-function Wiy (/). At low tem-
peratures, it is expected that the transport properties can be understood from the
properties of the quasi-particles [9]. We therefore start by discussing the electronic
structure.



Subband Renormalization in Correlated Oxide Superlattices 187

4.1 Characterization of the Generic Electronic Structure

The quasi-particle dispersion Ey, is shown in Fig. 2a for the N = 15, M =5
superlattice. The value of the on-site repulsion, U, = 22¢, is well above the crit-
ical interaction strength of the Mott transition in the half-filled bulk system [20],
U, ~ 16t. Thus, the quasi-particle dispersion shown in Fig. 2 corresponds to the
strongly correlated regime. In panels (b) to (d) we show the subband filling ny,
the quasi-particle weight Z, [Eq. (1)] and the induced particle-hole asymmetry o,
[Eq. (2)] of the subbands shown in (a). Although the spatial weight of the enve-
lope wave-function W, (/) extends over the whole super unit cell and also depends
on the value of g [8], it is possible to group the different subband states accord-
ing to the regions where most of their spatial weight is located. We thus define
vwir=1,....N—1,vip=N,N+1and vgy = N+2,...,L. Notice that due to strong
local correlations, the quasi-particle weight Zy,,, and Zy,, is strongly reduced for the
subbands of the MI and IF region [panel (c)], whereas the particle-hole asymme-
try Oy, is enhanced most dominantly for the subbands of the IF region [panel (d)].
These are the basic characteristics of the interfacial heavy-fermion state obtained
by the slave-boson mean-field approximation at low temperatures. The coherent hy-
bridization of the itinerant degrees of freedom in the BI and IF region with the
almost localized degrees of freedom in the MI region is mediated by the intra-layer
hopping and leads to heavy-fermion behavior of the interfacial subbands. The sit-
uation is reminiscent of heavy-fermion systems as described for example by the
periodic Anderson model [21]. However, in the present case, localized and itiner-
ant degrees of freedom have the same orbital character but are separated spatially —
in contrast to the classical heavy-fermion systems where the localized f-electrons
hybridize with the states of the conduction band.

a b
N=15,M=5,U,= 22t, E= 0.8t
10 2
. . . + b 18 CtbeO
Fig. 2 (a) The quasi-particle = 34 o)
dispersion Ey, as function e = %,
of the non-interacting in- 0 0.5 %OQI\:()
plane dispersion &. (b) The 0 N7
subband filling ny, (¢) the -4 2 0 2 4 0 10 20
quasi-particle weight Z, and Ew/t v
(d) the induced particle- c d
hole asymmetry o, for the 1 x40 o
individual subbands which o 30
correspond to the dispersion N o |, 20
in (a). Circles are associated N0.5 3 0 o =
w1th the subbandsh of the MI 0 ~ % OOOC
region, squares with the IF m o, [
and diamonds with the BI 00 10 20 7100 10 20

region. v v
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4.2 Drude Weight

The Drude weight in the optical conductivity is obtained as described in [8,9]. One
finds the familiar expression for a quasi-particle response,

2

€ _
D= ;Dv; Dy = MAVVV; (14)

where Ay is the Fermi surface volume of the sheet v and v, = Z, (|Vkéx|)rs /7 is
the Fermi velocity averaged over the Fermi surface. In Fig. 3a we illustrate how D
evolves from the band insulator (N = 0) to the Mott insulator (N = L), which both
have a vanishing D. The maximal D as a function of the averaged electronic density
N/L depends on the value of E¢/t and shifts to lower N’s for increasing E¢ because
the screening length is reduced.

4.3 Seebeck Coefficient

Thermoelectric effects are characterized by the Seebeck coefficient S. In terms of
the subband contributions it is written as

s
S:Zv: vov. o:Zv:cv. (15)

o

constant relaxation time

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

N=15
M=5

kpT = 0.01t
0 B

0.5 1 1.5
Eclt

Fig. 3 (a) The Drude weight D as function of N/L for different values of E¢ for a superlattice
with period L = 20. (b) The total Seebeck coefficient S (triangles) and the different contributions
S, associated with the MI (circles), IF (squares) and BI (diamonds) regions as a function of E¢
evaluated for a constant relaxation time. In both panels, the value of the on-site interaction is fixed
at U, =22t
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Here, o is the total electrical conductivity and Sy the Seebeck coefficient associated
with the subband v. In lowest order in the temperature we have [9]

77.72k3 kBT T N
Sy =——= oy +Ae [ X v 16
v 3 eZvAei{er "(errt/Vvﬂ (16)

where Ag); = &) — g, is measured from the band edge and defined through
Ey(gy) =0, 7y(€) is the relaxation time of the subband v and

&2k
m(s):/(zT)z\Vkska‘(efek). 17

The prime (') in Eq. (16) denotes the derivative with respect to € at the Fermi
surface. Attempts to calculate 7, from a microscopic model offers a challenging
task in correlated, disordered and inhomogeneous systems (see also Ref. [9]). For
simplicity, we discuss here the case of a constant relaxation time. We assume an
energy-independent relaxation time 7, for the subbands associated with the differ-
ent regions, n = MI, IF, BI, and therefore obtain

S, SyD
S:Z non, Sn:vz VD V7 Dn:ZDv’ Gn:DnTw (18)
n n n

Vn

Figure 3b shows the different contributions S, to the total Seebeck coefficient for a
superlattice with N = 15 and M =5 as a function of the parameter E. The contribu-
tion Sir from the subbands associated with the interface is most dominant and |Sg|
increases for increasing E¢ (remember that a large value of E¢ yields a sharp charge
distribution). This can be understood by the fact that the particle-hole asymmetry
ay induced by the correlations is largest for the subbands of the interface region and
increases for a sharper interface due to a reduction in the hybridization (intra-layer
hopping). However, the total (absolute) Seebeck coefficient is at best equal to its
largest subband contribution, |S| < max, |Sy|, but is in general smaller, as shown
in Fig. 3b by assuming Ty = Tir = Tp1. Nevertheless, we can state the conditions
for which the interface contribution becomes large in the constant-relaxation-time
approximation: (i) strong electronic correlations, U, > U,, (ii) large values of N,
such that bulk-like properties in the center of the MI are obtained, and (iii) a sharp
interface (E¢c > t).

4.4 Comparison to the Atomic Limit Result

Note that the above discussed enhancement of |Syr| at low temperatures is a non-
local effect. It is therefore expected that any reduction of spatial coherence across
the interface will suppress and eventually destroy this mechanism. The influence
of the reduction of spatial coherence due to thermal fluctuations is clearly seen by
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analyzing S in the high-temperature (atomic) limit. Let us in the following discuss
the situation ¢+ < kgT < U such that doubly occupied sites are completely sup-
pressed. In the homogeneous system at density n, the S is given by the entropic
contribution alone [22,23]. This yields Heikes formula

Skjlog{z(ln)} (19)

n

where the log2 contribution arises from the entropy of the spin degree of freedom.
As pointed out in Ref. [24], in transition metal oxides also the inclusion of orbital
degrees of freedom is necessary. This is in principle straight forward but we will not
discuss it further here. For the inhomogeneous system an appropriate generalization
of Eq. (19) is given by

2(1—n
Y, S0 kg x1108 {%} m(l—n)

S (20)
c e Yo (1—n)
Here we have used the local quantities
k 2(1— A
S;=——"log [(nl)]7 o =" ﬁnl(l_nl)a 21
e ny 2

with a temperature and doping independent constant A [25]. The weighted sum in
Eq. (20) clearly shows that an inhomogeneous system is not favorable as long as
a local description is appropriate. In fact, if one seeks to optimize the powerfactor
PF = §?0 in this limit for a spatially varying density profile, the optimal solution is
found to be the homogeneous solution with optimal density n ~ 0.12, c.f. Ref. [25].
This is exactly the opposite behavior than found in the low-temperature limit. Re-
stricting to purely electronic contribution, we therefore conclude that a spatially
non-uniform system can only be favorable if spatial coherence is sustained.

5 Conclusions

In summary, we have studied aspects of the parallel transport at low-temperatures in
strongly-correlated superlattices from the semiclassical point of view. The generic
electronic structure is discussed and self-consistently computed from microscopic
parameters using the four-boson approach of Kotilar and Ruckenstein to deal with
strong local correlations. Implications for the parallel transport are illustrated by
the free-carrier response and the thermoelectric effects. The presence of the in-
terface introduces new aspects not feasible in the bulk systems. Here, we have
discussed the scenario of an interfacial heavy-fermion state where the coherent hy-
bridization of itinerant and almost localized degrees of freedom leads to a large
particle-hole asymmetry which can be responsible for a high value of the Seebeck
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coefficient. We find that this mechanism is a non-local effect and that spatial coher-
ence is crucial. If such mechanisms are also relevant for the giant value observed in
SrTi03/SrTip gNby 2,03 superlattices [26] need to be clarified by further studies of
more realistic models.

Acknowledgements We would like to thank S. Pilgram, M. Ossadnik, R. Asahi and T. M. Rice for
valuable discussions. We acknowledge financial support of the Toyota Central R&D Laboratories,
Nagakute, Japan and the NCCR MaNEP of the Swiss Nationalfonds.

References

19.
20.

21
22

23.

24
25
26

. A. Ohtomo, D.A. Muller, J.L. Grazul, and H.Y. Hwang, Nature 419, 378 (2002).
. N. Nakagawa, H.Y. Hwang, and D.A. Muller, Nature Mat. 5, 204 (2006).

. S. Okamoto and A.J. Millis, Nature 428, 630 (2004).

S.S.A. Seo et al., Phys. Rev. Lett. 99, 266801 (2007).

. M. Takizawa et al., Phys. Rev. Lett. 97, 057601 (2006).

. K. Shibuya et al., Jpn. J. Appl. Phys. 43, L1178 (2004).

. J. Chakhalian et al., Science 318, 1114 (2007).

. A. Riiegg, S. Pilgram, and M. Sigrist, Phys. Rev. B 75, 195117 (2007).

. A. Riiegg, S. Pilgram, and M. Sigrist, Phy. Rev. B 77, 245118 (2008).

. A.B. Pippard Magnetotransport in metals (Cambridge University Press, 1989).
. S. Okamoto, A.J. Millis, and N.A. Spaldin, Phys. Rev. Lett. 97, 056802 (2006).
. D.R. Hamann, D.A. Muller, and H.Y. Hwang, Phys. Rev. B 73, 195403 (2006).
. S. Okamoto and A.J. Millis, Phys. Rev. B 70, 241104(R) (2004).

. G. Kotliar and A.E. Ruckenstein, Phys. Rev. Lett. 57, 1362 (1986).

. R. Frésard and P. Wolfle, Int. J. Mod. Phys. B 6, 237 (1992).

. E. Arrigoni and G.C. Strinati, Phy. Rev. B 52 (1995).

. M.C. Gutzwiller, Phys. Rev. Lett. 10, 159 (1963).

. J.K. Freericks, Transport in multilayered nanostructures: the dynamical mean-field approach
(Imperial College Press, London, 2006).

S. Wehrli, D. Poilblanc, and T.M. Rice, Eur. Phys. J. B 23, 345 (2001).

W.E. Brinkman and T.M. Rice, Phys. Rev. B 2, 4302 (1970).

. T.M. Rice and K. Ueda, Phys. Rev. Lett. 55, 995 (1985).

. G. Beni, Phys. Rev. B 10, 2186 (1974).

P.M. Chaikin and G. Beni, Phys. Rev. B 13, 647 (1976).

. W. Koshibae, K. Tsutsui, and S. Maekawa, Phys. Rev. B 62, 6869 (2000).

. S. Mukerjee and J.E. Moore Appl. Phys. Lett 90, 112107 (2007).

. H. Ohta et al., Nat. Mat. 6, 129 (2007).



Thermoelectric Properties of Junctions
Between Metal and Models of Strongly
Correlated Semiconductors

M. Rontani and L. J. Sham

Abstract We study the thermopower of a junction between a metal and a strongly
correlated semiconductor. Both in the electronic ferroelectric regime and in the
Kondo insulator regime the thermoelectric figures of merit, ZT', of these junctions
are compared with that of the ordinary semiconductor. By inserting at the inter-
face one or two monolayers of atoms different from the bulk, with a suitable choice
of rare-earth elements, very high values of thermopower may be reached at low
temperatures.

1 Introduction

New thermoelectric coolers and power generators are under massive investigation
[1]. The quality of the material needed in a thermoelectric device is defined by the
dimensionless figure of merit Z7', where T is the absolute temperature, and Z is
expressed in Eq. (1) in terms of transport coefficients. Currently, the highest value
of ZT, which is ~1 at room temperature, is found in Bi—Te alloys [2]. New devices
would be competitive with traditional refrigerators if ZT were about 3 ~ 4: the major
lack of high-ZT materials is at temperatures below 300 K.

In this paper [3] we propose a junction of metal and strongly correlated semi-
conductor as the basis for a possible efficient low-temperature thermoelectric de-
vice. This system embodies previous intuitions that were recognized as fruitful
[4-16] in different materials/devices such as rare-earth compounds, superlattices,
and metal/superconductor junctions. We now outline these concepts and briefly
review the related literature.
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From the definition 5
z-2° (1)
(Ke + K )

where Q is the absolute thermopower (Seebeck coefficient), o the electrical con-
ductivity, and k., and x; the electronic and lattice part, respectively, of the thermal
conductivity, it follows that an ideal thermoelectric material should have high
thermopower, high electrical conductivity, and low thermal conductivity. Semicon-
ductors seemed to have the optimum collection of these properties, in contrast with
metals, which have high o but low Q, and insulators, which have high Q but low ©.
However, in the last thirty years no substantial enhancement of ZT' beyond ~1 has
been obtained.

A breakthrough came with the synthesis of new materials such as filled skut-
terudites, which have nearly bound rare-earth atoms, closed in an atomic cage,
whose “rattling” under thermal excitation scatters phonons, dramatically reducing
K; [4]. More generally, heavy atoms in compounds help with lowering k;. Mahan
and Sofo [5] also showed that the best bulk band structure for high Q is one with
a sharp singularity in the density of states very close to the Fermi energy. These
results provide the first idea in the search for the best thermoelectric, namely to look
at rare—earth compounds as major candidates. In fact, mixed valence metallic com-
pounds (e.g. CePd3, YbAI3) show high values of O, but at the present time no useful
value of ZT has been reported [17].

The second idea is that the best thermoelectric must have an energy gap. Be-
cause in ordinary semiconductors the optimum band gap is predicted to be about
10 kgT (kg being the Boltzmann constant) [6], one is led to consider small-
gap semiconductors for low-temperature applications. If the chemical composition
of semiconductors includes transition metals or rare earths, conduction and va-
lence bands are frequently strongly renormalized by correlation effects, forming
a temperature-dependent gap (see Fig. 1): this is the case for mixed-valent semi-
conductors, usually cubic, whose relevant electronic properties may be modeled by
a f-flat band and a broad conduction band, with two electrons per unit cell [18].
This class of materials consists of two subclasses: The first is the Kondo insulator,
characterized by a very strong Coulomb interaction between electrons on the same
rare-earth site, usually described by the slave boson solution of the Anderson lat-
tice Hamiltonian [19, 20]. Mao and Bedell predicted a high value of ZT for bulk
Kondo insulators (the lower the dimension, the higher the value) [7]: however, some
experimental reports seem to exclude this possibility [21]. The second, called the
electronic ferroelectric (FE) [22], consists of semiconductors with high dielectric
constants, such as SmBg and Sm;Ses, and it is modeled by the self-consistent mean-
field (MF) solution of the Falicov—Kimball Hamiltonian [23]. The ground state of
the insulating phase is found to be a coherent condensate of d-electron/f-hole pairs,
giving a net built-in macroscopic polarization which breaks the crystal inversion
symmetry and makes the material ferroelectric [22].

Another useful observation is that ZT is expected to increase in quantum-well
superlattices, due to the modification of the density of states [8—10]. Moreover,
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Fig. 1 Bulk energy bands of materials on both sides of the junction vs wave vector, for the three
cases under study. The energy unit is 7, and &; = 8:, = & = 0 = 0. The second panel [case (i)]
shows also the “bare” band structure (dashed lines, Vs = A = 0). The metal (semiconductor) bare
bandwidth is 47’ (4r), with 1" = 5¢. The chosen parameters are: (i) A(T =0) = 0.49¢, V4 = 0.
(ii) A =0, Vg = 0.49¢. (iii) 1" = 0.1411, V, = 0.0711.

superlattices with large thermal impedance mismatch between layers seem very
efficient at reducing k; because interfaces scatter phonons very effectively [11] (see
also Ref. [24]).

In addition to the above literature, this work was stimulated by some recent ad-
vances in thermoelectric applications of junctions. Nahum and coworkers [12] built
an electronic microrefrigerator based on a metal-insulator—superconductor (NIS)
junction. Subsequent experimental [25] and theoretical work [13,26,27] confirmed
this new idea. Edwards and coworkers [13] showed that tunneling through struc-
tures with sharp energy features in the density of states, like quantum dots and NIS
junctions, can be used for cryogenic cooling. It seems then natural to us to study the
junction between a metal and a strongly correlated semiconductor.

There were recent proposals for devices such as semiconductor/metal superlat-
tices with transport perpendicular to interfaces. Mahan and Woods [14] suggested a
multilayer geometry with the thickness of the metallic layer smaller than the elec-
tronic mean free path and the semiconductor acting as a potential barrier (thermionic
refrigeration). Independently, Moyzhes and Nemchinsky [15] proposed a similar
configuration with the metallic layer thickness comparable to the energy relaxation
length. We cite also Min and Rowe’s idea [16] of using Fermi-gas/liquid interfaces.
While the analysis of electronic transport of Refs. [14, 15] is not directly applicable
to our study, nevertheless this experimental geometry, with the strongly correlated
semiconductor replacing the barrier layer, could be actually implemented.

In summary, we build on two key ideas from the above literature for increas-
ing ZT. One is to utilize the sharp energy features in the density of states of
bulk materials as in strongly correlated semiconductors. The other is to exploit the
good thermoelectric characteristics of a junction. In this paper, we combine these
ideas in exploring the thermopower behavior of a junction between a metal and
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different classes of semiconductors. We describe the gapped material on one side
of the junction as the solution of the Falicov—Kimball Hamiltonian [23] in differ-
ent regimes. In particular, we consider the case of: (i) electronic ferroelectric (FE),
where, because of the Coulomb interaction between f-holes and d-electrons, the MF
insulating ground state is a condensate of excitons [22,28]; (ii) narrow band (NB)
semiconductor, characterized by the d-f band hybridization: it would be a Kondo
insulator had we taken into account the f-f electron repulsion; (iii) broad band
semiconductor (SC), for comparison. In these three cases, we solve the electronic
motion across the junction by means of a two-band model in a finite-difference
form. In addition to the clean interface, we consider an “impurity” overlayer made
either of rare-earth atoms, with relevant atomic orbitals of f-type, or of atoms with
d-type orbitals, like transition metals. In the latter case, electrons can hop from these
“d-impurity” sites to adjacent neighbor atoms, while in the former f-impurity case
hopping is assumed to be negligible. This scenario is motivated by recent advances
in atomic layer fabrication. We compute Q and ZT for the interface via a linear
response. We find that Q can be greatly enhanced by the presence of a suitable f-
impurity layer at the interface. In these regimes, bulk thermal conductivity would
be dominated by phonons which would reduce ZT. However, one can fabricate the
junction with two materials with large thermal impedance mismatch, so that phonon
scatterings at the interface decrease the thermal conductivity. Thus, phonon conduc-
tivity would not diminish the high Z7T found [3].

The structure of the paper is as follows: in Section 2 we describe the model
Hamiltonian, in Section 3 we solve the electronic motion across the junction, and
in Section 4 we compute transport coefficients and Z7'. In Section 5 we present and
discuss our results, for the clean interface (5.1), and for the d- (5.2) and f- (5.3)
impurity layer.

2 The Model

We introduce the one-dimensional spinless Hamiltonian .7# to model the motion
across the junction along the z direction perpendicular to the interface between a
metal and different types of semiconductor. . is given by the sum of three terms:

H = %netal + «%ﬁnterface + %K- (2)

Hnetal 18 @ tight-binding Hamiltonian describing the metal on the left side of the
junction:

S = (€ +eV) Y. didj—1' Y dld;; i + He. 3)

Jj<0 Jj<0

Here d; destroys an electron at the lattice site with energy €, and position z = aj,

a is the lattice constant, ¢’ is the hopping parameter for nearest-neighbor sites, and

V is the electrostatic potential across the junction by applying an external bias. In

our model, V is constant in the two bulk regions with a discontinuous step at the in-

terface, although the actual profile should be determined self-consistently together
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with the electronic density. The third term J7g in Eq. (2) is the Falicov—Kimball
Hamiltonian [23] referring to the insulator on the right side of the interface. In addi-
tion to the Coulomb interaction Uy between the d-electrons at sites z = aj and the
f-electrons localized on atoms at z = a(j+ 1/2), we add a hybridization term (Vy
is the modulus of the hybridization integral) between d and f orbitals. Because the
crystal has inversion symmetry, this term has to be odd:

Hi = I+ A (4)
%(1)7~ de.Jr". 1l ) _ de4
FK — & Z j4jtEr ij+1/2f/+1/2 Z j4itl
j>0 j>0 >0 (5
—vdfzfj+1/2d,+v,,,f2fjfl/2d, + H.c., (6)
Jj=>0 j=>1
: o
S = Uy fbd}- diff oy pfinn+ Udel didif]  pfi 7
Jj= 7>

where t is the hopping coefficient, and & and &; are the f- and d-site energies,
respectively. The second term % erface in Eq. (2) is the Hamiltonian at the interface,
which describes the overlayer made of d-sites at z =0 and f-sites at z = a/2:

Hnterface = édOdng =+ f':fl/Zf]T/zfl/I (®)

Here we included the possibility of “impurity” atoms at the interface, namely one
with energy €, at z = 0 and another one with energy &1, atz=a /2.
To provide the MF solution of the Hamiltonian 7# of Eq. (2), we assume that

<d}dj> =ng, <f;+1/2fj+l/2> =ny, for j > 1, Udf<d;fj+l/2> = Udf<d;fjfl/2> =
A, and <dgd0> = nyo, <f1T/2f] /2> =y /. Here (...) is the symbol for the quantum
statistical average. Note that, in addition to the usual mean orbital occupations n,
and ny of standard Hartree-Fock theory (0 < ny,ny < 1), we also introduce the non-
vanishing pairing potential A, characteristic built-in coherence of the d-electron/
f-hole condensate.

The MF Hamiltonian s#MF to be computed self-consistently together with the
energy spectrum, is:

R Y Y d;dj + 40dydo + Sfl/sz/zfl/z 'y d}Lderl -ty didj
j<0 J<0 j=0

—(A+Vy) gb fjﬂ 1ndj = (A= V) ;1 fj_l dj+He., ©)
JZ J=

where we introduced the renormalized quantities €q0, €f1/2, €f, and &, treated as
material parameters. For the sake of simplicity, we assumed ¢ >t and €, = £, =0,
i.e., the middle of the d-band on both sides of the junction is aligned, and the metal
bandwidth (4¢') is larger than the semiconductor bandwidth (4¢). We consider only
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the case €7 = 0, that is the flat band is in the middle of the d-band in the right-side
material (see Fig. 1) [29]. Note the different parity of A- and Vy~-terms: while the
Vy-term is odd, the A-term is even [20].

The values of orbital occupancies as well as A are spatially inhomogeneous and
should be determined self-consistently together with the equations of motions. We
make the approximation that those are the bulk averages appropriate to each side of
the interface layer. In particular, we take the order parameter A as constant on the
right side of the interface, and zero on the left side.

The temperature dependence of A is much stronger than that of the average or-
bital occupancy. We determine numerically A, together with the chemical potential
U, as the bulk value deep inside the right material in a self-consistent way. We as-
sume a bulk electronic occupation of one electron per unit cell (a cell contains one
d-site and one f-site), namely

1
ﬁ2<d§d/+ff+1/2ff+1/z> =1 (10)
s j

where N; is the number of cells. Equation (10) allows us to calculate the chemical
potential u for the bulk. Because the MF Hamiltonian is strongly temperature-
dependent, so u is. Since u refers to the bulk value inside the semiconductor, the
metal on the left side acts as an electron reservoir.

We will consider three specific cases for the actual values of the parameters in the
Hamiltonian 2#MF of Eq. (9): (i) Vyr — 0 and non-zero Uy, i.e., the case FE of the
electronic ferroelectric with negligible hybridization [30]. (ii) Uy — 0 and non-zero
Var, i.e., the case NB of a f-band hybridized with a d-band, that is a narrow band
semiconductor which would be a Kondo insulator if it were driven by the conden-
sation of slave bosons. (iii) A ordinary, “broad band” semiconductor (SC), without
center of inversion. In the latter case we still use M but we regard it simply as a
one particle Hamiltonian where the “d” and “f” indices are pure labels, and we re-
name Vs as t, considering it as the odd part of a hopping coefficient between nearest
neighbor sites, A as V., the even part, and ¢ as t”, a second nearest neighbor hopping
coefficient. We make the choice t > V,, V. ~ t”, leading to broad conduction and
valence bands with different effective masses.

3 The Equations of Motion

We now find the canonical transformation that diagonalizes #MF in a self-
consistent way. It is convenient to refer all the excitation energies to the chemical
potential . Thus, we replace the Hamiltonian /ZMF with 7#MF — uN, where the
number operator N is N =} ; d;d i+ f; )2 fj+1/2- We then introduce the unitary
transformation for electrons

1
yke:\/—ZVZ[MZ(j)dj—i-vZ(j-l-1/2)fj+1/2], (11)
S



Junctions Between Metal and Models of Strongly Correlated Semiconductors 199

and similarly for holes, where & is a quantum index, only equivalent to the crys-
tal momentum in the bulk case. The idea is that the operators y,:e, yi o, diagonalize
AMF — N and create elementary quasi-particle excitations of energy (k) (elec-
trons) and @(—k) (holes), respectively, if applied to the ground state. Therefore the
equations of motion are derived from

ke = [Yee, A — UN] = O(K) Ve (12)
and the Hamiltonian /#MF — uN acquires the form

AME—uUN =Y 0(k) ¥, Ve + O(—K) V. 1Vt (13)
k

Note that in our definition the operator yi 4, 18 @ fermionic creation operator which
excites a hole, hence the hole energy is positive, @(—k) > 0 [“excitation represen-
tation” (ER)]. Since @(k) depends on u and A, it depends on the temperature T
as well. From Eq. (12) we obtain finite-difference equations of motion for the site-
coefficients u and v of the junction. For the bulk semiconductor the equations are:

[@(k) + pluw(j) = =t (j—1) =t (j+1) = (A" = V) w(j = 1/2)
— (A" + V) w(j+1/2), (14)
[@(k) + ulvi(j+1/2) = — (A + Vi) i (j) — (A = Vigp) e (j + 1) j=> 1L

To solve the system of Egs. (14), we write down the trial two-component

wavefunction
uk(J) We \ ikaj
= . . 15
(vk<j+ 1/2)) (vkelkaﬂ)e >

In the following, we take without loss of generality u; > 0, as well as A, V real.

Equation (15) is compatible with Eq. (14) only if w(k) = & + Ex — 1, where
& = & /2, & = —2rcos (ka), Ex = \/EZ+|Ax — Vil A = 2Acos (ka/2), Vi =

2iVyysin (ka/2). Consequently, the amplitudes (ug,vy) are given by (Vi — Ay) uy =

(& + Ex) vk, plus the normalization condition u7 + lve|> = 1, that is up = (1+&/
EQ) /2, > = (1 — &/Ey) /2. Figure 1 shows typical quasi-particle band structures
on both sides of the junction for the three different cases under study. In this picture
the energy branches are drawn according to the “semiconductor representation”
(SCR), where the quasi-particle energy € for holes is negative, namely € = —® for
holes. In SCR the ground state (vacuum of y-operators in ER) is obtained by filling
with electrons the valence band and leaving empty the conduction band. Note that
the asymmetry of conduction and valence bands close to the gap is remarkable in
case (i) and (ii), contrary to case (iii). For FE (NB) the gap is indirect, and the



200 M. Rontani and L. J. Sham

bottom (top) of conduction (valence) band is much flatter than the top (bottom) of
valence (conduction) band, while the curvature of the two SC bands close to the
direct gap is comparable.

It is easy to derive an expression for the probability current density Jiy asso-
ciated with the quasi-particle wavefunction (u,v) (see Ref. [33]). Clearly the bulk
current is site-independent. It can be shown that Ji.y = (ah)~'d w(k) /dk, i.e., the
quasi-particle velocity has the same expression as the semi-classical one. According
to the latter formula, the solution (15) represents a two-component electron wave-
function with wave vector k travelling from left to right if £ > 0.

Let us focus on case (i). The temperature dependence of the order parameter A
is given by

a(r) =34 ;{jgkcos (ka/2) |1~ f(@(—4) — fl0®)] ). 6)

where f(®) = (eﬁ“’ + 1) ~!is the Fermi function (B =1/kgT). Equation (16) is the
analogous of the BCS gap equation, implicitly defining A (7). The constraint (10)
on the electron number is an implicit definition of u(7'); in terms of Y operators it
turns into:

;S;ﬂw(k)) - ]\I,S;f(cb(—k)). (17

We solve both Egs. (16) and (17) simultaneously to obtain the values of A(T) and
u(T) deep inside the FE bulk. A critical temperature T¢ exists at which A = 4 =0,
i.e., the energy gap of the material vanishes.

Since we know the bulk solution on the semiconductor side of the junction, we
now study the motion of quasi-particles along the whole junction. The equations of
motion for the bulk metal on the left hand side,

[(k) + p]ur(j) = eVur(j) —t'we(j—1) =t (j+ 1),
[w(k) +u]vi(j+1/2)=0 j<O, (18)

(i) = (o)

with energy @’(q) = eV — 2’ cos (ga) — U, and probability current density Jien (j) =
2¢'n~ 1 sin (ga), or, equivalently, Jiy = (ah)~'d @'(q) /dq.

The idea is to match the bulk solutions on both sides of the junction. The physical
boundary condition is that an electron, travelling e.g. from z = —oo towards positive
values of z, is partly transmitted through the junction and partly reflected. Note that
the same energy @ corresponds to two different bulk wave vectors g and k. We
always use k to label the coherent electronic state through the whole space, with the
convention that both k and ¢, wave vectors in their respective bulks, correspond to
the same energy . It is convenient to define the wavefunctions

have the Bloch solution
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lPlL(J) ) <1> igaj (1> —igaj :
= el —R e Y Y, 19
Q%LU+4/Q 0 “\o / =
Pir(J) Uk ikaj v/
=T . oy 20
with the elastic scattering condition ®'(g) = w(k). If we define
( ui(J) )
ve(j+1/2)
as the solution of the motion across the whole junction, we immediately have from
Eq. (18) that
u(J) ) ( i.(j) ) :
) = . <0, (2D
Qm+um i (j+1/2))
ur(0) = ¥ (0), and from Eq. (14) that
. (i
( bfk(]) ) _ ( 1.R(J) ) i>1, (22)
ve(j+1/2) Por(j+1/2)

vi(1/2) = W5g(1/2), because Egs. (14) and (18) are linear and homogeneous. We
have still to determine the two unknown parameters 7; and Ry, so we need the two
interface equations not yet employed:

[ (k) + 1] (0) = Eqour(0) — ' (—1) — 1 (1) — (A" + V) we(1/2),  (23)

[@(k) + ] vi(1/2) = €712k (1/2) = (A + Vi) ux (0) = (A = Vi) (1) . (24)

We replace u(—1), ur(0), ur(1), vi(1/2), in Egs. (23) and (24) with ¥j.(—1),
YiL(0), Wir(l), Whr(1/2), respectively, obtaining a linear system for the two
unknowns Ry and Tj:

— (A4 Vi) R+ [ (0= g12) e+ (4 = Vig) e | T = — (A + Vi)
(25)
(70) + &40 — t/eiqa> R+ [(A* + V{;})Vkeika/Z thukeik“}Tk = —W+ &y — t'ei9e,

To solve system (25) we fix @, then we obtain k and ¢, and hence u; and v;: once
we input as parameters A, Vi, €40, and €fy j», the whole coefficient matrix of sys-
tem (25) is known and 7; and R can be eventually obtained. In Eq. (19) we chose
a normalization such that the flux of the incident wave is J,‘(‘e‘fv = 2t'h"'sin (qa),
and that of the reflected wave is J©f = — |R¢|*2¢'n~"'sin (ga), hence, by definition,
the reflection coefficient is given by Z(®) = |/ | / |75 | = |R¢|*. The transmis-
sion coefficient .7 (@) may be calculated most simply by probability conservation,
T (0) =1-Z%(0). 7 (o) is the key quantity to compute the thermopower.
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Because of the two-fold degeneracy of the energy m, we have to consider also
the quasi-particle associated with —k (and —gq), with k > 0. It is clear now how
to rewrite Eqs. (19) and (20), because an electron coming from the right is partly
reflected into the right-hand side of the junction and partly transmitted into the left-
hand side. Therefore, we can proceed as above. By time-reversal symmetry, one has

T (0(k)) = 7 (0(—k)).

4 Transport Coefficients and ZT

If we apply an electric field E or a temperature gradient VT across the junction, we
produce electric and thermal currents Jg and Jr, respectively. In a stationary state the
relation between fluxes and driving forces is linear, if fields are small enough [34]:

Jg = LggE + LgrVT (26)
Jr = LygE + Ly VT. 227

Since the computation of the electrostatic and thermal field across the junction is
complicated and not essential to the junction thermopower, we simply assume that
the voltage V and the temperature 7" are constant on both sides of the junction and
have a sharp step at the interface. Thus, instead of Eq. (27), we write

Jg = KEE(fSV) +Kgr 6T (28)
Jr = KTE(—6V) —|—K77'6T, (29)

where we have replaced the gradients E = —VV and VT with (—6V) and 67T,
respectively, where 6V = V (right) — V (left) and 8T = T — T, being T the tem-
perature associated to the right-hand side, and 7, to the normal metal on the
left-hand side. Since we have assumed V (right) = 0, we have —8V =V (left) = V.
The interface conductance is G = Kgg, the thermopower is Q = —Kgr/Kgg, the
thermal conductance is Gr = — (Kyr — KreKgr/Kgg), and the figure of merit is
Z = Q*>G/Gr. Moreover, the Onsager relation holds, Kgr = —K7g/T. From Eq. (29)
the formulae for the K transport coefficients follow: Keg = [0Jg /9 (—8V )] 57 51—
and similarly for the other coefficients. '

Here we closely follow the approach of Blonder et al. [35]. We assume that the
two sides of the junction are in contact with perfect electron reservoirs, at different
temperatures and chemical potentials, and that quasi-particle wavefunctions keep
their phase coherence across the whole system except at z = £oo, where they com-
pletely lose their phase, thermalize and relax in energy due to inelastic scattering
processes of the Fermi sea. Namely, we regard the contacts as perfect emitters or
adsorbers. The electric current density, Jg, will be given by the sum of all contribu-
tions of the quasi-particle excitations to the current, each one weighted by the correct
Fermi distribution function, depending on whether quasi-particles originate from the
left or right reservoir. Because Jg is stationary and conserved, we can calculate it
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in every point of the space, so we choose a lattice site j < 0 in the bulk on the left-
hand side. In particular, the contribution to the density current JéﬂR produced by
electrons going from left to right is

JER = 27 Y e —eV) j<O, (30)
‘ k>0

where the Fermi function refers to the temperature 7, of the metal on the left-hand
side, and the electrochemical potential differs from that on the right-hand side by eV.
The prefactor 2 accounts for the spin degeneracy. Note that Eq. (30) gives the only
electron flux running from left to right on the bulk metal side. On the other hand,
the contribution to the electron current J5® from right to left, always on the bulk
metal side, is given by two distinct terms, one for electrons reflected at the interface
and coming from the left side, hence in equilibrium with the left reservoir, and one
for electrons transmitted through the interface and coming from the right reservoir:

L(—R Z reﬂ _eV _A'_zi ZJtram f(a)(k)) Jj<0. (3D

Ns k>0 Ns k<0

Note that the second sum in Eq. (31) runs over negative k values and the related
electron wavefunctions extend all over the junction, being therefore well defined at
Jj < 0. Now we add Egs. (30) and (31),

JERYIER = 2Ek20 ine(j < 0)[1 —2(w(k))] f(w(k) —eV)

+2—Z i (J>0) 7 (k) f(o(k)). (32)

N k<0

Here the notation J lnc( J > 0) refers to electrons, incident on the interface, coming
from z = +oo. We have

JL—>R+JII§<—R _ 2i Oc;a(g/q(Q) [1 *%((Dl(q))}f(w/(q) 76‘/)
7 L 250 7000 ), )

and going to the continuum limit we obtain
2 00
st =2 [ doT (@) e =e) - fo)],
0

with the convention that .7 (@) = 0 if ® is not in the range of excitation energies
allowed, and h = 27h. Similarly, the hole contribution to Jg is given by

-2 [107 @) f(@+ev) - 1(@)]. G4)
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Therefore, passing to SCR and using the equivalence f(—¢&) = 1 — f(€), the total
current Jg is:

Jp = % :ods (T (e)+ T (—¢)|[f(e—eV)—f(e)].

The electron heat current density Ji.r () is defined by Jier (j) = @ (k) Jren (j)- Rea-
soning in the same way as for Jg, we obtain the total heat current J7:

=2 ["de[7(e)+ F(~e)] elf(e~ev) ~ fe)].

Now it is easy to compute K-transport coefficients from their definitions. We
only summarize the results: Kgg = 2¢’Lo/h, Kgr = —2eLy/Th, Krg = 2eL; /h,
Krr = —2L2/T]’l, with

L, = /:de [7(e)+ T (—¢)] & ( agf)) . (35)

From the transmission coefficient momenta (35) we may also compute the alterna-
tive figure of merit L2 /LoLy = ZT /(ZT +1).

5 Results and Discussion

We present the results for the thermopower Q and the figure of merit ZT for the
different types of junction under study. Bulk parameters are chosen to describe a
large class of materials and are the same as in Fig. 1, with the metal band much
broader than the semiconductor one. With this choice of parameters, the three semi-
conductors have the same gap at T = 0 (Egap = 0.4¢) and approximately the same
bandwidth (= 4¢).

5.1 Clean Interface

First we study the junction with a clean interface (€40 = €1/, = 0). In Fig. 2a we plot
the absolute value of thermopower |Q| vs T. In all three cases |Q| goes to infinity
as T — 0, as expected for both indirect-gap narrow-band semiconductors [36] and
direct-gap ordinary semiconductors [34]. As T approaches the critical temperature
T. of the ferroelectric (kg T, =0.195¢ for our choice of parameters), the thermopower
|Q| of FE goes to zero, while |Q| for NB and SC decreases in a exponential-like
manner as the temperature rises. At T = T¢ the FE gap vanishes and the semi-
conductor turns into a metal with symmetric bands, therefore Q = 0. In the low
temperature region, instead, for kg7 < 0.05¢ (T < 0.25T), i.e., in the region where



Junctions Between Metal and Models of Strongly Correlated Semiconductors 205

101 y y y
g
1072 € 1
o
3 :
> &
= g
g 10° 2 02} 3
03) % 015 020 025
R
S 10} ST
£ —FE =TT
£ [ -
10° L ____
107 . . .
0.00 0.05 0.10 0.15
KgT (tunits)
b
6 T T :

o
©

o
=)

o
>

\ 2

\\\\gii) N

ZT/(ZT+1) (dimensionless)
o
N
/
/
i
i
i
i
=

figure of merit ZT (dimensionless)

KgT (tunits)

Fig. 2 (a) Absolute value of the thermopower |Q| vs T, for the three cases under study. Inset:
Magnification of the same plot, in linear scale, in the neighborhood of 7. for FE. (b) Plot of the
figure of merit ZT vs T Inset: same plot for the alternative figure of merit ZT' / (ZT +1).

A(T) is almost constant, the absolute value of Q for FE and NB is nearly identical.
For SC |Q| is about 60-70% of the NB value in the whole range of temperature. To
compare our results with reported bulk data, we can assume a typical value of 4t =
1 eV for FE or NB, i.e. a gap around 0.1 eV at 7 = 0, with room temperature ~0.1¢.
With these numbers, we have |Q| = 0.11 — 0.14 mV /K at room temperature, val-
ues comparable with those of some rare-earth metals with very high thermopower.
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Fig. 3 Total transmission coefficient .7 (€) + .7 (—€) as a function of the energy € (vertical axis).
From left to right panels correspond to FE, NB, and SC, respectively. Curves for different values
of the d-impurity energy €, are plotted. The parameters used are the same as in Fig. 1.

If instead we assume for SC a typical gap of 0.5 eV, then |Q| is around 0.5 mV /K
at room temperature, consistently with characteristic bulk data. The inset of Fig. 2a
is a magnification of the plot (in linear scale) in the neighborhood of 7. The dis-
continuity of the derivative of Q for the FE curve is a signature of the second-order
ferroelectric transition. Similar kinks are found also for the other transport coeffi-
cients G and Gr. One sees that NB and SC have electron transport character (Q < 0)
while FE has hole character (Q > 0).

To understand the above features, in Fig. 3 we plot the total (electron plus hole)
transmission coefficient 7 (€) + .7 (—¢) vs energy in SCR for the three cases under
study (at 7 = 0). Solid lines refer to the clean interface case. Since the sign and mag-
nitude of Q is established by Eq. (35) for Ly, i.e. by the competition between the dif-
ferent weights of electron and hole transmission functions .7 and .7, respectively,
it is clear that the stronger the electron/hole asymmetry of the transmission coeffi-
cient, the higher the thermopower. Panels (i) and (ii) of Fig. 3 present the remarkable
electron/hole asymmetry close to the gap, hence Q for FE has a strong hole charac-
ter (Q > 0) while NB has a dominant electron character (Q < 0). The situation is dif-
ferent for SC [see panel (iii)], because electron and hole transmission coefficients are
more symmetric, and thus |Q| has a lower value. In the limit of electron/hole symme-
try [7 (¢) = 7 (—€), as it s the case for FE when T — T,], the thermopower is zero.

The other transport parameters, apart from Q, are the electrical conductance G
and the thermal conductance Gr. We find that, for all the three cases under study,
there exists an activation temperature around 0.03¢, below which G and G, as func-
tions of T, exponentially drop to zero, because the number of thermally excited
carriers becomes too small. This behavior, characteristic of a gapped material, shows
that at low temperature the main contribution to the thermal conductance Gr is given
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by the lattice, which is not included, thus dramatically decreasing the actual value of
ZT. This contribution, and hence the minimum working temperature of the junction,
depends on the thermal impedance mismatch of the interface.

Once all transport coefficients are known, the most relevant quantity to be com-
puted for practical applications is the figure of merit ZT, plotted in Fig. 2b as a
function of the temperature. In all three cases ZT is a monotonic decreasing func-
tion of T. However, ZT is much bigger for FE and NB than for SC (except that for
FE ZT — 0if T — T.). At room temperature ZT turns out to be ~0.3 for FE and
~ 0.4 for NB, but already at 7 =100 K ZT is ~ 1.1 for FE and NB and only ~ 0.5 for
SC. In the inset of Fig. 2b, we redraw the same plot in term of the alternative figure
of merit ZT'/ (ZT + 1). While ZT has no theoretical upper bound, the maximum of
ZT /(ZT +1) is 1, corresponding to ZT = co.

It is likely that the one-dimensional model artificially enhances ZT'. Besides, we
do not know how the order parameter A(7T') actually varies at the interface, and
all the effects of charge polarization are neglected: this does not necessarily imply a
reduction of ZT . The only scattering mechanism we have considered is the interface:
in particular, the contribution of phonons to the thermal conductance is neglected.

5.2 d-Impurity Layer

An overlayer of d-impurity atoms at the interface may be built by epitaxial growth
techniques: we find that this configuration does not improve considerably the figure
of merit ZT. In our model, the overlayer is obtained by putting one atom at z = 0
with site energy €. Since the hopping coefficient # is left unchanged with respect to
the clean-interface case, the atomic orbital of the impurity is still of d-type. The es-
sential point here is that the atom at z = 0 substantially participates in the electronic
motion, contrary to a f-site. In case (iii) this distinction between f- and d-sites is no
longer relevant: actually we look at SC only for comparison.

To understand the role of the d-impurity layer in the transport, consider the trans-
mission coefficient vs € in Fig. 3. Here, in addition to the clean interface case (solid
lines), we have also plotted curves corresponding to increasing values of £;9. As €4
increases, the transmission is uniformly depressed over the whole range of energies.
In cases (i) and (ii), results depend only on the absolute value of g4, while (iii) is
more complex, due to the presence of a second nearest neighbor hopping coefficient.

While the effect of the impurity seems important for both NB and FE semicon-
ductors, some caution is needed in accepting these results. First, one cannot make
|€40| arbitrarily large, because its value is physically limited and cannot differ too
much from typical bulk energies, otherwise the impurity would be screened. Second,
in our computation we have taken all parameters but &;9 unchanged with respect to
the clean-interface case, and it is clear that this approximation becomes worse as
long as |g40] increases.

The conclusion is that the enhancement of the figure of merit Z7'/ (ZT + 1) for
reasonable values of gy is quite limited. In general, as long as we increase the
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magnitude of €;9, we slightly enhance ZT uniformly over the whole range of tem-
peratures. It is remarkable that FE and NB values of ZT are always much higher
than SC values. For example, at room temperature, with the usual choice of numer-
ical parameters and g;9 = 5¢, ZT ~0.4 for FE, ~0.6 for NB, and ~ 0.2 for SC, but
already at 100 K ZT ~ 1.8 for FE and NB, while it is only ~ 0.4 for SC.

5.3 f-Impurity Layer

In order to improve dramatically the figure of merit, we propose the insertion of
a rare-earth overlayer at z = a/2, with energy €, /2. Contrary to the results of the
previous section, here it is essential that the localized impurity level is of f-type,
i.e., hardly sharing the electronic conduction. This is not the case for SC, where
tunneling from this “f-site” to adjacent neighbors is allowed: in fact, for SC, the
situation is basically similar to the previous d-impurity case. In case (iii), hopping
to adjacent neighbors is allowed both from the “ f-site” and from the “d”-site. In fact,
SC results for the figure of merit ZT are not dissimilar from the values obtained in
the d-impurity case. In order to gain some insight into the thermopower behavior,
in Fig. 4 we have plotted the total transmission coefficient .7 (&) + .7 (—¢€) vs €
for different values of €5, as in Fig. 3. FE and NB curves [panels (i) and (ii),
respectively] are qualitatively different from those of SC [panel (iii)], as we set
€¢1/2 to negative values in the energy band range. For FE and NB, T goes to zero
in the neighborhood of €/ 5, as if the hole were completely backscattered from the
interface at energies resonant with €¢1 5. On the contrary, in case (iii) the effect is

opposite, with .7 gaining weight for energies close to €¢1/2- The trend is similar for

f—invaurity'
o — 0

energy ¢ (t units)

0.0 00 04 038

T(e)+T(—¢)
Fig. 4 Total transmission coefficient 7 (¢) +.7 (—¢) as a function of the energy € (vertical axis).

From left to right vertical panels correspond to FE, NB, and SC, respectively. Curves for different
values of the f-impurity energy €¢;/, are plotted. The parameters used are the same as in Fig. 1.
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Fig. 5 Thermopower Q vs T for FE. Left panel: Curves for different values of &7/, < 0. Right
panel: The same with &¢1 5 > 0. Bulk parameters as in Fig. 1.

€r1/2 > 0, showing total reflection in the neighborhood of positive values of €1 /, in
cases (i) and (ii). These results demonstrate that while the f-impurity level of FE and
NB does not share the electronic conduction, due to localization, it strongly affects
the transmission, because either in case (i) the quasi-particle excitation is a coherent
superposition of d- and f-states, or in case (ii) the “bare” bands are hybridized.
The overall effect of the f-impurity layer on transport is so strong that it even
changes the dominant (electron or hole) character of Q, i.e., its sign. For the sake of
simplicity, we now consider only FE. In Fig. 5 we plot Q vs T for different values
of €7y/. Left panel refers to €71/, < 0. We see that, as we set &/, from zero to
negative values, O changes sign: already at &y, = —0.17 Q has electron charac-
ter (Q < 0) as T — 0, while for kgT > 0.02¢ Q has hole character (Q > 0). This
behavior can be understood by examining Fig. 4: the impurity level drastically di-
minishes the weight of the transmission coefficient at the top of the valence band,
while increasing it at the bottom of the conduction band, so that the sign of Q is
reversed at low temperatures, where the only excited carriers are those whose ener-
gies are close to the gap. Note that Q is extremely sensitive to the position of &¢y 2,
in contrast to the case of the d-impurity layer. The right panel of Fig. 5 presents
a similar situation for &y > > 0. Here the situation is a little less obvious: as we
raise the value of €, first Q rises then drops and changes sign. This is due to the
asymmetry of electron and hole bands. At first € /,, now positive, is close to
the bottom of the conduction band, favoring the hole transport because it depresses
the thermally activated electronic channels. Then, as €112 is increased, weight is
added to the transmission coefficient at the bottom of the conduction band. This
weight is swept away from the energy neighborhood resonant with € /5, that now
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is higher in energy with respect to the band bottom. This mechanism also makes O
change sign. A full analysis of the behavior of ZT, which may be reach very high
values, is reported in Refs. [3,33].

6 Conclusions

We have made a qualitative theoretical study of the possibility that a junction of
metal and FE or NB (as opposed to bulk materials or to a junction metal/SC) pro-
duces high thermopower. This is possible if a §-layer of suitable rare-earth impurity
atoms substitutes the original layer at the interface. The localized character of the
impurity f-orbital has a strong effect on the transmission of carriers across the
junction.
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Theory of the Nernst Effect Caused
by Fluctuations of the Superconducting
Order Parameter

K. Michaeli and A. M. Finkel’stein

Abstract We show that the strong Nernst effect observed recently in amorphous
superconducting films far above the critical temperature is caused by the fluctua-
tions of the superconducting order parameter. We present here the main steps of
the calculation and discuss some subtle issues in the theoretical study of thermal
phenomena that we have encountered while calculating the Nernst coefficient. Un-
like the calculation of the electric conductivity, the use of the Kubo formula for the
thermal and thermoelectric transport coefficients meets with certain complications
in the presence of interactions — the interaction enters the heat current operator. In
practice a simplified expression for the heat current operator ignoring interactions
is commonly used. Since in the presence of superconducting fluctuations there is
no justification for the simplified form of the Kubo formula, we preferred to derive
the expression for the Nernst coefficient in the quantum kinetic equation approach.
The Nernst effect provides an excellent opportunity to test the use of the quantum
kinetic equation in the description of thermoelectric transport phenomena. We show
how the third law of thermodynamics constrains the magnitude of the Nernst signal.
In particular, we demonstrate the cancellation of the non-vanishing quantum contri-
butions in the limit 7 — 0 by the magnetization current. As a result, we obtained a
striking agreement between our theoretical calculations and the experimental data
in a broad region of temperatures and magnetic fields.
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1 Introduction

Consideration of the transverse thermoelectric signal (the Nernst effect) in the field
of condensed matter has been a neglected topic for many years. Currently, however,
the Nernst effect is receiving much attention, extending even to fields of research
far from condensed matter such as the theory of gravitation [1]. The “rediscovery”
of the Nernst effect by the condensed matter community happened after the mea-
surement of the effect in high-7, materials above the superconducting transition
temperatures [2, 3]. Since then the Nernst effect has been also observed in conven-
tional amorphous superconducting films far above T [4, 5]. The Nernst effect in
high-7. superconductors [2, 3] has been attributed to the motion of vortices [6—8]
existing even above 7T, (the vortex-liquid regime). In conventional amorphous su-
perconducting films the strong Nernst signal observed deep in the normal state [4,5]
cannot be explained by the vortex-like fluctuations. The authors of Refs. [4,5] have
suggested that the effect is caused by fluctuations of the superconducting order
parameter. Here we present a comprehensive analysis of this mechanism using the
quantum kinetic approach and demonstrate a quantitative agreement between the
theoretical expressions and experiment [5]. No fitting parameters have been used;
the values of 7. and the diffusion coefficient have been taken from independent
measurements (see Refs. [4,5]). In particular, we succeeded in reproducing the non-
trivial dependence of the signal on the magnetic field. Our results imply that in the
quest for understanding the thermoelectric phenomena in high-7;. materials the fluc-
tuations of the order parameter should not be ignored.

The Nernst effect and its counterpart, the Ettingshausen effect, are effective tool
for studying the superconducting fluctuations because in metallic conductors the
contribution of the quasi-particle excitations is negligible. Under the approximation
of a constant density of states at the Fermi energy, which is a standard approxima-
tion for the Fermi liquid theory, this contribution vanishes completely [9]. On the
other hand, the collective modes describing all kinds of fluctuations can in general
generate significant contributions to the Nernst effect. Since the neutral modes are
not deflected by the Lorentz force they do not contribute to the transverse thermo-
electric current. The charged modes, such as fluctuations of superconducting order
parameter, are a possible source for the giant Nernst effect even far from the su-
perconducting transition. The fact that the main contribution to the Nernst signal
originates from the superconducting fluctuations is in contrast to other transport
phenomena such as the electric conductivity. The contributions to the electric con-
ductivity caused by the superconducting fluctuations (paraconductivity [10—12]) can
be obtained only close enough to the superconducting transition, where the paracon-
ductivity increases rapidly and may even overcome the Drude conductivity. Far from
the transition the superconducting fluctuations produce only one among many cor-
rections to the conductivity and are therefore hard to identify. Owing to the fact that
in the absence of fluctuations the Nernst effect is negligible, measurements of the
Nernst signal provide a unique opportunity to study the superconducting fluctua-
tions deep inside the normal state.
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Fig. 1 The setup of the

Nernst effect measure- .
ment. The sample is placed IAY.
between two thermal baths of
different temperatures. The
temperature gradient is in the
x-direction, the magnetic field
is along the z-direction and
the electric field is induced in
the y-direction.

The transport coefficients for the electric and thermal currents are defined via the
standard conductivity tensor:

i\ (6@ E
()= (5%) (or) 2

When the thermo-magnetic phenomena are studied in films (or layered conduc-
tors) the magnetic field is conventionally directed perpendicularly to the conducting
plane, see Fig. 1. Then each element of the conductivity tensor corresponds to a
2 x 2 matrix describing the conductivity components in the x — y plane (see Fig. 1).
The Onsager relations imply that ¢;;(H) = ¢;;(—H) and &;;(H) = T o;;(—H). In an
open circuit setup, from the condition j, = 0 one gets that the Nernst coefficient is:

By Ox Oy — OyyOlyy
-V, T o2+ zey

2

eN

We checked that the second term in the numerator is negligible in comparison to
the first one (see the comment below Eq. (27)). This observation has been verified
by experiment as one can conclude from the results presented in Fig. 2a of Ref. [4].
Therefore, the leading order term for the Nernst coefficient is ey ~ 0ty /Oy and our
goal is to find the transverse Peltier coefficient, otyy.

The electric current generated as a response to an external force, such as the
electric field, can be found in the linear regime by the Kubo formula [13] which
expresses the response in terms of a corresponding correlation function. Extending
the Kubo formalism to the calculation of the response to the temperature gradient is
not trivial because this gradient is not directly connected to any mechanical force.
Following the scheme used in the derivation of the Einstein relation, Luttinger [14]
made a connection between the responses to the temperature gradient and to an
artificial gravitational field. As a result, Luttinger succeeded to relate all transport
coefficients with various current—current correlation functions. A main ingredient
in using the Kubo formula is to derive the quantum mechanical expression for the
current operators that enter the correlation function. The correlation functions that
describe either the thermoelectric or the thermal current involve the heat current.
Luttinger derived the operator for the heat current for a system of electrons that are
scattered by their mutual interaction and by disorder. When the electron—electron
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interactions are neglected, Luttinger’s expression for the thermal current operator in
the second quantization becomes:

g .
=Y —&,¢)(T)cp(7)
; 8[.) P p P
aep AVAS
+Y a—pVimp(pm Jep(T)ew (T) 3)
-

where cp( ) (cp(7)) is the creation (annihilation) operator of a single electron in
imaginary time with energy &, and V;,,,(p,p’) is the potential created by the disor-
der. Using the equations of motion for the creation and annihilation operators one
may replace the Hamiltonian density by the time derivative which in the terms of
the Matsubara frequency becomes:

Z 3£p Zzen io, c;(sn)cp(en — ). @)

P, en

When the mutual interactions between the electrons or the interaction of the elec-
trons with dynamical fields (such as phonons) are considered, the expression for the
heat current becomes a non-trivial function of the interaction. In general, the result-
ing expression for the current is more complicated than just the frequency multiplied
by the velocity as it appears in Eq. (4). There are some exceptional cases in which
the heat current reduces to be the same as for a free electron gas; for example, in
the case of an electron—phonon interaction under the adiabatic approximation [15].
Unfortunately, the simplified expression for the heat current is used in many cases
where there is no real justification for it. Moreover, one can check that this form
of the Kubo formula fails to reproduce the thermal conductivity even for Fermi
liquids. According to the Fermi liquid theory the thermal conductivity of the quasi-
particles obeys the Wiedemann—Franz law. However, when the simplified form of
the Kubo formula is used, the resulting expression for the current does not satisfy
the Wiedemann—Franz law (see Ref. [16]). The incorrect result that emerges from
Eq. (4) does not imply that the use of the Kubo formula for the thermal transport
coefficients is generally wrong. The weak point is in replacing the full expression
for the heat current by the one in Eq. (4). The problem with using the full expression
for the heat current is its complexity.

In addition, the Kubo formalism meets with some difficulties when the thermo-
electric currents are considered in the presence of a magnetic field. Obraztsov [17]
has pointed out that when a magnetic field is applied, the heat current describing the
change in the entropy must include a contribution from the magnetization. This is
because the thermodynamic expression for the heat contains the magnetization term.
Thus, the additional problem of this approach is that the current cannot be expressed
entirely by a correlation function. In order to determine the transverse thermoelec-
tric currents one needs to combine the quantum mechanical response to the external
field with the magnetization, which is a thermodynamic quantity [17-19].
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In the derivation of the thermoelectric currents we have decided, instead of apply-
ing the Kubo formula, to employ a different approach and to use the quantum kinetic
equation [20-22]. One main advantage of the quantum kinetic equation approach is
that the problem of the magnetization current has been solved straightforwardly.
We have directly obtained the expression for the thermoelectric current which in-
cludes the magnetization current. In this way, the electric current generated by the
temperature gradient can be related to the flow of entropy. Therefore, according
to the third law of thermodynamics the Nernst signal must vanish at 7 — 0 [23].
As we will see, this argument imposes a strict constraint on the structure of the
different contributions to the Peltier coefficient. Note that the calculation of the
thermoelectric transport using the kinetic equation permits a direct verification of
the Onsager relations between the off-diagonal components of the conductivity ten-
sor (see Eq. (1)).

The paper is organized as follows: in Section 2 we present the main steps in the
derivation of the electric current as a response to a gradient of the temperature in the
presence of fluctuations of the superconducting order parameter using the quantum
kinetic equation. Then, in Sections 3 and 4 we give details of the calculation that are
specific to the transverse current. We devote Section 5 to the magnetization current
and discuss its role in cancelling the quantum contributions. This cancellation makes
the Nernst signal compatible with the third law of thermodynamics. The results of
the calculation of the Nernst signal for various values of the temperature and the
magnetic field are presented in Section 6. In view of the frequently used argument
that the particle-hole symmetry limits the magnitude of the Nernst effect (see e.g.
Ref [24]) we discuss this issue in the Appendix. We demonstrate that the value of
the Nernst coefficient is not constrained by the particle-hole symmetry. Rather, the
contribution from the quasi-particle excitations is zero when their density of states
is taken to be constant, which is often confused with the particle-hole symmetry.

In separate publications we have presented the complete scheme for studying
the thermoelectric currents using the quantum kinetic approach in the presence of
electron-electron interactions. In Ref. [16] we considered the Coulomb interaction
as an example for an interaction with uncharged collective modes, while in Ref. [25]
we derive the expressions for the thermoelectric currents for interactions via charged
superconducting fluctuations. Here, we sketch the main steps of the derivation and
present the final results.

2 The Quantum Kinetic Equation Above T in the Presence
of a Temperature Gradient

In the presence of superconducting fluctuations we describe the system using two
fields. One is the quasi-particle field y, while the other represents the fluctuations
of the superconducting order parameter A. The matrix functions G(r,z;¥,¢') and
L(r,t;¥',¢") written in the Keldysh form [20-22] describe the propagation of these
two fields, respectively. [Notice that we use the term propagators when referring
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to both these functions, while separately we name G(r,t;r’ ,t') the quasi-particle
Green function and L(r,#;1/,1') the propagator of the superconducting fluctuations.]
The derivation of the transport coefficients in the quantum kinetic approach is di-
vided into two steps. In the first step, the expression for the current in terms of the
propagators is obtained. Then, the propagators are found using the quantum kinetic
equations.

To calculate the Nernst coefficient we derive the expression for the electric cur-
rent as a response to a temperature gradient. In the presence of a magnetic field, the
electric current is a sum of two terms:

Jo=Je 1 5)

The first one, j5”", is derived using the continuity equation for the electric charge.
In the presence of superconducting fluctuations, it is obvious that the charge of the
quasi-particles, —e|y(r)|?, is not conserved unless the current carried by the super-
conducting fluctuations is also included. Then, we get from the continuity equation
that:

1 ~ ~ N <
jeor = %/dr’dr’Z {g(r,t;r’,t’)G(r’,t’;r,t) +1(r,t;r’,t’)L(r’,t’;r,t)} +h.c,

where we redefined all quantities by the following transformation: ¥ (r,#;r',¢') =
(14+1rVT /Ty) ¥ (x,1;¢ ,¢') (1 +Y'VT /Ty)'/2, with ¥ denoting G, L, ¥ or ¥ This
transformation eliminates the explicit dependence of the current on V7. The re-
maining dependence of the current on the gradient of the temperature is through
the propagators and velocities. We use the notation [] = as a reminder that the
expression inside the square brackets is a product of matrices and to indicate that
the current corresponds to the lesser component of the resulting matrix. In general,
the Green function G contains spin indices over which we sum. Since we do not
consider scattering mechanisms that flip the spins and ignore the Zeeman splitting,
this sum yields a factor of 2 which eliminates the 1/2 arising from the symmetric
form of the current. Similarly, in the second term the factor 1/2 is cancelled by the
charge 2e of the superconducting fluctuations. In the following we omit the spin
indices from the Green functions.

The matrix ¥(r,7;1’,’) is the velocity of the quasi-particles renormalized by the
self-energy £ (r,z;r' ¢’ ). In the presence of a magnetic field the velocity also in-
cludes the vector potential A(r):

m , =
r—r

' —t

V()= _ZL lim (V - EA(r) -V - leA(r')) —i(r =0 E(r,r;v 7).
= c c

(6)
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Similarly, i (r,z;1,1') is equivalent to the “renormalized velocity” of the collective
mode describing the superconducting fluctuations (with a contact s-wave interac-
tion): . .

V(r,r'))=—i(r—0)(r,r, 0), (7
where g (r,t;¢,1") is the self-energy of the superconducting fluctuations. (Note that

in fact 7 does not have the dimension of a velocity.)

The second contribution to the electric current is from the magnetization current.
Since the magnetization current is divergenceless it cannot be obtained using the
continuity equation:

. <
ji8 = —2icV x M(r) lim [g(r,t;r’,t’)} , (®)
IJAPI'

t'—t

where M(r) denotes the magnetization and the factor of 2 is due to the summation
over the spin index.

We write all the components in the expression for the current in coordinate space
because Q and L that enter the expression for the current are not translational invari-
ant. There are three reasons for the lack of translational invariance. The first one is
because the propagators and velocities are not gauge invariant. They depend on the
magnetic field through the vector potential which is a function of both the center of
mass and the relative coordinates. The second reason is due to the fact that we did
not yet performed the averaging over the disorder. Finally, and most important, in
the presence of a gradient of the temperature (even in the absence of magnetic field)
the propagators become functions of the center of mass coordinate.

Since we postpone the averaging over the impurities, the Green function of the
quasi-particles contains open impurity lines as illustrated in Fig. 2:

G(r,t;Y' ;1) = Gy (v,157 1) —I—/drldtléim(r,t;rl,tl)‘/[mp(rl)é(rl,tl;r’,t’), (9a)
Gt (r,1:Y 1) = Gy (x, 157 1) (
+/drldtldrzdtzéb(r,t;rl,tl)ﬁ(rl,tl;rz,tz)é,-m(rz,tz;r’,t’).
(9b)

G Gint Gint
+

Gint Gb Gb %(G) Gint

= + +

Fig. 2 (a) Illustration of Eq (9a) for the full Green function G. (b) The Dyson equation for G
(see Eq. (??)). Note that Gin includes scattering by impurities only through Z(G) which is a
function of the full Green function G. The bare Green function is denoted by Gp.
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The lack of translational invariance of the propagator of superconducting fluctua-
tions before averaging over the disorder is a consequence of the dependence of L. on
the quasi-particle Green functions.

We now derive the quantum kinetic equations for the two propagators, G and L,
in the presence of a temperature gradient. Inspired by Luttinger [14], we introduced
an artificial gravitational field in the derivation of the quantum kinetic equation;
for more details see Ref. [16]. We considered a system in which both a temperature
gradient and a gravitational field are applied at t = —oo in such a way that the system
is at equilibrium. Then, starting at 1 = —oo, the gravitational field is adiabatically
switched off. From the response to the switching off the gravitational field, we can
learn about the effect of a temperature gradient on the system. In the regime of linear
response the quantum kinetic equation for the Green function of the quasi-particle is:

) rVT\ o 1 ie 2
|f <1 — Tb) E + % (V— CA(r,t)) —\/[mp(r) +N

= 6(r—r’)5(t—t’)+/dtldrlg(r,t;rl,tl)é(rl,tl;r’,r’). (10)

G(r,t;Y' 1)

The dependence of this equation on the gradient of the temperature is much sim-
plified by the transformation to G and £ because V7 has been eliminated from all
the terms in the equation except the derivative with respect to time. The success of
this transformation in simplifying the quantum kinetic equation is not surprising if
one recalls that the non-uniform temperature is related to the gravitational field. In
field theories which include a non-trivial space—time metric g the transformation of
the kind Y (x,x’) = \/—detg(x)Y (x,x’)/—detg(x’) (where x is a 4-vector) is stan-
dard. We write the quantum kinetic equation using the center of mass coordinates,
R=(r+r)/2, 7 = (t+1')/2 and the relative coordinates, p =r—r', T=1—1'.
Since the temperature gradient is independent of time and we are interested in the
steady state solution, the Green function will be taken to be independent of .77. On
the other hand, the dependence on R remains because the gradient of the tempera-
ture enters the equation as the product rVT. This dependence on the center of mass
coordinate is the main difference between the response to a temperature gradient
and the response to an electric field. The point is that in the presence of an electric
field the quantum kinetic equation can be formulated in such a way that the electric
field enters only as a product with the relative coordinate, (r —r’)E. Therefore, af-
ter averaging over the disorder the electric field dependent Green function becomes
translationally invariant.

In order to find the expression for the VT-dependent Green function using the
quantum kinetic equation, we separate the Green function into three parts:

§:§6q+élocfeq+GVT- (11)
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The first part describes the propagation at equilibrium:

2
£ preiimp)= e+ 5 (V- EAG0) ) a1 Vi~ 0 p. i imp)

g (P, & A, imp) = (1 =2np(€)) [¢5 (. €: A, imp) — goy (P, €: A, imp)] . (12)

Here, we perform a Fourier transform of the relative time 7. The Green function
8eq depends on the center of mass coordinate through the potential V;,,, created by
the impurities at a specific realization and the vector potential. The Laplacian in the
operatorial expression for g., contains the derivatives with respect to R and p.

The expressions given in Eq. (12) can be rewritten as a product of the phase

exp{ii /:A(r])dr]} = exp{ii(rr’) X (r+r’)}, (13)

and the gauge invariant Green functions (see Ref. [26] and references therein):

1 B : -
eB x
e—i—(V—i p) —V,-mp—GR’A(p,S;imp)] . (14)

geq (p 8 lmp) 2m 2C

In the following the permeability is taken to be 1, and correspondingly we will
not distinguish between B (the magnetic flux density) and the magnetic field H.
After averaging over the disorder, the gauge invariant Green functions at equilibrium
become translationally invariant functions of the relative coordinate p alone:

1 92 2H202 . —1
g (p.e) = [ +— (ap 462’3 >+uj:z/21—0'R*A(p,e)]. (15)

As we have already discussed, when we turn from the equilibrium Green func-
tion to the VT -dependent Green function, an additional dependence on the center of
mass coordinate appears. We wish to isolate this dependence on R from the others.
Similar to g.,(p, €;A,imp), we denote the dependencies of G on the center of mass
coordinate caused by the impurity potential and the vector potential by imp and A,
respectively. Then, the remaining explicit dependence on R in Q(R;p,s;A,imp)
arises only due to the gradient of the temperature. Therefore, in the process of lin-
earizing the equation with respect to VT /Ty, we expand G and £ in the collision
integral with respect to this explicit dependence on R alone. In other words, we may
write

[anS®r/2ip -1, e)GR - (p—1)/2im, )

r, 0L(R;p —ry,€) ,
N/drl ap l'|, )G(R l'|, +/dr| TG(R ry, )

_r dG(R:r,
/dr1 )Pl GR:r€) (16)

2 JR
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As we shall see below, the last two terms in the expansion are actually proportional
to VT / To.

Collecting all the terms in Eq. (10) that explicitly contain R, one gets the equation
for the local equilibrium Green function:

- . RVT _ ,
/ dr g, (p —r1,€:A,imp) Gloc—eq (Ri1y, €) — Toggeq<P; €A, imp)
- /drlﬁzgc_eq (R:p — T, ) Geg (11,3 A, imp) (17)

This equation is solved by:

RVT _9gey(p.:A. imp)

Glocfeq(R;p78) = T e )

(18)

where the corresponding self-energy should be taken as ﬁloc,eq(R; p,e)=—(RVT/
Ty) €96.4(p,€;A,imp)/de. We see that the local equilibrium Green function is
a straightforward extension of the equilibrium Green function for a non-uniform
temperature. Since the same holds for EAloc,eq, the equation for Glac,eq is a closed
equation determined by the equilibrium properties of the system.

The Green function Gloc_eq describes the readjustment of quasi-particles to the
non-uniform temperature when the system is trying to maintain a local equilibrium.
This response of the electrons to the gradient of the temperature attempts to induce
modulation of the density. Since for charged particles it is impossible to have a large
scale charge modulation, the gradient of the temperature transfers into a gradient
of the electro-chemical potential. Therefore, jo = 6(E + Vu/e) = 6E* where the
effective field E* is the one measured in experiments.

The role of the local-equilibrium Green function is most peculiar when the re-
sponse to the temperature gradient is considered in the presence of a magnetic field.
Under these conditions, as we show below, Glac_eq(R;p, €) is responsible for the
non-vanishing contribution to j, from the magnetization current [27] which is given
in Eq. (8).

All the remaining terms in the quantum kinetic equation determine the last term
of the Green function, Gyr:

N \Z
/drhé;]l (p —rl,S;A,imp) GVT (R;I‘hS) - pzToggAeq(pvg;Avimp)
1 /9 e 9Gipe—eq(R:p,€)
— [ = _—ZA(R 2y | I teemeg
+2m <8p c (R+p/ )) JR

(R;p —r1,€)
JR
p—r; aGAlocfeq (R;I‘] 78)

2 JR '

. 0% 0o
:/anVT (Rip —11,€) 8eq (r.,s;A,imp)wL/dr.% loc—eq

X 8eoq (r1,€A,imp) —/drléeq (p—ri,&A,imp)
(19)
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In the above equation, the derivatives with respect to the center of mass coordi-
nate act only on the explicit dependence of G;,,C,eq(R,p,s;A,imp) and Xjpc_eq
(R,p,€;A,imp) on R (i.e., through the spatial dependent temperature). Recall that
the derivatives with respect to the center of mass coordinate which act on V;,,, and
A in the local equilibrium Green function have been already included in ge‘q1 that
appears in Eq. (17).

Once the explicit expressions for Gy ¢y and Xj,. ¢, are inserted, the equation
becomes much simpler:

Gyr(p,&:A,imp) = Geq (€) Zvr (€) Geq (€)

IVT [98eq(€) .. . . A 98eq (€)
— TTOS Tveq(é‘)geq (8) — 8eq (8) Veq(g)Tg

(20)

The product of matrices should be understood as a convolution in real space. The
velocity V., is the renormalized velocity at equilibrium, i.e., it is independent of the
gradient of the temperature. Let us point out an important difference between the two
parts of the Green function depending on the temperature gradient, GAZOC,eq and Gy
As has been already mentioned, GAl,,C,gq and EA,oc,eq are a straightforward extension
of the equilibrium Green function and self-energy for a non-uniform temperature.
On the other hand, the equation for Gyy contains the VT-dependent self-energy
which by itself is a function of GVT. Thus, this is a self consistent equation, and in
order to find a closed expression for Gy, one has to determine the structure of the
self-energy. Once the form of the self-energy is known, one should take into consid-
eration in the coarse linearization with respect to VT that all the Green functions in
Syr may depend on the temperature gradient.

To complete the derivation of the electric current as a response to a gradient of the
temperature, we must also find the dependence of the propagator of the supercon-
ducting fluctuations L(r,;r’,#') on VT. The explicit dependence on the temperature
gradient in the regime of linear response can be eliminated from the kinetic equation
for L by transforming to the propagator L:

—27'L(r,1x ) = 8(r—r') —/drldtlg(r,t;rl,tl)é(rl,tl;r',t'). 1)

Here A > 0 is the coupling constant of the attractive s-wave coupling. The entire
dependence of the propagator on the temperature gradient is through the self-energy
term IT which in turn depends on the quasi-particle Green functions.

Let us separate the solution of Eq. (21) into the equilibrium and V7-dependent
propagators, L = ieq + ﬁ;oc_eq + Lyy. The propagator at equilibrium can be written
symbolically as:

Leg(®) = [-A 7"+ My (0)] . (22)

The RHS should be real as a spatial convolution of the inverted matrix.
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The entire dependence of I:eq (R; p, w) on the frequency is due to dressing of the bare
propagator by its self-energy Il,(R;p,®). The equations for the VT-dependent
propagators resemble the first term in Eq. (20) for Gy :

zlacfeq(R;paw) = _zeq(w)ﬁlocfeq(w)zeq(w)a (23)
and
Lyr(R;p, 0) = —Leg(0) Tyr (0) Loy (). (24)

Once again, one should understand the product as a convolution of the coordinates.

3 Derivation of the Transverse Component of jo°"

At this stage of the derivation we shall consider only j;* keeping for a while the
magnetization current aside. Inserting the expressions for the VT'-dependent prop-
agators given in Egs. (20), (18) and (24) into Eq. (6) and extracting the lesser
component, we obtain j;°" as a response to a temperature gradient. First of all, one
may observe that the contributions of the local equilibrium functions Gloc,eq and
iloc,eq to j°" vanish under averaging over the volume of the sample. Since we are
not interested in terms that vanish after averaging over the volume the non-zero part

of jo" becomes:

con _erT ‘ﬁg&nF(S)

e T ) 2t oe Vi (e)g"(e)v}(e)g" (e) + i (e)g" (e)vf (e)g" (¢)

—vi(e)g" (e)v(e)g" (e) —g"(e)V](e)g" (e)v] (¢)]

v.T
€Y d—;enp(e)[

1

R R
(0 75 o)k (e) v o) (e ) 251

+ie d*:“//f(w)LR(w) (1157 (@)(1 +np()) — gy (@)np(0)] (L ()

—[Mw)) +ec. (25)

Fig. 3 The self-energy in the
first order with respect to the
propagator superconducting
fluctuations before averaging
over the disorder.
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Fig. 4 The geometrical series describing the fluctuations propagator in the Cooper channel.

Here and from now on we omit the notation eq from the equilibrium quantities such
as the propagators, self-energies and velocities.

As we are interested only in the Gaussian fluctuations, we shall expand the ex-
pression for the current with respect to the interaction. For this reason, we replace
the equilibrium Green function by g(r,r’,€) = gy(r,v’,€) + [dr,dr,8y(r,r,€)
6(r,rs,€) go(rs, 1, €) and consider a self-energy with only one propagator of the
superconducting fluctuations as illustrated in Fig. 3. Furthermore, the propagator of
the superconducting fluctuations is determined by the standard geometrical series
L(w) = [-A~") +IT()]"", where IT(w) is approximated by the particle-particle
polarization operator as it is shown in Fig.4. Applying the regular rules of the
Keldysh technique, one may check that at equilibrium Helfl = (14 2np( a)))(Hefl —
ITf}) where np(®) is the Bose distribution function and IT® and IT#, after averaging
over the disorder, are given by the standard expressions.

We may now obtain the leading order corrections in the interaction to the elec-
tric current as a response to a gradient of the temperature in the linear regime. We
should consider all possibilities for linearizing the expressions for Ly7 and ITyy
with respect to VT in Eq. (25). The diagrammatic interpretation for the different
contributions to the transverse electric current, obtained in the quantum kinetic ap-
proach, corresponds to the three diagrams shown in Fig. 5. After averaging over the
disorder, the leading order contributions to the Nernst signal in the diffusive regime
are obtained from the two diagrams with three Cooperons [12] presented in Fig. 6a
and b, and the Aslamazov-Larkin diagram [10] shown in Fig. 6¢. [The Cooperon
is a singular diffusion propagator which describes the rescattering on impurities in
the particle-particle channel.] Since we use the quantum kinetic equation in order to
generate these terms, the analytic structure of the diagrams is given by the equation.

To get the explicit expression for the current we return to the gauge invariant
equilibrium Green functions g given in Eq. (15). Since we restrict our calcula-
tion to the limit 0.7 < 1 (where @, = eH /m*c is the cyclotron frequency of the
quasi-particles), we may neglect the dependence of g on the magnetic field entering
through the Landau quantization of the quasi-particles states. Therefore, the entire
dependence of the quasi-particle Green functions on the magnetic field is through
the phase. Unlike the quasi-particles, the Landau quantization of the collective
modes (both the Cooperons and the fluctuations of the superconducting order pa-
rameter) cannot be neglected because the quantization condition for these modes is
Q./Tp > 1, where in the diffusive regime Q. = 4eHD/c is the cyclotron frequency
in the Cooper channel. Note that Q. o< @.(€rT) > o, because the product of the
Fermi energy and the mean free time is assumed to be a large parameter. [In Q.
the effective charge is equal to 2e and the diffusion coefficient D replaces 1/2m
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Fig. 5 The diagrammatic contributions the transverse component of jo*" before averaging over the
disorder. (The obvious counterpart diagram for (a) is not shown.)

a b c
Fig. 6 The diagrammatic contributions to the transverse component of jo’. Diagrams (a) and (b)
describe the fluctuation of the superconducting order parameter decorated by three Cooperons and

(c) is the Aslamazov—Larkin diagram. (The obvious counterpart diagrams for (a) and (b) are not
shown.)

because in the Cooperons and the fluctuations propagators, the term Dg? substitutes
the kinetic energy p?/2m.]

In the limit of small magnetic fields, the Cooperons, like the quasi-particle Green
functions, can be also separated into the phase exp{2ie [y A(r,)dr,/c} and the

-1
gauge invariant part at H =0, CR4(p.e,0 —€) = [:Fi(Ze — w)TfDVZ , see

Appendix in Ref. [26]. At a finite magnetic field, one may express the gauge invari-
ant part of the Cooperon propagator using the Landau level quantization:

N (e, 0— &) = [Fil2e — 0)T+ QT(N+1/2)] ', (26)

where N is the index of the Landau level. Similarly, the propagator of the supercon-
ducting fluctuations written in terms of the Landau levels becomes:

Ra, o —1 T Tio Q.(N+1/2) 1 -
Ly (m)_7 {m(Tc)er(MTJF AnT )—w<2)+gw} . 2D

The primary goal of this calculation is to analyze the measurements of the Nernst ef-
fect in superconducting films [4,5]. In such films the electron states are not quantized
and therefore v is the density of states of three dimensional electrons (as well
as D). The parameter G o< 1 /(VA€r) is important for understanding the difference in
magnitude between the longitudinal and transverse Peltier coefficients. The longi-
tudinal Peltier coefficient, o, contains an integral over the frequency that vanishes
when ¢ = 0 while the integrand determining o, remains finite even in the absence
of ¢. As a result, in the expression for the Nernst coefficient given in Eq. (2) the
second term in the numerator is smaller than the first one by a factor of the order
T/(vAer) [28].
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Using the expressions for the quasi-particle Green functions, the Cooperons and
the propagators of the superconducting fluctuations in the equilibrium state we may
investigate the contributions of Gy and Ly to the current. Recall that we are inter-
ested in the transverse current. Let us show how to find the transverse current using
for a representative example, one specific term out of the few contributions to the
Aslamazov-Larkin diagram:

-con eVyT/dgdS/d(l)/ V)lc ieHy, sz ieHy,
= dr,...dry, li Lt =2 e
fex 2To fade rior \ 2m + 4m 2m * 4m

8o (1‘1,1‘2,3)813(1'1171'2»@—3)g§(r11,r1278)

CR(r27r37 £,0— 6)CR(r105r117£7 o — S)LR(I'3,I'4, (L))LA(I'97I'10, w)gg(rsﬂ'w 8,)

gh(rs, v, €)gR (s, 15,€)Cr(ry,rs, €', 0 — €")Cr(rs, 10,8, 00— €')F(£,€',0). (28)

In Fig.7 we show the spatial coordinates corresponding to the expression given
above. Since in this part of the calculation we concentrate on the integration over the
spatial coordinates, we collect all the frequency dependent factors into the function
F(g,€', ) given by

F(e,€,0)=¢[tanh (¢/2T) —tanh ((¢ — ®) /2T)]tanh ((@ — &) /2T) Inp(w) /0w,
(29)
and leave them aside for a while.

Next, we rewrite the Cooperons and the propagators of the superconducting fluc-
tuations using the basis of the Landau levels states, @y ,(r) = Ry ,(r)e? /27
(where Ry ,,(r) are the generalized Laguerre polynomials). In addition, we separate
the quasi-particles Green functions into the phases and the gauge invariant Green
functions. Then, following the flux technique introduced in Ref. [26], we rearrange
Eq. (28) as:

V,T ded ’d
jen = 4;7%£2 / €de w /drz dr e R —T)x(r—r)/2 (30)
H

lim
rip—r)

Vx ieH (y, — y») sz ieH (y11 — yi2) R
<2m 4m 2m 4m > 8o (r—12,€)

Fig. 7 The Aslamazov—
Larkin diagram.
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g‘f}(ru —I,0— 8)§§(r11 — Iy, £>€7ieH(r57r6)X(r67r8)/2cg§ (rs—rs, 8/)

V) ieH(x;—x5) Vi ieH(xs—xe)\ . _

e*iEH(l‘x*ru)X(rll*fz)/cfieH(fszs)X(TS*YS)/C(pN"U (ry —15)@aro(rs — 1))

Ch(e,0—€)Ciy (e, 0 — &) Li(0) Ly (0)CY (', 0 — €')Cly (€', 0 — €') F (e, €', ),

where ¢y = \/c/2eH is the magnetic length in the Cooper channel. In the last step
we have used the orthogonality of the generalized Laguerre polynomials (an exam-
ple for the treatment of the propagators in this basis can be found in Ref. [29]).
The first two exponents in Eq. (30) contain the magnetic fluxes accumulated in the
triangles (r,,r,,r;;) and (rs,rg, ), respectively. One way to get the transverse cur-
rent, is to extract the magnetic field from these two fluxes or from the diamagnetic
terms. As a result the transverse current appears with a coefficient w.7. We neglect
these terms; we will see that when the magnetic field responsible for turning the
current to the transverse direction is extracted from the Cooperons and the propaga-
tors of the superconducting fluctuations one gets a much larger factor of the order
Q¢ /T. Therefore, the integration over the coordinates of the two triangles can be
done with the quasi-particle Green functions taken at H = 0:

con eV }‘] 2 4/ ! / 0 ieHy
=——7 E 2D — + 1
Je x 5 062 VT dede'do dl‘N7M 3 B (pN’()(I') 3D

(2~ ] el 0 exchie.0- oo

CR(e,0—&)CR(e,w—€)F (e, &, m). (32)

The integral over the coordinate corresponds to the matrix element of the velocity
operators (N,0|V,V,|M,0), where |M,0) = @y is the quantum state of a particle
with a mass equal 1/2D in the M Landau level and zero angular momentum in
the z-direction. Using the known properties of the Laguerre polynomials, the ma-
trix element can be written as (N,0[V,Vy|M,0) = 2iD*[(N + 1)y m—1 — (M + 1)
Sy N—1]/03. Finally, the contribution to the current becomes:

=

| v, T
.con __ 'ei-‘szz’LA/deS/d(D
N

ex _l27'62T0€?_1
(LN (@)L 41 (@) = Ly (0)Ly(0)| Ci (€', 0 — €)Chy i (6, 0 — €)F(e,€', ).
(33)

(N+1)CR (e, 0 —€)CR ;1 (6,0 — )
0

In the limit H — O when the quantization of the collective modes can be neglected,
one may replace in Eq. (28) the Cooperons and the propagators of the supercon-
ducting fluctuations by the product of the phase terms (with charge 2¢) and the
corresponding propagators in the absence of magnetic field. Then, by using the flux
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technique [26] the contribution to the current at vanishingly small magnetic field
can be found. One may check that the same result is obtained when the transforma-
tion from the discrete sum into an integral over a continuous variable is performed
in Eq. (33).

Let us conclude with a remark regarding the diagrammatic interpretation of the
different contributions to j;”*. As has been already mentioned, the analytic structure
and the expressions for the vertices of these diagrams have been found from the
quantum kinetic equation. In principal, the same diagrams can be calculated using
the Kubo formula. However, if for simplicity one uses in the Kubo formula the heat
current operator of non-interacting electrons described in Eq. (4), the resulting ex-
pressions for these diagrams differ from those obtained using the quantum kinetic
equation. Most important, as one can see from Eq. (25), in the quantum kinetic ap-
proach the frequency accompanies the renormalized velocity, so that the expression
for the electric current is generally of the form eg(e)v;(¢)g(€)ev;(e)V,;T/T, as
Eq. (25) shows. In other words, the frequency appears together with the velocity that
has been already renormalized by the interaction. On the other hand, owing to the
fact that the frequency in the simplified version of the Kubo formula is attached to
the external vertex before the renormalization of the velocity, the expression for the
current has a totally different structure.

This is also the proper place to explain what is so unique in the superconduct-
ing fluctuations in the diffusive limit that leads to the giant Nernst effect. As any
transverse current coefficient, @, contains a difference of two almost equal terms.
In addition, like all thermoelectric coefficients the integral over the frequency in
o contains a factor of the quasi-particle frequency. Consequently, as discussed in
the Appendix, the contribution of the quasi-particles to the transverse Peltier coef-
ficient includes two small parameters. The first, is the usual w,7 that appears in all
transverse currents. The second is a reminiscent of the fact that the frequency fac-
tor (that in the Boltzmann equation converts into the energy) is responsible for the
vanishing of the Peltier coefficient under the approximation of a constant density
of states. When a non-constant density of states is considered, the integration over
the energy yields another small parameter proportional to 7' /&r. Now we turn to the
contribution of the superconducting fluctuations to the transverse component of j5
and consider Eq. (33) as a representative example. The difference between the two
almost identical terms results in an odd integrand with respect to the frequency of
the superconducting fluctuations, @, which potentially may lead to the vanishing of
O4y. So, how can the superconducting fluctuations induce a strong Nernst signal?
The explanation lies in the fact that the Cooperons accompanying the superconduct-
ing fluctuation depend on the frequency of the incoming/outgoing quasi-particles
and not only on the frequency @ carried by the fluctuations (Eq. (26)). The com-
bination of the quasi-particles frequency factor and the Cooperons in the integral
over € saves the situation. This is because after the integration over € the resulting
integrand becomes an even function of @ and hence there is no longer danger that
the transverse Peltier coefficient vanishes. We shall see that instead of the two small
parameters obtained for the quasi-particles, the contribution of the superconducting
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fluctuations includes only one. Because of the extra-sensitivity of these fluctuations
to the magnetic field this parameter is Q./Tp.

4 Final Expressions for the Transverse Component of j°"

If one examines Eq. (25) which presents the general expression for the contribu-
tions to the electric current from Gy and Ly, one may notice that not all the terms
contain the derivative of the Fermi distribution function. As one may expect, the
terms in which the Fermi distribution function is not differentiated contribute only to
the transverse component of jo”* and not to the longitudinal one. After integration
over the Fermion degrees of freedom (the frequency € and the coordinates of the
quasi-particles Green functions), the terms proportional to dng(€)/de give two
non-vanishing contributions. The first one corresponds to the Aslamazov-Larkin
diagram presented in Fig. 6c:

con eVT R onp(®
' = e v fdo ¥ v+ ) P2 (L @)1 (o)1 (0124 o)
b N=0
I o Q(N+1/2)\ (1 o Q(N+3/2)
|:w (2 47Ty - 4Ty > v (2 47Ty - 4Ty

+‘If<;+ i® +QC(N+1/2))1//<1 io Jr_QC(N+3/2))]

4Ty 4Ty 5 + 4Ty 4rTy

[.Qc(N+ 1/2) (1,, <; ~ 4;0;0 . QL-(Z’;T: /2))

(Lo 2N+1/2)
V\2 " anT

—Q.(N+3/2) <l,, <1 _Je . QC(N+3/2)>

2 4ArnTy 4rTy
1 o Q(N+3/2)
4 (2 + 47Ty + 47Ty ))} ’ oY

where g;; is the anti-symmetric tensor. The second contribution generated by
the terms with the derivative dnp(€)/de corresponds to the diagram with three
Cooperons shown in Fig. 6a:

(e = 8,14 2T /d“’ZQ N+l){411 R(w)ang((vw) {iw+%’(f];0+l/2)

1 i Q(N+1/2)\ 1 o Q(N+1/2)
X(‘” (2+47rT0+ anTy V3 T
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+ia)+QC(N+3/2)< (1+iw .QC(N+1/2)>_ (1 i QC(N+1/2))

Q. 2 " 4rnT, 4nT, 2 4nT, 4nT,
1 o Q(N+3/2) 1 o  Q(N+3/2)
v (2 ot an )Y\ T T
i 0+ QNH/2) o1 o | QN+1/2)\ | io+Q(N13/2)
2 (47TTO) 2 4rnTy 4rTy 47TT0.QC
1 io  Q(N+1/2) 1 i Q(N+3/2)
/ p— — p—
X ("' <2 Yoot T V2t T 4
F(N+1/2) > (N+3/2) } +ee. (35)

The notation (N +1/2) <> (N +3/2) means that Ly is replaced by Ly and in all the
terms N + 1/2 should be replaced by N + 3/2 and the other way around. Notice that
there are no contributions proportional to the derivative of the distribution function
which can be attributed to the diagram shown in Fig 6b.

Next, we discuss the group of terms that are proportional to np(€). The diagram-
matic interpretation of these terms, which are generated by Eq. (25), includes all
three diagrams presented in Fig. 6. However, one may check that the contributions
from the diagrams shown in Fig. 6b and c are cancelled by a part of the contribution
from the diagram given in Fig. 6a. The remaining contribution is:

G = e v [0 3 8+ Dno)] (K@) + 2 (0)]

N=0
« [ 1 o +QC(N+1/2) (1 e +.QC(N+3/2)
2 4ArnTy 4rTy 2 4rnTy 4Ty
Q r 1 i QJ(N+1/2)
T N(w)"/(z 4rTy 4rTy
Q 1 o Q.(N+3/2)
a1 (O <2 Tmn T aan (36)

Further analysis of jS”* at arbitrary temperatures and magnetic fields shows that
in ( jg"?)l and ( 'g‘”})z the integration over the frequency accumulates at o ~ 7 < 1/t
where 7 is the mean free time of the electrons. As a consequence of the narrow range
of the integration, the final expressions for these two contributions vanish in the limit
T — 0. On the other hand, in ( jg"’;)3 the integration over the frequency is not limited
to small frequencies and hence the outcome of the integration depends logarithmi-
cally on the scattering rate 1/7 which acts as an ultraviolet cutoff. In addition, as the
temperature goes to zero there is even a more serious problem with this term, be-
cause its pre-factor is proportional to /7. Such a dependence on the temperature
violates the third law of thermodynamics. [The connection between the third law of
thermodynamics and the Nernst effect has been discussed in the Introduction.] We
shall see that the dangerous parts in ( jg‘”})3 are cancelled out by the magnetization
current that up to now we have not yet considered.



232 K. Michaeli and A. M. Finkel’stein

5 The Magnetization Current and the Third Law
of Thermodynamics

In this section we examine the magnetization current given in Eq. (8). In general,
we need to insert the V7-dependent part of the Green function, GAIDC,eq + Gyr,
into Eq. (8). Since after the averaging over the disorder Gy;(r — r',€) is transla-
tional invariant, it is clear that this part of the Green function does not contribute to
the magnetization current. On the other hand, the explicit dependence of the local
equilibrium Green function on the center of mass coordinate leads to a non-zero
contribution to the magnetization current:

de . RVT dg=(p,&;A,imp)
{98 — 2icVp x M(R) [ 251 i
Je icVr x M(R) 27tplir(1)£ Ty e

(37)

Thus, Gy and GAlocfeq are complementary to each other; while the first contributes
only to j<°", the other one fully determines j.“¢. One should recall that we are look-
ing for a current that does not vanish after spatial averaging, i.e., after integration
with respect to the center of mass coordinate R. Since in the process of averaging
over R we may integrate by parts, the magnetization current can be written as

J = 2ig;;eM, hm / o T g< (p,e). (38)
Here we integrated by parts over the frequency as well. One may recognize that j, “
is directly related to the magnetization density at equilibrium:
] v.T
§eF = —ije(Mz) ——. (39)

To

The result demonstrates the strength of the quantum kinetic approach. This method
provides a way to derive both components of the current quantum mechanically
without engaging any thermodynamical arguments.

Actually, at this point one may employ in Eq. (39) the known expression for the
magnetization in the presence of superconducting fluctuation. Still, since we are in-
terested in the interplay between the quasi-particle excitations and the fluctuations of
the superconducting order parameter, let us derive the expression for the first order
correction to the magnetization induced by the fluctuations starting with Eq. (38).
Using the standard identities for the Keldysh Green function at equilibrium, one
gets:

. v, de
B =icgjj—2— lim —drldrz [M,(r) +M.(x')| np(€)
Ty r—r) 27

x [gh(r—r, €A, imp)o™ (v, — 1, €A, imp) gy (v, — ', ;A imp)
—gi(r—r1,&A,imp)o” (r, — 1y, €A, imp)gs (r, — v, &; A imp)] . (40)
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Here, for convenience, we returned to the initial coordinates. Next, we use the fact
that the equilibrium Green function in the absence of fluctuations satisfies the fol-
lowing operator identity —d gt JOH = g*AMgR4  Therefore, the expression for the
magnetization current can be rewritten as

v,T de dgl(r—r,,&;A,imp)
J = —2ice;—L— T rlLr/ Edl’]l’l{:(&') { 2 oH

dgR(r —ry,&;A,imp)
H.

xot(r; —r' e A, imp) — of(r, —r,,e:A,imp)|. (41)

Finally, using the explicit expression for the self-energy and rearranging all the
terms we reformulate the expression for the magnetization current in terms of the
propagator of the superconducting fluctuations:

IR (r — 1, w:; A, imp)

v, "do
j;nalg = lCS,] T lim %drll’lp(a)) |:

r'—r 8HZ
IA(r—r,w;A,i
<ER(r; =1/, ;A imp) — oI (r g}ilw ’lmp)LA(r] — 1, 0; A, imp)
V,T o
—icgj—— To 9L pﬁo/—np )[lnL;l(p,w;A,imp) —lnL;l(p,w;AJmp)}.

(42)

The transition from Eq. (40) to the last line in Eq. (42) is illustrated in Fig. 8. Aver-
aging over the disorder and transforming from the expression for the propagator as
a function of the coordinates to the basis of Landau levels, one obtains the known
expression for the correction to the magnetization in the lowest order with respect
to the fluctuations [12,30]:

_ViT 0 eH [do O R ~1 A ~1
e %Nzonp(w) [ln(LN(a))) —In (L(@)) } 43)

The discussion of the higher order corrections to the magnetization has been given
in Ref. [30].

Similar to (j¢)* in Eq. (36), the integration over the frequency in the magneti-
zation current is restricted by the scattering rate, and at low temperature j,“® also
diverges as Q./T. The opposite sign of the magnetization current relative to (j 50")
suggests that these dangerous parts may cancel each other making the Nernst signal

-1

M, <> Y

Fig. 8 An illustration of the relation between the magnetization current term that is obtained from
the local equilibrium Green function and the thermodynamic diagram for the magnetization.
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compatible with the third law of thermodynamics. Another hint for this cancella-
tion is the similar analytical structure of j,'* and (j<**). [All the terms in Eq. (36)
and in Eq. (43) are a product of either retarded or advanced functions only.] We
have found a way [25] to verify that the diverging parts of the magnetization current
indeed identically cancel out the diverging parts of (j<*)>. We have obtained that
the total current is independent of 7 in the whole temperature range 7 < 1/7. As
a result, the Nernst signal is regular at T — 0. Moreover, the contributions which
are constant with respect to the temperature also vanish and the remaining terms are

linear in 7.

6 The Phase Diagram for the Nernst Effect — Comparison
Between the Theoretical Results and the Experiment

In the following section we present the theoretical expressions for the transverse
Peltier coefficient for a superconducting film in the normal state for various regions
of the temperature and the magnetic field. The phase diagram for the Peltier co-
efficient is plotted in Fig.9. In the area below the line In(T/T.(H)) = Q./4xnT the
Landau level quantization of the superconducting fluctuations becomes essential.
The line In(H/H,,(T)) = 4nT /Q. separates the regions of classical and quantum
fluctuations. From now on 7y is replaced by T which represents the spatially-
averaged temperature.

For a small magnetic field, Q. < T, close to the transition temperature (7 ~ T)
the leading contribution to o, is given by the Aslamazov—Larkin term (see Fig. 6 ¢)
and the magnetization current:

eQ.

Oy " ————————.
Y192 InT /T, (H)

(44)

In the previous section we have discussed in detail the importance of the mag-
netization current in cancelling the quantum contributions to the Nernst signal.
In the vicinity of 7. one can interpret the expression in Eq. (44) in terms of the
classical picture in which the Cooper pairs with a finite lifetime are responsible

Fig. 9 The phase diagram

for the Peltier coefficient oiy.

We indicate the equations ,
in the text which give the
corresponding expressions
for ay, in the different limits.
Q. =4eHD/c is the cyclotron
frequency for the fluctuations
of the superconducting order
parameter in the diffusive
regime. ’ e
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for the thermoelectric current. The magnetization current is just equal to —2/3
of the leading order contribution from the Aslamazov-Larkin term. Note that un-
like the electric conductivity, oy, for which the anomalous Maki-Thompson [11]
and the Aslamazov-Larkin terms yield comparable corrections, the contribution
from the anomalous Maki-Thompson term to the Nernst signal is ~ (T /er)? < 1
smaller than the one given by Eq. (44). Therefore, it is natural that in the vicinity
of T. our result coincides with the expression [12,31] obtained phenomenologically
from the time dependent Ginzburg—Landau equation (TDGL).

When temperature is increased further away from the critical temperature, the
sum of the contributions to the transverse Peltier coefficient from all the diagrams
and the magnetization current yields:

e,

% AT InT /T, (“45)
A comparison between the transverse Peltier coefficient in the vicinity of T,
(Eq. (44)) and far from the transition (Eq. (45)) reveals that the two expressions
differ by a numerical coefficient. The similarity between «,, in the two different
limits is not seen in paraconductivity and it is a consequence of the cancellation of
the quantum corrections by the magnetization current. Away from the critical region
T >> T, the quantum nature of the fluctuations reveals itself in contributions to (j¢)?
and j.* that contain an integration over a wide interval of frequencies between T
and 1/7. As a result, these terms become of the order In(In1/77) —In(InT/T,).
However, we have obtained that these t-dependent terms in (j<)* and j;'* cancel
each other. The Peltier coefficient far from 7, demonstrates how the third law of
thermodynamics constrains the magnitude of the Nernst signal not only at 7 — 0
but also at high temperatures, 7 > T,.

The comparison of our result with the experimental observation of Ref. [5]
for two Nbg 15Si.gs films of thicknesses 35 and 12.5nm (with critical temperatures
T. = 380 and 165mK, correspondingly) is given in Fig. 10. The Peltier coefficient
depends on the mean field temperature of the superconducting transition, 7M", and
on the diffusion coefficient through Q.. Throughout the paper we fit the data using
the same diffusion coefficient D = 0.187cm? /s which is within the measurement ac-
curacy of the value that has been extracted from the experiment in Ref. [5]. We take
TMF = 385mK for the first film which is slightly higher than the measured critical
temperature anticipating a small suppression of the temperature of the transition by
fluctuations while for the second film we use TMF =T,.

The cancellation of the terms proportional to Q. /T in the limit 7 < Q. has been
described in the previous section. (Without this cancellation we would get a finite
Nernst effect in the limit 7 — 0 and the third law of thermodynamics would be
violated.) After the cancellation, the remaining contributions to ¢, in the limit 7 —
0 are linear in the temperature:

eT'In3
3Q.(InH/H,, (T))?

Oy R — for H~H,,, (46)

and
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a /H (UA/KT)

ay,/H (WA/KT)
g
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Fig. 10 The transverse Peltier coefficient a, divided by the magnetic field H as a function of
InT /T, in the limit H — O for films of thicknesses (a) 35nm and (b) 12.5nm. The experimental
data of Ref. [5] is presented by the black squares and the solid line corresponds to the theoretical
curve given by Eq. (45). The inset presents the fitting of the data in the vicinity of 7, with Eq. (44).

2eT

Oy ¥
Y 3Q.InH/H,,

for H>> H,,. 47)

Similar to the limit . < T the integrals determining the final expression for ¢ ac-
cumulate at low frequency. This situation is not typical for fluctuations induced by
a quantum phase transition. Notice that a,, changes its sign in this region. Since the
transverse signal is non-dissipative, the sign of the effect is not fixed. As it has been
already mentioned, in the vicinity of 7, for Q. < T, the main contribution to the
Peltier coefficient is from the Aslamazov Larkin term and the magnetization cur-
rent. The magnetization current is opposite in sign to the Aslamazov Larkin terms
and equals 2/3 of it. When crossing to the region In(7 /T.(H)) < ./T (see the phase
diagram in Fig. 9) the contribution from the magnetization current grows. To the first
order in Q./T the magnetization current cancels the Aslamazov Larkin term and the
Peltier coefficient turns out to be proportional to O[(2./T)?]. Lowering further the
temperature and increasing the magnetic field one reaches the region Q. > T and
In(H/H.,(T)) < T /£.. In this region the magnetization current becomes dominant.
Since the magnetization current gives a contribution that is opposite in sign to the
Aslamazov Larkin term, we obtain that the Peltier coefficient is negative.

In Fig. 11 we plot the curve for the Peltier coefficient as a function of the mag-
netic field at a temperature higher than 7,. Figure 11 demonstrates the agreement
between the theoretical expressions and the experimental observation for a broad
range of magnetic fields. In addition, we show that the experimental data is well
described by Eq. (44) in the limit of vanishing magnetic field (see inset of Fig. 11).
Since Eq. (44) is valid in the limit Q. < T, it can describe only the first few points
in the measurement. In order to fit the entire range of the magnetic field we had to
include higher order terms of Q./T. For that we needed to sum the contributions
from all diagrams and the magnetization current. We performed the calculation as-
suming that In(7/T.(H)) < 1; therefore the theoretical curve starts to deviate from
the measured data when In(7'/T,.(H)) is no longer small (H ~ 1 T).
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Fig. 11 The transverse 107

Peltier coefficient oy, as a 10
function of the magnetic field

measured at 7 = 410 mK.

The black squares correspond 3
to the experimental data of

Ref. [8] while the solid line

describes the theoretical re-

sult. The arrow on the phase
diagram illustrates the direc- 1
tion of the measurement. In
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theoretical curve given by

Eq. (44).

7 Summary

We have demonstrated that the contribution from the fluctuations of the supercon-
ducting order parameter to the Nernst effect in disordered films is dominant and can
be observed far away from the transition. We have shown that the important role of
the magnetization current is in cancelling the quantum contributions, thus making
the Nernst signal compatible with the third law of thermodynamics. The third law
of thermodynamics constrains the magnitude of the Nernst signal not only at low
temperatures, but also far from 7,.. As a consequence of this constraint, the phase
diagram is less rich and diverse than one expects in the vicinity of a quantum phase
transition.

The Nernst effect provides an excellent opportunity to test the use of the quan-
tum kinetic equation in the description of thermoelectric transport phenomena. We
have described the main steps in the derivation of the Nernst effect using the quan-
tum kinetic equation. In this method one gets automatically all contributions to the
Nernst coefficient as a response to the temperature gradient, in particular the one
from the magnetization current. This is an advantage of the quantum kinetic ap-
proach but not the only one. This method allows us to verify the Onsager relations
and also to demonstrate in a simple way the validity of the Wiedemann—Franz law
in the Fermi liquid theory [16,25]. We should remark that our results are different
in few aspects from the expressions for the Peltier coefficient recently obtained us-
ing the Kubo formula in Ref. [32]. The striking agreement between our results and
the experiment in the different limits (and the fact that we have reproduced the phe-
nomenological result of the TDGL [31]) reinforces our confidence in the correctness
of our method.
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Appendix: The Role of Particle-hole Asymmetry
and the Constant Density of States Approximation
in Determining the Thermoelectric Transport Coefficients

In metallic conductors the quasi-particle excitations yield a negligible contribution
to the Nernst effect and to its counterpart, the Ettingshausen effect. Let us consider
a system with an electron and hole conducting bands that have a particle-hole sym-
metry, i.e., the bands are identical and the two species of particles differ only in
their charge. We shall describe the deviation of the distribution functions of the two
species (8 f. and J f;,) from their equilibrium value in the linear response to a temper-
ature gradient. For that we write the classical Boltzmann equation in the relaxation
time approximation:

5fe.h(£k) _ afo(é‘k) wWVT evg x H 8f0(£k) .

T aT ¢ dk

(48)

Here the equilibrium (Fermi—Dirac) distribution function is denoted by fy(&), v is
the velocity of the particles.

The electric current is the sum of the electric currents due to the electrons and
the holes:

dk
total
—2e / Vk5fe Ek)—|—26/7(2 )d

Notice that the factor of 2 results from the sum over the two spin directions. For
simplicity we only examine the limit of vanishingly small magnetic field. However
the conclusions apply also for an arbitrary value of the magnetic field. In order to
determine whether a current vanishes in the particle-hole symmetric system we just
need to count the powers of the electric charge; an odd power means cancellation of
the two contributions to the current.

We start from the longitudinal electric current induced by the gradient of the tem-
perature. In the limit H — 0, the longitudinal current is independent of the magnetic

field: K Ofy(e) v.r
o 0(€k _ _
it =2e / B g 8De D] - =0, (50)

Vi fir (&) (49)

where D, = D), =D =v;7/d with d the dimension of the system. Since the expression
includes only one power of the charge, there is no longitudinal electric current unless
particle-hole asymmetry is introduced.

The transverse current is obtained when the Lorentz force in the Boltzmann equa-
tion acts on the distribution function. Therefore, the expression for the transverse
current contains an additional power of the charge:

dk P fo V.T

kD (0T — (—©.T)]

£0. (51)
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The additional charge enters through the cyclotron frequency @. = eH/m*c. The
even power of the charge means that the particle-hole symmetry does not constrain
the Nernst effect.

Next, we shall look at the contribution for the transverse electric current of the
electrons. We shall use the approximation of a constant density of states. Under this
approximation the expression for the transverse current is:

P= 2ev0D(wL.r)VTZ /dsk a]:;ifk) &. (52)
Since near the Fermi energy the integrand is an odd function of the energy, the re-
sulting current is zero. Therefore, under the approximation of a constant density of
states at the Fermi energy, which is a standard approximation for the Fermi liquid
theory, this contribution vanishes completely [9]. One may conclude that in metal-
lic systems with high Fermi energy the contribution of the quasi-particles to the
Nernst signal includes a small factor related to the deviation from the constant den-
sity of states which is of the order 7'/er. In semi-metals like Bi where the constant
density of states approximation cannot be used, a large Nernst signal has been mea-
sured [33].

Let us compare the magnitudes of the transverse Peltier coefficient generated by
the quasi-particles and by the superconducting fluctuations in a film of thickness a.
The first is of the order ~ (@.T)evDaT /er for o.7 < 1 while the second one is of the
order ~ eQ./T for Q./T < 1 and ~ eT /Q, for the opposite limit. Thus in the limit
of vanishing small magnetic field the ratio between the contribution of the quasi-
particles and the fluctuations is o'/ oc,{;{ ~ (kra)T?t/ep. At higher magnetic fields
(but still in the limit w7 < 1) this ratio becomes o}/ axf){ ~ (kra)ept(®:.7)? < 1.
Under the condition of the experiment [4, 5], the ratio o}’ / aﬁ < luptoT <1007,
and H < 100H,,. The reason why the Nernst signal generated by the superconducting
fluctuations dominates the one produced by the quasi-particles has been explained
in the end of Section 3.
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Quantum Criticality in Heavy Electron
Compounds

M. C. Bennett, D. A. Sokolov, M. S. Kim, Y. Janssen, and M. C. Aronson

Abstract Heavy electron systems provide ideal venues to study a range of issues
associated with quantum criticality, including unconventional electronic phases, mo-
ment formation, and complex phase diagrams with exotic critical phenomena. In the
heavy electron antiferromagnets studied so far, magnetic order occurs via a second
order phase transition which can be tuned via pressure or field to a quantum criti-
cal point. Fermi liquid behavior is found beyond the quantum critical point, and the
quasiparticle mass diverges at the quantum critical point, nucleating the moments
required to enable magnetic order itself. We review here our experimental results
on a new heavy electron system, YbsPts, where antiferromagnetic order is weakly
first order in zero field, but becomes second order at a critical endpoint with the
application of magnetic field. No divergence of the quasiparticle mass is observed
near the quantum critical field, and instead magnetic order is driven by the exchange
enhancement of the Fermi liquid itself. These data support the thesis that there are
multiple routes to quantum criticality in the heavy electron compounds.

1 Introduction

It is increasingly believed that quantum criticality provides an underlying orga-
nization and structure to the phase behavior of virtually all classes of correlated
electron systems. Qualitatively new types of collective behavior are found in the
vicinity of these quantum critical point, including magnetically mediated supercon-
ductivity [1, 2], quasi-ordered phases such as ‘spin nematics’ [3] and even more
exotic phases where the fundamental nature of the electrons are themselves in tran-
sition [4]. Such quantum critical points are found in virtually all classes of strongly
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interacting systems, from complex oxides [5,6], to heavy electron compounds [7-9],
to low dimensional conductors [10]. Despite the very different microscopic physics
characteristic of these diverse systems, many of the fundamental questions are uni-
versal. What are the properties of the quantum critical phenomena, and how are they
affected by the specifics of these host systems, such as low dimensionality, proxim-
ity to metal—insulator transitions, and competing instabilities? How do the critical
phenomena couple to the electronic degrees of freedom, and how are they reflected
in the new collective phases found only near quantum critical points? What is the
role of quantum critical points in localizing electrons and their moments? Answer-
ing these questions remains compelling for experimentalists and theorists alike.

Kondo lattice compounds provide an extremely rich setting for controlled studies
of these central issues, since many Kondo lattice compound systems are known,
spanning a range of rare earth and actinide moment types, arranged in a number of
different crystal structures, with different degeneracies. Many Kondo lattice systems
order at low temperatures, either ferromagnetically or antiferromagnetically, while
more exotic electronic phases such as magnetically mediated superconductivity can
coincide with the suppression of magnetic order itself. Especially attractive is the
hierarchy of well-separated energy scales which can be realized in Kondo lattice
systems, where scales associated with local physics, such as crystal field energy
levels and the Kondo temperature T are larger than the energy scales associated
with the onset of collective instabilities such as magnetic or superconducting order.
Further, these energy scales are generally much smaller in f-electron systems than
in transition metal compounds, especially oxides, making it feasible to track the
entire sequence of behaviors from high temperature paramagnetism, through Kondo
compensation, and to the ordered ground state in a single experiment.

The Kondo lattice systems provide a much-needed flexibility as experimental
hosts for investigations of the physics associated with magnetic quantum critical
points. It is especially significant that there is a convenient and well tested frame-
work for classifying these rare earth and actinide based intermetallic compounds, i.e.
the Doniach phase diagram [11]. The fundamental physics captured by this simple
model is that the exchange coupling J between conduction electrons and electrons
localized in f-orbitals, supplemented by the conduction electron density of states p
control both the Kondo temperature Tx ~ p ' exp(—1/pJ) and the onset temperature
for antiferromagnetic or ferromagnetic order Ty ¢ ~J2. It is the implied competition
between Tk and Ty ¢ that underlies the phase diagram itself, and if the relative sizes
of these two scales can be tuned by pressure, magnetic field, or composition, mag-
netic order can be eventually suppressed to zero temperature at a quantum critical
point (QCP). It is generally found that the paramagnetic phase which occurs beyond
the QCP is a Fermi liquid at low temperatures, and in some systems the quasiparticle
mass diverges as the QCP is approached [12—-14]. Much interest has focused on the
critical phenomena associated with the QCP, which are manifest as unconventional
temperature dependences in quantities such as the specific heat (C/T~InT), the mag-
netic susceptibility (y ~ T~%, § <1) and the electrical resistivity (p ~ T'*4) [7-9].
Neutron scattering measurements demonstrate unusual dynamical scaling near the
QCP, distinguished by the absence of characteristic energy scales, other than tem-
perature itself [15-17].
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Accompanying the evolution of critical phenomena from conventional to quan-
tum critical are profound changes in the underlying electronic behaviors of the heavy
electron compounds. In particular, the description of the magnetic moments varies
considerably across the phase diagram. In the limit of small J, Ty c ~J? is always
larger than Tx ~ exp(—1/pJ), so the f-electrons are fully localized and have no ap-
preciable compensation by the Kondo effect. As J increases, one possibility is that
the f-states become increasingly hybridized with the conduction electrons, lead-
ing to a magnetic transition which resembles a spin density wave (SDW) instability
of the Fermi surface (FS). The implication here is that the electron which was pre-
viously localized on the f-orbital becomes itinerant and is included in the FS which
goes from small (i.e. not containing the localized f-electron) to /arge containing the
previously localized f-electron). A second possibility is that the delocalization of
the f-electron occurs at the quantum critical point, possibly driven by the failure of
the Kondo effect, evidenced by the divergence of the quasiparticle mass and the re-
lated breakdown of the Fermi liquid description itself [18-22]. Direct measurements
of the Fermi surface volume indicate that it may jump discontinuously at 7 = 0 as
implied by Hall effect measurements of field-tuned YbRh,Si; [23], and by de Haas—
van Alphen measurements of pressure tuned CeRhlns [14]. Alternatively, there are
systems in which the zero temperature Fermi surface volume shrinks continuously
to zero at the quantum critical point, as demonstrated by quantum oscillation studies
of field-tuned CeRu,Si, [24].

2 The YbsPt4 Case

It is fair to say that the full potential of the heavy electron compounds to demon-
strate a diversity of routes to quantum criticality and its transformative impact on
electronic structure has yet to be tapped, either experimentally or theoretically. It
is evident that there are more complex magnetic phase behaviors possible, where
both first and second order transitions may compete in ferromagnetic or antiferro-
magnetic systems. The magnetic instabilities themselves may be local moment like,
having a small Fermi surface, or may be better described as collective instabilities
of electrons inhabiting a large Fermi surface. Developing new systems to serve as
exemplars of these different behaviors is consequently of great importance for sus-
tained progress. We will describe here our experiments on a new compound YbsPty,
which we believe represents a new type of quantum critical system, distinguished
both by its unusual magnetic phase diagram as well as by the dominance of the
itinerant electrons in determining the physics near a field-driven quantum critical
point. YbsPts displays the same high temperature behavior found in a number of
f-electron intermetallics. The dc magnetic susceptibility y has a Curie-Weiss like
temperature dependence (Fig. 1a), and for temperatures larger than ~150 K the mo-
ment obtained from the Curie constant is 4.54 g per Yb, very close to the Hund’s
rule value for Yb** [25]. At lower temperatures a modest anisotropy develops, as
well as a reduction of the moment, suggesting that a crystal field split manifold of
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Fig. 1 (a) The inverse of y = M/H, measured with a 2,000 Oe field parallel to the a and ¢ axes.
Inset: Same as (a) for expanded range of low temperatures near Ty. (b) Antiferromagnetic ordering
cusp in the ac susceptibility x'(A), demonstrating slope discontinuity in dy'/dT (e) at Ty.
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states is being depopulated. Antiferromagnetic order is found at Ty = 2.4K, both
from the slope discontinuity in 1/y (Fig. la, inset) and from the pronounced cusp
in the real part of the ac susceptibility y'(Fig. 1b). As demonstrated in Fig. 1a, the
temperature linearity of y ! is found all the way down to Ty itself, indicating that
the antiferromagnetic order develops directly from a local moment paramagnet with
minimal Kondo compensation. It is clear that the Yb-based f-electron is excluded
from the Fermi surface at zero field, at least for T > Ty.

A large ordering anomaly is observed at Ty in the specific heat C(T), presented
in Fig. 2. A broad peak is evident near ~25 K in Fig. 2, and our fits to the Schot-
tky expression indicate that the crystal field manifold consists of the four doublets
expected for Yb>* in tetragonal symmetry, with inelastic neutron scattering mea-
surements [26] showing that the first and second excited states are 87 and 230 K
above the ground doublet. We have measured a small latent heat associated with
the onset of antiferromagnetic order [25], and the weakly first order character of the
transition is consistent with the mean-field like appearance of the ordering anomaly
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b

Fig. 3 (a) Top: A unit cell of Yb3Pty, showing how the Yb atoms (dark spheres) are collected into
octahedra, and the stacking of these Yb octahedra. The antiferromagnetic structure of Yb3Pty is
based on octahedra of six Yb moments, each antiferromagnetically coupled to its nearest neighbor,
which is in another octahedron. Bottom: the orientations for the six moments in the Yb octahedra.
(b) The antiferromagnetic order parameter determined from the 110 magnetic peak. Dashed line is
the mean field expression, solid line is Ty ~ (H — 1.62T)"/3.

in C(T). We have also plotted the temperature dependence of the entropy in Fig. 2,
and see that 0.8 RIn2 is released at Ty, attesting to the quite localized character of
the doublet ground state in Yb3Pt4.

Neutron diffraction measurements have been used to determine the magnetic
structure and to study the magnetic order parameter [27]. YbsPty forms in the rhom-
bohedral hR14 (No. 148) space group. As shown in Fig. 3a, the full unit cell contains
18 Yb atoms and 24 Pt atoms, although the primitive cell has a single Yb atom and
only three Pt atoms. The fundamental building blocks of the crystal structure are
Yb and Pt octahedra which are stacked in a staggered fashion along the c-axis. As
indicated in Fig. 3a, the six spins making up the Yb octahedra split into two 3-spin
units, one with a net moment component pointing up and the other pointing down.
Each moment in the triad is paired antiferromagnetically with its nearest neighbor,
which lies in a neighboring octahedron. Interestingly, the magnetic unit cell is the
same size as the crystal unit cell in Yb3Pts, and so the propagation wave vector for
the antiferromagnetic order is q4r = 0. The antiferromagnetic order parameter was
measured (Fig. 3b), and displays a mean field-like temperature dependence with no
measurable discontinuity at Ty.

Taken together, our data show that Ybs;Pty has many of the attributes of other
Yb-based intermetallic compounds. For a wide range of temperatures, the Yb mo-
ments are weakly coupled to the conduction electrons, while magnetic susceptibility
measures find a well separated doublet ground state without appreciable Kondo
compensation of the moments. Antiferromagnetic order is found below 2.4 K,
remarkable in that there is little sign of critical fluctuations preceding the transi-
tion, which the susceptibility suggests develops directly from the local moment
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paramagnet. This weakly first order character to the phase transition is unique
among heavy electron antiferromagnets studied so far, and the small value of the
Neel temperature is suggestive that the phase transition might be suppressed to zero
temperature with modest fields or pressures. We will use magnetic fields to probe
the stability of antiferromagnetic order in Yb;3Pt4, with the aim of driving the Neel
temperature to zero temperature.

The phase diagram which is produced by field tuning the antiferromagnetic tran-
sition in YbsPty [28] is qualitatively different from those found previously in other
quantum critical antiferromagnets. To begin, we present the temperature dependence
of the specific heat C, measured with fields ranging from O T to 2 T applied along the
a-axis (Fig. 4a). With increasing field, the step in the specific heat is reduced in mag-
nitude and occurs at lower temperatures, ultimately vanishing at ~1.5T (Fig. 4b).
The transition temperature Ty taken from these data is plotted as a function of mag-
netic field in Fig. 5. Since Ty is still nonzero at 1.5 T (Fig. 5), we conclude that the
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Fig. 4 (a) The specific heat C of YbsPts measured in magnetic fields H|la (a=0.3T, b=0.5T,
¢=10T,d=1.128T, e = 1.25T, f = 1.37T, g = 1.49T). (b) AC(Ty) (normalized to zero
field value 8.82 J/mol-K, filled circles), entropy S(Ty) (units of RIn2, open circles), latent heat
L (normalized to zero field value 0.09 J/mol-Yb, filled squares) Lines are guides for the eye.

T(K)

Fig. 5 The magnetic phase diagram of YbsPty for H||a taken from temperature sweeps of x (open
triangles), dAM/AT (open diamonds), C(T) (gray circles) and field sweeps of C(H) (1% order: e, ond
order: O) and p(H) (1% order: filled triangles, 2nd order: open squares). Try, (x) is the limit of
Ap ~T2. The first and second order lines are jointly fit by Ty ~ (H—1.62 )02 (solid line).
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Fig. 6 (a) The temperature dependence of the magnetization M, measured in different fixed fields
Hi|a (filled circle = 0.35T, open circle = 0.5T, filled square = 0.75T, open square = 1T, filled
diamond = 1.25T, open diamond = 1.5T, filled triangle = 1.75T, open triangle = 2T). (b) The
temperature dependence of dM/dT, measured in different fixed fields, as indicated.

line of first order transitions in the field-temperature plane terminates at a critical
endpoint (Tcgp, Hegp), which is (1.2 K, 1.52 T) for fields along the a-axis, and (1.2
K, 3.5 T) when the field is along the c-axis.

Signatures of the first order phase line can be detected in other measurements
as well. We have plotted in Fig. 6a the temperature dependence of the dc magneti-
zation M, measured in different magnetic fields. It is evident that M is continuous
at the transition, although its temperature derivative dM/dT is not. dM/dT is plot-
ted in Fig. 6b, demonstrating a sharp steplike discontinuity at the Neel temperature
Ty. Indeed, Fig. 5 shows that the values for Ty(H) determined in this fashion over-
lay those from the specific heat measurements. Similar behavior is found in the
field derivative of the magnetization, which is obtained from the ac susceptibility
x'(H,T) = dM/dH||4(T) (Fig.7), measured as a function of temperature at various
fixed fields. Again, the step in x'(T) defines Ty(H), and Fig. 5 shows that it is in
complete agreement with the values found in C and dM/dT. We note that the step in
x' is only measurable for fields larger than ~0.5T, and this is because its magnitude,
like that of dM/dT, increases with proximity to the critical endpoint. Both obser-
vations are our first indicators that the critical endpoint gives way to a new line of
second order transitions for H > H¢gp, requiring the full divergence of the magnetic
susceptibility.

The appearance of a critical endpoint in the field-temperature phase diagram for
Ybs Pty implies either that there is a coexistence region which separates the ordered
phase at low fields and temperatures from the paramagnetic phase at high fields and
low temperatures, or that there are two phase lines which emanate from the criti-
cal endpoint. We have measured the field dependencies of the specific heat C and
the electrical resistivity p to distinguish between these two possibilities. The field
dependence of C measured at fixed temperature above and below T¢gp = 1.2K is pre-
sented in Fig. 8a. If the temperature is larger than T¢gp, this horizontal scan across
the H-T phase diagram traverses the first order phase line, and a step in C(H) is de-
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Fig. 7 The temperature dependence of the real part of the ac susceptibility x’, measured in
different fixed fields H || a: filled circles = O, open circles = 0.5 T, filled squares = 0.8 T, open
squares = 1.17T, filled diamonds = 1.35'T, open diamonds = 2'T.
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Fig. 8 (a) The field dependence of the specific heat C, measured at different temperatures T,
as indicated. (b) The field dependence of the electrical resistivity p, measured at different
temperatures.

tected, much as was observed in C(T) for vertical traversals of the same phase line.
However, if the temperature is below Tcgp the step is absent, and instead a lambda-
like peak is found in C(H), as expected for a second order phase transition. The
magnitude of the peak in C(H) decreases with decreasing temperature in agreement
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with the constraint that the entropy associated with this second order phase transi-
tion must vanish at T = 0. The fields and temperatures at which the specific heat peak
occurs have been added to the phase diagram (Fig. 5), and demonstrate that a line of
second order phase transitions emerges from the critical endpoint and vanishes at a
quantum critical point (QCP) with Hycp = 1.62T.

A very similar conclusion can be drawn from the field dependence of the elec-
trical resistivity (Fig.8b). While we do not present the data here, we have found
that p(H,T) — p(H=0,T = 0) «« M?(H, T), in both the antiferromagnetically ordered
and paramagnetic phases. We conclude that p is dominated at low temperatures by
spin disorder scattering, and in this sense is a proxy measurement for the magneti-
zation itself. As we saw for the specific heat, the signature at the phase transition
is very different when the first and second order phase lines are crossed. Specifi-
cally, we observe a slope discontinuity in p(H) at the first order phase line when
T > Tcep = 1.2K, reminiscent of the step in x’ reported in Fig. 7. The slope discon-
tinuity in p(H) becomes a peak for T < T¢gp, implying that the magnetization has a
peak on the second order phase line. This second order phase line is traced out by
adding the fields and temperatures at which the peak in p(H) occurs to the phase di-
agram (Fig. 5). While the data do not perfectly overlay the phase line deduced from
specific heat measurements, we ascribe this difference to a slight difference in the
field alignment between the two measurements.

The completed field-temperature phase diagram is presented in Fig. 5. A line of
weakly first order phase transitions extends from the zero field Neel temperature
Tyo = 2.4K to a critical endpoint at 1.5 T, where the Neel temperature is reduced
to Tcgp = 1.2K. No evidence is found for a coexistence region below the critical
endpoint. Instead, we find that the first order phase line is extended by a line of
second order phase transitions which terminate at a quantum critical point at 1.62 T.
Thermodynamics requires a second phase line to emerge from the critical endpoint.
Since there is no sign of this second phase line in our measurements, we conclude
that it must be associated with a second control variable, perhaps pressure. Remark-
ably, the first and second order phase lines found in the H-T plane appear to be well
described by the same expression, i.e. Ty o (H—Hpcp)?8 0% with Hocp = 1.62T.
We note that this critical exponent is much smaller than 2/3, the value expected for a
mean field quantum critical antiferromagnet [29], and does not reproduce the quasi-
linear suppression of Ty found in other quantum critical antiferromagnets [30,31].

The H-T phase diagram of YbsPt, is distinct from those found in other heavy
electron antiferromagnets which can be tuned to quantum criticality by either field
or pressure [13,30-32]. Like these systems, antiferromagnetism in YbsPts occurs at
the lowest temperatures via a second order transition. However, as magnetic fields
tune YbsPty away from the quantum critical point, the phase line is driven weakly
first order. Qualitatively, we can describe YbsPty as a system where fluctuations are,
for the most part, too weak to drive antiferromagnetic order which must then occur
via free energy differences between the ordered and paramagnetic states. Only near
the quantum critical point are fluctuations sufficiently strong to enable a bona fide
second order transition, typical of other heavy electron antiferromagnets. We note
that the central feature of the H-T phase diagram of YbsPt4, the critical endpoint,
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is also found in quantum critical ferromagnets such as MnSi [33] and Z1Zn, [34],
and field theoretical techniques have as well provided a supporting phenomenol-
ogy [35]. We stress, however, that these ferromagnets are apparently never truly
quantum critical [36], and that first order character is associated with the vanish-
ing of ferromagnetic order. This is, of course, completely opposite to the scenario
outlined in the phase diagram which our measurements reveal for Ybs;Pts, where
a first order transition gives way to a second order transition when the transition
temperature becomes very small.

Given the unique phase diagram found for YbsPty, it is likely that the underly-
ing electronic structure will have quite different properties as well. Is the high field
phase a Fermi liquid, and does the quasiparticle mass diverge at the quantum critical
point, as found in other quantum critical antiferromagnets? Is there a Fermi surface
volume change associated with the field-driven T = 0 transition to antiferromagnetic
order? What is the mechanism for magnetic order, and is it different near the quan-
tum critical point and far away? We will address these questions in the remainder of
this paper.

A central feature of virtually all quantum critical systems studied so far is the
formation of a Fermi liquid state, once pressure, composition, or magnetic field
suppresses magnetic order. In some cases, the characteristic temperature for the
Fermi liquid, Tr,, vanishes at the quantum critical point [18], and the associated
divergence of the quasiparticle mass has been documented in specific heat measure-
ments [12, 13]. Qualitatively speaking, the destruction of the Fermi liquid in these
systems seems to be a necessary step for the formation of moments and the eventual
stability of magnetic order. We have carried out an extensive study of the low tem-
perature electrical resistivity, specific heat, and magnetic susceptibility in both the
high field paramagnetic state and as well the low field antiferromagnetic state to
test whether this scenario is also appropriate for understanding the unconventional
field-temperature phase diagram of Yb;Pt,.

The electrical resistivity p shows clear Fermi liquid behavior in both the an-
tiferromagnetic and paramagnetic phases, where p(T) = p(T = 0) + AT2. Ap/p =
(p—p(T=0))/p(T =0) is plotted in Fig. 9 as a function of T? for fields H < Hypcp.
Unusually, the quadratic temperature dependence is observed for H < Hpcp up to
the Neel temperature itself, suggesting that the long ranged and long lived critical
fluctuations which usually suppress Fermi liquid behavior near phase transitions are
either especially weak or even absent in YbsPts. The resistivity coefficient A, taken
from the slope of Ap vs. T? is very nearly constant for H < Hocp (Fig. 10a). The
disappearance of antiferromagnetic order at H = Hycp is marked by a rapid reduc-
tion of A (Fig. 10a), as well as a rapid increase in the magnitude of Tr;, defined as
the highest temperature at which the resistivity has a quadratic temperature depen-
dence. Ty has been added to the phase diagram in Fig. 5, revealing that Ty has
a minimum but nonzero value in the range of fields encompassing both H¢gp and
Hycp. We note that the inevitable differences incurred in aligning the magnetic field
relative to the crystal axes in the different experiments prohibits a definitive state-
ment as to whether the minimum in Ty, occurs at Hpocp, Hegp, or simply nearby.
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Fig.9 (a) The normalized electrical resistivity Ap/p plotted as a function of temperature squared,
for different fixed fields H < Hpcp: a= 0T, b=0.8T, c =1.2T,d = 1.5T, e = 1.8T. Arrows

indicate Neel temperature Ty. (b) Same, but for different fixed fields H > Hpcp, as indicated.
Dashed lines are linear fits, showing temperature regimes for Fermi liquid behavior.
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Fig. 10 A comparison of the field dependencies of the Fermi liquid parameters A, ), and ¥ (see
text). Small differences in field alignment are responsible for the different quantum critical fields
found in the three quantities. Solid lines are guides for the eye.
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Nonetheless, it is very clear that Ty is never significantly smaller than T¢gp, and
certainly never approaches zero at any field.

The temperature dependence of the ac magnetic susceptibility y’ in zero field
shows that antiferromagnetic order develops suddenly from a paramagnetic state
where x’ ~ 1/T (Fig. 7). The susceptibility in the ordered state is largely temperature
independent, although there is a weak ordering cusp on the low temperature side of
the transition. This temperature independent Pauli susceptibility y, is expected for
the Fermi liquid state first revealed by electrical resistivity measurements. The field
dependence of y is compared to that of A in Fig. 10. In the ordered state, there is
little field dependence for either A or ), while both Fermi liquid parameters drop
suddenly when the field increases beyond Hopcp.

While the field dependencies of A and )y, would both be consistent with the
conventional view that the quasiparticle mass m* diverges near the quantum criti-
cal point, direct measurements of the electronic specific heat reveal a very different
scenario. The measured specific heat C,,.,; combines a number of contributions in
addition to the Fermi liquid term, yT. These include the field independent phonon
contribution, which we equate to the measured specific heat of the nonmagnetic
analog compound, polycrystalline LusPts, a Schottky peak C(T) which traverses
our temperature window as the field is tuned from O to 9T, and a critical contribu-
tion associated with Ty (H) and absent for fields above Hegp. Given this complexity,
we restrict our analysis to H > Hpcp, where the absence of the critical component
permits us to fit accurately the remaining terms (Fig. 11a). By subtracting the Schot-
tky peak, we can plot the remaining specific heat AC/T = (Cpyeas — Cschorky)/T as a
function of T? in Fig. 11b. The T = 0 intercept is defined as 7, and is in turn plotted in
Fig. 10c. We see that paramagnetic YbsPt4 is a moderately heavy Fermi liquid, with
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Fig. 11 (a) The measured specific heat C of Yb3Pty in a field of 3 T. Solid line shows fit to data,
consisting of a Schottky term (dotted line), a term linear in temperature yT (dashed line) and our fit
to the measured specific heat of LuzPts4, which is very well described on this range of temperatures
as BT (dotted and dashed line). (b) AC/T = (C — Csehonky)/T =7+ BTZ, plotted as a function of
T? to isolate the T = 0 intercept, 7.



Quantum Criticality in Heavy Electron Compounds 255

Fig. 12 The field dependence
of x0/7y. Solid line is 1/H?, 100
dashed line is typical value

of o/v found in other =
heavy electron materials. c\;\E 10

Inset: 1 +Ff goes to zero as mx

H— HQCPv (CI’E
= 1

-

Re)

=
0.1

y varying from ~0.1 to 0.16 J/mol K2. There is only a small field dependence for
7, and certainly no evidence for the divergence near Hycp found in systems such as
YbRh;Si; [13]. Remarkably, the onset of magnetic order in YbsPt4 does not require
a divergence or even an increase in the quasiparticle mass, which is found instead to
be almost independent of magnetic fields.

Given that antiferromagnetic order emerges at T =0 and H = Hpcp from a Fermi
liquid state without an accompanying divergent quasiparticle mass, what instability
of the Fermi liquid leads to the onset of magnetic order? To probe this question,
we have plotted xo/v in Fig. 12, eliminating the dependence of y, on the quasi-
particle mass and isolating a term which is proportional to 1/(1 + F{}), where F is
a Landau parameter. We see that at 9T, i.e. far from the quantum critical point,
%0/y has a value of ~0.2 x 107% m*K?/mJ, comparable to values found in heavy
electron compounds such as URu,Si, and UPt; [37]. As the field is reduced, xo/y
increases rapidly, reaching a value at Hpcp which is ~500 times larger than at
9T. Since xo/v= (1+F4) (Hoter/7°k3), we have isolated 1+ Fg and plotted it in
the inset of Fig. 12, showing that 1 +F{j decreases from a value near 0.1 at 9T to
0.002 at Hpcp. We conclude that the T = 0 antiferromagnetic instability in YbsPty
is apparently driven by long-ranged interactions among the quasiparticles, and not
by the enhancement of the quasiparticle mass. Significantly, this finding indicates
that there is no role for localized Yb moments in stabilizing antiferromagnetic or-
der near the quantum critical point, which we take as the instability of a ‘large’
Fermi surface, i.e. one which includes the very electrons which were localized on
Yb-based f-orbitals in zero field.

Finally, we point out that y,/y o« H-3*02, Attempts to fit xo,/y to powers of (H —
H*) uniformly degraded the quality of the fit for any power and any nonzero H*. This
suggests that the divergence of 1/(1+Fj) is controlled by a fixed point at zero field,
and the saturation of y in the ordered state signals that the first order transition cuts
off further development of these long-ranged quasiparticle interactions.

The T = 0 divergence of x, evident in Fig. 10b demonstrates that the q = 0 part of
the magnetic susceptibility is greatly enhanced, if not divergent, on the approach
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to the ordered state. Normally, the q = 0 part of the susceptibility is associated
with the ferromagnetic part of the response. However, our neutron diffraction mea-
surements show that the antiferromagnetic ordering vector for YbsPty is qar = 0,
meaning that every antiferromagnetic Bragg peak coincides with a nuclear Bragg
peak [27]. Given the inherent weakness of small angle scattering in the electrical
resistivity [38], it is not a priori evident whether critical fluctuations play a deci-
sive role in the resistivity, especially near Hpocp. Accordingly, we have plotted the
temperature derivative of p together with the temperature dependence of the spe-
cific heat to demonstrate that they are proportional near the H = 0 antiferromagnetic
instability at 2.4 K (Fig. 13). Figure 13 shows that YbsPty obeys the Fisher—Langer
relation [38] in zero field as well as in fields which approach Hegp and Hycp. This in-
dicates that for much of the ordered region of the phase diagram H < Hgycp, both the
resistivity and the specific heat are dominated by the same antiferromagnetic crit-
ical fluctuations. The observation of the Fisher—Langer relation in a system where
qar = 0 indicates that these same critical fluctuations are effective at scattering the
quasiparticles as the quantum critical point is approached from the H > Hpcp Fermi
liquid. To isolate the field enhancement of the quasiparticle scattering cross-section
from that of the quasiparticle mass itself, we plot the Kadowaki—Woods ratio A/y?
in Fig. 14 for fields from 1.4 to 9T. A/¥* has a value of 10uQ cm mol®>K?/mJ? at
9T, which is typical for a heavy electron compound with ¥ ~ 0.1 J/mol-K? [39]. As
the field is lowered towards the quantum critical point, A/y? increases dramatically
with a field dependence 1/H*%*02 which is very similar to that found in /7. The
inset to Fig. 14 shows that A/y?> and xo/y are approximately proportional to each
other for fields between 1.4 and 9 T. This is significant, since in the case of dom-
inantly ferromagnetic quasiparticle interactions we expect A/y? to be proportional
to (xo/ y)2 [8,40,41]. Of course, since antiferromagnetic fluctuations dominate the
small angle scattering in YbsPts, we do not expect that this relationship would hold
and indeed we see a linear, and not a quadratic relationship between A /y? and xo/7.

odp/dT o dp/dT

scarmpr| | f o CM-T-HT°|
H=1.1T

H=0 1

T(K) T(K)

Fig. 13 A comparison of the temperature dependencies of dp/dT and the critical part of the
specific heat C(T) = Cpreas — YT — BT? for H=0 (a) and H = 1.1T (b) (both in arbitrary units).
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Fig. 14 The field dependence
of the Kadowaki—Woods 1000
ratio, A/ ¥2. Dotted line indi-
cates typical value for other
heavy electron compounds.
Inset: A/ 2 is approximately
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The data which are reported here show that the relationship between magnetic
order and the underlying electronic structure is played out in Yb3Pts in a way which
is very different from that of previously studied quantum critical systems, such as
YbRh,Si; and CeCusgAug ;. We stress that the starting point for YbsPty is very
similar. In zero field, YbsPt, is a system in which spatially localized Yb** moments
are weakly coupled to conduction electrons, with a Kondo temperature Tx which is
not appreciably larger than the Neel temperature itself. The magnetic susceptibility
follows a Curie—Weiss law down to Ty, where it is discontinuously replaced by the
temperature independent susceptibility of a Fermi liquid state. Considering as well
the weakly first order character of the magnetic order, we hypothesize that the onset
of order and the accompanying loss of magnetic moment in YbsPts might be the re-
sult of a sudden expansion of the underlying Kondo temperature, akin to the “Kondo
Volume Collapse” found in other f-electron compounds, notably elemental Ce and
YbInCuy [42,43]. However, the coincidence of antiferromagnetic order with this
possible Fermi surface expansion would be, as far as we know, unique to YbsPt.
Of course, direct investigations of the Fermi surface above and below the transition
are necessary in order to assess the appropriateness of this explanation. However, we
note that no change is observed in the crystal symmetry with the onset of antifer-
romagnetic order [27], and that the lattice constants above and below the transition
are identical at the level of one part in 10, apparently shedding some doubt on this
scenario.

The weakly first order character of the H = 0 antiferromagnetic order in Yb3Pty
extends in magnetic field to a line of first order transitions, terminating at a criti-
cal endpoint. The critical endpoint is a feature of the H-T phase diagram found in
quantum ferromagnets, both experimentally and theoretically, supporting the belief
that these systems can never be truly quantum critical. The appearance of a crit-
ical endpoint in the phase diagram of a quantum antiferromagnet is unique, and
suggests that here quantum critical fluctuations are just strong enough to drive the
phase transition second order, once the transition temperature reaches a low enough
value. Accordingly, we have found no signs in YbsPty of the non-Fermi liquid be-
havior which is ubiquitous in other quantum critical antiferromagnets. Unlike these
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systems, the quantum critical phenomena in Yb3Pty are not sufficiently strong to
overcome the noncritical parts of the specific heat and magnetization, except at the
very lowest temperatures. The divergence of the extrapolated T = 0 susceptibility o
clearly indicates that quantum criticality ultimately dominates.

The zero temperature phase transition at the quantum critical field appears to be
driven by a Fermi surface instability, with no overt role for moment localization.
At the highest fields, values for the Fermi liquid parameters A, )y, and 7, are all
consistent with those found in other heavy electron compounds, suggesting a mod-
erate quasiparticle mass enhancement. As the field is reduced towards the quantum
critical value, there is only a slow evolution of 7y, with Ty, bounded from below by
the temperature of the critical end point. There is no divergence of the quasiparticle
mass near the quantum critical point in YbsPt4, although both y and A are hugely
enhanced relative to other heavy electron compounds. This suggests that the for-
mation of local moments is not central to the physics of the quantum critical point
in YbsPty. Instead, the divergence of the magnetic susceptibility indicates that these
quasiparticles interact in a medium which is increasingly polarizable as the quantum
critical field is approached, and the range and strength of their interactions expand
sufficiently to drive a Fermi surface instability, not unlike the physics of a Stoner
instability in a ferromagnet.

The relationship between moment formation and magnetic order, especially at
the quantum critical point, is very different in Ybs;Pts and in YbRh,Si,. These dif-
ferences are captured in the two schematic phase diagrams presented in Fig. 15.
Figure 15a is the phase diagram found in YbRh,Si, [44], where moment formation
occurs along the line T*(H), which terminates at the field driven quantum critical
point It = Hpcp. Here, antiferromagnetic order can be considered local moment-
like, in the sense that these moments are preserved both above and below the Neel
temperature, and are included in the Fermi surface only for H > Hpcp and T < T*(H).
Our experiments suggest a very different scenario for YbsPts, where the local mo-
ments appear to vanish with the onset of antiferromagnetic order in zero field, which
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Fig. 15 Schematic heavy electron phase diagrams as functions of temperature and tuning param-
eter I", representing pressure, field, or composition. (a) Moment delocalization occurs on dashed
line T* in YbRh, Si,, where magnetic field provides the tuning I" [44]. (b) Phase diagram proposed
for YbsPty, where moment delocalization occurs along the dashed line, terminating on the first or-
der phase boundary (1), perhaps at the critical endpoint (2) or on the second order phase line (3),
but does not extend to the QCP at Ic = Hgcp.
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can be considered a transition between a small Fermi surface at high temperatures,
and a large Fermi surface which includes the previously localized f-electron in the
ordered state. Conversely, the zero temperature instability at the quantum critical
field appears to be between two states without localized moments, i.e. where the f-
electrons have been absorbed into the Fermi surface. This observation implies that
moment delocalization occurs in YbsPts along one of the dashed lines (1)—(3) in
Fig. 15b, suggesting that it is always a finite temperature phenomenon in YbsPty.

3 Conclusions

Coming full circle, we conclude that the richness of the charge and spin degrees of
freedom intrinsic to the heavy electron compounds leads to their diversity of insta-
bilities which emerge from the universally paramagnetic state when the temperature
is progressively lowered. It is axiomatic that the underlying electronic structure
which drives these instabilities must have a similar richness, making it virtually
inevitable that different systems will display different routes to quantum criticality.
This work on YbsPts perhaps serves as the first evidence that there are a multiplicity
of ways in which magnetic order and moment localization can be achieved at T =0
within the heavy electron compounds.
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Resistivity of Mn;_,Fe,Si Single Crystals:
Evidence for Quantum Critical Behavior

C. Meingast, Q. Zhang,* T. Wolf, F. Hardy, K. Grube, W. Knafo,"
P. Adelmann, P. Schweiss, and H. v. Lohneysen

Abstract Resistivity measurements have been made on Mn;_,Fe,Si single crystals
between 2 and 300K for x = 0, 0.05, 0.08, 0.12 and 0.15. Fe doping is found to
depress the magnetic ordering temperature from 30K for x = 0 to below 2K for
x = 0.15. Although Fe doping results in a large increase of the low-temperature
residual resistivity, the temperature dependence of the resistivity above the magnetic
transition remains practically unaffected by increasing Fe content. An analysis of the
temperature derivative of the resistivity provides strong evidence for the existence of
a non-Fermi-liquid ground state near x = 0.15 and thus for a quantum critical point
tuned by Fe content.

1 Introduction

MnSi is thought to be a good example of a weak itinerant ferromagnet [1, 2].
Actually, due to the lack of space inversion symmetry of the B20 crystal struc-
ture and the resulting Dzyaloshinski-Moriya spin-orbit interaction, MnSi possesses
a long-wavelength (180 A) helical rotation of the magnetization in zero magnetic
field [3]. The magnetic ground state of MnSi is thus better described as incommen-
surate antiferromagnetic. However, above a field of roughly 0.6 T, the helical order
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is quenched and the systems then behaves like a typical weak itinerant ferromag-
net [3]. The smallest energy scale in MnSi is the crystal-field interaction, which
pins the helices along one of the (111) crystallographic directions. The interest in
MnSi has recently been renewed by the discovery of a large region of non-Fermi
liquid behavior in the resistivity with a 73/2 power law above the critical pressure
(~15kbar) where the long-range magnetic order disappears [4]. Usually non-Fermi-
liquid behavior is limited to a small region around a quantum critical point [5,6], and
the reason for this large region of non-Fermi liquid behavior remains unknown [7].

Here we study the resistivity of Mn;_,Fe,Si. Previous work has shown that the
magnetic order is suppressed with increasing Fe content [8,9], and it is thus of strong
interest to see if a concentration-tuned quantum critical point occurs in Mn,_,Fe,Si.
Resistivity measurements provide a simple, but quite powerful, means to investi-
gate such transitions. In particular, there appears to be a very strong correlation of
the temperature derivative of the resistivity with the magnetic/electronic heat ca-
pacity in strongly correlated systems [10, 11]. A more detailed report of these data,
as well as magnetization, specific heat and thermal expansion will be published
elsewhere [12].

2 Experimental

Single crystals of Mn;_,Fe,Si have been grown by the vertical Bridgman method in
conical Al,O3 crucibles. Stoichiometric mixtures of Mn (Cerac, 4N), Si (Alfa, 6N),
and Fe (Fluka, 2N5) were heated to 1460°C at a rate of 250°C /h, and after a hold-
ing time of 1 h, cooled down to 1150°C at rates between 1-2°C/h. At the beginning
the growth chamber was evacuated overnight to pressures <1073 mbar and then, at
temperatures >1000°C, backfilled to 1100 mbar with 6N argon. To further reduce
the oxygen content in the growth atmosphere the Al,03 crucible was packed into Zr
powders as a getter material. Crystals with typical dimensions of 10 x 1 x 0.5mm?
were cut with a wire saw and mechanically polished to the final dimensions. Some
of the crystals had small pores, which made an accurate determination of the ab-
solute resistivity problematic (see below). The resistivity was measured using a
four-points ac measurement technique in a PPMS (Physical Property Measurement
System) from Quantum Design. The contacts were made using silver paint and gold
(or platinum) wires.

3 Results and Discussion

Figure 1 shows the raw resistivity data of Mn;_,Fe,Si between 2 and 300K for
x=0,0.05,0.08,0.12 and 0.15. The resistivity of pure MnSi is very similar to previ-
ous measurements [13—15]. The present residual resistivity ratio (RRR), p(300K)/
p(2K) =21.5, is smaller than the highest RRR (up to 100-200) reported in the liter-
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Fig. 1 Resistivity versus 200
temperature of Mn;_,Fe,Si.
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ature [13-15]. Interestingly, we also observed higher RRRs for some crystals, which
however had broader magnetic transitions. We do not have an explanation for this
behavior, and here we present only the data of the crystal with a sharp magnetic
phase transitions and a lower RRR. The residual resistivity increases strongly with
x. However, the general shape of the resistivity curves above Ty is hardly affected
by an increase of the Fe content. The curves for x = 0.05 and 0.08 have somewhat
steeper slopes, however this may be due to an uncertainty in the absolute values due
to the previously mentioned pores in some of the samples. In order to have a better
comparison of the shape of the resistivity curves, we have normalized the resistivity
curves at 300K (see Fig.2). Now it is clearly seen that, besides the increase of the
residual resistivity, the curves all have very similar shapes above Ty.

In order to study the magnetic phase transition at 7y in more detail, we calculated
the temperature derivative of the resistivity, dp(T')/dT, which is plotted versus T in
Fig. 3. The data have been normalized at 100 K. The phase transition is now clearly
seen and strongly resembles the behavior of the specific heat and thermal expansion
[12, 15]. We note that the transition takes place in two stages; coming from low
temperatures, dp(7T)/dT first has a very sharp peak, followed by a broadened hump
just above the peak. We believe that the sharp peak signals the real phase transition,
i.e. the point where helical order is established with long-range phase coherence
throughout the crystal. This transition is weakly first-order. The broad hump above
this peak, on the other hand, is probably due to the establishment of ferromagnetic-
like correlations. This is because, with the application of an applied magnetic field,
the sharp peak decreases in temperature, whereas the broad hump becomes broader
and moves to higher temperatures, as would be expected for a simple ferromagnetic
transition [12, 15]. With increasing Fe content, the transitions remain remarkably
sharp for x = 0.05 and 0.08. For x = 0.12, the transition is somewhat broadened, and
the sharp first-order transition is no longer observed. For x = 0.15, we see no clear
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Fig. 2 Normalized resistiv-
ity, p(T)/p(300K), versus
temperature of Mn;_,Fe,Si.
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sign of a transition; dp(T')/dT first increases with increasing temperature and then
goes over a broad maximum at roughly 4 K.

In order to further analyze these resistivity data, it is very useful to look at
dp(T)/dT divided by temperature (see Fig.4). (1/T) dp(T)/dT is analogous to
the magnetic/electronic specific heat divided by T, i.e. C,/T [10, 11, 15]. In Fig. 4
we see that (1/7) dp(T)/dT becomes constant at low T for pure MnSi, as would
be expected for a Fermi-liquid like state with a constant C,,/T. For increasing Fe
content X, (1/7) dp(T)/dT is no longer constant at low temperature, but rather
approaches a nearly logarithmic temperature dependence, indicating the approach
to a non Fermi-liquid state. For x = 0.15, (1/T) dp(T)/dT increases smoothly to
the lowest measured temperature (2 K) and shows no sign of a finite-temperature
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Fig. 4 (1/T)dp(T)/dT 4
versus temperature on a
log(T) scale for Mn;_,Fe,Si.
(1/T)dp(T)/dT is con-
stant at low temperature

for pure MnSi indicative

of a Fermi-liquid state. For

x = 0.16, on the other hand,
(1/T)dp(T)/dT diverges
nearly logarithmically imply-
ing a non-Fermi-liquid ground
state.
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phase transition. The present data thus provide strong evidence that Mn,_,Fe,Si
approaches a magnetic quantum critical point for x close to 0.15. This nearly
logarithmic divergence is in contrast to the 7% divergence expected from the
p(T)~T3/? power law found for pure MnSi in the region above the critical pressure
[4]. Here, it is worth recalling that the transition under pressure to a non-magnetic
state in pure MnSi is of first order above a pressure p* close to the critical pres-
sure, whereas the present data point more to a second-order transition with Fe
substitution. The difference in critical behavior may, thus, be due to the different
tuning parameters (pressure versus composition) employed to approach the quan-
tum critical point.

4 Conclusions

In summary, resistivity measurements of Mn;_,Fe,Si single crystals between 2 and
300 K nicely demonstrate that Fe doping depresses the magnetic ordering temper-
ature from 30K for x = 0 to below 2K for x = 0.15. A detailed analysis of the
temperature derivative of the resistivity provides strong evidence for the existence
of a non-Fermi-liquid ground state near x = 0.15. This makes Mn;_,Fe,Si a very in-
teresting system for further studies. Of special interest is the comparison with the
behavior of pressure-tuned pure MnSi. Preliminary thermal expansion and specific
heat data of Mn;_,Fe,Si are in accord with the present resistivity data and also pro-
vide evidence for a quantum critical point near x = 0.15 [12]. Together these data
show that the Griineisen parameter, which is just the ratio of the thermal expansion
coefficient and the specific heat, exhibits a divergence and a sign change, as is typi-
cally expected close to a pressure-tuned quantum phase transition [16].
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Electron Spectroscopy of Correlated Transition
Metal Oxides

K. Maiti

Abstract It is now realized that electron—electron Coulomb repulsion (electron cor-
relation) strength, U plays the key role in determining the electronic properties of
various condensed matter systems. Employing photoelectron spectroscopy, it is ob-
served that the surface and bulk electronic structures can be significantly different
in transition metal oxides. One can extract the surface and bulk spectra using vari-
ation of surface sensitivity of the technique with the incident photon energies. The
bulk spectra in various transition metal oxides show that the magnitude of U re-
duces with the increase in radial extension of the associated orbitals as expected due
to their inverse relation [U(3d) > U(4d) > U(5d)]. However, U is also found to de-
pend on associated crystallographic structures. Particle-hole asymmetry, disorder in
these correlated systems leads to plethora of novel properties. In higher d systems,
electron—lattice, electron—magnon couplings become more important, which could
be probed using high energy resolution photoemission technique. Interestingly, the
insulating behavior observed in 5d transition metal oxides often does not correspond
to a gapped state.

1 Introduction

The investigation of electronic structures of transition metal oxides (TMO) has at-
tracted a great deal of attention both experimentally and theoretically due to many
interesting properties exhibited by these systems. Some of the notable examples are
unusual metal-insulator (MI) transitions [25, 65], high temperature superconductiv-
ity [7], colossal magnetoresistance [28], etc. The metal-insulator transition has been
of great interest for nearly more than six decades [26,30] and yet not been under-
stood. While the observation of an insulating behavior in partially filled systems
is interesting in itself, the insulator to metal transition driven by temperature [21],
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pressure [16,32,61-63], magnetic field [28], isotope effect [6], exposure to x-rays
[38], etc. has provided an impetus for further research in this direction. Such a wide
spectrum of novel electronic and magnetic properties arises primarily due to a com-
petition between on-site Coulomb repulsion strength, U among transition metal d
electrons and a large hopping interaction strength between the ¢ and ligand states
hybridized to the d states. This enables the transition metal d states to support a local
magnetic moment with a concomitant tendency towards delocalized band formation.
In this article, we describe, how the electron correlation influences the electronic
structure of various transition metal oxides that determines their electronic proper-
ties and that can be visualized directly using photoemission spectroscopy.

1.1 Band Picture

The distinction between metals and non-metals (insulators) was first established by
Bloch [9] and Wilson [93] in the early years of twentieth century within a quantum
mechanical framework. Crystalline materials have a band-like energy spectrum due
to finite overlap of the electronic states corresponding to different sites in a crystal
lattice. An insulator is a material which has all the bands fully filled (the highest
occupied band is termed as valence band, VB) or entirely empty (the lowest unoc-
cupied band is called conduction band, CB) as shown in Fig. 1.

The energy gap between the top of the valence band and the bottom of the con-
duction band is called band gap, E,. For a N particle system this can be defined as,

E, =[E(N+1)—E(N)]+[E(N—1)—E(N)]
= E(N+1)+E(N—1)—2E(N) (1)

where E(N), E(N+1) and E(N — 1) are the energies corresponding to the system
having N, (N +1) and (N — 1) particles, respectively. Here, E, is essentially the sum

Energy Energy

Fig. 1 Schematic diagram of
the band picture of insulator

and metal within independent )
electron approximations. Band insulator Metal

DOS




Correlated Systems: Electron Spectroscopy 269

of electron affinity, [E(N+ 1) — E(N)] and a one-electron ionization energy, [E(N —
1)—E(N)]. Thus, the minimum energy required to transport an electron from one site
to another spatially uncorrelated site is E, and the electronic transport is activated.
These insulators, that are describable within the Bloch—Wilson theories are termed
as band insulators.

If the energy band is partially filled, the highest occupied and lowest unoccupied
energy level are the same energy termed as Fermi energy, €. Therefore, transport of
electrons from one site to the other does not require excitation energies. These ma-
terials are known as metals, where the resistivity appears due to impurity scattering,
thermal disorder etc.

Interestingly, this scenario can be described with great success using ab initio
band structure calculations within the local density approximations. Since the two-
particle term involving electron—electron Coulomb repulsion is treated in a mean
field way, thereby, highly underestimated in the calculations within the local density
approximation (LDA), all the LDA results are considered as representation of the
band description (effective single particle descriptions).

1.2 Electron Correlation

Although the band picture, in describing metals and insulators has been successful
in many cases, such as alkali and alkaline earth metals, the observation of insulating
behavior in NiO by de Boer and Verwey [10] cannot be accounted for within this
framework. Nickel in NiO is in 2+ oxidation state with a 3d® electronic configura-
tion. In an octahedral crystal field, the 3d levels are split into a triply degenerate f,,
band and a doubly degenerate e, band. Thus, 8 electrons in the 34 levels will give
rise to a fully filled 75, band and half filled e, band. According to the Bloch—Wilson
theory, this system should be a metal in sharp contrast to the highly insulating be-
havior of NiO. Peierls [74] pointed out the possible importance of electron—electron
interactions in this case. More than a decade later, Mott [64] presented a theory
suggesting the electron—electron Coulomb interactions to be the driving force for
insulating behavior in NiO. Following Mott’s description, it was pointed out that if
all the sites in the lattice have n electrons in the d levels, the transfer of an electron
from one site to another will generate @"~! and d"*!' sites as shown in Fig.2. Due
to the presence of electron—electron interactions, the energy required for such an
electronic transport is given by,

E(dndn *)dnfldrwl) :E(dn+l)+E(dn—1) 72E(d") —U (2)

where E(d") denotes the total energy of a system having n electrons in the d lev-
els. U is the electron—electron Coulomb repulsion strength. Thus, the unoccupied
band, E(d™!) (empty band in the figure) will be above the occupied band, E(d"~')
(shaded band in the figure) by energy U, which represents the energy cost to trans-
fer an electron from one site to another. On the other hand, finite hopping between
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Fig. 2 Schematic diagram
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different sites in the solid leads to lowering of energy via charge delocalization; it
competes against the tendency towards localization due to the electron correlation
effect. The hopping interaction strength is directly related to the bandwidth of the
system. When U is larger than the band width of d band, W the system will exhibit
an insulating behavior, in contrast to the metallic behavior expected from the in-
dependent electron models. Otherwise, the system remains metallic despite electron
correlation. Clearly, the electronic properties can be described by a single parameter,
U/W (U/W > 1 =insulator, U/W < 1 =-metal).

The above scenario has been summarized in a simple model, which is widely
known as the Hubbard model as expressed below.

H= Z[tijC;O.CiO'+h.C.] JrZUniT”ii 3)
i

where #; is the hopping interaction strength for an electron from site i to site j.
Thus, the first term in the model Hamiltonian represents the inter-site hopping en-
ergy, t (< W = bandwidth) and the second term represents on-site Coulomb repulsion
energy, U. Correlation effects in 3d transition metal oxides (TMO) have extensively
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been studied using this model during the past few decades following the discovery
of many exotic properties in these systems [26,30]. Despite simplicity of the model,
the major difficulty arises from large U leading to non-perturbative nature of the
problem, and the presence of various competing effects such as different types of
long-range order, interplay between localization and lattice coherence etc. There-
fore, various approximation methods have been used to understand the influence of
electron correlation in the electronic properties.

In contrast to the predictions of the above model, recent theoretical studies reveal
a correlation induced metallic ground state in a band insulator using ionic Hubbard
model [22, 24, 33, 72]. Such an unusual transition has been observed in two di-
mensional bipartite lattice by tuning U/W and the local potential, A. The model
Hamiltonian in this case can be expressed as,

H = Z [[,'_,'C-;GC,'G —‘rh.C.] +ZU”iTnil +A <Z ni — Zn,) +Z,LLI’I, 4)

icA,jeB icA icB

where, u is the chemical potential. A and B are the two non-equivalent sites in the bi-
partite lattice. Clearly, a half filled valence band corresponding to the pristine lattice
would lead to an insulating ground state due to the doubling of the lattice translation
in the bipartite lattice. Here the electron density will be dependent on the local po-
tential at each site. Introduction of electron correlation resists delocalization of the
electrons and hence a metallic phase would maintain until a Mott insulating phase
emerges due to strong electron correlations. All these are theoretical predictions and
need experimental realization.

1.3 Photoelectron Spectroscopy

Photoemission spectroscopy is a powerful and arguably the only tool to probe the
entire electronic structure directly. The basic process involves the photo-electric ef-
fect, in which the sample under investigation is irradiated with a photon beam and
the energy of the incident photon, Av is transferred to an electron of the sample.
If hv is large enough for the electron to overcome its binding energy and the work
function of the solid, the electron is ejected from the system and can be detected by
an electron spectrometer. This is a quantum mechanical many body process, where
the electron in the ground state (Bloch state in the crystal) is excited to vacuum
by the incident photon beam and emits through the sample surface. Thus, the vac-
uum electron has a damped final state which carries all the informations of intrinsic
effects due to photo-excitation from the ground state and various extrinsic effects
occur during the transmission through the solid and emission through the sample
surface.
The photoemission intensity can be expressed as

I(k.€) = S(k,e).W(e).F(e,T)®G(e, ) @ L(e,I;) ® L(g,I}) 3)
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where, S(k,¢) is the spectral function, which is the imaginary part of the Green’s
function and can be expressed as

1
ﬂh@:m{gjgjaza} (6)

W (€) is the transition probability, which can be written as

W(e) = (yrlA.p|y).8(e — & —hv). @)

F(g,T) is the Fermi—Dirac distribution function, G(¢, o) is a Gaussian representing
the resolution broadening, L(e,I}) is a Lorentzian representing the photo-hole life-
time broadening and L(g,I;) is a Lorentzian representing the photoelectron lifetime
broadening.

The electronic transition follows all the conservation rules. The energy conser-
vation rule states that

hv = Ey — E; = Epj, + Wy + Egin, ®)

where E; and E; are the final and initial state energies, respectively. W is the work
function. This rule helps to determine the binding energy of the photoelectrons via
measuring their kinetic energy using a suitable electron detector. The momentum
conservation rule can be expressed as,

ki =ki+G, 9)

where G is the reciprocal lattice vector. Along with the energy conservation rule,
the momentum conservation helps to determine the momentum of the photoelec-
trons via measuring the emission angle. Thus, one can map the entire Brillouin zone
experimentally using this technique and is widely known as ARPES (angle resolved
photoemission spectroscopy).

It is clear that photoemission spectroscopy directly probes the occupied part of
the electronic structure. If the valence band consists of n d electrons (d" electronic
configuration), the photoemission would lead to @"~! electronic configuration (lower
Hubbard band in a correlated system). Thus, the signature of correlation induced
features in the electronic structure will be manifested directly in the photoemission
spectral functions.

In addition, while ejecting through the sample, the photoelectrons undergo in-
elastic scattering leading to various excitations such as plasmons, phonons, etc.
Thus, the photoelectrons have finite lifetime. If the photo-excitations occur at a
depth x from the sample surface as shown in Fig. 3, the intensity of the electrons
coming out of the surface without such inelastic loss can be expressed as,
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Fig. 3 Photoemission at a
depth of x from the sample
surface.
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where d is the effective surface depth and A4 is the mean escape depth. I*(¢) and
I”(¢) represent the surface and bulk spectra, respectively. A varies with the kinetic
energy of the photoelectrons; faster electrons will have lesser impact time with the
scattering centers and hence, will have larger escape depth. At very low kinetic
energies, the photoelectrons have again large A as electron kinetic energy is not
sufficient to excite other modes. The minima in escape depth strongly depend on the
sample (compactness, metallicity, defects etc). It is observed that in most cases, the
minima lie in the energy range of 15-100 eV [47-49,51,55, 56, 83].

It is evident from Eq. (10) that if one knows d/A corresponding to two photon
energies, it becomes a two unknown equation. Thus, one can delineate the experi-
mental surface and bulk spectral functions analytically. This is an unique feature of
photoemission spectroscopy; by changing the surface sensitivity of the technique,
one can extract the surface and bulk electronic structures directly. However, due to
the surface sensitivity of this technique, one needs an extremely clean surface to
probe the electronic structure. Thus, all the photoemission measurements are car-
ried out on freshly in situ prepared sample surface in an ultra high vacuum (UHV)
chamber (P < 10710 torr).

2 Electron Correlation in 4d Transition Metal Oxides

Transition metal oxides have been investigated extensively during past few decades
followed by the observation of many interesting properties such as high temperature
superconductivity, giant magnetoresistance etc. However, large electron correlation
strength, U in these systems, forbids any realistic description of these systems based
on ab initio approaches. 4d orbitals in 4d transition metal oxides (TMOs) are more
extended than 3d orbitals in 3d TMOs. Thus, the correlation effect is expected to
be less important in these systems and provides a suitable testing ground for the
applicability of various ab initio approaches. Here, we show some of the results
manifesting how the electron correlation strength depends on orbital extension in 4d
transition metal oxides, STRuO3 and CaRuQOs, and hence influence their electronic
properties.
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2.1 Electron Correlation in SrRuO3z and CaRuQ;3

Research involving ruthenates has seen an explosive growth in the recent time due to
many interesting properties such as superconductivity [46], non-Fermi liquid behav-
ior [35,39,41], unusual magnetic ground states [13,35,39,41, 80], etc. observed in
these materials. SrRuOs3, a perovskite compound exhibits ferromagnetic long range
order below the Curie temperature of about 160 K with a large magnetic moment
(1.4 pp) despite highly extended 4d character of the valence electrons [13, 80].
Interestingly, CaRuO3, an isostructural compound possess similar magnetic mo-
ment at high temperatures as that observed in StRuO; but the magnetic ground
state is controversial. While some studies predicted an antiferromagnetic ordering
in CaRuOs3 [12,44,86,92], various other studies suggest absence of long-range order
down to the lowest temperature studied [13,35,39,41,59]. These later investigations
predict that the behavior in this compound is in the proximity of quantum critical
point, which is manifested in the transport measurements exhibiting non-Fermi lig-
uid behavior [35,39,41].

Both SrRuO; and CaRuOj3 form in an orthorhombic perovskite structure (ABO3-
type) as shown in Fig. 4. The space group for StRuOs; is conventionally defined as
Pbnm and that for CaRuOj is Pnma, which are essentially the same structure type
with a difference in the definition of axis system [68,76]. The A cation (St/Ca) sites
help to form the typical building block of this structure. The RuOg¢ octahedra in
these compounds are connected by corner sharing. The conduction electrons move
via this RuOg network and hence determine various electronic properties. A re-
cent study, however, suggests significant influence of A-site cations in determining
the structural distortions [54, 81]. The tilting and buckling of the RuO¢ octahe-
dra as evident in the figure essentially leads to a GdFeOs type distortion resulting
in an orthorhombic structure. While the structure type is same in both the com-
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pounds, the extent of distortion is somewhat different resulting in a slightly different
Ru-O-Ru bond angle in these compounds. If O(1) represents the apical oxygen in
the RuOg octahedra along z-axis in the figure and O(2) represents the oxygens in the
basal (xy) plane, there are two O(2) and one O(1) atoms in one formula unit. The
Ru-O-Ru angles in SrRuO; are: Ru—O(1)-Ru = 167.6°, Ru—O(2)-Ru = 159.7°
and those in CaRuQOj3 are: Ru—O(1)-Ru = 149.6°, Ru—O(2)-Ru = 149.8°. Thus, the
widely different properties of SrRuO3 and CaRuOs were attributed to the different
Ru—O-Ru angle leading to different valence band width and hence change in U/W.

2.1.1 Experimental Details

In order to understand the correlation induced effects in these compounds, detailed
photoemission studies have been carried out. For these studies, high quality poly-
crystalline samples (large grain size achieved by long sintering at the preparation
temperature) were prepared by solid state reaction method using ultra-high purity
ingredients and characterized by x-ray diffraction (XRD) patterns and magnetic
measurements as described elsewhere [13, 70, 80]. Sharp XRD patterns revealed
single phase for all the samples. Magnetic susceptibility exhibit a ferromagnetic
transition in SrRuOj3 at 165 K and a signature of antiferromagnetic interactions in
CaRuOj3 at 180 K. The magnetic moment of 2.7 g in SrRuO;3 and 3 ug in CaRuO3
in the paramagnetic phase is close to their spin-only value of 2.83 up for tgthzlgL
configurations at Ru sites.

Photoemission measurements were performed on in situ (4 x 10~!! torr) scraped
samples [96,97] using SES2002 Scienta analyzer. The experimental resolution was
1.4 meV, 2 meV and 0.3 eV for measurements with monochromatic He 1, He 11, and
Al K« lines, respectively.

2.1.2 Electron Correlation Effect Manifesting in Valence Band

Valence band spectra in the vicinity of the Fermi level, & obtained at He 1 ex-
citation energies are shown in Fig. 5. This is essentially contributed by the Ru 4d
density of states. O 2p states appear at higher binding energies [51, 54]. The spec-
tral intensity at &7 is significant suggesting a metallic phase. In order to obtain the
band picture of this system,the single-particle electronic density of states (DOS)
can be calculated using the full potential linearized augmented plane wave method
(FLAPW) [8] with the local spin density approximations (LSDA). The calculational
details can be found elsewhere [54]. The calculated results are also shown in the fig-
ure. Clearly, the intensity down to about 0.8 eV binding energies corresponds well to
the experimental spectra. This feature is, thus, commonly known as coherent feature
and represents the delocalized density of states of the electronic structure.

The maximum intensity in the experimental spectra appears around 1.2 eV as also
observed in earlier studies [70,73]. On the other hand, the theoretical intensity peaks
at about 0.5 eV with negligible contributions beyond 1 eV. Thus, this feature is often
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Fig. 5 (a) Valence band
spectra of SrRuO3 and
CaRuO3 collected using He 11
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attributed to the signature of the electronic states essentially localized due to elec-
tron correlations (lower Hubbard band) and is termed as incoherent feature. Since,
the relative intensity of the coherent feature compared to that for the incoherent
feature is somewhat larger in SrRuQOj3 than that in CaRuOj3, CaRuO3 was predicted
to be more correlated than SrTRuOs;. While large intensity at Er indicates metallic
character, the complete dominance of this apparent incoherent feature was taken as
evidence of the presence of strong correlation effects in previous studies [2,70,73].
This is surprising, considering the fact that Ru 44 orbitals are highly extended.

Valence band spectra collected using Al Ko photons are shown in the upper
panel of Fig. 6. Interestingly, the XP spectra exhibit highest intensity at 0.5 eV. The
spectral lineshape is much closer to the band structure results than the low energy
spectra. In order to compare them with the UP (He 1) spectra, we have broadened
He 11 spectra upto 0.3 eV, which is similar to the XP measurements. The lineshape
of the valence band collected at two different photon energies are significantly dif-
ferent. Such a difference is curious as this energy range is essentially contributed by
Ru 44 electronic states (O 2p contributions are very small).

The difference, here, appears to be the change in escape depth of the photo-
electrons at these widely different photon energies. The x-ray photoelectrons has
significantly larger escape depth ~20 A compared to the ultra-violet photoelectrons
(<10 A), which leads to a significantly larger bulk sensitivity in XPS compared to
that in UPS. Thus, the spectra in Fig. 6a suggest that the bulk and surface electronic
structures are significantly different in these systems. Notably, the lineshape of the
valence band in the XP spectra of CaRuQO3 and SrRuQOs3 are very similar as expected from
the band structure results described above [51, 82].

The photoemission intensity shown in Eq. (10) is a function of escape depth. It
is clear that if one has two experimental spectra and corresponding d/A values, the
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Fig. 6 (a) Valence band
spectra collected using x-ray
photons. The He II spectra
broadened upto X P resolution
of 0.3 eV are also plotted
here to compare with the
lineshape of the XP spectra.
(b) Extracted surface and
bulk spectral functions repre-
senting the surface and bulk
electronic structure.
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surface and bulk spectra can be analytically calculated. It is expected that the values
of d/A is very close in various transition metal oxides. Thus, we have extracted the
surface and bulk spectral functions using the d/A values similar to CaSrVOs; [49].
We observe that a change in d/A values by more than 10% leads to unphysical
intensities providing confidence in this procedure. The extracted surface and bulk
spectra are shown in Fig. 6b. I°(¢) in both the cases is dominated by the intensity
centered at 1 €V. I”(¢) exhibit large coherent feature with the peak at about 0.5
eV as observed in the ab initio calculations. The feature around 2 eV indicates the
presence of some degree of correlation effects, which is estimated below.

Since, U appears to be small, the self-energy, X;(e), can be calculated using
perturbation approach up to the second order term [77, 88, 89] within the local ap-
proximations. We have used Ru 1, PDOS for these calculations. The calculated
spectral functions are shown by solid lines in Fig.7. The fit to the experimental
spectra is remarkable. Most interestingly, U/W is found to be significantly small
(0.24 for CaRuOs3 and 0.21 for SrRuO3; U = 0.6 +£0.05 eV in both the cases) in
sharp contrast to all previous predictions [2,70,73]. A small variation in U /W leads
to significantly large spectral weight transfer as shown in the figure. We calculated
the mass enhancement factor following the relation,
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Interestingly, m* /my, for StTRuOj3 is almost the same (= 2.9) as that obtained (= 3.0)
from specific heat measurements. While U /W in CaRuOsj is little larger than that in
SrRuOs, m*/my, in CaRuOj is found to be close to SrRuO; and somewhat smaller
than its experimental value.

Differences in the surface and bulk electronic structures in 3d TMOs as well
as in rare earths were attributed to the enhancement of U/W due to the band nar-
rowing at the surface [42, 49]. However, this seems unreasonable as the surface
peak appears at lower binding energies than the incoherent peak in the bulk spectra.
It is observed that small distortion of RuOg¢ octahedra in the orthorhombic struc-
ture lifts the degeneracy of the bulk r,, band. Whether the surface layer consists
of Sr/Ca—O or Ru-O layer, the absence of periodicity along the surface normal
will enhance this distortion leading to a different crystal field symmetry presumably
close to Dy, symmetry (ty, = e, + bag); Where d; and d,, bands exhibit e,-symmetry
and d,, band has by,-symmetry [50]. Thus, the peak around 1 eV in the surface
spectra may be attributed to an essentially filled e, band with b,, band appearing
above Er.
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2.1.3 Non-Fermi Liquid Behavior in Three Dimension: Particle-Hole
Asymmetry

All the above results shows that the surface and bulk electronic structures are differ-
ent in ruthenates and that the electron correlation strength is rather weak as expected
for extended 4d orbitals. The electron correlation strength is very similar in STRuOj3
and CaRuOs. These results, thus, makes the understanding of non-Fermi liquid be-
havior in CaRuO3; more uncertain. In order to probe this further, we note here that
the surface spectra shown in Fig. 6b for both CaRuO3; and SrRuQOj3 exhibit very small
intensity at e despite the fact that the resolution broadening of 300 meV of the in-
tense higher binding energy features in the surface spectra is expected to enhance
the intensity at 7. Thus, the spectral density at &7 in the photoemission spectra is
essentially dominated by the bulk spectra and the surface contribution is negligible.
The dominance of the bulk contribution in the He 1 spectra has indeed been demon-
strated in a similar system, SrVO; [95], where the dispersion and mass enhancement
of the electronic states at & in the ultraviolet spectra are identical to the bulk of the
system.

In order to investigate the anomalous behavior in CaRuOj further, we probe the
spectral evolution close to 7. The energy resolution and the Fermi level at each tem-
perature are determined by the experiments on high purity Ag sample. The energy
resolution used for these measurements was 1.5 meV. Since transport occurs in the
low energy scale (~meV), it is necessary to achieve such high resolution to investigate
critically these properties. Using this state-of-the-art energy resolution achieved in this
instrument, we investigate the spectral changes in StRuO3; and CaRuO3 as shown
in Fig. 8a and b, respectively. All the spectra, normalized at the binding energy 100
meV (> kgT), appear to cross each other at & as expected in a system of fermions
following Fermi-Dirac distribution function.

The electrical conduction, o, of a Fermi-liquid scales as 72 and can be ex-
pressed as ¢ = %ﬁzr (n(g) = carrier density in the vicinity of &, T = scattering
rate and m* = effective mass). Thus, in addition to the temperature dependence of
7, the shape of n(€) and its evolution with temperature play a significant role in
determining the temperature dependence of electronic conduction. Various recent
studies [20] suggest that a simple power law dependence of n(¢) captures most of the
physical properties associated to the electronic states close to €. Thus, we plot the
spectral density of states (SDOS) in Fig. 8c and d. Here, the SDOS were obtained
via dividing the experimental spectra by the corresponding Fermi-Dirac distribu-
tion function. All the SDOS shown reveal a dip at &, which gradually becomes
sharper with the decrease in temperature. The line superimposed on the experi-
mental SDOS represents the |e — gr|!'/2-dependence. Clearly, the spectral lineshape
follow |& — &r|'/2-dependence for BE > 2kpT suggesting an influence of disorder in
the electronic structure as also observed in other oxides [3,78].

In addition, the spectral weight transfer appears to be different in the two sys-
tems; e.g. the spectral weight transfer from 0 to 20 meV binding energy range to the
energy region above & for a change in temperature from 22 to 42 K in SrRuOj is
significantly larger compared to that observed for similar temperature change (16—
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Fig. 8 Temperature evolution of the very high resolution spectra in the vicinity of the Fermi level
in (a) SrRuO3 and (b) CaRuOs3. The difference between highest and lowest temperature spectra
are shown by stars. The lines represent the part of the difference spectra above & plotted after
inversion. The spectral density of states obtained via division by the Fermi Dirac function at each
temperature are shows for (¢) StTRuO3 and (d) CaRuOs.

40 K) in CaRuOs. In order to bring out this point, we subtract the spectral functions
at highest temperature from the lowest temperature spectra shown in the figure. The
difference is shown by open circles in Fig. 8a and b. The lines represent the spectral
differences above &f, superimposed after inversion onto the difference spectra below
er. In the case of SrRuOs, the difference spectra are almost symmetric with respect
to er for (| € —&r |< kpT) as expected for a Fermi-liquid system. The differences
observed around 10-50 meV binding energies may be attributed to the tempera-
ture induced gradual population of the coherent feature [26]. In sharp contrast, the
spectra in CaRuOj reveal an unusual evolution with temperature; the spectral weight
transferred above ¢ is larger than the reduction in intensity below &¢. This is clearly
in contrast to the expected trend based on band structure results, which shows higher
intensity above g in SrTRuO; suggesting a larger spectral weight transfer than that in
CaRuOj [54]. Increase in temperature populates the hole states, which could be probed
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efficiently using high energy resolution. Thus, the anomaly observed in Fig. 8b clearly
reveals the asymmetric excitations between electrons and holes (particle-hole asym-
metry) in CaRuOs [5,57].

NFL behavior is often found experimentally in a phase in the proximity of
quantum critical point, where the NFL ground state is related to magnetic insta-
bility [85]. Evidence of the proximity of such quantum critical behavior has indeed
been observed in the recent studies in high-temperature superconductors [90]. Var-
ious studies suggest that existence of low-dimensionality in these systems leads to
charge fractionalization and hence NFL behavior manifests as has been shown in
one-dimensional systems possessing decoupled charge and spin excitations [71,91].
The signature of particle-hole asymmetry in the spectral functions of CaRuO3 ob-
served in this study provide evidence to consider additional parameters in the study
of NFL behavior [57].

2.2 Disorder in a Weakly Correlated System: SrRuy_,Ti, O3

Ti substitution at Ru sites in StRuOj3 introduces a local potential different from Ru
sites in the Ru—O sublattice. At 50% substitution, every alternative Ru site is re-
placed by a Ti site (unit cell is doubled) similar to a bipartite lattice considered
in the ionic Hubbard model as described in Eq. (4). In addition, Ti**-substitution
[1,36,78] dilutes Ru—O—Ru connectivity leading to a reduction in Ru 4d bandwidth,
W and hence, U/W will increase. Transport measurements [37] in this system ex-
hibit plethora of novel phases such as correlated metal (x ~ 0.0 ), disordered metal
(x ~ 0.3), Anderson insulator (x ~ 0.5), soft Coulomb gap insulator (x ~ 0.6), disor-
dered correlated insulator (x ~ 0.8), and band insulator (x = 1.0). Thus, this system
is a good candidate to study the role of electron correlation, disorder in exhibiting
varieties of electronic properties in addition to the test case for predictions in the
ionic Hubbard model.

2.2.1 Experimental Details

These samples were prepared by solid state reaction route and found to be in sin-
gle phase. Magnetic measurements on SrRu;_,Ti,O3 exhibit distinct ferromagnetic
transition at each x up to x = 0.6 studied, as also evidenced by the Curie—Weiss
fits in the paramagnetic region. The fits provide an estimation of effective magnetic
moment (u = 2.8, 2.54, 2.45, 2.18, 2.19, 1.95 and 1.93 up) and Curie temperature
(6p =164, 156.6, 150.6, 145.3, 139, 138.6 and 100 K) for x=10.0, 0.15, 0.2,0.3, 0.4,
0.5 and 0.6, respectively. The photoemission measurements were carried out us-
ing SES2002 electron analyzer as described above. All the experimental parameters
were set to similar values as described above.
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2.2.2 Valence Band: Influence of Correlation and Disorder

In Fig.9, we show the valence band spectra in the vicinity of & obtained using
Al Ko and He 11 lines. The peaks A and B appear due to the electronic states having
primarily Ru 4d character. Since Ti is in 44 valence state [56], there is no electron
in the Ti 3d band. Hence, the valence band is essentially contributed by the Ru 4d
electronic states. Thus, all the spectra are normalized by the integrated area under
the curve and corresponds to Ru 4d content. Clearly, in addition to the decrease in
intensity due to the decrease in Ru content, the spectral lineshape changes signifi-
cantly. The coherent feature (feature A in the figure) corresponds to the delocalized
DOS observed in ab initio results. The feature B is the incoherent feature, absent in
the ab initio results [58], is the signature of correlation induced localized electronic
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Fig. 9 Valence band spectra obtained by (a) Al K& and (b) He II photon excitations are shown for
different values of x in SrRu;_,Ti,O3. The spectral intensity is essentially contributed by Ru 4d
density of states.
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states forming the lower Hubbard band. The increase in x leads to a decrease in
intensity of A and subsequently, the intensity of B grows gradually. Since the bulk
sensitivity of valence electrons at 1486.6 eV photon energy is high (~60%), the
spectral evolution in Fig. 9a manifests primarily the changes in the bulk electronic
structure. Ru 4d contributions extracted from the He 11 spectra are shown in Fig. 9b,
where the surface sensitivity is about 80%. The coherent feature intensity in Fig. 9b
reduces drastically with the increase in x and becomes almost negligible at x = 0.6.

2.2.3 Surface and Bulk Spectra Showing Dimensionality Dependence

We have extracted the surface and bulk spectra using the same parameters used in
CaRuOj3 and SrRuOs. The bulk spectra are shown in Fig. 10a. The enhancement of
U /W due to Ti substitution is expected to reduce the width of the coherent features
along with an increase in the incoherent feature intensity [26]. In sharp contrast, the
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Fig. 10 (a) Bulk spectra, (b) surface spectra and (¢) symmetrized surface spectra of SrRu;_,Ti,O3
for different values of x. All the spectra are normalized by integrated intensity.
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distinct signature of the incoherent feature in SrRuO3 almost disappears making a
broad valence band in the vicinity of er. As if the coherent feature becomes sig-
nificantly broad at higher x values and the lineshape is not sensitive to the value
of x.

Since, U is weak in these highly extended 4d systems [51, 87], a perturbative
approach may be useful to understand the role of electron correlation in the spectral
lineshape. We have calculated the bare density of states (DOS) for SrRuy 5Tip 503
using state-of-the-art full potential linearized augmented plane wave (FLAPW)
method [8, 58]. The self energy and spectral functions were calculated using this
e partial DOS as done before [77, 88, 89]. The calculated spectral functions are
convoluted by Fermi—Dirac distribution function and the Gaussian representing the
resolution broadening of 300 meV. The solid line in Fig. 10a represents the spectral
function corresponding to U = 0.5+ 0.1 (similar to that in StRuO3) and exhibits
remarkable representation of the experimental bulk spectrum. These results clearly
establish that U remains almost the same across the series. The overall narrowing
of the valence band observed in the substituted compounds are essentially a single
particle effect and can be attributed to the reduced degree of Ru—O—Ru connectivity
in these systems.

The surface spectra shown in Fig. 10b exhibit a gradual decrease in coherent
feature intensity with the increase in x and subsequently, the feature around 1.5
eV becomes intense, narrower and slightly shifted towards higher binding energies.
The decrease in intensity at €r is clearly visible in the symmetrized spectra, S(¢) =
I(€) +1(—¢) shown in Fig. 10c (& represents binding energy). Intensity at &¢ in S(¢)
of x = 0.5 sample becomes zero exhibiting a soft gap. A hard gap appears in S(€)
corresponding to higher x. This spectral evolution is remarkably consistent with the
transport properties [37]. These results corresponding to two-dimensional surface
states presumably have strong implication in realizing recent theoretical predictions
[22,24,33,72] and the bulk properties of this system.

The effect of resolution broadening of 4 meV in the He 11 spectra is not significant
in the energy scale shown in the figure. The electron and hole lifetime broadening
is also negligible in the vicinity of &r. Thus, S(¢) obtained from the He 1 spectra
provides a good testing ground to investigate evolution of the spectral lineshape in
the vicinity of &7. The lineshape of S(¢) in Fig. 11a exhibits significant modification
with the increase in x. We, thus, replot S(€) as a function of |e — ep|* for various
values of a. Two extremal cases representing o = 0.5 and 1.25 are shown in Fig. 11b
and c, respectively. It is evident that S(&) of STRuO; exhibits a straight line behavior
in Fig. 11b suggesting a significant role of disorder in the electronic structure as
shown earlier 3, 78].

The lineshape modifies significantly with the increase in x and becomes 1.25 in
the 60% Ti substituted sample. Systems consisting of localized electronic states in
the vicinity of &, a soft Coulomb gap opens up due to electron—electron Coulomb
repulsion; in such a situation, the ground state is stable with respect to single-
particle excitations, when SDOS is characterized by (& — &r)?-dependence [18,60].
Here, Ti substitution introduces defects in the Ru—O network, where Ti*t having
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Fig. 11 (a) Symmetrized
He 11 spectra, S(€) in
SrRu;_,Ti,O3. S(¢) plotted
as a function of (b) |& — g¢ |0
and (c) |& — ep|" .
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no d-electron, does not contribute in the valence band. In addition, the reduced
degree of Ru—O-Ru connectivity leads to a decrease in bandwidth, W and hence
U /W enhances. Thus, gradual increase in o with the increase in x in the intermedi-
ate compositions is curious and indicates strong interplay between correlation effect
and disorder in this system.

In summary, introduction of Ti** sublattice within the Ru** sublattice provides
a paradigmatic example, where the charge density near Ti** sites is close to zero
and each Ru*" site contributes four electrons in the valence band. Such large charge
fluctuation leads to a significant change in spectral lineshape and a dip appears at &g
(pseudogap). The effects are much stronger in the (two dimensional) surface elec-
tronic structure leading to a soft gap at 50% substitution and eventually a hard gap
appears. Bulk electronic structure (three-dimensional), however, remains less influ-
enced. A theoretical understanding of these effects needs consideration of strong
disorder in addition to the electron correlation effects.
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3 Electron Correlation in 5d Transition Metal Oxides

The radial extension of the d orbitals is further extended in 5d transition metal
oxides. Thus, the correlation strength is expected to reduce further in these com-
pounds. Concomitantly, the d orbitals will be more exposed to the crystal field
leading to stronger lattice coupling. Interestingly, 54 transition metal oxides often
exhibit anomalous properties in contrast to the general belief. These systems are
not studied so well like 34 and 4d transition metal oxides. Here we present the elec-
tronic structure study of two 54 transition metal oxides exhibiting unusual electronic
properties.

3.1 Collective Excitation Induced Giant Non-linear
Conductivity: BalrOs

BalrOj; exhibits many unusual crystallographic and magnetic properties [14, 15,17,
43,69, 75]. The crystal structure consists of Ir;Oj, trimers, where the IrO¢ octa-
hedra are face shared. Inter-trimer link occurs by corner-sharing to form columns
parallel to c-axis. The trimers are tilted by about 12° leading to monoclinic struc-
ture (space group C2/m) [43]. This quasi-one-dimensional structure is manifested
in the anisotropic transport behavior [14]. The complexity of the structure results
in twisting and buckling of the trimers, and in multiplicity of Ir-O and Ba—O bond
distances, thereby creating four types of Ir and three types of Ba [75,79].

BalrOs is found to be insulating in the whole temperature range studied. Interest-
ingly, various bulk measurements suggest a charge density wave (CDW) transition
around 175 K [14]. CDW state usually appears in low-dimensional metallic systems
due to the spatial modulation of the conduction electron density; the periodicity of
the charge modulation is different from that of the unit-cell. As a consequence, a gap
opens up in the single particle excitation spectrum below the transition temperature.
Thus, the observation of CDW state in an insulating compound, BalrO; is unusual.

Subsequently, several studies have been performed on this system to understand
this unusual electronic transition. Recently, it is proposed [66] that the electronic
phase transition occurring at about 180K in BalrO; may not be attributed to
CDW transition as the abrupt jump in resistivity typical of a CDW transition is
not observed. In this study, the negative differential resistance below the transition
temperature was described as a giant non-linear conduction which presumably cor-
responds to a different class of collective excitations. Despite controversy over the
identification of the ground state, it is clear that the presence of a collective exci-
tation is necessary to explain the bulk properties, which is unusual in an insulating
material.

A finding unique to this compound is that ferromagnetism sets in at the same
temperature of about 180 K. Thus, the ground state also corresponds to a mag-
netically ordered state indicating intimate relationship between magnetism, lattice
and electronic properties. In addition, it exhibits low magnetic moment, additional



Correlated Systems: Electron Spectroscopy 287

transitions around 80 and 26 K, non-metallicity despite very short Ir-Ir distances etc.
Here, we present the temperature evolution of the electronic structure that reveals
the microscopic origin of such unusual properties.

3.1.1 Experimental Details

The sample was prepared by a conventional solid state reaction method in the poly-
crystalline form using ultra-high pure ingredients (BaCO3 and Ir metal powders).
In order to achieve large grain size and stoichiometry, the final product was pel-
letized and sintered at a rather high temperature (1,000°C) for more than 2 days
and furnace-cooled (rather than quenching) which ensures the oxygen stoichiometry
close to 3 [17]. The x-ray diffraction pattern exhibits single phase without any sig-
nature of impurity and the lattice constants (a = 10.015 A, b=5748 A, c=15.157 A
and B = 103.27°) are found to be in excellent agreement with those reported for sin-
gle crystals [14]. In addition, we performed electrical resistivity measurements by a
conventional four-probe method and establish the presence of a CDW transition at
183 K from an insulating phase; the onset of a ferromagnetic transition at the same
temperature is observed by dc magnetic susceptibility measurements taken in the
presence of a magnetic field of 5 kOe. Somewhat higher transition temperature ob-
served in this compound compared to the single crystals [14] ensures good quality
of the sample.

Photoemission measurements were performed using a Gammadata Scienta an-
alyzer, SES2002 at a base pressure of 4 x 107! torr. The experimental resolution
was 0.8 eV for Al Ka (1486.6 eV), 4.5 meV for He 1 (40.8 eV) and 1.4 meV for
He 1 (21.2 eV) measurements. The sample surface was cleaned by in situ scraping
and the cleanliness was ascertained by tracking the sharpness of O 1s feature and
absence of C 1s peaks. The low temperature photoemission measurements were per-
formed using an open cycle He cryostat and the sample temperature was measured
by thermocouple mounted close to the samples. At each temperature the Fermi edge
was determined by the Fermi edge of in-situ scraped polycrystalline silver sample
mounted on the same sample holder in electrical contact with the other samples and
ground.

3.1.2 Electron Correlation Among Ir 5d Electrons in BalrO3

We show the valence band spectra collected using Al Ka and He 1 radiations in
Fig. 12. Interestingly, the spectral lineshape of both He 1m and Al Ka-spectra are
identical despite their large difference in probing depth; this is demonstrated by su-
perposing the resolution broadened He 11 spectrum (solid line in the figure) over the
Al Ka-spectrum. This establishes that the surface and the bulk electronic structures
are essentially identical in contrast to the observations in 3d and 4d transition metal
oxides [47-49,51,56].
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Fig. 12 (a) Valence band
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Now, we compare the experimental photoemission spectra with the band struc-
ture results to investigate the influence of electron correlations. The calculated #,,
band of Ir 54 PDOS are shown by thin solid line in the figure exhibiting large in-
tensity at & suggesting highly metallic phase of the system; the experimental Ir 54
feature at room temperature exhibit only very small intensity. The total width of the
occupied part in the calculated PDOS is also substantially smaller compared to the
Ir 5d signal in the experimental spectra. Such observations of significant reduction
of spectral weight at the Fermi level and the population of the higher binding energy
region often attributed to the underestimation of electron—electron Coulomb repul-
sion effect in the ab initio approaches. However, such a strong correlation effect in
these highly extended 5d electrons is unexpected.

It is to note here that the difference between experimental bulk spectral functions
and the ab initio results could well be explained in the 4d transition metal oxides
[51] using a perturbative approach to introduce the correlation effect in the self
energy of the system. The effective correlation strength U /W was found to be small
(U/W ~0.2) in 4d systems. We thus calculate the spectral function for BalrO; in
the same way, using the second order perturbation method employed by Treglia
et al. [77,88,89]. The calculated spectral functions for U/W = 0.5 and 1.0 are shown
in Fig. 12b. The increase in U/W leads to a significant spectral weight transfer to
higher energies. However, the intensity at & remains almost the same for U/W
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as large as 1.0. The spectral function obtained in this process could not generate
the spectral lineshape observed in the experimental spectrum for any value of U /W.
This suggests that this procedure may not be adequate to determine the experimental
results.

Interestingly, a rigid shift of the calculated r,, band by 0.5 eV towards higher
binding energies provides a significantly good description of the experimental
spectrum. The width and spectral distribution in the shifted spectral function is re-
markably similar to that observed in the He 11 spectrum. Thus, the Fermi level may
be shifted to the upper edge of the 7,, band due to the electron doping via oxygen
non-stoichiometry. Such a shift would stabilize the system due to the closeness to
the fully filled electronic configuration resulting to lowering in energy. Interestingly,
various experimental results indeed indicate that the oxygen content is often found
to be less than 3.0 [17,75], which effectively leads to electron doping into the Ir
5d band.

All the above observations indicate that the electron correlation may not be the
primary origin for the differences between experimental and theoretical results. The
electron doping due to the oxygen non-stoichiometry intrinsic to BalrOs; possibly
plays significant role in determining the electronic structure and subsequently vari-
ous physical properties in this system. While a direct verification of this effect is
difficult due to the limitations of the computing power to handle a large super-
cell corresponding to a composition having small oxygen non-stoichiometry, further
photoemission studies on samples having different oxygen non-stoichiometry may
ensure such an effect experimentally.

3.1.3 Low Temperature Phase: Origin of Non-linear Effects

We now focus on the evolution of the valence band spectral intensities as a func-
tion of temperature in order to investigate the origin of unusual ground state. High
resolution spectra are shown in Fig. 13. No spectral modification is observed down
to 183 K. As the temperature is lowered across 183 K, the intensity at & decreases
and the leading edge shifts towards higher binding energies. A further decrease in
temperature leads to an opening of a band gap of the order of 50 meV below &f.

The photoemission response function in Eq. (5) represent a Gaussian convolu-
tion of the spectral DOS multiplied by the Fermi-distribution function. Since the
resolution broadening represented by the Gaussian (full width at half maximum =
1.4 meV) is negligible compared to the energy scale of investigation, /(¢)/F (e, T)
provide a good representation of the spectral density of states, SDOS.

The SDOS thus obtained are shown by solid lines superimposed on the experi-
mental spectra in Fig. 12a. It is important to note here that such an estimate of SDOS
is sensitive to the precise location of &r. Therefore, we have carefully determined
€r at each temperature by the Fermi cut off observed for silver mounted on the sam-
ple holder together with the sample. The representative spectra at 20 and 300 K are
shown in the figure. In order to verify the reliability of our analysis, we carry out
the same exercise for silver and found the flat density of states of silver in a wide
energy range (>3.5kgT).
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Fig. 13 (a) High resolution
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Interestingly, the spectral DOS at room temperature exhibits a finite intensity and
a distinct dip at e suggesting the signature of a ‘pseudogap’ [65]. This observation
in conjunction with the insulating transport behavior [14] suggests that all these
electronic states are essentially localized. This is not surprising for such a quasi-
one dimensional system where a small lattice distortion and/or impurity leads to
localization of the electronic states. Existence of such localized states forming a
pseudogap at Er has been predicted long before [4, 65]. High resolution employed
for these measurements makes it possible to directly probe such electronic states
experimentally. A notable finding is that the intensity at & becomes close to zero
below the phase transition, thus forming a soft gap at €. Eventually a gap of the
order of 50 meV below &7 opens up around 83 K.

It is well known that the disorder leads to a |e — &¢|'/? (e is energy) cusp at &
in metals [3, 78]. In an insulator consisting of localized electronic states at &, a
soft Coulomb gap opens up due to electron—electron Coulomb repulsion; in such
a situation, the ground state is stable with respect to a single-particle excitation
only if SDOS can be characterized by (& — &)?-dependence [18, 60]. In contrast,
in the present case, the SDOS exhibits a |& — &r|*/?-dependence spanning a large
energy range close to e (BE < 300 meV) as shown in Fig. 12b. Most interestingly,
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this dependence remain unchanged down to the lowest temperature studied. Thus,
the opening of a soft gap observed here has an origin different from the electron—
electron Coulomb repulsion observed in other systems [60]. The exponent of 3/2
in SDOS suggests strong influence of electron—-magnon coupling on the electronic
structure [31] presumably responsible for the ferromagnetic ground state.

3.2 Strong Correlation in 5d Transition Metal Oxide: Y,Ir;07

It is now clear that the electron correlation strength is weak in 4d transition metal
oxides. Signature of electron correlation in 5d transition metal compounds has not
been observed so far [19,29,53]. Here, we show a clear evidence of strong electron
correlation among 5d electrons in a pyrochlore, Y,Ir,O7.

Recently, pyrochlores have drawn significant attention due to the possibility of
geometrical frustration leading to a varieties of novel phenomena e.g., spin ice be-
havior [11], superconductivity [27], correlation induced metal insulator transitions
[34] etc. In particular, a Ir based pyrochlore, PrpIr,O7 has been recently identified
to show spin-liquid behavior [67], anomalous Hall effect [45] etc. While Pr;Ir, O
is a metal, the Y-analogue, Y;,Ir,O7 is described to be a Mott insulator [23, 84, 94].
In addition, Y,Ir,O; has been proposed to exhibit a weak ferromagnetic transition
at around 150 K [23, 84]. Therefore, this is an ideal system to probe 5d electron
correlation.

3.2.1 Experimental Details

Y,Ir,O7 was prepared by solid state reaction route; high-purity (>99.9%) Y,03 and
Ir powder were ground together and heated at 900°C for a day, 1150°C for 6 days.
To achieve large grain size and good inter-grain binding, the sample was finally
sintered in pellet form at 1150°C for 10 days. X-ray diffraction (XRD) pattern does
not exhibit any trace of impurity. Rietveld refinement reveals a single cubic phase
(a = 10.20 A; space group Fd3m). Energy dispersive x-ray analysis using scanning
electron microscopy reveals Y:Ir ratio to be uniform (1:1) throughout the specimen.

The energy resolutions in the photoemission measurements using SES2002
Gammadata Scienta analyzer and LT-3M cryostat from Advanced Research Systems
were set to 300, 4 and 1.4 meV for the measurements with x-ray (XP) (1486.6 eV),
He 11 (40.8 eV) and He 1 (21.2 eV) photons, respectively. The sample surface was
cleaned by in situ scraping (base pressure = 3 x 10~ !! torr) and cleanliness of the
sample surface was ensured by negligible (<2%) impurity contributions in the O
Ls spectral region and the absence of C 1s peak. The electronic band structure
calculations were carried out using full potential linearized augmented plane
wave method (WIEN2k software) [8] within the local spin density approxima-
tions, LSDA. Structural parameters used for these calculations were estimated via
Rietveld refinement of the XRD pattern.
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3.2.2 Valence Band: Surface-bulk Issue and Electron Correlation

Like other transition metal oxides presented here, the valence band close to & is
essentially contributed by the Ir 54 density of states. All other contributions in this
energy range are negligible. The valence spectra collected using He 1 and Al Ko
(XP) radiations are shown in Fig. 14a. Both the spectra exhibit a broad feature but
the lineshape is significantly different as well as the energy position of the peak. This
is demonstrated by overlapping the resolution broadened He 1 spectrum (solid line)
over the XP spectrum. The x-ray photoelectrons have larger escape depth than the
ultraviolet (UV) photoelectrons. Thus, the difference in the XP and UV spectra is
attributed to the different bulk and surface electronic structures. We have extracted
the surface and bulk spectra following the procedure and parameters experimen-
tally found in earlier studies on similar systems [51,55]. The extracted surface and
bulk spectral functions are plotted in Fig. 14c. The surface spectrum exhibits a peak
around 1.8 eV with no intensity at & suggesting insulating character of the surface
electronic structure. The bulk spectrum, on the other hand, exhibits a substantial in-
tensity at & suggesting metallic phase in addition to an intense peak at around 1 eV.
This is in sharp contrast to the prediction of Mott insulating phase in earlier studies.

In order to compare with the LSDA results, the calculated density of states
(DOS) are shown in Fig. 14b. The total DOS reveal metallic ground state with
DOS spreading down to 1 eV binding energy. This is significantly different from
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the experimental bulk spectra exhibiting a peak at about 1 eV. Consideration of spin
polarization in the calculations helps to capture the magnetic phase with a small fi-
nite magnetic moment centered at Ir sites. However, the spectral lineshape does not
become better.

Since, the electron correlation is significantly underestimated in the band struc-
ture calculations within LSDA, the difference between the calculated and experi-
mental spectra can be attributed to the electron correlation effects [30]. Thus, the
feature at about 1.1 eV in the bulk spectrum can be assigned to the contributions
from the lower Hubbard band (incoherent feature). The large intensities near &g
represent the signature of delocalized electronic states (coherent feature). The large
intensity of the incoherent feature compared to the coherent feature intensity in-
dicates strong electron correlation effects, in sharp contrast to the observations in
other Ir compounds [53]. The deviation from LSDA results is most evident in the
surface spectrum. Only the incoherent feature is observed along with a large gap at
er suggesting a Mott insulating phase corresponding to the two dimensional elec-
tronic structure at the surface.

In order to estimate the electron correlation strength among 5d electrons, we
compare the experimental spectra with the ab initio results, where the calculations
were carried out for different values of U using LSDA + U method. The calculated Ir
5d PDOS are shown in Fig. 14c. The PDOS for U = 0eV exhibits a peak at around
0.5 eV, spreading down to about 1 eV binding energy, which is significantly nar-
rower than the width of the experimental bulk spectra. The increase in U leads to
a spectral weight transfer away from &g. It is evident that the results corresponding
to U > 4eV provide the best description of the experimental spectrum. This value
of U is significantly large (U /W > 2) and comparable to that found in 34 transition
metal oxides. Such a large U corresponding to highly extended Ir 5d electrons is
unusual. This study, thus, establishes that in addition to radial extension, one needs
to consider the associated crystal structure to understand the correlation effects in
various transition metal oxides.

3.2.3 Issue of Insulating Behavior and Magnetic Ground State

We now focus on the behavior of correlated 54 electrons in the magnetically or-
dered phase. For this purpose, we first discuss the surface and bulk spectra at 20 K
shown by open symbols in Fig. 14c. The surface spectra remain unaffected with the
change in temperature. No hard gap is observed in the bulk spectra down to the
lowest temperature studied, which evidently rules out the possibility of Mott insu-
lating phase in the bulk even at low temperatures. This suggests that the insulating
transport observed in this system is unusual. Clearly, other localization effects are
operative here. This is an important issue that came out of this study and hope these
results will help to initiate future studies in this direction. The lineshape of the 20 K
bulk spectrum is very similar to that at 300 K indicating that the magnetic phase
transition has insignificant influence if viewed in the energy scale of the figure.
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Fig. 15 (a) High resolution

spectra at different temper- a 06 K
atures in the vicinity of &r. ’
The spectral density of states 2 -
obtained via dividing the g o4l g + 300 K
spectra by the Fermi—Dirac 5 R x 200 K
functions are shown by lines 5 F ° 100 K
overlapped onto the raw data. Z o2k ° 50K
(b) The spectral density of a e 10K
states are plotted as a func- *qé - 4,
tions of |& — ep|'. - ool 1 1 o |
' 100 50 0 -50 -100
&¢, (meV)
b
Z 06
5
e 300 K
204 w00k
8 T e 100K
202 o 50K
- e 10K
0.0 L | L | L | L | L
20 15 10 5

le-g,|"” (100 meV')

Although the electron correlation effects are manifested in the large energy scale
as described above, various thermodynamic properties are essentially determined
by the electronic states near &7 (|€ — er| ~ kgT). High energy resolution employed
in the present investigation enables one to address this issue. We investigate the
evolution of the He 1 spectra near & as a function of temperature in Fig. 15a, which
represent the bulk features as the surface spectra exhibit a large gap. Normalization
of all the spectra at around 200 meV binding energy shows similar line shape down
to about 50 meV binding energy at all the temperatures. The spectra in the energy
range closer to & reveal interesting evolution along with the appearance of a sharp
Fermi cut off at low temperatures.

Since the energy resolution is high and various lifetime broadenings are insignif-
icant in the vicinity of &r, one can extract the spectral density of states (SDOS)
directly from the raw data, dividing them by the Fermi Dirac distribution function.
There is a dip in SDOS at &, which gradually increases with the decrease in tem-
perature. It is often observed that the intensity at & decreases with the decrease
in temperature due to the disorder induced localization of the electronic states at
er [40,78]. In such a case, the DOS at & follows (a +b\/T; T is temperature) be-
havior [3,40], which is very different from the behavior in the present case.

In order to investigate the energy dependence of the spectral lineshape, we an-
alyzed SDOS as a function of |¢ — er|* for different values of a. All the spectra
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could not be simulated for one value of . We show an extreme case in Fig. 15b
(o = 1.5). Clearly, disorder does not play a major role as corresponding behavior of
o = 0.5 is not observed [3,40, 78]. The spectra in the magnetically ordered phase
(T < 150K) exhibit a deviation from o = 2 behavior and are better represented by
o = 1.5. High resolution spectra of another 5¢ compound, BalrO3, exhibiting ferro-
magnetic ground state below 183 K is also characterized by o = 1.5 [52]. Thus, it
is clear that electron—magnon coupling [31] plays a significant role to determine the
magnetically ordered states in these highly extended 54 systems.

The SDOS at non-magnetic phase (7 > 150K) exhibit deviation from a = 1.5
behavior. It appears that 300 K is better represented by o = 2 indicating strong
influence of electron correlation effect in the electronic structure. These findings
may serve as an experimental demonstration of various theoretical predictions of
correlation induced effects, disorder, collective excitations etc. in a Fermi liquid
[18,60].

4 Conclusions

In summary, we have addressed the issue of electron correlation among 4d and 5d
electrons in various crystallographic structures. Photoemission spectroscopy is ar-
guably the best technique to probe the electronic structure directly. However, one
needs to be careful while comparing the experimental spectra directly to various
bulk properties and theoretical predictions as the surface and bulk electronic struc-
ture can be significantly different. One can use the variation of probing depth in
photoemission to verify this and extract the surface and bulk spectral functions.
Probing exotic bulk properties requires high energy resolution that reveals subtle
changes in the spectra in the vicinity of the Fermi level.

Experimental results show that the electron correlation strength is a function of
radial extension of the associated orbitals. The correlation strength reduces with the
increase in radial extensions. However, the correlation strength can be strong even
in highly extended 5d transition metal oxides depending on the crystallographic
structure. We see that the bandwidth is significantly small in Y,Ir,O7, which leads
to an effective local character in these electronic states. Disorder plays a significant
role in determining the electronic properties. While disorder induced effects are
often described via |e — g7 | dependence, other exponents are also manifested in the
experimental results depending on electron correlation, collective excitations etc.

The deviation from the Fermi liquid behavior is usually observed in low di-
mensional systems. Recently a three dimensional system, CaRuOs exhibits such
behavior in various bulk measurements. The high resolution photoemission study
here reveals a signature of particle-hole asymmetry in this system paving a new way
to describe non-Fermi liquids.

Although 54 orbitals have large radial extensions, most of the oxides involving
5d transition metals exhibit insulating behavior. The spectral density in such cases is
finite at the Fermi level both in experiment and band structure calculations. This is



296 K. Maiti

surprising and a new mechanism is necessary to explain the insulating ground state
in these systems. It is observed that often these compounds exhibit ferromagnetism
at low temperatures. Subsequently, the spectral functions show a |& — &r|'- depen-
dence suggesting an important role of electron-magnon coupling in their properties.
This is natural as a large radial extension of the 5d orbitals would favor collective
excitation modes. This is also manifested by the giant-non linear conductivity in a
quasi one dimensional system, BalrOs.
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Orbital Fluctuations in the RVO3; Perovskites

A. M. Oles and P. Horsch

Abstract The properties of Mott insulators with orbital degrees of freedom are
described by spin-orbital superexchange models, which provide a theoretical frame-
work for understanding their magnetic and optical properties. We introduce such a
model derived for (xy)!(yz/zx)! configuration of V3* ions in the RVO; perovskites,
R =Lu,Yb,--,La, and demonstrate that {yz,zx} orbital fluctuations along the ¢ axis
are responsible for the huge magnetic and optical anisotropies observed in the al-
most perfectly cubic compound LaVO;. We argue that the GdFeO3 distortion and
the large difference in entropy of C-AF and G-AF phases is responsible for the sec-
ond magnetic transition observed at Ty, in YVOs3. Next we address the variation of
orbital and magnetic transition temperature, Top and Ty, in the RVO3 perovskites,
after extending the spin-orbital model by the crystal-field and the orbital interactions
which arise from the GdFeOj3 and Jahn—Teller distortions of the VOg octahedra. We
further find that the orthorhombic distortion which increases from LaVO;3 to LuVO;
plays a crucial role by controlling the orbital fluctuations, and via the modified or-
bital correlations influences the onset of both magnetic and orbital order.

1 Orbital Degrees of Freedom in Strongly Correlated Systems

Orbital degrees of freedom play a key role for many intriguing phenomena in
strongly correlated transition metal oxides, such as the colossal magnetoresistance
in the manganites or the effective reduction of dimensionality in KCuF; [1]. Be-
fore addressing complex phenomena in doped Mott insulators, it is necessary to
describe first the undoped materials, such as LaMnO3 or LaVOs3. These two systems
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are canonical examples of correlated insulators with coexisting magnetic and orbital
order [1]. In both cases large local Coulomb interaction U suppresses charge fluctua-
tions, leading to low-energy effective Hamiltonians with superexchange interactions
which stabilize antiferromagnetic (AF) spin order at low temperature [2, 3]. How-
ever, the AF order is different in both cases: ferromagnetic (FM) planes are coupled
by AF interactions in the A-type AF phase of LaMnO3, while FM chains along the ¢
cubic axis are coupled by AF interactions in the ab planes in the C-type AF (C-AF)
phase of LaVOs. The superexchange Hamiltonians which describe both systems are
just examples for the spin-orbital physics [4], where orbital (pseudospin) operators
contribute explicitly to the structure of the superexchange interactions — their actual
form depends on the number of 3d electrons (holes) at transition metal ions which
determines the value of spin S, and on the type of active orbital degrees of freedom,
eq Or t,. In simple terms, the magnetic structure is determined by the pattern of
occupied and empty orbitals, and the associated rules are known as Goodenough—
Kanamori rules (GKR). The central focus of this overview are t,, orbital degenerate
systems, where quantum fluctuations of orbitals play a central role for the electronic
properties [3,5, 6] and modify the predictions of the GKR.

In the last two decades several new concepts were developed in the field of or-
bital physics [1]. The best known spin-orbital superexchange Hamiltonian is the
Kugel-Khomskii model [7], which describes the e, orbital {x> —y?,3z> — r?} degrees
of freedom coupled to § = 1/2 spins at Cu?* (¢”) ions in KCuF;. The spins interact
by either FM and AF exchange interactions, depending on the type of occupied and
empty orbitals on two neighboring ions. It has been found that enhanced quantum
fluctuations due to orbital degrees of freedom, which contribute to joint spin-orbital
dynamics, may destabilize long-range magnetic order near the quantum critical
point of the Kugel-Khomskii model [8]. The orbital part of the superexchange is
thereby intrinsically frustrated even on geometrically non-frustrated lattices, as in
the perovskite lattice [8, 9], which is a second important concept in the field of
orbital physics. Finally, although spin and orbital operators commute, there are sit-
uations where joint spin-orbital dynamics plays a crucial role, and spin and orbital
operators cannot be separated from each other. This situation is called spin-orbital
entanglement [10], and its best example are the entangled SU(4) singlets in the
one-dimensional (1D) SU(4) model [11]. There is no doubt that these recent devel-
opments in the orbital physics provide many challenges both for the experimental
studies and for the theoretical understanding of the experimental consequences of
the spin-orbital superexchange.

Let us consider first the orbital part of the superexchange. Its intrinsic frustration
results from the directional nature of orbital pseudospin interactions [8, 9] — this
implies that the pair of orbitals which would minimize the energy depends on the
direction of a bond (i) in a cubic (perovskite) lattice. In case of ¢, orbitals the su-
perexchange interactions are Ising-like as only one orbital flavor allows for electron
hopping ¢ and the electron exchange process does not occur. This favors occupation
of a pair of orthogonal orbitals on both sites of the considered bond [12], for instance
|z) ~ (322 —1?)/v/6 and |x) ~ x> —y? orbital for a bond along the ¢ axis. When the two
above orbital states are represented as components of T = 1/2 pseudospin, this con-
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figuration gives the energy of —%J, where J is the superexchange constant. Unlike
in the 1D model [13], such an optimal orbital configuration cannot be realized si-
multaneously on all the bonds in a two-dimensional (2D) or three-dimensional (3D)
system. Thus, in contrast to spin systems, the tendency towards an orbital disordered
state (orbital liquid) is enhanced with increasing system dimension [14, 15].

The essence of orbital frustration is captured by the 2D compass model, orig-
inally developed as a model for Mott insulators [7]. Intersite interactions in the
compass model are described by products 77 of single pseudospin components,

1 ,
q?‘zicf, 7 =-0/, TP = ~0of. (1)
for a bond (ij) || , where a = x,y,z, rather than by a pseudospin scalar product 7;- T;.
For instance, in the 2D case of a single ab plane, the compass model [16],

Hp=J: Y, GT+) ) T @

ivjo
(ij)a (ij)llb

describes the competition between 77} and 7; 7} interactions for the bonds along a
and b axis, respectively. This competition of pseudospin interactions along differ-
ent directions results in intersite correlations similar to those in the anisotropic XY
model, and generates a quantum critical point at J, = J;, with high degeneracy of the
ground state [17]. So, despite certain similarities of the compass model to ordinary
models used in quantum magnetism, an ordered phase with finite magnetization is
absent. It is interesting to note that a similar quantum phase transition exists also in
the 1D chain compass model [18] (N' = N/2 is the number of unit cells):

N/
Hip=Y {ho 0 +15,75,, ) - =

i=1

Recently this 1D compass model was solved exactly in the whole range of {/,J;}
parameters [18] by mapping to the exactly solvable (quantum) Ising model in a
transverse field. It provides a beautiful example of a first order quantum phase
transition between two phases with large (t3;_73;) or (75,75, ) correlations, and
a discontinuous change at the transition point of intersite correlation functions.

In realistic spin-orbital superexchange models transitions between different or-
dered or disordered orbital states are accompanied by magnetic transitions. This
field is very rich, and several problems remain unsolved as simple mean-field (MF)
approaches do not suffice in general, even for the systems with perovskite lat-
tices [4]. In this chapter we shall address the physical properties of the RVOj;
perovskites (R = Lu,Yb,---,La), where not only the above intrinsic frustration of
the orbital superexchange, but also the structure of the spin-orbital superexchange
arising from multiplet splittings due to Hund’s exchange plays a role and deter-
mines the observed physical properties at finite temperature. Moreover, we shall see
that the coupling of the orbitals to the lattice, i.e., via Jahn—Teller (JT) coupling,
GdFeOs-like and orthorhombic distortion, are important control parameters. First
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we analyze the structure of the spin-orbital superexchange in Section 2 and show its
consequences for the magnetic and optical properties of strongly correlated transi-
tion metal compounds. Here we also address the entanglement of spin and orbital
variables which is ignored in the MF decoupling, and we point out that it fails in
certain situations.

The coupling between the orbital and spin variables is capable of generating qual-
itatively new phenomena which do not occur in the absence of orbital interactions,
such as anisotropic magnetic interactions, and novel quantum phenomena at finite
temperature, discussed for the example of LaVO; in Section 3. One of such novel
and puzzling phenomena is the magnetic phase transition between two different
types of AF order observed in YVOs3 — this compound has G-type AF order (stag-
gered in all three directions, called below G-AF phase) at low temperature T < Ty»,
while the magnetic order changes in the first order magnetic transition at Ty, = 77
K to C-AF phase which remains stable up to 7Ty; ~ 116 K. The latter C-AF phase
has rather exotic magnetic properties, and the magnon spectra show dimerization of
the FM interactions along the ¢ axis [19], see Fig. 1. In fact, the G-AF phase occurs
in systems with large GdFeOs-like distortion [20]. In Ref. [3] an orbital interaction
favoring C-type alternating orbital (C-AO) order was invoked to explain the G-AF
phase. We also address this problem in Section 3 and present arguments that at
higher T > Ty, C-AF phase reappears is due to its higher entropy [3].

In Section 4 we address the experimental phase diagram of the RVO; per-
ovskites. It is quite different from the (also puzzling) phase diagram of the RMnO3
perovskites, where the orbital order (OO) appears first at Too upon lowering the tem-
perature, and spin order follows [21] at the Néel temperature, Ty; < Too. In contrast,
in the RVOj; perovskites the two transitions appear at similar temperatures [22]. For
instance, in LaVOj3 they occur even almost simultaneously i.e., Ty ~ Too. However,
they become separated from each other in the RVO; systems with smaller ionic radii
of R ions — whereas Ty; gets reduced for decreasing rg, Too exhibits a nonmonotonic
dependence on rg [20]. A short summary is presented in Section 5. We also point
out a few unsolved problems of current interest in the field of orbital physics.

(0.50.5¢) (0.5+¢ 0.5+¢ 0)
T=85K

Fig. 1 Magnon dispersion
relation obtained by neutron
scattering for the C-AF phase
of YVO3 at T = 85 K. The
lines are an interpolation be-
tween the experimental points
(squares with error bars)
along two high symmetry di-
rections in the Brillouin zone.

(Image courtesy of Clemens 05 04 03 02 01 00 055060065070 0.75
Ulrich.) Q (0505L) Q,, (HHO)
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2 Spin-orbital Superexchange and Entanglement

Spin-orbital models derived for real systems are rather complex and the orbital part
of the superexchange is typically much more complicated than the compass model
(2) of Section 1 [4]. The main feature of these superexchange models is that not
only the orbital interactions are directional and frustrated, but also spin correlations
may influence orbital interactions and vice versa. This is best seen in the Kugel—
Khomskii (4°) model [7], where the G-AF and A-AF order compete with each other,
and the long-range order is destabilized by quantum fluctuations in the vicinity of
the quantum critical point (Jy,E;) = (0,0) [23]. Here Jy is the local exchange (see
below), and E; is the splitting of two e, orbitals. Although this model is a possible
realization of disordered spin-orbital liquid, its phase diagram remains unexplored
beyond the MF approach and simple valence-bond wave functions of Ref. [8] — it
remains one of the challenges in this field.

In this chapter we consider the superexchange derived for an (idealized) per-
ovskite structure of RVOs3, with V3* ions occupying the cubic lattice. The kinetic
energy is given by:

H = —t Z Z (dzttxcdjac +d}Lomdiom') s “4)
(inly a0
where d, is electron creation operator for an electron with spin ¢ =7, in or-

bital « at site i. The summation runs over the bonds (ij)||y along three cubic axes,
Y = a,b,c, with the hopping elements ¢ between active 5, orbitals. They originate
from two subsequent hopping processes via the intermediate 2p, oxygen orbital
along each V-O-V bond. Its value can in principle be derived from the charge-
transfer model [24], and one expects r = tI% /A ~ 0.2 eV [3]. Only two out of three
1g orbitals, labelled by (), are active along each bond (ij) and contribute to the
kinetic energy (4), while the third orbital lies in the plane perpendicular to the y axis
and the hopping via the intermediate oxygen 2p, oxygen is forbidden by symmetry.
This motivates a convenient notation used below,

@ =z, b=k, o) =), )

where the orbital inactive along a cubic direction 7 is labelled by its index as |y).
The superexchange model for the RVO; perovskites arises from virtual charge
excitations between V3t ions in the high-spin S = 1 state. The number of d electrons
is 2 at each V3% ion (4” configuration), and the superexchange is derived from all
2

possible virtual d7d} = d;'d] excitation processes (for more details see Ref. [25]). It

is parametrized by the superexchange constant J and Hund’s parameter 1,

where U is the intraorbital Coulomb interaction and Jy is Hund’s exchange be-
tween t,, electrons. Here we use the usual convention and write the local Coulomb
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interactions between 3d electrons at V3* ions by limiting ourselves to intraorbital
and two-orbital interaction elements [4]:

Hine = UZ”:(XT":UQJF(U*EJH) Z niaig —2Jn Z Sia - Slﬁ

Lo<p i,a<f

dhdt
+n ) (dlardlaidzmdzﬁﬂr ,md,mdiaidm)‘ @)

ia<f

When only one type of orbital is partly occupied (as in the present case of the RVO;
perovskites or in KCuF3), the two parameters {U, Jy } are sufficient to describe these
interactions in Eq. (7): (i) the intraorbital Coulomb element U and (ii) the interor-
bital (Hund’s) exchange element Jy, where {A,B,C} are the Racah parameters [26].
In such cases the above expression is exact; in other cases when both e, and 1, elec-
trons contribute to charge excitations (as for instance in the RMnOj3 perovskites),
Eq. (7) is only an approximation — the anisotropy on the interorbital interaction el-
ements has to be then included to reproduce accurately the multiplet spectra of the
transition metal ions [26]. The intraorbital interaction is U = A + 4B + 3C, while Jy
depends on the orbital type — for #,, electrons one finds [4,26] Jy =3B +C.

The perturbative treatment of intersite charge excitations d7d; = d}d; in the
regime of + < U leads for the RVOj; perovskites (and in each s1mllar case [4]) to
the spin-orbital superexchange model:

= Y HOG) =0 ¥ (808,457 7P+ K]} ®)
(iplly plly

The spin interactions o< S;-S; obey the SU(2) symmetry. In contrast, the orbital
interaction operators fi(]?') and 1%,,37) involve directional (here f,,) orbitals on each in-
dividual bond (ij) || 7, so they have a lower (cubic) symmetry. The above form of
the spin-orbital interactions is general and the spin value S depends on the electronic
configuration d" of the transition metal ions involved (here n =2 and § = 1). For con-
venience, we introduced also a constant S? in the spin part, so for the classical Néel
order the first term o< Jw vanishes.
In the RVO; perovskltes one finds the orbital operators [25]:

w1 1
Jij - 5{(1‘*‘277?1) (Tl Tj+4 )

1 1 ()
—nr <’r,~><’rj+1ninj) —Enrl(n,-—i—nj)} , )
1‘((” nr T+1nn +MNr3 (T, X7T; —|—1
ij 1 4 ity nra i J 4 n; j
1 ()
— Z(1+nrl)(”i+”j)} , (10)

where the scalar product (z;-7;)7) and the cross-product,
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1
(1ix 7))V = > (ri*fj* —s—ri’r;) + 1715, (amn

involve orbital (pseudospin) operators corresponding to two active #,, orbitals along
the y axis, with 7; = {1;", 7, 77}, and

T = j(ni,yz - ni.z,x) . (12)

—_

They follow from the structure of local Coulomb interaction (7). The term (11) leads
to the nonconservation of total pseudospin quantum number. Density operators nlm
in Egs. (9) and (10) stand for the number of d electrons in active orbitals for the
considered bond (ij), e.g. nl = nia +n;,. The coefficients,

i

1 1
- - 1
r =3n° r3 F2n’ (13)

follow from the energies of d7d7 = d}d; excitations in the units of U: (i) r; represents
the high-spin A, excitation of energy (U — 3Jy), while the low-spin excitations are
given by (ii) r, = 1 originating from the low-spin 27; and 2E excitations of energy
U, and (iii) r; represents the low-spin 275 states of energy (U + 2Jg).

Magnetic order observed in Mott insulators is usually understood in terms of
the GKR which are based on the MF picture and ignore entangled quantum states.
These rules state that the pattern of occupied orbitals determines the spin structure.
For example, for 180° bonds (e.g. Mn—O—Mn bonds in LaMnOs) there are two key
rules: (i) if two partially occupied 3d orbitals point towards each other, the interac-
tion is AF, however, (ii) if an occupied orbital on one site has a large overlap with
an empty orbital on the other site of a bond (i), the interaction is weak and FM due
to finite Hund’s exchange. This means that spin order and orbital order are com-
plementary — ferro-like (uniform) orbital (FO) order supports AF spin order, while
AO order supports FM spin order. Indeed, these celebrated rules are well followed
in LaMnO;3 [27] and in KCuF; [28], where strong JT effect stabilizes the orbital
order and suppresses the orbital fluctuations. The AO order is here robust in the FM
ab planes, while the orbitals obey the FO order along the ¢ axis, supporting the AF
coupling and leading to the A-AF phase for both systems. In such cases the GKR
directly apply. Therefore, one may disentangle the spin and orbital operators, and it
has been shown that this procedure is sufficient to explain both the magnetic [2] and
optical [4] properties of LaMnOj.

As another prominent example of the Goodenough—Kanamori complementarity
we would like to mention the AF phases realized in YVO; [19], which have been
the subject of intense research in recent years. A priori, the orbital interactions be-
tween V3 ions in d” configuration obey the cubic symmetry, if the #,, orbitals are
randomly occupied. However, the symmetry breaking at the structural transition
where the symmetry is reduced from cubic to orthorhombic, which persists in the
magnetic phases, suggests that the electronic configuration is different. Indeed, the
GdFeO; distortions in the RVOj5 structure break the symmetry in the orbital space,
and both the electronic structure calculations [29] and the analysis using the point
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charge model [30] indicate that the electronic configuration (xy)'(yz,zx)! is induced
at every site, i.e.,
nie =1, Nig +njp = 1. (14

The partly filled {a,b} orbitals are both active along the ¢ axis, and may lead either
to FO or to AO order. Indeed, depending on this orbital pattern, the magnetic cor-
relations are there either AF or FM, explaining the origin of the two observed types
of AF order: (i) the C-AF phase, and (ii) the G-AF phase. However, the situation is
more subtle as both orbitals in the orbital doublet {|yz),|xz)} = {|a),|b)} at each site
i are active on the bonds along the ¢ axis. This demonstrates an important difference
between the e, (with one electron or one hole in active e, orbital at each site [13])
and a t, system, such as RVOj; perovskite vanadates, where electrons occupying
two active ty, orbitals may fluctuate and form an orbital singlet [3]. The cubic sym-
metry is thus broken as both orbital flavors are active only along the ¢ axis, and
the bonds in the ab planes and along the ¢ axis are nonequivalent. Consequently,
superexchange orbital operators (9) and (10) take different forms along these two
distinct directions,

c 1 1 1

-3 Hml)(n o) omn (e )m) o
gl — Ti T 1 +nr3 ‘L"><’L'-—|—l —l(l—i-nrl) (16)
ij Tt T 4) 2 ’

jo _ Ly 1 2 17
W) = 2 {=nr) (1 mnje) =iy —njp)*} {an
~(a 1

I(z(j) = En(nrl‘*"’S)(l‘F"ih”jb)- (18)

The general form of spin-orbital superexchange model (8) suggests that the above
symmetry breaking leads indeed to an effective spin model with broken symmetry
between magnetic interactions along different cubic axes. By averaging over the or-
bital operators one finds indeed different effective magnetic exchange interactions,
J. along the ¢ axis and J,;, within the ab planes:

=I5 Jan=(J5"). (19)

The interactions in the ab planes could in principle still take two different values in
case of finite lattice strain discussed below, making both {a,b} axes inequivalent,
but here we want just to point out the symmetry breaking between the ¢ axis and
the ab planes, which follows from the density distribution (14) and explains the
nonequivalence of spin interactions in the C-AF phase of the RVOj3 perovskites [3].

Apart from the superexchange there are in general also interactions due to
the couplings to the lattice that control the orbitals. In the cubic vanadates these
interactions are expected to be weak, but nevertheless they influence significantly
the spin-orbital fluctuations and decide about the observed properties in the RVO3
family. We write the orbital interactions, « 777}, induced by the GdFeO3 distortions
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and by the JT distortions of the lattice using two parameters, V,;, and V,,

Sy =Vap Y, TT=Ve Y, T (20)
(Dl (il

The orbital interaction along the ¢ axis V. plays here a crucial role and allows one
to switch between the two types of magnetic order, C-AF and G-AF phase [31],
stabilizing simultaneously a complementary OO, either G-AO or C-AO order.

However, the description in terms of the GKR does not suffice and the ground
state of the spin-orbital model for the RVO; perovskites, which consists of the su-
perexchange and the effective orbital interactions,

Hoe = Hg+ Ay . 21

may also be entangled due to the quantum coupling between spin S = 1 and orbital
T = 1/2 operators along the c axis, see Eq. (15). In contrast, the orbital fluctuations
in the ab planes are quenched due to the occupied c orbitals at each site (14), so spins
and orbitals disentangle. Possible entanglement between spin (S;-S;) and orbital (;-
7;) operators along the bonds (ij) || ¢ in the RVOs perovskites, and the applicability
of the GKR to these systems, may be investigated by evaluating intersite spin and
orbital correlations (to make these two functions comparable, we renormalized the
spin correlations by the factor 1/4),

Sij = =(Si-8;), (22)
Ty = (ti- 7)), (23)

and comparing them with each other. A key quantity that measures spin-orbital en-
tanglement is the composite correlation function [10],

Gy = 3 {((8-85)(5-27)) — (88)) ()} @4

When C;; = 0, the spin and orbital operators are disentangled and their MF decou-
pling is exact, while if C;; < 0 — spin and orbital operators are entangled and the MF
decoupling not justified.

The numerical results for a 1D chain along the ¢ axis described by vanadate
spin-orbital model (21) are shown in Fig. 2. One finds entangled spin-orbital states
with all three S;;, 7;; and C;; correlations being negative in the spin-singlet (S = 0)
regime of fluctuating yz and zx orbitals, obtained for n < 0.07 (Fig. 2a). Therefore,
the complementary behavior of spin (22) and orbital (23) correlations is absent in
this regime of parameters and the GKR are violated. In addition, composite spin-
orbital correlations (24) are here finite (C;; < 0), so spin and orbital variables are
entangled, and the MF factorization of spin-orbital operators fails. In a similar d'
model for the perovskite titanates (with S = 1/2) one finds even somewhat stronger
spin-orbital entanglement and the regime of n with C;; < 0 is broader (i.e., n <
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Fig.2 Evolution of intersite correlations and exchange constants along the ¢ axis obtained by exact
diagonalizaton of spin-orbital model on a chain of N = 4 sites with periodic boundary conditions,
with J l(]‘) and K l(;) given by Egs. (15) and (16), for increasing Hund’s exchange 7n: (a),(b) intersite
spin S;; (22) (filled circles), orbital (23) (empty circles), and spin-orbital C;; (24) (X) correlations;
(c),(d) the corresponding spin exchange constants J;; (19). In the shaded areas of (¢) and (d) the

spin correlations S;; < 0 do not follow the sign of the exchange constant J;; < 0, and the classical
GKR are violated. Parameters: (a),(¢) V. =0, and (b),(d) V. = J.

0.21) [10]. At the point 1) = 0 one recovers then the SU(4) model with S;; = T;; =
Cij = —0.25, and the ground state is an entangled SU(4) singlet, involving a linear
combination of (spin singlet/orbital triplet) and (spin triplet/orbital singlet) states.

To provide further evidence that the GKR do not apply to spin-orbital model (21)
in the regime of small n, we compare spin exchange constants J;; (19) shown in
Fig. 2c with spin correlations S;; (22), see Fig. 2a. One finds that exchange in-
teraction is formally FM (J;; < 0) in the orbital-disordered phase in the regime
of 1 < 0.07, but it is accompanied by AF spin correlations (S;; < 0). Therefore
JijSij > 0 and the ground state energy would be enhanced in an ordered state,
when calculated in the MF decoupling of spin-orbital operators [10]. This at first
instance somewhat surprising result is a consequence of ‘dynamical’ nature of
exchange constants J l(j) which exhibit large fluctuations [10], measured by the sec-
ond moment, 8J = {((J?JY))2> —J3}'/2. For instance, in d> model (21) the orbital
bond correlations change dynamically from singlet to triplet, resulting in large
8J=H1-(@n;+ )22 ~0.247, ie., 87 > |J;).

Remarkably, finite spin-orbital correlations C;; < 0 and similar violation of the
GKR are found also at finite orbital interaction (20) induced by the lattice, V, > 0.
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Representative results obtained for V, = J are shown in Figs. 2b and d. At small n
FO order is induced, and in this regime the GKR are followed by the AF/FO phase
(similar to the FM/AO phase at large n which also follows the GKR). However, for
intermediate Hund’s exchange 1 ~ 0.07 FO order is destabilized and the entangled
AF/AO phase appears, with similar spin, orbital and composite spin-orbital correla-
tions as found before at V. = 0 and n = 0 (Fig. 2a). Also in this case FM exchange
(J; < 0) coexists with AF spin correlations (S;; < 0). Thus we conclude that orbital in-
teractions induced by the lattice modify the regime of entangled spin-orbital states
in the intermediate AF/AO phase which may be moved to more realistic values
of 1 ~ 0.1, and cannot eliminate it completely. In addition, the transition between
the FO/AF and AO/AF phase is continuous [10] due to the structure of orbital su-
perexchange which contains terms (11) responsible for non-conservation of orbital
quantum numbers.

3 Experimental Evidence of Orbital Fluctuations
in LaVO3/Y VO3

Before discussing the exotic magnetic properties and the phase diagram of the RVO;
perovskites, we will consider the influence of magnetism on the optical spectra of
LaVO;, starting with a general formulation of the theory. While exchange constants
may be extracted from the spin-orbital superexchange model (19), it is frequently
not realized that virtual charge excitations that contribute to the superexchange are
responsible as well for the optical absorption, thus the superexchange and the optical
absorption are intimately related to each other via the optical sum rule [33]. This is
not so surprising as when electrons are almost localized in a Mott insulator, the
only kinetic energy which is left and decides about the optical spectral weight is
associated with virtual excitations contributing to superexchange. Therefore, in Mott
insulators the thermal evolution of optical spectral weight can be deduced from the
superexchange [34]. In a system with orbital degeneracy the optical spectra consist
of several multiplet transitions, and the kinetic energy K,i") (due to d — d excitations)
associated with each of them can be determined from the superexchange (8) using
the Hellman—Feynman theorem [32],

K =2 <H,57>(i j)> . (25)

Note that K,(ly) is negative and corresponds to the nth multiplet state of the transition
metal ion, created by a charge excitation along a bond (ij) | y. It is obvious that
the thermal excitation values (---) depend sensitively on the magnetic structure, i.e.,
whether spin correlations on a bond (i) are FM or AF.

Thus it is natural to decompose the optical sum rule which is usually formulated
in terms of the total Kinetic energy for polarization 7,
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KD =21Y (HY (i), (26)

n

into partial optical sum rules for individual Hubbard subbands [32],

h2 oo
o / o (©)do = -2k =~ (H(i))) @7
e 0

where G,EY)((D) is the contribution of band n to the optical conductivity for polar-
ization along the v axis, ag is the distance between transition metal ions, and the
tight-binding model with nearest neighbor hopping is assumed. Equation (27) pro-
vides a practical way of calculating the optical spectral weights from spin-orbital
superexchange models, such as the one derived for the RVO; perovskites (21). Note
that the total optical intensity (26) is of less interest here as it has a much weaker
temperature dependence and does not allow one a direct insight into the nature of
the electronic structure. In addition, it might be also more difficult to resolve from
experiment.

In order to apply the above theory to the RVOs perovskites, we write the su-
perexchange operator HY)(ij) for a bond (ij) || y, contributing to operator .7 (8),
as a superposition of dizdjz- = dfd} charge excitations to different upper Hubbard
subbands labelled by n [32],

HD(ij) = Y B (ij). (28)

n

One finds the superexchange terms H,(f)(i j) for a bond (ij) along the ¢ axis [32],

A 1 1

Hl( >(lj) = —§Jr1(2+S,~-Sj) <Z—T,‘~Tj> R 29)
(¢)/se 1 7 2l XX Y.y

H2 (l_]) = —EJ(I—S,S]) Z—Ti'l«'j— i ]+ST; Tj s (30)
¢ 1 1 . )

H; N(ij) = —erg(l—Sij) (Z—Mff;—s—l‘;‘rj’-‘—r;vr}) , 31

and H\"” (ij) for a bond in the ab plane,

ab) . . 1 o

i) = Lin 2+5,8)) (Z‘Tfff) , (32)
ab) /. . 1 19 1 z 1 z 1 Z 2

=) (ij) = fgf(lfsi.s,) <E$§ri¢§r}f§q-‘rj) : (33)

. 1 5 1 1.,
Hy (i) = —§Jr3(1—S,-~Sj) <Z¢§rf¢§p;+rfr_§) . (34)
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These expressions show that the spin correlations along the ¢ axis and within the ab
planes,
se=(Si*Sj)c, Sab = (Si*Sj)ab (35)

as well as the orbital correlations, play an important role in the intensity distribution
in optical spectroscopy. From the form of the above superexchange contributions

one sees that high-spin excitations HI(Y) (ij) support the FM coupling while the low-

spin ones, H\"(ij) and H." (ij), contribute with AF couplings.

We have determined the exchange constants in LaVOj3; by averaging over the
orbital operators, see Eqgs. (19). The case of the ab planes is straightforward as only
the average densities (n;,) and (n;) are needed to determine J,;,, and at large 1 they
follow from the G-AO order in these planes. At 11 = 0 the orbital correlations along
the ¢ axis result from orbital fluctuations in the 1D orbital chain. In this limit the
orbital correlations are the same as for the AF Heisenberg chain, i.e., (t; - 7;) =
—0.4431 and the ground state is disordered, with (77) = 0. Nevertheless, for this
disordered state the result for J,;, is similar as for the G-AO phase [25].

For the disordered (fluctuating) {a,b} orbital state at n = 0, the AF exchange
interactions in ab planes (see Fig. 3) result solely from singly occupied ¢ orbitals
(14), which are active in these planes and contribute by their double occupancies in
an excited state with AF superexchange. One expects that the exchange constants
along the ¢ axis in the C-AF phase could be deduced from Egs. (19), as spin and
orbital order are complementary [22]. It is quite remarkable that at the same time
finite FM interactions —J, ~ 3 meV are obtained at n = 0 (Fig. 3). They follow
from the orbital fluctuations which dominate at low values of 1. This mechanism of
FM exchange adds to the one known in systems with real orbital order at finite n
— the latter mechanism gradually takes over when 7 increases and the G-AO order
develops and reduces the orbital fluctuations. At finite n > 0 we used the linear
orbital-wave theory [12] to determine the intersite orbital correlations (7;- 7;) and
the order parameter (7;), for more details see Ref. [25]. At n = 0.14 representative
for LaVOs3, the FM interactions are stronger than from AF ones, |J.| > J,;,. Indeed,

Fig. 3 Exchange constants 15_' A L B T T

Jap and —J; (19) calculated
from Egs. (17) and (15) in
the C-AF phase of LaVO3
for increasing 1 (solid lines).
Dashed line shows the value
of —J, obtained for classical
orbital order (36) according
to GKR, (7;- 7;) = —1.

A representative value of

n =0.14 (for U = 5.0 and
Jg = 0.7 eV) is marked by L
dotted line. Parameters of ol—— . L

the model (21): J = 35 meV, 0.00 0.05 0.10 0.15 0.20
Ve =V =0. n
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this early prediction of the theory [3] agrees qualitatively with larger average FM
exchange J. < 0 in the C-AF phase of YVOj3 than the AF exchange J,;, > 0 in the ab
planes, see below.

We emphasize that the strong FM exchange along the ¢ axis follows from the
orbital fluctuations, and the rigid G-AO order obtained in the limit of strong orbital
interactions {V,, V. } (20) would give a much weaker FM interaction,

1
IO =—Snn, (36)

see Fig. 3. The FM interaction J9™A© (36) vanishes at ) = 0, is triggered by finite
Hund’s exchange 1 and increases in lowest order linearly with n. This behavior
follows the conventional mechanism of FM interactions induced by finite Hund’s
exchange in the states with AO order, as for instance in KCuF; [8] or in LaMnOs [2].

A crucial test of the present theory which demonstrates that orbital fluctuations
are indeed present in LaVOs, concerns the temperature dependence of the low-
energy (high-spin) spectral weight in optical absorption along the ¢ axis —Kl(") /2J.
According to experiment [35] it decreases by about 50% between low temperature
and 7 = 300 K. In contrast, the result obtained by averaging the high-spin superex-
change term Hl(c)(i J) (29) for polarization along the ¢ axis assuming robust G-AO
order is,

wGh0 = érl (sc+2), (37)

cl

where the spin correlation function s. (35) is responsible for the entire tempera-
ture dependence of the low-energy spectral weight. Equation (37) predicts decrease
of w.; of only about 27%, see Fig. 4, and the maximal possible reduction of K](c)
reached at s, = 0 in the limit of 7 — o is by 33%. This result proves that the sce-
nario with frozen G-AO order in LaVOs is excluded by experiment [5].

In contrast, when a cluster method, which allows one to include orbital fluctu-
ations along the ¢ axis, is used to determine the optical spectral weight from the
high-spin superexchange term (29) [32], the temperature dependence resulting from
the theory follows the experimental data [35]. This may be considered as a remark-
able success of the theory based on the spin-orbital superexchange model derived
for the RVO; perovskites.

However, the experimental situation in the cubic vanadates is more complex and
full of puzzles. One is connected with the second magnetic transition in YVO3, as we
already mentioned in Section 2. The magnetic transition at 7Ty, = 77 K is particularly
surprising as the staggered moments are approximately parallel to the ¢ axis in the
G-AF phase, and rotate above Ty, to the ab planes in the C-AF phase, with some
small alternating G-AF component along the ¢ axis [36]. While the orientation of
spins in C-AF and G-AF phase follow in a straightforward manner from the model,
i.e., are consistent with the expected anisotropy due to spin-orbit coupling [31], the
observed magnetization reversal with the weak FM component remains puzzling.
Therefore, in spite of the suggested mechanism based on the entropy increase in
the C-AF phase [25], the lower magnetic transition in YVO3 remains mysterious.
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Fig. 4 Kinetic energy K,SC)
(solid lines) for the optical
subband n and total K(©) A
(dashed line) obtained from 0.9
the spin-orbital model (21).
Filled circles show the effec-
tive carrier number N7, (in
the energy range < 3 eV)
for LaVOs3, presented in Fig.
5 of Ref. [35]. Dotted line
shows K l(c) obtained from the L
MF decoupling (37). Param- 0.0
eters: 1 =0.12, V., = 0.9J, 0.0
Vap, = 0.2J. T
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Secondly, the scale of magnetic excitations is considerably reduced for the C-AF
phase (by a factor close to 2) as compared with the exchange constants deduced
from magnons measured in the G-AF phase [19]. In addition, the magnetic order
parameter in the C-AF phase of LaVOs is strongly reduced to ~ 1.3up, which cannot
be explained by the quantum fluctuations in the C-AF phase (being only 6% for S =1
spins [39]). Finally, the C-AF phase of YVOj; is dimerized. Until now, only this last
feature found a satisfactory explanation in the theory [37,38], see below.

We remark that the observed dimerization in the magnon dispersions may be
seen as a signature of entanglement in excited states which becomes active at finite
temperature. The microscopic reason for the anisotropy in the exchange constants
Jea= _J(1+06)and F» = _¢.(1—0y)is the tendency of the orbital chain to dimer-
ize, activated by thermal fluctuations in the FM spin chain [38] which support a
dimerized structure in the orbital sector. As a result one finds alternating stronger
o _Zc(14 &) and weaker o< _#.(1 — &) FM bonds along the ¢ axis in the dimerized
C-AF phase (with & > 0). The observed spin waves may be explained by the fol-
lowing effective spin Hamiltonian for this phase (assuming again that the spin and
orbital operators may be disentangled which is strictly valid only at 7' = 0):

=g Y, [LHEDS]S S+ i Y S S;i+KY(5)7. (38

(i,i+1) (ij)|lab
Following the linear spin-wave theory [25], the magnon dispersion is given by

1/2

1 2
o (k) =2 { [2/,,b +] S+ s E Sy 2} - (zfam)z} SENED)
with

1
k=5 (cosgx+cosky) , (40)
Nk = cos’k, + &2 sin’k, . 41)
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Fig. 5 Spin-wave dispersions @y obtained in the LSW theory (39) for the C-AF phase of YVO3
(lines), and measured by neutron scattering at 7 = 85 K [19] (circles). Parameters: J,;, = 2.6 meV,
Jo. = —=3.1meV, 8 = 0.35, and K, = 0.4 eV (full lines), K, = 0 (dashed lines). The high symmetry
points are: I' = (0,0,0), M = (7, 7,0), R = (n,n,7), Z= (0,0, 7).

For the numerical evaluation of Fig. 5 we have used the experimental exchange in-
teractions [19]: 7, = 2.6 meV, ¢Z. = —3.1 meV, §, = 0.35. Indeed, a large gap is
found between two modes halfway in between the M and R points, and between the
Z and I' points (not shown). Two modes measured by neutron scattering [19] (see
also Fig. 1), and obtained from the present theory in the unfolded Brillouin zone, are
well reproduced by the dimerized FM exchange couplings in spin Hamiltonian (39).
We note that a somewhat different Hamiltonian with more involved interactions was
introduced in ref. [19], but the essential features seen in the experiment are repro-
duced already by the present model H; with a single ion anisotropy term o< K.

As the transition between the two magnetic phases, G-AF and C-AF phase, occurs
in YVOs; at finite temperature, the entropy has to play an important role. As men-
tioned above, the exchange constants found in the C-AF phase of YVOs; (Fig. 5) are
considerably lower than the corresponding values in the G-AF phase, J,, = J. ~ 5.7
meV [19]. As a result of weaker exchange interactions, the spin entropy of the C
phase will grow faster than that of the G phase, and induce the G — C transition.
However, starting from our model (21) we do not find this strong reduction of energy
scale in the C-AF phase. Another mechanism like the fluctuation of n,, occupancy
has been invoked to account for this reduction [25]. Here we will simply adopt the
experimental values for the exchange constants in the C-AF phase.

Using linear spin-wave and orbital-wave theory, the spin and orbital entropy
normalized per one vanadium ion was calculated and compared for both magnetic
phases of YVO3 [25]. Using the experimental parameters [19] one finds that: (i) the
entropy .#¢ for the C-AF phase is larger that .7 for the G-AF phase, and (ii) the
spin entropy grows significantly faster with temperature than the orbital entropy for
each phase. Therefore, we conclude that the spin entropy gives here the leading con-
tribution and is responsible for a fast decrease of the free energy in the C-AF phase
which is responsible for the observed magnetic transition at Ty, [25], see Fig. 6.
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Fig. 6 Free energies .Z¢ (C-AF, solid line) and .7 (G-AF, dashed line) as obtained for the
spin-orbital model (21) using the experimental values of magnetic exchange constants in both
phases [19]. The experimental magnetic transition temperatures, Ty, ~ 77 K and Ty ~ 116 K, are
indicated by arrows. Parameters: J =40 meV, n = 0.13, V, = 0.30/, V. = 0.84J.

4 Orbital and Magnetic Transition in the RVO3 Perovskites
4.1 Spin-Orbital-Lattice Coupling

Experimental studies have shown that the C-AF order is common to the entire fam-
ily of the RVOs3 vanadates, where R = Lu,---,La. In general the structural (orbital)
transition occurs first. i.e., Ty; < Too, except for LaVO;3 with Ty, ~ Too [20, 22].
When the ionic radius r¢ decreases, the Néel temperature 7y, also decreases, while
the orbital transition temperature Tpo increases first, passes through a maximum
close to YVOs3, and decreases afterwards when LuVOj; is approached. Knowing
that quantum fluctuations and spin-orbital entanglement play so important role in
the perovskite vanadates, it is of interest to ask whether the spin-orbital model (21)
is able to describe this variation of Too and Ty with decreasing radius rg of R ions in
RVO; [20]. It is clear that the nonmonotonic dependence of Too on rg cannot be re-
produced just by the superexchange, as a maximum in Tpo requires two mechanisms
which oppose each other. In fact, the decreasing V-O-V angle (® along the ¢ axis)
with decreasing ionic radius rg along the RVO3 perovskites [40—43] reduces some-
what both the hopping ¢ and superexchange J (6), but we shall ignore this effect here
and concentrate ourselves on the leading dependence on orbital correlations which
are controlled by lattice distortions.

The model introduced in Ref. [30] to describe the phase diagram of RVOs in-
cludes a spin-orbital-lattice coupling by the terms: (i) the superexchange H; (8)
between V3* ions in the d? configuration with S = 1 spins [3], (ii) intersite orbital
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interactions Hy (20) (which originate from the coupling to the lattice and play an
important role in the transition between the C-AF and G-AF phase), (iii) the crystal-
field splitting o E, between yz and zx orbitals, and (iv) orbital-lattice term o gu
which induces orbital polarization when the lattice strain (orthorhombic distortion)
u increases. The Hamiltonian consists thus of several terms [30],

1
H = G+ A (O ):e'RQr guzilr,f‘+§NK{u7uo(19)}2. (42)

Except for the superexchange .77 (8), all the other terms in Eq. (42) depend on the
tilting angle ¥, which we use to parameterize the RVO; perovskites below. It is re-
lated to the V-O-V angle ® = & — 29, which decreases with increasing ionic radius
rg (O = 180° corresponds to an ideal perovskite structure). By analyzing the struc-
tural data of the RVOj3 perovskites [40—43] one arrives at the following empirical
relation between rg and ¥:

rr = ro— 0/ sin’ 29, (43)

with 7o = 1.5 A and & = 0.95 A.

The crystal-field splitting of {yz,zx} orbitals (E, > 0) alternates in the ab planes
and is uniform along the ¢ axis, with a modulation vector Q = (7, 7,0) in cubic
notation — it supports the G-AO order, and not the observed (weak) G-AO order. The
orbital interactions induced by the distortions of the VOg octahedra and by GdFeO3
distortions of the lattice, V,;, > 0 and V. > 0 (see Eg. (20)), also favor C-AO order
(like E, > 0). The orbital interaction V, counteracts the orbital superexchange o< J
(16), and has only rather weak dependence on 9, so it suffices to choose a constant
V. = 0.26J to reproduce an almost simultaneous onset of spin and orbital order in
LaVOs;, with Tog =~ Ty1, as observed [20]. One finds 7}’ = 147 K taking J = 200 K
in the present model (42), which reproduces well the experimental value 7y = 143
K for LaVO; [20].

The last two terms in Eq. (42) describe the orbital-lattice coupling via the or-
thorhombic strain u = (b — a)/a, where a and b are the lattice parameters of the
Pbnm structure, K is the force constant, and N is the number of V3* ions. Unlike E.,
the coupling gu > 0 acts as a transverse field in the pseudospin space and favors that
one of the two linear combinations —= (\a) +b);) of active 1, orbitals is occupied at
site i. By minimizing the energy over u, one finds

2

ger($:7) = gu(9:T) = guo(9) + ()1 (44
which shows that the global distortion u(;T) consists of (i) a pure lattice contri-
bution ug(?), and (ii) a contribution due the orbital polarization o (t*) which is
determined self-consistently.
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4.2 Dependence on Lattice Distortion

In order to investigate the phase diagram of the RVO3 perovskites one needs still
information on the functional dependence of the parameters {E.,V,,ger} of the
microscopic model (42) on the tilting angle . The GdFeOs;-like distortion is
parametrized by two angles {9, ¢} describing rotations around the b and ¢ cubic
axes, as explained in Ref. [44]. Here we adopted a representative value of ¢ = 9/2,
similar as in the perovskite titanates. Therefore, we used only a single rotation angle
¥ in Eq. (42), which is related to the ionic size by Eq. (43). Functional dependence
of the crystal-field splitting E. o< sin® 1 cos ® on the angle © may be derived from the
point charge model [30], using the structural data for the RVO; perovskites [40—43].
It is expected that the functional dependence of V,, follows the crystal-field term, so
we write:

E.(9) = Jv, sin® B cos ¥, (45)
V() = J vy sin’ ©cos . (46)

Qualitatively, increasing E; and V,;, with increasing lattice distortion and tilting angle
¥ do favor the orbital order, so the temperature Too is expected to increase.

A maximum observed in the dependence of Too on rg (or ¥) may be reproduced
within the present model (42) only when a competing orbital polarization interac-
tion ger(V;7) (44) increases faster with % when the ionic radius rg is reduced than
{E.,Va»}. Both ug and (7¥) in Eq. (44) are expected to increase with increasing tilting
angle . Below we present the results obtained with a semiempirical relation,

et (D) = Jvg sin® Y cos ¥, (47)

as postulated in Ref. [30]. Altogether, model (21) depends on three parameters:
{vz,vap,vg} Which could be selected [30] to reproduce the observed dependence of
orbital and magnetic transition temperature on the ionic radius rg in the RVOj3 per-
ovskites, see below.

4.3 Evolution of Spin and Orbital Order in RVO;

Hamiltonian (42) poses a many-body problem which includes an interplay between
spin, orbital, and lattice degrees of freedom. A standard approach to investigate the
onset of spin and orbital order is to use the mean-field (MF) theory with on-site
order parameters (S%) (corresponding to C-AF phase) and

()o =5 |( )|, 48)

N —
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as well as the coupling between them which modifies the MF equations, similar
to the situation encountered in the Ashkin—Teller model [45]. This approach was
successfully implemented to determine the orbital and magnetic transition tempera-
ture, Too and Ty; in LaMnOj; [2]. It was also applied to the RVOj3 perovskites [46]
to demonstrate that either spin or orbital order may occur first at decreasing tem-
perature, depending on the amplitude of hopping parameters. However, such a MF
approach uses only on-site order parameters and cannot suffice when orbital fluctua-
tions also contribute, e.g. stabilizing the C-AF phase in LaVO3; [3] — then it becomes
essential to determine self-consistently the above on-site order parameters together
with orbital singlet correlations (23) on the bonds (ij) || ¢. The simplest approach
which allows us to determine these correlations is a cluster MF theory for a bond
coupled to effective spin and orbital symmetry breaking fields which originate from
its neighbors in an ordered phase. The respective transition temperatures are ob-
tained when (§¢) > 0 ((S*) =0) for T < Ty (T > Ty1), and (%) > 0 ({1%)¢ = 0) for
T < Too (T > Too).

Making a proper selection of the model parameters {v.,v.,v,} one is able to
reproduce the experimental phase diagram for the onset of G-AO and C-AF order
in the RVO; family in the entire range of rg, see below. We start with presenting
an example of the orbital and spin phase transition in LaVO3 and in SmVO3, see
Fig. 7. By selecting V. = 0.26J both G-AO and C-AF order occur simultaneously in
LaVO; below Too = Ty ~ 0.73J. The crystal field splitting E_, orbital interaction
V., and the coupling to the lattice g. are rather small and do not influence the
order in LaVO3;. We emphasize that orbital correlations along the ¢ axis are here
practically as in the AF Heisenberg chain, (7;- 7;) >~ —0.44, and the orbital order is
considerably reduced, (7°%)g ~ 0.32. The orbital polarization in LaVOj3 (7*) ~0.03 is
rather weak at Ty, and is further reduced with decreasing T' < Tpo. Note that also
spin order parameter is expected to be reduced below (S¢) = 1, but weak quantum
fluctuations in the C-AF phase [39] were neglected here. In contrast, in SmVO; the
phase transitions separate: the orbital transition occurs first at Too ~ 0.86J, and the
magnetic one follows at a lower Ty; ~ 0.65J. Already in this case the transverse
orbital polarization is considerably increased, with (7¥) ~ 0.20 at Ty; (see Fig. 7),

1.0
N 0.8
(75}
Fig. 7 The orbital polar- v 0.6
ization (t¥) (dashed-dotted X
lines), G-type orbital order Nt\; 04l
parameter (%) (48) (dashed N 1
lines), and spin order pa- *, L
rameter (S%) (solid lines) for v 021
LaVO3 and SmVOs; (thin [
and heavy lines). Parameters: 0.0

V. =0.26J, v, = 17, v = 22, 0.0
Ve = 740.
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Fig. 8 (a) The width of magnon band W¢_f for finite gefr (circles) and without orbital-strain
coupling (g.ff = 0, dashed), and orbital interactions in ab planes K, (squares) in the C-AF phase
of cubic vanadates (the points correspond to the RVO3; compounds of Fig.9). (b) Evolution of
the orbital order parameter (77)g (filled circles), transverse orbital polarization (7) (squares),
and orbital intersite correlations |(7; - T;)| (diamonds) along c axis at T = 0. Parameters: v, = 17,
Vap = 22, vy = T40.

and further increases with decreasing rg (not shown). Note that the polarization
(7*) does not change close to Tpo, and only below Ty, gets weakly reduced due
to the developing magnetic order, in agreement with experiment [43]. The G-OO
parameter is here stronger as the singlet orbital fluctuations are not so pronounced
when T — 0, being (7%)g ~ 0.37.

The key features of the present spin-orbital system which drive the observed
dependence of Top and Ty; on rg [20] is the evolution of intersite orbital correlations
are: (i) the gradual increase of the orbital interactions KT 5 (Fig. 8a), and (ii) the
reduction of orbital fluctuations on the bonds along the ¢ axis, described by the
bond singlet correlations (7;- ;) (Fig. 8b). The parameter K, in Fig. 8a consists of
the superexchange contribution o< J (18) and orbital interaction V,;, (20) induced by
the lattice distortion. While the superexchange does not change with decreasing rg,
the latter term increases and induces the increase of Too from LaVO3 to YVOs;. This
increase is similar to that observed in the RMnO3; manganites [21]. Thereby the bond
angle O decreases from 157.4° in LaVOj3 to 144.8° in YVOs;.

While the singlet correlations are drastically suppressed from LaVO; towards
LuVOs;, the orbital order parameter (7¢); somewhat increases from LaVOs to
SmVO; (see also Fig. 7). At the same time the orbital polarization (t*) increases
and soon becomes as important as the orbital order parameter, i.e., (%) ~ (7%)¢.
Further increase of the orbital polarization towards LuVO;3 suppresses the G-AO
parameter, so (7%)g passes through a maximum and decreases for rg < 1.22 A.

It is remarkable that the above changes in orbital correlations induced by the lat-
tice suppress gradually the magnetic interactions in the C-AF phase, although the
value of J remains unchanged. This is well visible in the total width of the magnon
band, We_ar = 4(Jup + |[Jc|) (at T = 0) [25], shown in Fig. 8a, being reduced from
~1.84J in LaVOs to ~ 1.05J in YVOs;. This large reduction qualitatively agrees with
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Fig. 9 The orbital Top and
magnetic Ty; transition
temperature for varying rg
in the RVO3 perovskites, 200
obtained from model (42) for:
v = 740 (solid lines) and

vg = 0 (dashed lines). Circles
show the experimental data of
Ref. [20]. The inset shows the
GdFeOs-type distortion, with
the rotation angles ¥ and ¢.
Other parameters as in Fig. 8. 50
(Reproduced from Ref. [30].)

250

Tn1s Too
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the rather small values of the exchange constants in the C-AF phase of YVOs3 [19],
see also Fig.5. This reduction is caused by the suppression of the singlet orbital
correlations (7;-7;) by the increasing coupling to the lattice g.(®) when rg de-
creases. Note also that this effect would be rather small for g.;; = 0 — this behavior
is excluded, shown by dashed lines in Fig. 9, is excluded by experiment.

Following Ref. [30], we argue that the gradual reduction of the orbital singlet
correlations in favor of increasing orbital polarization is responsible for the evolu-
tion of the orbital transition temperature Too in the experimental phase diagram of
Fig.9, which is reproduced by the theory in the entire range of available rz. The
transition temperature Too changes in a nonmonotonic way, similar to the orbital
order parameter (7°); at T = 0 (Fig. 8b). After analyzing the changes in the orbital
correlations, we see that the physical reasons of the decrease of Tpo for small (large)
rg are quite different. While the orbital fluctuations dominate and largely suppress
the orbital order in LaVOs;, the orbital polarization connected with orthorhombic
distortion takes over near Y VO3 and competes with G-AO order.

While the above fast dependence on the tilting angle ¥ of VOg octahedra in
the RVOj3 family was introduced in order to reproduce the experimentally observed
dependence of Too on rg, see Fig.9, it may be justified a posteriori. It turns out
that the dependence of gs on the ionic radius rg in Eq. (47) follows the actual
lattice distortion u# in RVO3 measured at 7 = 0 (ug), or just above Ty; (u;) [30].
Also the orbital polarization (z¥) is approximately o< sin’ 1 cos 9%, and follows the
same fast dependence of g.r(®) for the RVO3 perovskites (Fig. 10). This result
is somewhat unexpected, as information about the actual lattice distortions has
not been used in constructing the miscroscopic model (21). These results indi-
cate that the bare coupling parameters {g,K} are nearly constant and independent
of rg, which may be treated as a prediction of the theory to be verified by future
experiments.



Orbital Fluctuations in the RVO3 Perovskites 321

Fig. 10 Experimental distortion (in percent) at T = 0 (uo, circles) and above Ty (u, triangles)
for the RVO3 compounds [40,41,43], compared with the orbital polarization (7*)7—¢ and with ges
(47); gesr and g2 /K are in units of J. Squares show the upper bound for I'e /K predicted by the
theory. Parameters: v, = 17, vy, = 22, v, = 740. (Reproduced from Ref. [30].)

5 Summary and Outlook

Summarizing, spin-orbital superexchange model (42) augmented by orbital-lattice
couplings provides an explanation of the observed variation of the orbital 7o and
magnetic Ty; transition temperatures for the whole class of the RVOs3 perovskites.
A more complete theoretical understanding including a description of the second
magnetic transition from C-AF to G-AF phase, which occurs at 7y, for small ionic
radii rg [47], remains to be addressed by future theory, which should include the
spin-orbit relativistic coupling [31].

We conclude by mentioning a few open issues and future directions of research
in the field of perovskite vanadates. Rapid progress of the field of orbital physics
results mainly from experiment, and is triggered by the synthesis of novel materials.
Although experiment is ahead of theory in most cases, there are some exceptions.
One of them was a theoretical prediction of the energy and dispersion of orbital ex-
citations [12,48,49]. Only recently orbital excitations (orbitons) could be observed
by Raman scattering in the Mott insulators LaTiO3 and YTiO; [50,51]. They were
also identified in the optical absorption spectra of YVO3; and HoVO; [52]. The ex-
change of two orbitals along the ¢ axis in the intermediate C-AF phase was shown
to contribute to the optical conductivity o ().

An interesting question which arises in this context is the carrier propagation in
a Mott insulator with orbital order. This problem is rather complex as in a spin-
orbital polaron, created by doping of a single hole, both spin and orbital excitations
contribute to the hole scattering [24], which may even become localized by string
excitations as in the 7-J° model [53]. Indeed, the coupling to orbitons increases the
effective mass of a moving hole in e, systems [54]. The orbital part of the superex-
change is classical (compass-like) in t,, systems, but nevertheless the hole is not
confined as weak quasiparticle dispersion arises from three-site processes [55,56].
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As in the doped manganites, also in doped R;_,(Sr,Ca), VO3 systems the G-AO
order gradually disappears [57]. The C-AF spin order survives, however, in a broad
range of doping, in contrast to La;_,Sr,MnO3, where FM order replaces the A-AF
phase already at x ~ 0.10, and is accompanied by the ¢, orbital liquid [58] at higher
doping. It is quite remarkable that the complementary G-AF/C-AO order is frag-
ile and disappears in Y;_,Ca,VO; already at x = 0.02 [57]. The doped holes in
C-AF/G-AO phase are localized in polaron-like states [59], so the pure electronic
model, such as the one of Ref. [55], is too crude to capture both the evolution of the
spin-orbital order in doped vanadates and the gradual decrease of the energy scale
for spin-orbital fluctuations. Theoretical studies at finite hole concentration are still
nonexistent for 3D models, but one may expect a transition from a phase with AF
order to a phase with FM spin polarization at large Hund’s coupling, as shown both
for eg [13] and 15, [57] systems.

A few representative problems related to the properties of RVO;3; perovskites
discussed above demonstrate that the orbital physics is a very rich field, with in-
trinsically frustrated interactions and rather exotic ordered or disordered phases,
with their behavior dominated by quantum fluctuations. While valuable information
about the electronic structure is obtained from density functional theory [61], the
many-body aspects have to be studied simultaneously using models of correlated
electrons. The RVOj; perovskites remain an interesting field of research, as it turned
out that electron-lattice coupling is here not strong enough to suppress (quench) the
orbital fluctuations [30]. Thus the composite quantum fluctuations described by the
spin-orbital model (42) remain active. Nevertheless, there is significant control of
the electronic properties due to the electron lattice coupling. Thus, the lattice distor-
tions may also influence the onset of magnetic order in systems with active orbital
degrees of freedom. If they are absent and the lattice is frustrated in addition, a
very interesting situation arises, with strong tendency towards truly exotic quantum
states [15]. Examples of this behavior were considered recently for the triangular
lattice, both for e, orbitals in LiNiO, [62] and #,, orbitals in NaTiO, [63]. None of
these models could really be solved, but a generic tendency towards dimer corre-
lations with spin singlets on the bonds for particular orbital states has been shown.
Yet, the question whether novel types of orbital order, such as e.g. nematic order in
spin models [64], could be found in certain situations remains open.
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Low Energy Scales of Kondo Lattices:
Mean-field Perspective

S. Burdin

Abstract A review of the low temperature properties of Kondo lattice systems is
presented within the mean-field approximation, focusing on the different charac-
teristic energy scales. The Kondo temperature, Tk, and the Fermi liquid coherence
energy, Tp, are analyzed as functions of the electronic filling, the shape of the non-
interacting density of states, and the concentration of magnetic moments. These
two scales can vanish, corresponding to a breakdown of the Kondo effect when an
external magnetic field is applied. The Kondo breakdown can also be reached by
adding a superexchange term to the Kondo lattice model, which mimics the intersite
magnetic correlations neglected at the mean-field level.

1 Introduction

Rare-earth and actinide based compounds exhibit extremely rich phase diagrams,
with signatures of heavy fermion behavior, unconventional magnetism, or supercon-
ductivity [1,2]. At high temperature, the main physical properties of these systems
are well reproduced by single impurity models, which describe the coupling be-
tween conduction electrons and one 4f or 5f ion. For dense systems, the single
impurity models fail to describe the low temperature properties, which are charac-
terized by the formation of a non local coherent state. In this regime, models with a
periodic lattice of f ions are more appropriate.

Here, we consider more specifically dense compounds where the f orbital is
occupied by one electron (Cerium) or one hole (Ytterbium). In the low temperature
regime where the crystal field splitting lifts the degeneracy of the f orbital, these im-
purities are modeled by effective local spins S; = 1/2. The system is thus described
by the Kondo lattice Hamiltonian,

S. Burdin

Institut fiir Theoretische Physik, Universitit zu Koln, Ziilpicher Str. 77, 50937 Koln, Germany
and

Max Planck Institut fiir Physik Komplexer Systeme, Nothnitzer Str. 38, 01187 Dresden, Germany
e-mail: burdin@thp.uni-koeln.de

V. Zlati¢ and A. C. Hewson (eds.), Properties and Applications of Thermoelectric Materials, 325
NATO Science for Peace and Security Series B: Physics and Biophysics,
(© Springer Science+Business Media B.V. 2009



326 S. Burdin

H= Z(gk - ‘LL)C:;GCko- +Jk ZS,‘S,‘ ) (D
ko i

where Clio (cks) describe creation (annihilation) operators of conduction electrons
with spin o =1,] and momentum k. The Kondo interaction results from a local
antiferromagnetic coupling Jx between the density of spin of conduction electrons at
site i, s;, and the Kondo impurities, S;. The chemical potential u fixes the electronic
filling to n, conduction electrons per site.

The Kondo model has been extensively studied throughout the last decades [3].
At high temperature, the Kondo interaction can be considered a small perturbation:
conduction electrons and Kondo ions are weakly coupled. The transport proper-
ties, which are determined by the conduction band, correspond to those of a normal
metal. The magnetic susceptibility, governed by the Kondo free moments, has a
Curie—Weiss form. The entropy is large, of the order of In2 per site. A crossover
occurs at the Kondo temperature, T, below which the Kondo interaction cannot
be treated by perturbative methods. Experimental signatures of this crossover in-
clude, for example, a logarithmic increase of the resistivity when the temperature
decreases. Other signatures involve a saturation of the magnetic susceptibility, and
a significant decrease of the entropy. At lower temperature, if we neglect mag-
netic or superconducting instabilities, the physical properties are characteristic of
a universal heavy Fermi liquid: the specific heat vanishes linearly with the temper-
ature, Cy (T') =~ yT'; the local magnetic susceptibility, x(7T), as well as the resistivity
are constant with quadratic (i.e., 77 like) variations. This low temperature regime
is characterized by an energy scale, the coherence temperature, Ty, which can be
equivalently determined from the specific heat Sommerfeld coefficient, 7o = 1/,
or the zero temperature magnetic susceptibility, 7o = 1/x(T = 0). Figure 1 depicts
the schematic phase diagram of the model, as a function of 7y/Tk. The determina-
tion of Ty and Tx from the entropy is illustrated by Fig. 2. The connection between
Ty and the thermal and electric transport properties have been analyzed by Zlati¢
etal. [5,6].

T/Tk §  Light metal (c-orbitals)

+
Localized free moments (f-orbitals)

1 pp——
Crossover ===
regime Phe
- Correlated Fermi liquid
- Energy scale T,
Phe gy 0
_ 7
v
I >
0 1 Ty/Tx

Fig. 1 Schematic phase diagram. The reduced temperature 7 /T is plotted versus 7y /Tk, which
is considered a tunable parameter that can vary with the electronic filling, impurity concentration,
magnetic field, or the shape of the non-interacting DOS. (From Ref. [4].)
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Fig. 2 Schematic plot of the electronic contribution to the entropy S,- as a function of the nor-
malized temperature T /T for three cases: Ty > Tx (dash dotted line), Ty ~ T (solid line), and
To < Tk (dashed line). The dotted lines indicate the linear Fermi liquid regime S, (7)) = T /Ty,
with a rescaled slope Tx /Ty. For T > Tk the three curves are identical, reflecting the linear contribu-
tion from the conduction band S~ (T') =1In2+7/D. The black dot refers to a standard experimental
determination of Tx from the electronic entropy: S,- (Tx) = pIn2. On this schematic plot, we used

= 1, which coincides with the vanishing of the effective hybridization, r = 0, defining Tx within
the mean-field approach. Experimentally, where Tk is a crossover, one can choose, e.g., p = 1/2.
(From Ref. [4].)

Note that the authors of Ref. [7] discussed two energy scales: one of them corre-
sponds to our definition of the Kondo lattice temperature, Ty, from the temperature
dependence of the entropy [see Fig. 2]. The second is the single impurity Kondo
temperature, which, within the mean-field approach, is equal to the lattice Kondo
temperature. The coherence temperature 7 that we analyze here is not considered
in Ref. [7].

The physical properties of systems with a small concentration of magnetic
ions are universal and characterized by a single energy scale, Ty = Tx. The iden-
tity relating the coherence and the Kondo temperatures is consistent with the
exact solution of the single impurity model. The situation is different for dense
systems for which more than one energy scale can be identified. As an exam-
ple, the Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction, Jrxgy, can compete
with Tk, and a magnetic instability can be obtained for a lattice system [8]. For
a long time, it has been believed that 7; and Tx remain equal to each other
in the heavy Fermi liquid phase of a Kondo lattice model. In this context and
in response to discrepancies between theory and photoemission spectroscopy on
Ce-based compounds with respect to the scaling with Tk, alternative scenarios in-
volving phonons have been proposed [9]. On this basis, whether the Kondo model
is capable of predicting photoemission spectroscopy on YbAl; has been a sub-
ject of controversy [10-12]. The specificity of Kondo lattice systems, with Tj
different from Tk, has been confirmed by experiments including magnetic sus-
ceptibility, specific heat, Hall coefficient measurements and x-ray absorption spec-
troscopy in cerium, Ce;_,La,Ir,Ge,, Celr,_ (Rh,Pt),Ge,, Celr,Ge,_,(Si,Sn), [13],
CeNiSi, [14], and ytterbium compounds, YbXCuys (X =Ag, Cd, In, Mg, T, Zn) [15],
Yb;_Lu,Als [16].
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The first suggestion that 7 could be much smaller than 7x was discussed by
Nozieres in the framework of the exhaustion problem [17,18]. This prediction stim-
ulated complementary theoretical works, including approximate methods based on
a strong coupling approach [19] or mean-field calculations [20-23], and numerical
simulations [24-28] using dynamical mean-field theory (DMFT) [29, 30]. Even if
the initial prediction of Nozieres turned to be quantitatively wrong [21,31], all the
theoretical calculations converge to the same qualitative conclusion: in a Kondo lat-
tice, Ty can be different from T, and the ratio between these two energy scales can
be tuned, for example, by varying the electronic filling of the system. Finally, these
theoretical works shed some new light on the formerly controversial photoemission
analysis.

The aim of this work is, first, to review how the two energy scales, T and Tx
depend on physical parameters: electronic filling, shape of the density of states,
concentration of magnetic ions. This is done within the simplest relevant approxi-
mation for the Kondo interaction: a mean-field decoupling. Then, we review how,
within the mean-field approach, the Kondo phase can be destabilized by a magnetic
field or by magnetic inter-ion interactions.

2 Mean-field Formalism

The mean-field approximation for the Kondo lattice was first introduced by Lacroix
and Cyrot [32]. It was reformulated by Coleman [33] and by Read et al. [34], as
a large-N approximation for the N-fold degenerate Cogblin-Schrieffer model [35].
It was shown that magnetic instabilities require expansions up to the order 1/N,
i.e. fluctuations around the mean-field. Nevertheless, the heavy Fermi liquid phase
is well described in the limit N = . The analysis of 7y and Tx can thus be already
performed at the mean-field level. Here, we describe the main lines of the mean-field
approximation for the Kondo lattice Hamiltonian (1).

The Kondo impurities are represented by local auxiliary fermions as follows: S; =
%( szT fir— ffl fi), SF = szT fi,and 7 = ffl fit- The Kondo interaction is thus rewritten
as a two-body interaction, Jgs;S; — JTK Yool c;fgc,»c/ f;:' fis» which describes the spin-
flip processes between conduction electrons and local moments. This mapping is
exact as far as the Hilbert space is restricted to the sector of one auxiliary fermion per
site, f;} fir + fl.z fiy = 1. The mean-field solution is obtained within the two following
approximations: (i) The local occupation of the auxiliary fermions is equal to one
only on average. This corresponds to describing the Kondo spins by an effective
local f-level that is half full. This effective filling is controlled by introducing a
second chemical potential, A. (ii) The two-body Kondo interaction is replaced by
an effective one-body term, obtained from a mean-field decoupling of the | and |
components. The mean-field approximation for the Kondo lattice Hamiltonian (1)
yields
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where the effective hybridization is determined by the self-consistent relation
Jk ¥
r=5r ;(fiaci(;> : 3)

Here .4 is the number of lattice sites. The chemical potentials for c-electrons,
u, and f-fermions, A, are determined by the constraints n, = %Zi(,(c;cm) and
1= %Zm( f; fio). The mean-field Hamiltonian (2) describes an effective system
of conduction electrons hybridized with local f levels. The correlation effects are
renormalized into the self-consistent hybridization r. This approximation captures
two important features of the Kondo lattice: at high temperature, we find r = 0,
and the system is described as a paramagnetic light metal (c electrons) decoupled
from local free moments (f ions). This picture is oversimplified but it succeeds in
qualitatively characterizing the experimental situation, in which, above the Kondo
temperature, conduction electrons are weakly coupled to the local moments. Within
the mean-field approach, the Kondo temperature 7k is thus defined as the tempera-
ture for which a hybridization r # 0 occurs. At very low temperature, the physical
properties correspond to a Fermi liquid and the excitations of the system corre-
spond to the creation of non-interacting, heavy, fermionic quasiparticles. The latter
are a linear combination of the light c-electrons and the heavy f-fermions. The
Fermi-liquid regime is characterized by an energy scale, Ty, which can be defined
identically from different physical properties of the ground state: the quasiparticle
density of states, p = 1/Tp, the Sommerfeld coefficient, y = limy_oCv(T)/T = 1/To,
or the local impurity spin susceptibility, y;,.(T = 0) = 1/Ty. We have obtained ex-
plicit expressions for Tx and Tj in the limit of small Jx [4,21]:

Tx = Fx[ne, pole™//kPolko) (4)
and
Ty = Fo[ne, pole !/ /xPolko) 5)

which depend on the Kondo coupling Jx only within the non-analytic exponential
factor e~!//kPo(to) The prefactors Fx and F are functions of the electronic filling, 7.,
and the non-interacting density of states (DOS), po(®) = Y 6 (@ — &). For the sake
of clarity, we do not write the explicit expressions of Fx and F, here, as they are
given in Refs. [4,21]. The exponential factor in both 7; and Tk, results in a very
sensitive dependence of these energy scales with respect to small changes in the
system (e.g., pressure or doping). Since the ratio Ty /Tx does not depend on Jk, it is
more likely to be analyzed experimentally as a universal function. The mean-field
solution yields [4]
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E _ (D+ﬂ0) 1/2 Fs’hape
Tx D — o apo(uL)Ap

(6)

Here, D is the half-bandwidth of the non-interacting DOS. L is the non-interacting
chemical potential, corresponding to an electronic filling n. = 2 [*9 po(w)dw. The
interacting chemical potential, u;, corresponds to a filling n. + 1, and the energy
A = g — U is related to the enlargement of the Fermi surface. @ = 1.13 is a number.
Fyjape s an explicit function depending on the shape of pg as follows:

A 1 (P=Ho \ po(po + @) — po(o)
Fppe = eX / - ) do| . (7)
har pK ~(Dtio) 2 J—(Dtuo) |@]po(po)

3 Tuning T and Tk
3.1 Variation of Electronic Filling

The effect of electronic filling on the temperature scales of the Kondo lattice has
been discussed by Nozieres who suggested a possible exhaustion problem [17, 18].
Considering Ng Kondo spins coupled to N. < Ns conduction electrons, Nozieres
started with the following remark: the magnetic entropy which can be released at
the temperature 7 ~ Tx by the formation of incoherent Kondo singlets (i.e., by the
single impurity Kondo effect) is AS = N, In2. However, the formation of a coherent
Fermi liquid ground state is characterized by a vanishing entropy, S(7') ~ T /Ty. The
freezing of the S(Tx) ~ (Ns — N.)In2 remaining entropy thus requires a collective
mechanism, and can lead to Ty < Tx when N, < Ns.

The exhaustion problem remained for several years an open issue, and its first
solution was obtained within a mean-field approach [21, 31], which provides a
quantitative description of the electronic filling effect. First, from the analytical ex-
pressions (4-5), Tx and Tj have the same Jx dependence, ¢~ !//kPo(H0) factor, and the
ratio Tx /Ty does not depend on the Kondo coupling. This is in contradiction with the
result of Noziéres, who predicted a ratio Ty /Tx ~ Tx /D ~ e~ '//kPo(t0) [17,18]. The
mean-field result, 7y/Tx independent of Jx, was later confirmed by DMFT calcula-
tions [36], and finally accepted by Nozieres [31]. Nevertheless, 7Ty and Tk define two
energy scales with different dependencies with respect to the electronic filling, as
depicted by Fig. 3, where Ty < Tk in the limit n. — 0. The mean-field result obtained
here is remarkably similar to the one obtained within DMFT combined with Quan-
tum Monte Carlo simulation (see Fig. 1 in Ref. [26]). The filling effects can also be
analyzed from the expression (6). Neglecting the band shape effects (discussed in

. 1/2 . .
Section 3.2), we find Tp/Tx ~ ( gf—ﬁg) , which vanishes when  approaches the
band edge —D, i.e., when n, — 0.

The analysis of the electronic occupation, n.(g) = (c;r(ck), provides an important

insight for understanding the physical mechanism leading to two different energy
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Fig. 3 Tx/D (solid line) and 0.25 —
To/D (dashed line) versus
electronic filling, for the

Kondo lattice. Numerical I — Tk(n) )
result obtained within the /
mean-field approximation, for == To(n.) /1
a semi-elliptic non-interacting
DOS and Jg /D = 0.75 [21].

Energy scale/D

Fig. 4 Electronic occupa-
tion n.(g) for T/Tx = 1.0
(dashed line), T /Tx = 0.5
(dotted line), and T /Ty =
0.005 (solid line). Numerical
result obtained within the
mean-field approximation
for a semi-elliptic non-
interacting DOS, n, = 0.15,
and Jg /D = 0.75. Up and uy,
indicate the chemical poten-
tial corresponding to a small
and a large Fermi surface, re-
spectively. Inset: focus around
Uy, (From Ref. [21].)

n &)

scales. For T =~ Tk, the mean-field result, depicted by Fig. 4, looks like a Fermi dis-
tribution with a thermal window around the non-interacting chemical potential, L,
corresponding to n. electrons (small Fermi surface). For T <« Tk, in the Fermi liquid
regime, the distribution is spread and forms a step around y;, (large Fermi surface).
Figure 4 only describes the occupation of the c-electrons, which is fixed to n.. At
T =0, there are states of given momentum k which are not fully occupied by c-
electrons. The Fermi liquid picture is recovered because the quasiparticles are not
pure c-states, but a linear combination of ¢ and f-states. The quasiparticle occupa-
tion is complete, i.e., equal to one, for states with an energy & < p;, and it vanishes
for states with higher energy. This behavior is consistent with the Luttinger theo-
rem which predicts that, at 7 = 0, the Fermi surface contains both c-electrons and
f-fermions. It is not surprising that the Kondo lattice satisfies the Luttinger theorem
within the mean-field approximation. The reason is that the effective mean-field
model (2) does not contain an explicit many body interaction term. We expect this
result to survive beyond the mean-field in the Fermi liquid phase. The enlargement
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-D 4, . P Hy 4 D -D Hy #. D
Fig. 5 Schematic plot of the non-interacting DOS. (a) For a regular DOS and far from the elec-
tronic half-filling 7o < Tk. Close to the half-filling, the shape of the DOS around u is crucial for
determining 7y /Tx: (b) po(®) is nearly constant around @ = g and Ty ~ Tx. (¢) i is close to a
minimum of py and Ty > Tk. Here, Lo ~ p indicates the chemical potential corresponding to n,
non-interacting c-electrons (small Fermi surface), and p; is the chemical potential corresponding
to n. + 1 non-interacting c-electrons (large Fermi surface). (From Ref. [4].)

of the Fermi surface might be a key point in the origin of the difference between Tj
and Tk: the Kondo temperature is associated with the incoherent scattering of the
conduction electrons which are in the Fermi window of width Tx around yy (see
Fig. 5). The coherence temperature, T, results from the Kondo effect, but, unlike
Tk, characterizes a Fermi liquid with a large Fermi surface.

3.2 Shape of the Non-interacting Density of States

Here we consider the effects due to the shape variation of the non-interacting DOS,
po(®) [4]. In order to separate this effect from the electronic filling effects, we as-
sume that n, is close to 1, but not exactly half full, so that the system is metallic.
Equations (6) and (7) are thus simplified to

Ty { /D—“0 po(Ho + ®) — po(Lo) do ®

— ~ ~ eX
Te shape P — (Do) 2|@|po(to)

A constant py gives Ty ~ Tk, which explains the 7 /Tx scaling observed in some
compounds. If py is close to a local maximum of py(w), the integrand in Eq. (8) is
negative in the main part of the integration range, and 7Ty < Tx. In the opposite situa-
tion, when L is close to a local minimum (see Fig. 5c¢), we find Ty > Tk, which can
be understood by the following argument. The incoherent Kondo screening which
begins at T ~ Tk involves a small number of conduction electrons which are in the
Fermi thermal window of width Tk, around . At lower temperature, T < Tk, the
Fermi surface is enlarged, due to the contribution of the f-electrons (see Fig. 4). This
results from a non-zero hybridization, r # 0, in the Kondo phase. The formation of
a coherent Fermi liquid ground state thus involves all the states of the large Fermi
surface. In the situation described by Fig. 5c, where p is close to a local minimum
of the DOS, the further we are from L, the more states are available for the forma-
tion of the coherent Fermi liquid. In this case, there is a kind of self-amplification
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resulting in Ty > Tx. With this picture, the magnetic screening of the Kondo im-
purities involves not only the c-conduction electrons but also, in a dynamical way,
“growing” quasiparticles which contain some f-components.

3.3 Substitution of Magnetic Ions

Here, our analysis focuses on the concentration of Kondo impurities, x. In rare-earth
based Kondo systems, the latter can be varied, e.g., by Ce-La or Yb—Lu substitution.
For this purpose, we have introduced a Kondo alloy model, which is a generalization
of the Hamiltonian (1) where each site of the lattice can randomly either contain
a Kondo impurity, with a probability x, or not [37,38]. The Kondo interaction is
then treated within the mean-field approximation, and the different configurations
of impurity distributions are averaged using a generalization of the coherent poten-
tial approximation [39]. Results described here remain valid beyond the coherent
potential approximation [38].

Figure 6 illustrates the evolution of 7;/Tx as a function of the impurity concen-
tration, x, for different values of electronic filling, n.. The dilute limit of the model,
x < 1, reproduces the universal behavior of the single impurity model, with Ty = Tx.
The crossover to the dense Kondo-lattice regime, with 7y # Tx occurs for x = n,.

The data presented in Fig. 7 are identical to those in Fig. 6, with a rescaled axis,
x — n¢/x. From this rescaling, an exhaustion regime is identified, for n. < x, where
Tp/Tx is a universal function of n./x. Note that this numerical result has been ob-
tained here for a non-interacting semi-elliptic DOS which mimics, at low n,, the
band edge of a three-dimensional system. We expect the universal exhaustion regime
to depend on the dimension via the exponent characterizing the vanishing of the
DOS at the band edge. Apart from the possibility of magnetic ordering, which is
not considered here, the exhaustion regime might be difficult to access experimen-
tally for the following reason: the maximal concentration of Kondo impurities is

Fig. 6 Ty/Tk as a function
of the impurity concentra-
tion. From fop to bottom,
n.=1;0.8;0.6;0.4;0.2. The
solid lines are included as a
guide for the eye. The curves
have been computed for a
semi-elliptic non-interacting 0
DOS and Jx /D = 0.75. (From 0 0.2 0.4 0.6 0.8 1
Ref. [37].) X
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Fig. 7 Same data as Fig. 6, Non universal regime
with a rescaled horizontal axis
which represents 7. /x here. /
Each curve corresponds to a e 2
given electronic filling, n, Eo_ / e—n =1.0
as indicated by the legend. —n =0.8
The parameter n./x has been Dilute
tuned by varying x, and the regime
curves are cut-off by the Exhaustion 1 n >>x
finite physical minimal value regime T~ ¢
Ne /X =ne. n <<x
0 | | | |

x = 1. The only way to reach n. < x thus involves decreasing the electronic filling.
Yet, in rare-earth compounds, conduction electrons usually involve more than one
band. With a single band description, the exhaustion regime would be observable
by increasing the concentration of magnetic ions, x. A multi-band system, however,
allows for another scenario to materialize as x increases: instead of exhausting one
conduction band, the system might energetically prefer transferring electrons from
other bands, preventing the filling from accessing the exhaustion regime, n, < x.
In this case, a single band Kondo lattice model would not be appropriate anymore.
Nevertheless, we expect that other Kondo systems can be realized experimentally,
in which the universal regime n, < x could be observed. For most of dense com-
pounds, x ~ 1, the electronic filling is n, =~ x. This is a non-universal regime, where
all the lattice structure becomes relevant.

4 Destabilizing the Kondo Phase

Microscopically, the Kondo effect is characterized by the formation of local sin-
glets. The Kondo phase can be destabilized by an external magnetic field, or by the
fluctuations of the internal Weiss field induced by RKKY interactions. Here, these
two situations are analyzed from the mean-field approximation: the breakdown of
the Kondo effect is identified to a continuous vanishing of the f — ¢ effective hy-
bridization, r, which occurs at 7 = 0.

4.1 Effect of a Magnetic Field

We consider an external magnetic field, 4, applied to the Kondo spins in the longi-
tudinal direction z. This mimics a situation where the Landé factor of the magnetic
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T,
Light metal (c electrons) mz( h)
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Fully polarized f electrons
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Fig. 8 Left: Schematic phase diagram of the Kondo lattice as a function of a magnetic field /. The
red solid line indicates h.(7) which separates the Kondo phase (r # 0) from the decoupled phase
(r = 0). Right: Schematic plot of the magnetization m,(h/Tx). For Ty > Tx (dash dotted line),
To = Tk (solid line), and Ty < Tk (dashed line). The dotted line indicates the initial slope in the
linear response regime, where m;(h) = h/Ty. The black dot refers to the complete polarization of
the local Kondo spins, m, = 1/2, which occurs at the critical field h? = Tk. (From Ref. [4].)

ions is much larger than the one of c-electrons. A supplementary contribution is
thus added to the Hamiltonian (1), H — H — hY;S5. The mean-field approximation
described in Section 2 is generalized [4], resulting in an effective Hamiltonian for-
mally similar to Eq. (2), with spin-dependent f—fermion potentials, A — A + ch.
The effective hybridization, r, remains spin-independent.

For a sufficiently small magnetic field, a low temperature solution with r # 0 is
obtained. This situation, depicted by Fig. 8, characterizes a phase where the Kondo
effect coexists with a partial polarization of both Kondo spins and c-electrons. A
finite critical field h.(T') is obtained, above which c-electrons decouple from fully
polarized local moments. At T = 0, in the weak coupling limit, Jx < D, the mean-
field approximation yields the universal relation h? = h.(T = 0) = Tx/o. Since a =
1.13, we have 0 ~ Tk. This result is not surprising if we consider the Kondo temper-
ature as the energy scale characterizing the local singlet formation: the Kondo effect
is destroyed when the Zeeman energy becomes larger than 7. At finite temperature,
assuming a constant c—DOS yields the critical line [h.(T)/h0)? + [T /Tx]* = 1.

The T = 0 magnetization m.(h) = 5k ¥, (( fl} fir) — ¢ fl fi1)) obtained from the
mean-field solution is plotted in Fig. 8 as a function of the reduced magnetic field
h/Tx. The low field regime is given by the linear response, m.(h) = hy,.(T = 0),
which, by definition, yields m,(h) = h/Ty. Since the critical field characterizing a
full polarization of the local moments is of the order of the Kondo temperature,
hg ~ Tk, we distinguish three typical cases. Ty ~ Tx is a standard situation, where
m; increases linearly with &, until saturation. For T > Tk, the linear regime allows
only a small magnetization when / < h?. Thus, at about & 2 h, such systems exhibit
a meta-magnetic transition from an unpolarized Fermi-liquid to the polarized spin
lattice. In the opposite case, Ty < T, the linear regime saturates around h ~ Ty < h?.
The intermediate regime Ty < h < Tx is expected to be non-universal. Eventually, a
magnetization plateau can occur, at m, ~ (1 —n,)/2, similar to the one obtained for
the entropy (see Fig. 2).
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It is well known that the transition r = 0, defining Tx within the mean-field ap-
proximation, becomes a crossover when more accurate methods are used. There are
several examples of systems where a finite temperature crossover ends up to a quan-
tum critical point, i.e. a transition at zero temperature. Whether the transition at the
critical field 42 would survive beyond the mean-field is an open issue.

4.2 Extra-RKKY Interaction

The possibility of destabilizing a Kondo phase in favor of a magnetically ordered
ground state was first discussed by Doniach [8], by comparison of the Kondo tem-
perature, Tx ~ De~'//kPo(ko) " with the RKKY energy, Jrxxy ~ po(to)J%-

The mean-field approximation for the Kondo lattice Hamiltonian (1) can hardly
provide a correct description of a transition from a Kondo ground state to a phase
with magnetic ordering. This results from the two following reasons:

(1) Difficulty in driving the system to a second order magnetic transition: This would
require a mechanism leading to a continuous vanishing of the zero temperature ef-
fective hybridization, (T = 0). However, from the Kondo lattice Hamiltonian (1),
the only possibility of vanishing (7 = 0) involves the non-interacting DOS, po (L)
vanishing. This does not correspond to the physical situation of a magnetic transi-
tion induced by the RKKY interaction.

(i1) Difficulty in describing the criticality of transport properties: Within the mean-field
approach, the system is either in a strong coupling regime, with r # 0 and a heavy
Fermi liquid ground state, or in a fully decoupled regime, with r = 0. Since the
transport properties are governed by the conduction electrons, no universal non-
Fermi-liquid behavior can be predicted at the mean-field level.

These two difficulties can be understood from the large-N formulation of the
mean-field approximation: Coleman [33], and Read et al. [34] have shown that mag-
netic ordering involves at least processes of order 1/N, i.e., fluctuations around the
mean-field. Describing the criticality obtained from calculations taking into account
the fluctuations and the emerging compact gauge field theory is beyond the scope
of this presentation. We simply refer to the works of Senthil et al. [40, 41], who
analysed the possibility of a quantum phase transition between a Fermi liquid phase
with a large Fermi surface, and a (partially) fractionalized Fermi liquid phase. A
Kondo breakdown quantum critical point has also been identified by Pepin [42,43],
who obtained, for example, a specific exponent diverging logarithmically in temper-
ature, as observed in a number of heavy fermion metals.

Whilst Difficulty (ii) cannot be easily cured without the fluctuations, we describe
here how Difficulty (i) can be fixed at the mean-field level. The Kondo lattice Hamil-
tonian (1) is generalized to a so-called Kondo—Heisenberg lattice, by adding a
supplementary superexchange term, as follows: H +— H +Y,;;J;;S;S;. This general
model has been introduced first by Sengupta and Georges [44], and studied later
within various methods. In terms of auxiliary fermions, introduced in Section 2, the
superexchange term is rewritten as J;;S;S; = 1‘7’ Yool fisfior f;a, fjo» which describes
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the spin-flip processes between two Kondo impurities, on sites i and j. Up to now,
this description is very general and holds for any magnetic coupling J;;, which can
be periodic (ferro or antiferromagnetic), or randomly distributed (disorder case).
We will now describe two complementary mean-field approaches for the superex-
change.

The first one was introduced by Cogblin et al. [45] in the case of an antiferromag-
netic nearest neighbor exchange J;; = Jur > 0. In the paramagnetic Kondo phase, the
intersite exchange is approximated within a Resonant Valence Bound decoupling:
JiiSiSj—Tij ¥ f;cfjc, with I}; = JATF Yo (ﬁgfja). The magnetic, Heisenberg-like, in-
teraction generates an effective self-consistent dispersion for the f-fermions. Using
this method, Cogblin et al. show that the Kondo effect disappears abruptly for low
band filling and/or strong intersite coupling [22,23].

We have developed another mean-field method [46], based on the DMFT, which
we first applied to a disordered system where J;; are given by a Gaussian distribution
with an average [J;;] = 0, and a variance [Jizj] = J2. In this case, the superexchange
term generates a local energy-dependent self-energy for the f-fermions, which is
determined by self-consistent relations similar to the ones obtained by Sachdev and
Ye for a pure spin disordered system [47]. We have also applied this method to a
model with constant nearest-neighbor antiferromagnetic exchange [48], where the
self-consistent equation for the f-fermions self-energy depends on the lattice struc-
ture. In both cases, disordered or periodic model, we obtained a quantum critical
point corresponding to the breakdown of Kondo effect, characterized by a vanish-
ing of the effective hybridization, »(T = 0) = 0. Figure 9 depicts the phase diagram
that we obtained for the disordered Kondo—Heisenberg model [46]. We also have ob-
tained a similar phase diagram for the periodic, i.e., non-disordered, case [48]. Here,
one relevant point is that the quantum critical point emerging from our mean-field

I Light metal (c-orbitals) .
+ -
Localized free moments (f-orbitals) o

Correlated
Fermi liquid N

>

0 JC4=TK Ja

Fig. 9 Schematic phase diagram of the disordered Kondo—Heisenberg model in the J; — T plane.
Kondo temperature (solid line) and coherence temperature (dashed line) as function of J; are
shown for fixed values of Jg and n. in the case of 7o < Tx. The system is a heavy Fermi lig-
uid below Ty(J,). Above the line Tk (J;), the localized spins are essentially free for J; < 7', whilst
forming a highly correlated spin liquid for J; > T'. All the lines represent crossovers. (From the
analysis of Ref. [46].)
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approach does not necessarily correspond to the onset of magnetic ordering. This
suggests an interpretation in terms of topological transition, without breaking of
symmetry, but with a violation of Luttinger theorem, as discussed in Refs. [40,41].
Furthermore, 1/N corrections can reveal a magnetic instability at a value of the cou-
pling, J; which is smaller than J$ = Tx. In this latter case, a symmetry breaking is
expected. Whether criticality in heavy fermions is governed by a Kondo breakdown
critical point or by a magnetic transition, what is the nature of the non-Kondo phase,
and whether the Kondo breakdown coincides or not with magnetic ordering are still
open questions. The answers probably depend on the system.

The quantum critical transition obtained here results from the competition be-
tween the Kondo effect and the fluctuations of the f-fermions. These fluctuations
are precisely the microscopical mechanism which is required to fix Difficulry (i),
i.e., the difficulty in driving the system to a second order magnetic transition within
the mean-field approximation. In the approach introduced by Cogblin et al., the f-
fermion fluctuations are generated by an effective dispersion, which is connected
to the Resonant Valence Bound decoupling. In our approach, the fluctuations are
included within a self-consistent local self-energy. In both approaches, fluctuations
are characterized by an energy, Jrxky = Jar or J4, and the Kondo effect disappears
above the critical value Jrxgy ~ Tk.

5 Conclusions

Important properties of Kondo systems can be obtained from the mean-field approx-
imation. Some of them have not been presented here, like, for example, the effect
of a pseudo-gap [49,50]. Also, for the sake of clarity, the description was restricted
to the ‘standard’” Kondo model. Of course, the mean-field approximation has been
generalized and applied to more realistic models, with, for example, a momentum-
dependent hybridization between conduction electrons and f ions [51].

Here we have focused on the low energy scales: the Kondo temperature, 7k, char-
acterizing the temperature crossover below which conduction electrons and local
moments are strongly coupled; the coherence energy, 7y, characterizing the Fermi
liquid ground state; and Jggky, the intersite magnetic correlation energy. At the
mean-field level, Jrxxy is negligible or neglected, and any study of magnetic crit-
icality requires the inclusion of fluctuations around the mean-field. Nevertheless,
the Kondo effect can break down at the mean-field level if the RKKY interaction is
added ‘by hand’, generalizing the Kondo lattice to a Kondo—Heisenberg model.

For the ‘pure’ Kondo lattice, the mean-field approximation provides explicit ex-
pressions for 7y and Tx. Both quantities depend on the Kondo coupling with the
same exponential factor, ¢~ !//cPo(H0) This explains the strong sensitivity of these
energy scales with respect to changes in the system (e.g. doping, or pressure). The
ratio Tp/Tx, which does not depend on J, appears to be a promising quantity for an-
alyzing universal behaviors of heavy fermion compounds. Whilst it is equal to one
in dilute systems, 7y/Tx depends in fact on the electronic filling, n., the band shape,
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and the impurity concentration, x. A universal regime with 7y < Tx is expected in
the exhaustion limit, n, < x, which might be difficult to access experimentally. More
typical situations correspond either to the universal dilute regime, n, > x, or to the
non-universal dense regime x ~ n.. In the latter case, the shape of the non-interacting
DOS becomes relevant, and can lead to Ty < T if the chemical potential, p, is close
to a local maximum of the DOS, or to Ty > Tx if o is close to a local minimum.

The experimental determination of 7y and Tk is straightforward for systems
which are ‘deeply’ in a Fermi liquid phase: for example, one can determine 7 from
the specific heat Sommerfeld coefficient, and Tx from the temperature dependence
of the magnetic part of the entropy. The determination of 7x might become more
tricky in the vicinity of a magnetic transition, where the freezing of the entropy
is no longer due to Kondo singlet formation, but to magnetic intersite correlations
instead. In this case, one should find another physical observable which would en-
able an unambiguous determination of Tx. In this case, a systematic experimental
analysis of the ratio 7j/Tx might reveal interesting universal behavior.

Some of the results obtained at the mean-field level have been confirmed by exact
numerical methods. For example, DMFT calculations have shown that 7y /Tx does
not depend on the Kondo coupling. One limitation of the mean-field is also well
known: its weakness in describing criticality, where fluctuations become important.
Nevertheless, some predictions of the mean-field have not been checked yet with
more accurate methods (DMFT or 1/N corrections). This is, for example, the case
of the band shape effect.
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