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Preface

Material Designs and New Physical Properties
in MX- and MMX-Chain Compounds

The history of quasi-one-dimensional halogen-bridged Pt complexes began at the
end of the nineteenth century when Wolffram reported a Cl-bridged complex,
Pt(etn),Cl5-2H,0 (etn=ethylamine), which is called Wolffram’s red salt because
of its lustrous red color. This complex was considered to be a Pt"! complex, but it
has been shown that it is actually a Pt"-Pt"Y mixed valence complex [Pt(etn);]
[PtCl,(etn)4]Cl4-4H,0. Since then, many Pt complexes as well as Pd complexes
have been synthesized. In 1981, Ni(chxn),Br3 (chxn=1R,2R-diaminocyclohexane)
was synthesized. X-ray structure analysis revealed that it was not a Ni"-Ni'V
complex, but a Ni'™" complex. Theoretically, these compounds are thought to be
extended Peierls—Hubbard systems, where the electron—phonon interaction (S), the
transfer integral (7), and the on-site and nearest-neighbor Coulomb repulsion
energies (U and V, respectively) strongly compete with each other. The electronic
states of these complexes depend mainly on the competition between U and S.
When S is larger than U, M(II)-M(IV) mixed valence states or charge density wave
states (CDW), where the bridging halide ions are displaced from the midpoints
between two neighboring metal ions, (represented as —X-M"—X-M"V—X-), are
stabilized. On the other hand, when U is larger than S, an M(III) average valence
or Mott—Hubbard (MH) state, where the bridging halide ions are located at the
midpoint between two neighboring metal ions (represented as —X""-X-M"'-X-),
becomes stable. These Pt, Pd, and Ni complexes show very interesting chemical
and physical properties, such as intense and dichroic charge transfer bands,
progressive overtones in resonance Raman spectra, midgap absorptions attributed
to solotons and polarons, and gigantic third-order nonlinear optical susceptibilities,
and have applications in field effect transistor (FET) devices.

In the 1980s, a new type of complex composed of binuclear metal complexes
and bridging halogens, represented as —-M-M-X-M-M-X—, was reported. They
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have a variety of electronic states and undergo various phase transitions by temper-
ature, pressure, as well as photo irradiation.

In this book, we describe these complexes, including experimental results
and theoretical treatments.

Masahiro Yamashita
(Tohoku University)

Hiroshi Okamoto
(University of Tokyo)
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Chapter 1
General Introduction

S. Takaishi and M. Yamashita

1.1 Quasi-one-Dimensional Halogen-Bridged Metal Complexes

For a long time, quasi-one-dimensional (Q1D) halogen-bridged metal complexes
have attracted much attention of chemists and physicists because of significant
physical properties based on their Q1D electronic structures such as intense and
dichroic charge transfer (CT) bands [1-3], progressive overtones in the resonance
Raman spectra [4-7], midgap absorptions attributable to solitons and polarons
[8-10], gigantic third-order nonlinear optical susceptibilities [11, 12], spin-Peierls
transitions [13], thermochromism in the organic media [14], insertion of 1D chains
into artificial peptides [15], current oscillation phenomena [16], and field effect
carrier doping [17].

Q1D halogen-bridged metal complexes have chain structure of group 10 metals
(M = Ni, Pd, Pt) bridged by halide ions (X = Cl, Br, I), in which dZ2 orbital of
M and p, orbital of X overlap forming 1D electronic system (Fig. 1.1). They are
classified into two types. One has the infinite chain structure of alternating stacking
of M and X, such as -M—X-M—-X—, so-called MX chains. The other has infinite
chain structure of alternating stacking of M—M dimer unit of paddle-wheel structure
and X, such as -M-M—-X-M-M-X-, so-called MMX chains.

1.2 History of MX-Chains

History of MX-chains began at the end of the nineteenth century since Wolffram
reported Cl-bridged Pt complex [Pt(etn)4CI]Cl,-2H,O (etn = aminoethane,
Fig. 1.2) [18]. This complex is called Wolffram’s red salt because of its lustrous

S. Takaishi (0<1) « M. Yamashita

Department of Chemistry, Graduate School of Science, Tohoku University,
6-3 Aramaki-Aza-Aoba, Aoba-Ku, Sendai 980-8578, Japan
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M. Yamashita and H. Okamoto (eds.), Material Designs and New Physical Properties 1
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Fig. 1.1 Schematic chain
structure of (a) MX- and
(b) MMX-chains

Fig. 1.2 Crystal structure of
Wolffram red salt [Pt(etn),Cl]
Cl,-2H,0
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red color. This complex used to be thought of as a Pt>* complex, but it has been
shown by X-ray crystal structure analysis that this complex is alternatively stacked
by square planer [Pt**(etn)4]** and octahedral [Pt**(etn),Cl,]** [19]. Tsuchida et al.
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Fig. 1.3 Phase diagram
of MX-chains

have studied optical properties of this complex in the 1950s and shown that the
origin of the color is due to the intervalence charge transfer (IVCT) transition
from Pt** to Pt** species [20, 21]. Kida et al. developed derivatives of the
complexes in the 1960s [22]. These compounds were spotlighted as model
compounds of 1D Peierls—Hubbard theory in the 1980s [23-25], and their physical
properties had been extensively studied. In this period, many derivatives had been
also developed by changing metal ions (M = Pt, Pd), in-plane ligand (L =
alkylamine, ethylenediamine (en), 1R,2R-diaminocyclohexane (chxn) etc.), and
bridging halides (Cl, Br, I).

Yamashita et al. reported the first Ni-based complex [Ni(chxn),Br]Br, in 1981
[26]. At that time, this complex was thought to be a Ni?*-Ni** mixed-valence state,
but it has been clarified that this complex is in averaged-valence state by means of
X-ray crystal structure analysis [27]. In the Ni complexes, many attractive physical
properties have been reported such as gigantic third-order nonlinear optical suscep-
tibility [11, 12], spin-Peierls transition [13], etc.

1.3 Electronic State of MX-Chains

The electronic states of MX chains are interpreted by extended Peierls—Hubbard
model considering electron—lattice interaction (S), transfer integral between neigh-
bor orbital (T), on-site coulomb repulsion (U), and intersite coulomb repulsion (V)
(Fig. 1.3) [23-25]. Actually, the energy of their electronic states is often explained
by the competition between S and U for clarity.

When M = Ni, U is the dominant factor because of the small 3d22 orbital,
resulting in a uniform oxidation state of Ni**(d"). This electronic state is called
average valence (AV) or Mott—Hubbard (MH) state. When M = Pd and Pt, on the
other hand, S is larger than U because of the larger 4d,” or 5d,> orbital, resulting
M?*(a®) and M**(d®) mixed-valence state. This electronic state is called charge-



4 S. Takaishi and M. Yamashita

density-wave (CDW) state. The bridging halide ion is close to M** ion, inducing the
twofold periodicity.

1.4 MX-Chains as a Mixed-Valence Complex

Mixed-valence complexes have been extensively studied. Such a system is inter-
esting not only in solid state chemistry but also in solution chemistry. A binuclear
Ru?*—Ru** mixed valence complex, Creutz—Taube ion: [(NHs)sRu**(pz)Ru**(NH;)s]”*
(pz = pyrazine) [28, 29], and its analogues have been enormously studied from the
viewpoint of photoinduced electron transfer [30-32]. The MX-chains have been also
attractive targets as 1D extended Creutz—Taube like complexes.

Robin and Day have classified the mixed-valence system into three categories
[33]. This classification is often used in mixed-valence systems. Here we briefly
introduce this classification.

Class I: This comprises compounds in which the different oxidation states are
associated with very different environments. The energy required to transfer an
electron between the two is large. Thus, there is essentially no interaction between
the different oxidation states, and no special properties associated with the mixed
valency.

Class II: These compounds also have different environments for the different
oxidation states, but the sites are now sufficiently similar that electron transfer
requires only a small energy. These compounds are semiconductors and have
optical absorptions resulting from the kind of intervalence transition in visible
near infrared regions.

Class III: These compounds have all atoms in an identical, fractional oxidation
state with electrons delocalized between them. This category can be divided into
two subclasses: In Class IIIA the electron delocalization occurs within a finite
cluster; Class IIIB is where the electrons are delocalized throughout the solid.

When the MX-chains are classified according to Robin—Day’s classification,
Pt and Pd complexes are classified into class II, Ni complexes are classified into
class ITIA category. It should be noted that we describe the electronic structure of the
CDW complexes as —X ---M?** ... X — M*" — X ... in this article for clarity. More
strictly, however, this state should be noted as —X- - - ML X M X ,
where p is the degree of valence disproportionation or CDW amplitude (0 < p < 1).

1.5 MMX Chains

Q1D dinuclear halogen-bridged complexes, those are abbreviated as MMX-chains,
have also got attracted for several decades. They have larger degrees of freedom in
the electrons in the MMX chains compared to those in the MX chains, and that
cause a larger variety of electronic states. On the basis of theoretical calculations
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— X — M25+— M25+— X — M25+— M25+— X — Averaged-Valence (AV) state
— X e M2+ — MJ2# e X — M3+— M3+ — X o Charge-Density-Wave (CDW) state

— X e M2+ — M3+ — X oo M2+¥— M3+ — X - Charge-Polarization (CP) state

or 34 a o Alternating-Charge-Polarization
— X M2+ — M3+ — X — M3+— M2t X e (ACP) state

Fig. 1.4 Schematic representations of four possible electronic states in MMX-chain system

and experimental data, the electronic states of the MMX chains can be classified
into the following four states as shown in Fig. 1.4. The electronic states are also
known to be strongly correlated to the position of the bridging halide ions. Except
AV state, the bridging halide ions are displaced from the midpoint between
neighboring metal ions and slightly approach to M>* ion. It should be noted that
the represented oxidation number in Fig. 1.4 is formal oxidation number. Strictly,
3+ and 2+ should be represented as (2.5 + p)+ and (2.5—p)+ (0 < p <0.9),
respectively, because those are in Robin—Day’s class II category.

So far, two types of MMX chain compounds have been reported. One is
[M,(dta),I] series (M = Pt and Ni; dta = C,H,,.,CS,~, n = 1-4), which form
neutral chains [34-36]. Another is Ry[Pty(pop)4X]-nH,O (R = alkylammonium
ions, alkyldiammonium ions, or alkali metal ions: X = Cl, Br or I), which form
anionic chains [37-40]. Because platinum ions usually have a larger hybridization
with iodides than chloride and bromides, iodide-bridged compounds are expected to
stabilize the various oxidation states and, as a result, cause the various phase
transitions.
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Chapter 2
Structures and Optical Properties of Pt and Pd
Compounds with Charge-Density-Waves

Hiroshi Okamoto and Hiroyuki Matsuzaki

2.1 Introduction

Dynamics of excitons and photocarriers in one-dimensional (1D) semiconductors have
been attracting much attention from both theoretical and experimental point of views.
In 1D electronic systems, it is known that the excitonic effect is remarkably enhanced
due to the singularity of the 1D Coulomb potential. The effect of the electron—lattice
(e-]) interaction is also important in 1D electronic systems as exemplified by the Peierls
transition. It was theoretically expected that a free exciton (FE) is easily relaxed to a
self-trapped exciton (STE) via lattice relaxations, since there is no barrier between an
FE and an STE in 1D systems [1]. In 1D half-filled electronic systems, it is known that
the e—1 interaction sometimes plays a significant role on their electronic structures and
charge dynamics. A typical example of such an e-l coupled system is trans-
polyacetylene (trans-(CH,)), in which the dimerization or equivalently the bond
alternation occurs via the Peierls mechanism [2]. In trans-(CH),, it is known that
charge and/or spin carriers are stabilized as solitons [3, 4] or polarons under the
influence of the el interaction, which exhibit characteristic midgap absorptions.
Thus, clarifying the nature of solitons and polarons as well as of excitons is essential
for understanding optical and transport properties of the 1D e-l coupled systems. In
general, conjugated polymers including (CH), cannot be obtained as single crystals and
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b @Pt @Cl @O

f
<a @C oN @oH

Fig. 2.1 Structure of [Pt(en),][Pt(en),Cl,](ClOy4)4

their electronic states are not so controllable. Therefore, it is difficult to perform
systematic studies of excitons, solitons, and polarons in those systems.

Subsequently, halogen(X)-bridged transition metal(M) compounds (or equivalently
MX-chain compounds) have provided a unique opportunity to study the nature of
excitons, solitons, and polarons [5]. A great advantage of this category of materials is
that their electronic structures can be widely controlled and a variety of materials can be
obtained as single crystals. As a result, a number of studies concerning excitons,
solitons, and polarons have been reported so far in MX-chain compounds [6-52].

MX-chain compounds are represented as [MA,][MA,X5]Y 4 (or simply { MA,X}
Y,), where A and Y are the ligand and the counter anion, respectively. The crystal
structure of [Pt(en),][Pt(en),Cl,](ClO4)4 (en = ethylenediamine) is shown in Fig. 2.1
as a typical example of MX-chain compounds. As shown in the figure, the [MA;]
moieties are bridged by the halogen ions (X) and the hydrogen (H)-bonds between
the amino groups of the ligands (A) and the counter anions (Y) support the MX
chains. In the compounds with M = Pt and Pd, M(II) and M(IV) mixed-valence
state, or equivalently, the commensurate charge-density-wave (CDW) state is
stabilized due to the strong e—I interaction, while in the compounds with M = Ni,
Ni(III) mono-valence state, or equivalently, the Mott—Hubbard (MH) state appears
[53-55]. As detailed in Chap. 4, a Pd(II) MH compound has also been recently
synthesized.

In the Pt and Pd compounds, amplitudes of CDW can be controlled by the
replacements of metals (M = Pt and Pd), bridging halogens (X = Cl, Br, and 1),
ligand molecules (A = ethylenediamine (en), ethylamine, diaminocyclohexane
(chxn), etc.) and counter anions (Y = ClOy, BF,, Cl, Br, I, etc.) surrounding the
MX chains [28, 32]. In addition, the nondegenerate CDW states can be obtained in
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Fig. 2.2 Schematic electronic a  XCMB X M3+ XMB+—X= M3+
structure of the MX chain.

(a) The mono-valence % f % % M (d,)
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(b) the mixed-valence (CDW) % % % % X (d,)
Z,
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the heterometal compounds in which Pt and Pd ions arrange alternatively [26, 52].
Such a controllability of CDW in MX-chain compounds allows us to make an
advanced study of dynamics of excitons, solitons, and polarons.

In this chapter, firstly, we review how the CDW ground state can be controlled
by the choice of constituent elements (M, X, A, and Y). Secondly, we summarize
the fundamental optical properties of the CDW compounds, focusing on the optical
absorption and photoluminescence (PL) properties, which are dominated by the
transition to the lowest charge-transfer (CT) exciton and the emission from the self-
trapped exciton (STE), respectively. After that, we detail nature of solitons and
polarons investigated by the photoinduced absorption (PA) spectroscopy. From the
comparison of PL properties from STEs and PA spectra due to solitons and
polarons, we discuss the relaxation dynamics of photoexcited states in MX-chain
compounds in the CDW phase.

2.2 Control of CDW Ground States [5, 32]

In MX-chain compounds, 1D electronic state of an MX chain consists of d.» orbitals
of M and p, orbitals of X. The ground state is the mono-valence M(III) state or the
mixed-valence M(II) and M(IV) state (or equivalently the commensurate CDW
state) as shown in Figs. 2.2a, b, respectively. In Pt and Pd compounds, the mono-
valence state is usually unstable due to the site-diagonal-type e-l interaction
overcoming the on-site Coulomb repulsion energy U on the metal site [8, 9]. In
Ni compounds, the mono-valence state is stabilized due to the large U on the Ni
sites, so that their electronic structure is considered to be the Mott—Hubbard (MH)
insulator state [53, 54]. More precisely, the Ni compounds belong to the CT
insulators in which the transition from the halogen p valence band to the Ni 3d
upper Hubbard band corresponds to the optical gap [55]. CDW states are never
stabilized in the Ni compounds. In this section, we show that CDW states
(amplitudes of CDW, degeneracy of CDW, and optical gap energies) in Pt and Pd
compounds can be widely controlled by the choice of constituent elements in
MX-chain compounds.
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Fig. 2.3 Correlation between the M—M distance (L) and the M—X distance (/; and /,). The material
for each number is listed in Table 2.1. Data of the homometal compounds are represented by
circles for M = Pt, triangles for M = Pd, and squares for M = Ni. Data of the heterometal
compounds with M = Pt and Pd are represented by diamonds. Open and filled marks indicate the
compounds with Y = ClO4 and Y = halogen, respectively. (Reprinted figure with permission
from [5])

2.2.1 Control of CDW Amplitudes

By replacing metals (M = Pt or Pd) and bridging halogens (X = Cl, Br, or I), the
Coulomb repulsion energy (U) on the metal site and the transfer energy (f) between
the nearest-neighbor two metal sites can be considerably changed. It is because the
expanses of d,» orbitals of M and p, orbitals of X are different among the respective
metal ions (M) and bridging halogen ions (X) [13, 32]. As a result, we can obtain a
variety of compounds having different bridging halogen displacements é from the
midpoint between the neighboring two M ions (see the inset of Fig. 2.3). The systematic
structural studies revealed that ¢ is closely correlated to the metal to metal (M—M)
distance L, which is strongly dependent on the choice of the ligand (A) and the counter
anion (Y) and also on the strength of the H-bond between A and Y [32].

In Table 2.1, the M-M distance L, the metal to halogen (M—X) distance /; and /,
(I; < ly), the halogen displacement J (I, — [; = 2J), and the distortion parameter d
(d = 26/L) are listed for various MX-chain compounds. In Fig. 2.3, the values of /;
and /, are plotted as a function of L. The dotted line indicates /; = I, = L/2, which
is a hypothetical line for no bridging halogen displacements (6 = 0). The Ni
compounds having the MH states are located on this line. The deviation of /; and
I, from the dotted line corresponds to a magnitude of 4. The most significant feature
in Fig. 2.3 is that the data points fall on almost the same lines according to the
choice of bridging halogen (X) ions (Cl1-, Br~ or I7), while M, A, and Y are
replaced. It indicates the strong correlation between ¢ and L.
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Table 2.1 The M-M distance L, the M-X distance /; and /, (/; < [,), the bridging halogen
displacement 6 (=(l, — [,)/2), the distortion parameter d (=2/L), the CT-exciton energy Ecr, and
the photoluminescence energy Ej,,, for various MX-chain compounds

o o o o ECT EIm
LA L) LA @A) d V) (V)

1. [Pt(chxn),][Pt(chxn),CL,](ClO,), 5730 2314 3.416 0511 0.190 320 1.49
2. [Pt(en),][Pt(en),Cl]1(ClO,), 5403 2318 3.095 03885 0.144 273 1.17
3. [Pt(chxn),][Pt(chxn)>Cl,]Cl, 5158 2324 2834 0255 0.099 199 0.90
4. [Pt(en):][Pt(en),Br,](ClO),T 5493 2487 3.006 02595 0.094 198 0.78
5. [Pt(en),][Pt(en),Bro](CIO,-II  5.695 2487 3208 03605 0.1266 2.40 1.11
6.  [Pt(chxn),][Pt(chxn),Br,|Br, 5372 2490 2882 0.196 0.073 140 0.68
7. [Pt(en)s][Pt(en)sL>](ClO,), 5820 2726 3.093 0.1835 0.063 138 0.60
8. [Pt(chxn),][Pt(chxn)L> ], 5673 2708 2965 02564 0.0453 094 —

9. [Pd(en),][Pt(en),Cl,1(C10,)4 5357 2324 3.003 03545 0.130 2.05 0.86
10. [Pd(en),][Pd(en):Br>](CIO,), 5407 2911 2496 02075 0.075 1.13  0.40
11. [Pd(chxn),][Pd(chxn),Br,]Brs  5.296  2.523 2.773 0.125 0.047 075 -

12. [Pd(en),][Pt(en),CL,1(CIO,), 5415 2315 3.100 03925 0.145 322 1.65
13. [Pd(en),][Pt(en),Br-](C10,), 5502 2467 3.035 0284 0.103 259 1.54

14. [Pd(en),][Pt(en),1,](ClO4)4 5.866 2.678 3.188 0.255 0.087 2.28 1.12
15. [Ni(chxn),Cl,]Cl, 4.894 2.447 0 0 1.83 -
16. [Ni(chxn),Br,]|Br, 5.160 2.580 0 0 1.28 -

Parameter values are taken from [5] and references therein

Typical MX-chain compounds have ClO, for the counteranion (Y). The data of
those compounds are shown by open marks in Fig. 2.3. The data of the compounds
with halogen ions for Y are plotted by solid marks in the same figure. By changing
the counteranion from ClO,  to halogen ions, the H-bonds between the amino
groups of the ligands and the counteranions are strengthened. As a result, the M—M
distance L is considerably decreased. Such a feature was ascertained by the infrared
(IR) and X-ray measurements [28, 32, 56]. As shown in Fig. 2.3, the lengths L in the
compounds with Y = halogen (solid marks) are relatively smaller than those of the
compounds with Y = ClO,4 (open marks).

The position of the bridging halogen (X) ion between the neighboring two M
ions, or the M—X distance /, and /,, depends strongly on the choice of X. As seen in
Fig. 2.3, the shorter M—X distance /; is almost constant in Pt or Pd compounds
having the same X ions, even when L is considerably changed. The constant values
of I, (~2.33 A for X = Cl and ~2.50 A for X = Br, 2.68 ~ 2.73 A for X = I) are
close to the sum of the ionic radii of the bridging halogen ions (C1: 1.81 A, Br:
1.96 A and I": 2.16 A [57, 58]) and the metal (Pd*": 0.62 A and Pt*": 0.63 A [59)).
Starting from the M>"—X "~ regular chain structure, the deviation of /; from the
dotted line (L/2) corresponds to the amplitude of the halogen displacements J.
Therefore, the decrease of L induces the decrease of the longer M—X distance /,, and
then induces the decrease of 6. Thus, we can consider that the decrease of L
suppresses effectively the e—l interaction. At the same time, the decrease of L
leads to the increase of transfer energy (¢) between the neighboring M ions, making
the electronic state more delocalized and also decreasing ¢, that is, the CDW
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amplitude. The increase of /; (the deviation from the constant value of /,) in [Pd
(chxn),Br]|Br, (No. 11 in Fig. 2.3) located near the CDW-MH phase boundary is
attributable to such an increase of ¢ [28].

2.2.2 Control of CDW Degeneracy

MX compounds have the doubly degenerate CDW ground states, which are
expressed as follows.

X MY -XT M -XT MY X M X -
-X -MF X —-M" X" M X M X -

This degeneracy of CDW can also be modified by the choice of constituent
elements.

In the CDW compounds with halogen for the counteranion (Y), a direction of
each halogen displacement is two-dimensionally ordered in the bc plane [28, 32], as
shown below.

—X -M*Y" X M X -M* X M X —
—X —-MY X M X MY X M —X—
—X -MY X M X MY X M X —

This is not due to the overlapping of the electronic states between the neighboring MX
chains but due to the interchain coupling through the tight network of the H-bonds
between the aminogroups of the ligands (A) and the counter halogen ions (Y). Thus,
although the electronic states are still one-dimensional, a 2D ordering of CDW is
formed.

Degeneracy of CDW states can be excluded more clearly by the metal alterna-
tion method. By substituting a half of Pt ions with Pd ions in M = Pt compounds,
we can obtain the heterometal compounds in which Pt and Pd ions are arranged
alternatively [26]. In those compounds, the 1D electronic state consists of the 4d
orbitals of Pd and the 5d orbitals of Pt. As the energy level of the former is lower
than the latter, the CDW state is formed by Pd>* ions and Pt*' ions, as shown
below.

— X —Pt*" =X~ —Pd*" =X~ —Pt*" — X~ —Pd*" — X~ —
In this type of the heterometal compounds, CDW states are nondegenerate. The

lattice parameters, L, /; and /, for the heterometal compounds were also plotted in
Fig. 2.3 by diamonds. The deviation of the data points from those of the homometal
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Pt or Pd compounds is very small. It is because L is determined mainly by the
choice of the ligand (A), the counter anion (Y), and the bridging halogen ions (X),
and /; is almost equal to the sum of the ion radii of Pt*" and X~ ions as mentioned
above.

It provides serious modifications to relaxation processes of photoexcited states in
the MX chains whether CDW is degenerate or nondegenerate; in degenerate CDW
states, solitons are the low-energy excitations and play dominant roles on the
relaxation processes but in nondegenerate CDW states, formations of solitons are
suppressed. Relaxation processes of photoexcited states associated with solitons are
discussed in Sect. 2.3.2.

2.2.3 Control of Optical Gap Energies

In the MX-chain compounds, the lowest optical transition corresponding to the
optical gap is the charge-transfer (CT) exciton transition expressed as (M*", M*™ —
M, M>") [13, 32]. In Table 2.1, the energies of those transitions (Ecr) are listed for
the various compounds. In Fig. 2.4a, Ecr is plotted for Pt and Pd compounds, and
the heterometal (M = Pt and Pd) compounds as a function of the distortion parameter
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d (d = 26/L). Ecr is mainly determined by the energy difference E, between the M> "
site and the M*" site shown in Fig. 2.2b. In the compounds having the same metal
ions, we can see the linear relation between Ect and d, which indicates that E is
proportional to the halogen displacement J.

Ect in Pd compounds is smaller than that in Pt compounds. This trend is related
to the magnitude of the on-site Coulomb repulsion energy U. In the localized limit
shown in Fig. 2.2a, Ect is proportional to (E; — U). Since U is larger in the Pd
compounds than in the Pt compounds, Ecr in the former is lower than in the latter.
In the heterometal compounds with M = Pt and Pd, Ecr is relatively larger than
that in the homometal compounds with M = Pt. This is attributable to the energy
difference between the 4d orbitals of Pd*" and 5d orbitals of Pt*", since the energy
level of the former is lower than the latter.

From the results of Fig. 2.3 showing the X, A, and Y dependence of ¢ and the
results of Fig. 2.4a showing the M dependence of Ecr, we can widely control the
magnitudes of Ect by the choice of M, X, A, and Y.

2.3 Nature and Dynamics of Excitons, Solitons, and Polarons

Photogeneration and relaxation of excitons, solitons, and polarons in MX-chain
compounds are strongly dependent on the optical gap energies Ecr and the bridging
halogen displacements . In Sect. 2.3.1 we review the PL properties from STEs
depending on Ect and 0. In Sect. 2.3.2, we show how photogenerated solitons and
polarons can be detected. In Sect. 2.3.3, we discuss the conversion process of an
exciton to a spin-soliton pair. In Sect. 2.3.4, we summarize the overall relaxation
dynamics of photoexcited states associated with excitons, solitons, and polarons in
MX-chain compounds.

2.3.1 Self-Trapped Excitons

In MX-chain compounds, PL from STEs is observed in common. In Fig. 2.5, the PL
spectrum of [Pt(en),][Pt(en),Cl,](ClO,4)4 at 2 K was shown as a typical example
[11]. The PL peak is located at 1.2 eV, showing a large Stokes shift of about 1.5 eV.
Such a large Stokes shift comes from the large lattice relaxation energy of the STE,
which originates from the dissolution of the bridging halogen displacements as
illustrated in Fig. 2.6a. Adiabatic potential energies of an exciton (FE and STE) as a
function of the deformation coordinate Q (the displacements of the bridging X ions
from their equilibrium positions in the CDW ground state) were also schematically
shown in Fig. 2.6b. At the higher energy side of the PL, a series of 17 sharp
structures due to Raman scattering bands are observed (Fig. 2.5), which correspond
to the symmetric-stretching mode of bridging Cl ions. The appearance of the higher
order Raman bands also indicates the strong e-l interaction of this compound.
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Fig. 2.5 Photoluminescence and Raman bands in [Pt(en),][Pt(en),Cl,](ClO4)4 at 2 K. The
excitation photon energy (2.54 eV) is indicated by the arrow. (Reprinted figure with permission
from [11])

Dynamics of STE was studied by time-resolved PL measurements [60—62].
Figure 2.7 shows the time evolutions of PL at several probe energies in [Pt(en);]
[Pt(en),Br,](ClO4)4-1. The oscillatory structures were observed and attributed to
the wave-packet motion in the potential curve as shown by the arrow in Fig. 2.6b.
A similar oscillation was also detected in [Pt(en),][Pt(en),Br,](PF¢)4 by using
transient absorption technique [63].

Next, we discuss how the PL properties depend on materials. The energies of PL
(Eym) for various MX compounds were also listed in Table 2.1 and plotted against
the distortion parameter d in Fig. 2.4b [5]. E, is 40-50 % of Ecr for the Pt or Pd
compounds and 50-60 % for the heterometal compounds with M = Pt and Pd,
showing large Stokes shifts in common. On the other hand, the efficiency of PL is
considerably changed by the decrease in gap energy Ecr. In Fig. 2.8, the relative
intensities of PL for the 2.4-eV excitation measured at 2 K are plotted for various
MX compounds [5]. The intensity of PL decreases by more than four orders of
magnitude when Ect decreases from 2.7 to 1.4 eV. This result suggests that with
decrease of Ecr, that is, the halogen distortion ¢, the STE becomes unstable.
Another feature in Fig. 2.8 is that the PL intensity in the compounds with nonde-
generate CDW [the heterometal compounds (diamonds) and the Pt compounds with
the 2D ordered CDW (solid circles)] is relatively larger than those of the Pt
compounds with 1D CDW. This is related to the fact that nonradiative recombina-
tion of photoexcited states via soliton formations is suppressed in nondegenerate
CDW compounds. This point is discussed in the following subsections.

2.3.2 Photogeneration of Solitons and Polarons

In this section, we review the studies of solitons and polarons in the MX-chain
compounds. The most effective method to detect solitons and polarons is a
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Fig. 2.6 (a) Schematic of the CDW ground state, the CT exciton (FE), and the STE. (b) Schematic
of the adiabatic potential curves of the CT exciton (FE) and the STE as a function of the
deformation coordinate (see the text)

photoinduced absorption (PA) spectroscopy, which had been indeed used for the
studies of solitons, polarons, and bipolarons in conjugated polymers [2], and a
number of important information were obtained. Photoinduced electron spin reso-
nance (PESR) could also detect sensitively photoexcited species with spins. Those
measurements were performed on the MX-chain compounds to clarify nature of
photogenerated species.

At the beginning of those studies, the Pt—Cl chain compound, [Pt(en),][Pt
(en),Cl,](C104)4, had been extensively studied. In this compound, however, photo-
induced gap states were very stable and not mobile so that they never decayed at low
temperatures once they were photogenerated. Therefore, it was difficult to
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Fig. 2.7 Time evolutions of the luminescence intensity in [Pt(en),][Pt(en),Br,](ClO4)4-1. The
experimental results are shown by solid lines. Dotted lines shown the simulations (see [61]).
(Reprinted figure with permission from [61]. Copyright (1999) by the American Physical Society)

investigate nature and dynamical aspects of the gap states in that compound. To
solve this problem, Pt-Br and Pt—I chain compounds were subsequently studied, in
which photoinduced gap states are mobile and their dynamical aspects could be
clarified. Here, we introduce the comparative studies of the homometal compound,
[Pt(en),][Pt(en),Br,](ClO4)4-1I, and the heterometal compound, [Pd(en),][Pt
(en),Br,](ClO4)4, using PA and PESR measurements [52]. As mentioned in
Sect. 2.2.2, the CDW ground states are degenerate in the former and nondegenerate
in the latter, so that solitons are stabilized only in the former. Such a difference in the
two compounds enables us to obtain a clear evidence for the photogeneration of
solitons. In [Pt(en),][Pt(en),Br,](Cl04)4, tWwo monoclinic polymorphisms with the
space group P2;/m and C2/m were obtained [10, 11] and labeled as I and II,
respectively, as already used. Hereafter, [Pt(en),][Pt(en),Br;](ClO4)4-II and
[Pd(en),][Pt(en),Br,](ClO,), are abbreviated as Pt—Br—Pt-Il and Pd-Br-Pt,
respectively.
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Fig. 2.8 Normalized integrated intensities of the luminescence as a function of Ecr in the MX
chain compounds. The material for each number is listed in Table 2.1. Luminescence is measured
at 2 K with the excitation photon energy of 2.4 eV. Data of the Pt compounds are represented by
circles. Data of the heterometal compounds with M = Pt and Pd are represented by diamonds.
Open and filled marks indicate the compounds with Y = ClO, and Y = halogen, respectively.
(Reprinted figure with permission from [5])

Figure 2.9a shows the PA spectrum Aa (photoinduced change of oo = k/) of [Pt
(en),][Pt(en),Br;](Cl04)4-11 single crystal with the excitation of 3.2 eV at 77 K.
Here, k and / are the absorption coefficient and the sample thickness, respectively.
Polarization of both the irradiation light (E.4) and the transmission light (E) is
parallel to the chain axis b. In Fig. 2.9a, the polarized absorption spectrum for E//b
was also shown by the broken line. The arrow indicates the optical gap energy Ecr.
A midgap absorption band labeled as a at 1.55 eV and a weak shoulder structure
labeled as 3 at 1.79 eV were observed in as-grown samples. These absorption bands
were enhanced by light irradiations. In addition, a weak PA band labeled as y was
observed at 0.7 eV. To discriminate the observed PA bands, time characteristics of
three structures were investigated. The results showed that bands « and 3 exhibited
the same decay characteristics, while band vy decays in a different manner compared
with o and B. These results suggest that optically excited states include two
different photoproducts associated with «, 3, and with the lower energy band .

The absorption and PA spectra in the heterometal compound, Pt-Br-Pd, were
shown in Fig. 2.9b. They were considerably different from the spectra in Pt—Br—Pt-I1.
In the absorption spectrum below the optical gap energy Ecr, there were no promi-
nent structures. By the 3.2 eV excitation, two PA bands appeared, which were labeled
as a; and a,. a; and a, were found to show the same decay characteristics, suggesting
that they are related to the same excited species.

To deduce the generation process of the photoproducts, excitation profiles of PA
bands (e and vy in Pt—Br—Pt-II, and a; in Pt—Br-Pd) were measured. The results are
shown in Fig. 2.10 by circles for band «, triangles for band vy in Pt—Br—Pt-1I, and the
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inverted triangles for band a; in Pt—Br—Pd. The thin solid line is the absorption
spectra (&) due to the CT excitons obtained from the polarized reflectivity spectra
and their peaks correspond to Ect. As seen, in Pt—Br—Pt-II, CT excitons do not
contribute to the generation of band <y, but contribute to band «. Band vy in
Pt—Br—Pt-II and band a; in Pt-Br-Pd were generated only for the excitation
energies higher than Ecr.

PESR measurements were also performed to investigate whether the
photoproducts have spins (S = 1/2) or not. In Pt—Br—Pt-II, an ESR signal was
observed in an as-grown single crystal. The ESR signal was enhanced by the
photoirradiations. The inset in Fig. 2.9a showed the increased component (the
PESR signal) for the 3.1 eV excitation. The excitation profile of the integrated
intensities of PESR signals was shown by solid squares in Fig. 2.10a. Paramagnetic
spins were produced by the 2.5-eV excitation. The same excitation did not generate
band vy but enhances bands « and 8 so that the PESR signals in Pt—Br—Pt-II should
be related to bands « and . In those measurements, it could not be determined
whether band #y is related to a spin (S = 1/2) or not.

In Pt-Br-Pd, on the other hand, no ESR signal was detected in an as-grown
single crystal. The PESR signal by the 3.1 eV excitation was shown in the inset of
Fig. 2.9b and the excitation profile of the integrated intensities of PESR signals was
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Fig. 2.10 Excitation profiles for the intensities of the PA bands (open marks), the PESR (solid
squares), and the luminescence (thick solid lines) at 77 K in (a) Pt-Br—Pt-II and (b) Pt-Br-Pd.
Thin solid lines show the imaginary part of the dielectric constants &,. (Reprinted figure from [52])

shown by solid squares in Fig. 2.10b. The PESR signals were observed only by the
excitations above 2.7 eV. Such a behavior is in agreement with the excitation profile
of the PA band ay, so that a; is associated with a spin (S = 1/2).

Since these PA bands were observed in the gap region, it is natural to consider
that they are attributable to spin-solitons (SO), charged-solitons (S*, §7), or polarons
(P*,P7)[10,16,21]. Figure 2.11 shows the localized energy levels of spin-solitons
(SO), charged-solitons (S~ and ST), and polarons (P~ and P) in the case that the
transfer energy ¢ between the neighboring metal ions is equal to zero [21]. From this
simplified picture, we can understand that SO, P*t,and P~ have spin S = 1/2, and st
and S~ have no spin, while S*t, 87, P, and P~ have a charge. The more realistic
electronic structures of these gap states with a finite r are presented schematically in
Fig. 2.12. Several groups reported theoretical absorption spectra of the gap states
obtained based upon the 1D extended Peierls—Hubbard model [27, 33-35, 47].
Their spectral features are essentially the same; two absorption bands arise for a
polaron, and one midgap band arises for either a spin- or charged-soliton.
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Fig. 2.11 Localized energy levels of (a) spin-solitons (SO), (b) charged-solitons (S~, S*), and (¢)
polarons (P~, P*) (Reprinted figure with permission from [5])
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Fig. 2.12 Schematic electronic structures: (a) spin-solitons (%), (b) charged-solitons (S, ST),
and (c) polarons (P~, P*) (Reprinted figure with permission from [5])

In Fig. 2.12, the solid arrows indicate the possible optical transitions. For a polaron,
it was theoretically revealed that oscillator strengths of the transitions indicated by
broken arrows are extremely weak.

Taking into account the theoretical expectations shown in Fig. 2.12, a doublet
structure a; and a, related to spins (S = 1/2) in Pt-Br—Pd could be assigned to
polarons. It should be noted that in Pt—-Br—Pd, electron polarons exist on the Pt sites
and hole polarons on the Pd sites and therefore, the electron—hole asymmetry exists.
In this case, PA energies for a positively charged polaron and a negatively charged
one will be different from each other due to the difference in the magnitude of U on
the metal sites. Thus the large spectral width of band a, was attributed to the
superposition of the two transitions slightly split due to the electron—hole
asymmetry.

In Pt—Br—Pt-II, bands e, § and band vy have different origins as mentioned
above. The important information is that PA bands a and 3 were not detected in
Pt-Br—Pd. Pt—Br—Pd has the nondegenerate CDW state, so that solitons should not
be stabilized. These results suggested that bands a and 3 could be attributed to
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solitons. Considering that bands o and  are associated with spins, solitons
responsible for a and B should be spin-solitons. A simple model shown in
Fig. 2.12 expects that a single midgap absorption arises for a spin-soliton. However,
the observed PA consists of a doublet structure o and 3 and is located at the higher
energy than Ec1/2. These experimental features could be explained by the theoreti-
cal studies; Iwano et al. showed that the absorption band of a spin-soliton is
split under the presence of quantum lattice fluctuations [33] and its energy is higher
than Ec1/2 due to the effect of on-site Coulomb repulsion U [51]. Thus, PA bands o
and 3 were reasonably assigned to spin-solitons.

The energy of band <y is small, being about 0.3 X Ecr, so that band y was
assigned to the lower energy transition of polarons, which correspond to a, band in
Pt-Br—Pd. In fact, the lower energy transitions of polarons are observed at around
0.37 X Ect in Pr-Br—Pd. In another Pt-Br chain compound, [Pt(chxn),][Pt
(chxn),Br,]Br, (chxn = cyclohexanediamine), the similar low energy PA band
was also observed at 0.35 X Ecr (not shown) [37]. Moreover, the excitation profile
of polarons (band a;) in Pt—Br—Pd is similar to that of band v, as shown in Fig. 2.10.
This also supports the assignment of band vy to the lower energy transition of
polarons. The higher energy transition of polarons could not be identified in these
studies. It was considered to be obscured by the strong PA band .

2.3.3 Conversion of an Exciton to a Spin-Soliton Pair

In this section, we discuss the relaxation dynamics of photoexcited states in MX-
chain compounds associated with excitons, solitons, and polarons. As mentioned
above, two relaxation processes are considered to exist; radiative decay (PL) from
STE and nonradiative decay via conversions to soliton or polaron pairs and their
recombination. In order to clarify the interrelation of these two processes, excitation
profiles of PL were measured and compared to those of PA signals in Pt—Br—Pt-II
and Pt-Br—Pd, which were shown in Fig. 2.10 [5, 52].

The excitation profiles of PL from STE were shown by thick solid lines in
Fig. 2.10. In Pt—Br—Pt-II, the intensity of PL begins to increase from the absorption
edge at about 1.9 eV and then decreases sharply at around Ecr. Such a sharp
decrease of PL corresponds to the increase of the generation efficiency of spin-
soliton pairs. This suggests that a conversion from an exciton to a spin-soliton pair
occurs. This interpretation was supported by the fact that in Pt—Br—Pd the PL
intensity did not decrease for the excitations with the energy of Ecr and that the
relative PL intensity in Pt—Br—Pd is more than one order of magnitude larger than
that in Pt—Br—Pt-II (see Figs. 2.8 and 2.10).

Dynamical aspects of the exciton to spin-soliton conversion were also
investigated by the time-resolved PL measurements. In Fig. 2.13, the time-
integrated PL spectra due to STEs at 10 K were shown by solid lines, and time
characteristics of PL were shown in the insets. PL dynamics were reproduced by a
single exponential decay, as shown by the broken lines. The decay time t is ~220 ps
in Pt-Br—Pt-II and ~390 ps in Pt—Br—Pd. Those values are at least one order of
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Fig. 2.13 Photoluminescence spectra (solid lines) and photoluminescence decay time 1 (circles)
at 10 K for the excitation energy of 3.2 eV in (a) Pt—Br—Pt-1I and (b) Pt—Br—Pd. Both the excitation
lights (E.x) and the emission lights (E) are polarized parallel to the b axis. Insets show the time
characteristics of photoluminescence for the detection energies of 1.19 eV in Pt—Br—Pt-II and
1.52 eV in Pt-Br-Pd. Broken lines show single exponential decays. (Reprinted figure from [52])

magnitude smaller than the radiative life time 7, of STEs (4-6 ns) [20, 48], which
was estimated from the oscillator strength of the CT-exciton transition in typical Pt
compounds. This indicated that annihilations of STEs were dominated by
nonradiative processes.

Figure 2.14 showed the temperature dependence of the decay time 7 of PL in
Pt—Br-Pt-II and Pt—Br-Pd, which was well reproduced by using the following
formula as shown by the broken lines in Fig. 2.14.

v = [t + 1 lexp(—4/kT)] @.1)

The used parameter values were 7y = 225 ps, 7, = 115ps,and 4 = 9.5 meV in
Pt-Br-Pt-II, and 7ty = 385 ps, 7, = 38 ps, and 4 = 34 meV in Pt-Br-Pd. The
smaller values of 7 (or 4 and 7o) in Pt-Br—Pt-Il compared to Pt—Br-Pd was
considered due to the conversion from STEs to soliton pairs.

The theoretical studies based upon the 1D extended Peierls—Hubbard model
provided detailed potential energy surfaces of the excited states for homometal
CDW compounds, which were detailed in [22, 23, 51] and also in Chap. 8. The inset
of Fig. 2.14 showed the cross section of the first and the second lowest potential
surfaces as a function of intersoliton distance /,. The higher potential surface
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Fig. 2.14 Temperature dependence of the luminescence decay time 7. The detection energies are
1.19 eV in Pt—Br-Pt-II and 1.52 eV in Pt-Br-Pd. The inset shows the cross-section of the
calculated potential energy surfaces (taken from [51]). SS and CS show a spin-soliton pair and a
charged-soliton pair, respectively. (Reprinted figure from [52])

includes the STE and the charged-soliton pair and the lower surface includes the
spin-soliton pair and is connected to the CDW ground state. With the parameters
appropriate for MX-chain compounds, a spin-soliton pair is always the lowest
energy excitation, although the energy difference between a spin-soliton pair and
an STE is not so large [51].

According to more detailed theoretical analyses, a conversion from the STE to
the spin-soliton pair was possible. These expectations were in good agreement
with the experimental results of Pt—Br—Pt-II discussed above. In Pt—Br-Pt-1I, it is
reasonable to consider that 4 is a potential barrier between the STE and the spin-
soliton pair and 7, ' is a tunneling rate through the barrier. We can imagine in
the inset of Fig. 2.14 that such a barrier exists when the conversion from the STE
to the spin-soliton pair occurs at large values of [y, e.g., larger than 8. In
Pt-Br—Pd, the energy of potential surfaces is expected to increase sharply with
increasing /o compared with that in Pt—Br—Pt-II (the inset of Fig. 2.14), so that the
spin-soliton pair cannot be dissociated. This situation is analogous to bipolarons
in nondegenerate conjugated polymers. In this case, the depth of the potential
well around the STE should be increased. As a result, 4 was enhanced and 10_1
was decreased in Pt—-Br—Pd relative to those values in Pt—-Br—Pt-II. Thus, it is
expected that the main relaxation path of STEs in Pt-Br—Pd is also the
nonradiative recombination process through the solitonic states, which is essen-
tially the same as that indicated by the arrows in the inset of Fig. 2.14 except for
the slope of potential surfaces.

It is important to comment on the comparison of solitons in MX-chain
compounds with those in trans-(CH),, in which nature of spin-solitons had also
been extensively studied. In trans-(CH),, however, a conversion of an electron-hole
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pair (the singlet B, state) to a spin-soliton pair is essentially forbidden within the
noninteracting electron model, due to the charge configuration symmetry in the
bond ordered wave (BOW) ground state [64, 65]. Additional interactions (i.e., a
second nearest-neighbor hopping [64]) which break the charge configuration sym-
metry, permit the conversion of the electron-hole pair to a spin-soliton pair. On the
other hand, the MX-chain compounds are not charge configuration symmetric from
the nature of CDW, so that photogeneration of spin-solitons is possible to occur.
Moreover, in contrast to trans-(CH),, the excitonic effect is important in MX-chain
compounds. Thus, the generation process of spin-solitons from the photoexcited
states in MX-chain compounds is considerably different from that in trans-(CH),.

2.3.4 Overall Dynamics of Photoexcited States

The relaxation process of photoexcited states in Pt—Br—Pt-II was summarized in
Fig. 2.15. Polarons are not generated from the CT exciton, since the energy of a
polaron pair is much higher than the CT exciton. Polarons can be generated only
from the higher energy excited states corresponding probably to the electron-hole
continuum. CT excitons are relaxed to STEs. A part of STEs decay by PL, and the
other parts are relaxed to spin-soliton pairs and then decay nonradiatively. CT
excitons with large excess energies dissociate into spin-soliton pairs before
stabilizing as STEs, since the generation efficiency of spin-solitons increases with
increase of the excitation photon energy at around Ect as seen in Fig. 2.10. This
process is also shown by the dashed—dotted line in Fig. 2.15.

As mentioned in Sect. 2.2.2, Pt and Pd compounds having halogen ions as the
counter anions show the 2D-ordered CDW states. In a typical example of such
compounds, [Pt(chxn),][Pt(chxn),Br;]Bry, it was also demonstrated that
photogenerations of solitons were suppressed [37] and only the photogeneration
of polarons was observed. In general, in the compounds having 2D-ordered CDW
states, PL intensities were relatively larger than that in the 1D CDW compounds as
seen in Fig. 2.8, consistent with the result of the hetero-metal compound, Pt-Br—Pd.
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When the bridging halogen displacement é and the optical gap energy Ect
decrease and a compound approaches to the CDW-MH phase boundary,
photoresponses are largely changed from those discussed here. A photoexcited
state in the CDW ground state, that is, a M3 pair is converted to a M>* domain
over several tens M>™ sites [66, 67]. In this case, the lowest photoexcited state of a
M?** pair cannot be regarded as an excitonic state, but the photoresponses should be
regarded as a photoinduced phase transition from CDW to MH state. Such photo-
induced CDW to MH transitions were indeed observed in [Pd(chxn),][Pd
(chxn),Br,]Bry and [Pt(chxn),][Pt(chxn),;]I; [66, 67]. In the latter compound,
the photoinduced CDW to metal transition was also found in the case of strong
photoexcitations. Photoinduced phase transitions in those MX-chain compounds
are discussed in Chap. 5 in detail.

2.4 Summary

In this chapter, we reviewed the tunability of the CDW states in MX-chain
compounds. By substituting the metals (M = Pt, Pd, and Ni), the bridging halogens
(X = Cl, Br, and I), and the ligand molecules and the counter anions surrounding
MX chains, the amplitude of CDW, the degeneracy of CDW, and the optical
gap energy could be widely controlled. On the basis of such controls of the CDW
states, nature of photoexcited states, i.e., excitons, solitons, and polarons, was
investigated. From the comparative studies of the degenerate and nondegenerate
CDW compounds using photoluminescence, photoinduced absorption, and photo-
induced electron spin resonance measurements, the photoinduced gap states were
clearly characterized as spin-solitons and polarons. By comparing the excitation
profiles of the photoinduced absorption signals due to spin-solitons and the
photoluminescence from self-trapped excitons, it was demonstrated that the lumi-
nescence process competes with the dissociation to spin-soliton pairs and the
subsequent nonradiative decay. The detailed analyses of the temperature depen-
dence of the photoluminescence decay time revealed that a conversion from a self-
trapped exciton to a spin-soliton pair occurs through a finite potential barrier, the
magnitude of which depends on the degeneracy of CDW. Such an exciton to a spin-
soliton pair conversion could be explained by the theoretical simulations based
upon the 1D-extended Peierls—Hubbard model. Thus, a spin-soliton pair is the
lowest energy excitation, so that it plays dominant roles on the relaxation process
of photoexcited states in MX-chain compounds having CDW ground states.

On the basis of these fundamental studies on the CDW states, a great deal of
efforts for designs and syntheses of new MX-chain compounds and explorations of
new phenomena have been made. As a result, a variety of novel physical properties
such as gigantic nonlinear optical responses and ultrafast-photoinduced phase
transitions have been discovered. The details of them are reviewed in the following
several chapters from both experimental and theoretical points of view.
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Chapter 3
Ni(IIT) Mott—-Hubbard Compounds

S. Takaishi and M. Yamashita

3.1 Introduction

For a long time, MX-chain compounds have been extensively studied since
Wolffram reported Cl-bridged Pt complex in 1900. To date, more than 300
compounds were reported by combining metal ions (M = Ni, Pd, Pt), bridging
halogens (X = CI, Br, I) in plane ligands (L = ethylenediamine(en), 1R,2R-
diaminocyclohexane(chxn), etc.), and counteranions (ClO, , BF,, X, etc.).
However, the number of Ni compounds is very few compared to Pd or Pt
compounds. The first Ni complex was reported by Yamashita et al. in 1981.
Although there had been much controversy about the electronic state of these
compounds, it has been clarified that this complex is in averaged valence state by
means of X-ray crystal structure analysis [1]. In the Ni complexes, many attractive
physical properties have been reported such as gigantic third-order nonlinear
optical susceptibility [2], spin-Peierls transition [3], etc. In this chapter, we intro-
duce structure, physical properties, and recent progresses in the Ni complexes.

3.2 Crystal Structure

Figure 3.1 shows a crystal structure of the Ni'tt complex [Ni(chxn),Br]Br, [1].
Ni(chxn), moieties are bridged by Br ions, forming a —-Ni—-Br—Ni—Br- linear chain
along b-axis. The crystal structure of this compound is isomorphic to the
corresponding Pd and Pt compounds [M(chxn),X]X, (M = Pd and Pt; X = Cl,
Br, and I). There is significant difference in the position of the bridging halide ions
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Fig. 3.1 Crystal structure of
[Ni(chxn),Br]Br,. Gray: Ni,
Brown: Br, Black: C, Blue: N,
Pink: H

between the Ni and the Pd and Pt ions. In the Ni complexes, bridging Br™ ions are
located at the midpoints between neighboring Ni ions, whereas they are displaced
from the midpoint in Pd or Pt compounds and are disordered [4]. This indicates that
the Ni ions are in a trivalent Ni'" Mott—-Hubbard (MH) state. There are hydrogen
bonds between the amino protons and counteranions, forming a 2D hydrogen-bond-
network. Ni—-Ni distances along the 1D chain are 5.161(2) A.

3.3 Magnetic Properties

Figure 3.2 shows the temperature dependence of the magnetic susceptibility of
[Ni(chxn),Br]Br, measured as a single crystal [3]. Curie-like behavior was observed
at low temperatures, whereas nearly no temperature dependence was observed at
higher temperatures. The small amount of spin concentration showing Curie-like
behavior (=0.4 %) was attributed to some paramagnetic impurities or spins at the
chain end. The weak temperature dependence of the susceptibility at high tempera-
ture region was interpreted to be due to an S = 1/2 Heisenberg chain with strong
antiferromagnetic (AF) interactions. Such temperature dependence of susceptibilities
can be understood via the Bonner—Fisher theory [5]. Recently, Eggert, Affleck, and
Takahashi (EAT) have proposed a theory that explains more accurately the
susceptibilities, which slightly differ from Bonner-Fisher behavior at low
temperatures [6]. The result of EAT theory for T < 0.2 J/kg is given by the following
equation:

Ng*ug? 1
1(T) = 1 1
1) =52 M Tn(s47 kD) ) G-
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where N is the Avogadro’s number, g is the Lande’s factor, and kg is the
Boltzmann constant. In this equation, J is defined as H = 2JXS;-S;;;. The
exchange interaction was estimated to be J/kg = 2,000 &+ 500 K by fitting the
present data above 130 K in Eq. (3.1). The magnetic susceptibility slightly
decreased below 100 K. This suggests that some phase transition to a nonmag-
netic state, such as CDW (—Br---Ni"-..Br — Ni'¥ —Br---) or spin-Peierls
states (---Br---Ni'! = Br — Ni'...Br- ), occurs.

We measured the temperature dependence of the nuclear quadrupole resonance
(NQR) signals of the bridging Br ions because the NQR is a quite sensitive probe
for detecting subtle changes in the electron distribution around NQR nuclei.

We observed a single resonance line for 81Br at 300 K (137.079 + 0.005 MHz)
and a pair of lines at 130.874 £+ 0.01 and 147.786 £ 0.01 MHz at 3.8 K. We assigned
these resonance signals to ®'Br nuclei on the basis of the corresponding ’*Br lines
at 164.091 £ 0.005 MHz (300 K) and at 156.656 £ 0.01 and 176.904 £ 0.01 MHz
(3.8 K), which are in agreement with the reported isotope frequency ratio ("*Br/*'Br =
1.1969) [7]. These resonance frequencies were assigned to bridging Br™ ions and not
to counter Br™ ions since ’° Br NQR frequencies in compounds with Ni-Br covalent
bonds have been observed in nearly the same frequency range, e.g., 126.26 MHz for
NiBr,[P(Cs;H5)3], and 126.53 MHz for NiBr,[P(C4Ho)s], [8], whereas the resonance
lines for ionic Ni—Br bonds are usually at frequencies of one order of magnitude lower
than those for the present complex [9].

Figure 3.3 shows a temperature dependence of the *'Br NQR frequencies for the
bridging Br™ ions in [Ni(chxn),Br]Br,. A single 81pr NQR peak was observed at
room temperature, which is consistent with the X-ray results, where all of the
bridging Br™ sites are equivalent at room temperature. The resonance frequency
gradually decreased with an increase in the temperature above 130 K due to
averaging of the electric field gradient (EFG) at Br nuclei by lattice vibrations.
The temperature dependence of the NQR frequency (v(T)) can be described by the
harmonic oscillator model for lattice vibrations [10, 11]:

v(T) = v {1 —A coth(zhk—c;)] (3.2)
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where vg, A, and o are the resonance frequency for the static lattice, a coefficient
that depends on modes of lattice vibrations, and the averaged vibration frequency,
respectively. The observed data were fitted with Eq. (3.2), and the extrapolated
frequency to 0 K (v(0)) was determined to be 139.1 + 0.2 MHz.

Upon cooling, the NQR signal disappeared around 130 K, and two lines at
130.87 and 147.78 MHz appeared again below ca. 40 K. The loss of resonance
signals between 40 and 130 K is thought to be spectrum broadening due to
fluctuation in the EFG upon phase transition. Since the averaged frequency of
these two lines is almost the same as the extrapolated frequency from the high-
temperature side, the NQR signals below 40 K are split into one of the high-
temperature signal. Two resonance lines with a large frequency separation of
16.9 MHz at low temperatures indicate the presence of two nonequivalent Br—
sites, suggesting that a change in the electronic state in [Ni(chxn),Br]Br, takes
place between 40 and 130 K.

Here we discuss the possible electronic structures of [Ni(chxn),Br]Br,. In an
averaged valence MH state, the environments of all Ni or bridging Br™ sites should
be equivalent, resulting in a single Br NQR line. In a CDW state, the bridging Br™
ions are displaced, but the sites are equivalent. However, there are two nonequiva-
lent Ni sites, and hence, this state affords a single Br NQR line. In the spin-Peierls
state, which is characterized by the displacement of the Ni sites, two nonequivalent
bridging Br™ sites are formed in agreement with the two Br NQR lines. The splitting
of NQR signals indicates that a spin-Peierls transition occurs in [Ni(chxn),Br]Br, in
the range of 40-130 K. This explanation is consistent with the decrease in the
magnetic susceptibility observed below 100 K. As shown in Fig. 3.2, x deviated
isotropically from the EAT curve below 100 K clearly. This decrease in y is due to
spin cancelation caused by the transition into a spin-Peierls state.

The charge distribution in the Ni—-Br bond can be evaluated by applying the
Townes—Dailey approximation: [12, 13]

|20q| = (1= i)(1 = 5)|€* Qo] (3.3)
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where ¢° 0Oq, eZQqatom, i, and s are the observed coupling constants, given twice the
observed resonance frequency (2Av) by assuming an axially symmetric EFG,
the coupling constant for atomic ®'Br given by 643.032 MHz [14], the degree of
ionicity of the Ni—Br bond, and the s-character of the bonding orbital in Br™ ions,
respectively. The s-character, which is the contribution of the s-orbital in the sp-hybrid
orbital of Br~ ions, was assumed to be 0.15 by Dailey and Townes [12, 13] in cases
when the halide ion is bonded to atoms that are 0.25 more electropositive than the
halide ion. Thus, partial electron-transfer values (i) from Ni to Br in comparison
with the value (0.0) for a neutral Br atom were approximated to be 0.491 (high-
temperature phase) and 0.521 and 0.459 (low-temperature phase). The high-
temperature phase v(0) was used to determine eZQq (=2v(0)). The differences
between the i values in the high- and low-temperature phases (0.03) are comparable
to those for [MBr(,]z* containing M-Br bonds (i = 0.37 [15], 0.38 [16], and 0.39
[17] determined in octahedral complex ions where M = Pd4+(4d6 ), P’[4+(5d6 ), and
Re*(54%), respectively), suggesting that a marked change in the population of the
electrons of Br atoms takes place during the spin-Peierls transition in the present
complex.

3.4 Optical Properties

Figure 3.4 shows the polarized optical conductivity spectrum (E//b) for [Ni(chxn),Br]Br,
obtained by using the Kramers—Kronig transformation of the reflectivity spectrum, which
corresponds to the absorption spectrum [18]. A sharp and intense absorption band was
observed at 1.3 eV. Intense absorption spectra have also been observed for Pd and Pt
complexes, which were assigned to charge transfer (CT) excitation from the fully
occupied d.» orbital of the M" site to the unoccupied d. orbital of the nearest neighbor
M"Y site. In the case of [Ni(chxn),Br]|Brs, on the other hand, the origin of the absorption
band ought to be different from the Pd or Pt cases because the ground state of Ni
compounds is a Ni'"" MH state.

Okamoto et al. have determined the band structure of [Ni(chxn),Br]Br, by using
X-ray photoelectron (XPS), Auger electron (AES), and optical conductivity
spectroscopies [19]. From XPS and AES, the U value was estimated to be ca.
5.5 eV [U = Eyp(XPS)—2E,jence(XPS)—E(AES)]. In the optical conductivity
spectra, an intense CT band was observed at 1.3 eV. Although there has been
controversy in assigning the intense absorption band, it has been concluded that this
band is a bridging ligand (p, band of Br~) to metal (UH d.. band of Ni) charge
transfer (LMCT) band, meaning that this compound is not an MH insulator but a CT
insulator (Fig. 3.5).

Photoluminescence is a powerful probe for investigating the electronic structure
of excited states and their dynamics. Although photoluminescence, i.e., relaxation
processes, of Peierls-distorted (mixed valence) MX chains have been extensively
studied [20], the processes in [Ni(chxn),Br]Br; are not well understood. We have
studied the luminescence properties of the MX-chain system [Ni(chxn),Br]|Br; [21].
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Fig. 3.4 Optical conductivity
spectrum of [Ni(chxn),Br]
Br,. Inset shows proposed
band structure determined by
XPS and optical conductivity
spectra

Fig. 3.5 Band structures of
(a) MH and (b) CT insulators

Fig. 3.6 Luminescence
spectra of [Ni(chxn),Br]|Br,
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Figure 3.6 shows the temperature dependence of luminescence spectra with
excitation energy E., = 1.96 eV. Large and small broad peaks were observed at
1.3 and 1.4 eV, respectively. Intense bands in the optical conductivity spectrum at
1.3 eV have been assigned to LMCT transitions (Br~, Ni** — Br’, Ni**) [19].
Therefore, the luminescence peak observed at 1.3 eV was attributed to the relaxa-
tion of an LMCT exciton state (Bro, Ni** — Br, Ni3+). This luminescence
exhibited little or no Stokes shift, showing that the LMCT exciton does not easily
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relax into a self-trapped state. This is in contrast to the relaxation process for the CT
exciton state (M>*, M>* — M**, M*") in Peierls-distorted Pd and Pt MX chains. Pt and
Pd MX chains show large Stokes shifts due to the strong electron—lattice interaction
because bridging halide ions X~ are quite sensitive to the charge of M ions. On the
other hand, in the case of [Ni(chxn),Br]Br,, because the bridging bromine, which is
neutral (Bro) when the LMCT occurs, is insensitive to the charge of the Ni ions, it
showed almost no Stokes shift, indicating that the electron—lattice interaction (S) of this
system is small or suppressed. More detailed studies have been recently made on the
time dependence of the photoluminescence [22] as well as theoretical research [23, 24].

The peaks at 1.3 and 1.4 eV gradually disappeared with an increase in the
temperature. This shows that the deactivation process changes from luminescence
to thermal relaxation. The peak at 1.3 eV slightly shifted to a lower energy with an
increase in the temperature. We attributed the shift to an increase in the Ni—Br
distance with an increase in the temperature, resulting in a decrease in the separa-
tion of Br~ 4p, and Ni** 3d.. orbitals.
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Chapter 4
Pd(IIT) Mott—-Hubbard Compounds

S. Takaishi and M. Yamashita

4.1 Introduction

In spite of long history of MX-chain complexes, all Pt or Pd compounds are in
CDW state, without exception. We have recently succeeded in realizing Pd(I1II) MH
state by two methods, that is, one is the chemical pressure via long alkyl chains
introduced as counteranions, [Pd(en),Br](C,-Y),-H,O, and the other is the partial
substitution with Ni(II) ions, [Ni;_,Pd,(chxn),Br]Br,. In both systems, it has been
revealed that Pd(III) MH state was realized by the chemical pressure acting in the
systems.

4.2 Realization of Pd(III) MH State by Means of Fastener Effect
Acting Between Alkyl Chains [1]

4.2.1 Crystal Structure of [Pd(en),Br|(Cs-Y),-H,0

Crystal structures of [Pd(en),Br](Cs-Y),-H,O (en = ethylendiamine, Cs-Y =
dipentylsulfosuccinate) at 259 and 162 K are shown in Fig. 4.1a, b, respectively.
At both temperatures, the crystal structures were nearly the same. However, there
was a remarkable difference in the periodicity at the two temperatures. At 259 K,
the lattice parameters a and b were as twice as those at 162 K. At 259 K, the Pd
(1)-Br bond lengths were 2.512(3) and 2.497(3) z&, whereas the Pd(2)-Br bond
lengths were 2.783(3) and 2.777(3) A. Since a Pd(ID)-Br bond length is usually
longer than a PA(IV)-Br one, Pd(1) and Pd(2) were assigned to Pd(IV) and Pd(Il),
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Fig. 4.1 ORTEP drawings of [Pd(en),Br](Cs-Y),-H,O at (a) 259 K and (b) 162 K. Water
molecules and hydrogen atoms are omitted for clarity. White: Pd, Brown: Br, Blue: N, Yellow: S,
Red: O, Gray: C

respectively. Therefore, this indicates that [Pd(en),Br](Cs-Y),-H,O is in a
3D-ordered CDW state (---Pd(I)---Br — PdAV) — Br---Pd(Il) - - -) at this tem-
perature. At 162 K, on the other hand, the twofold periodicity disappeared, and all
of the Pd ions became equivalent. The Pd—Br bond lengths were 2.613(1) and 2.604
@))] A, which are intermediate between Pd(ID-Br and Pd(IV)-Br bond lengths,
suggesting that the complex is in an MH state [-Pd(III)-Br—Pd(IIT)-Br—Pd(III)—]
at 162 K.

The temperature dependence of the average neighboring Pd - - - Pd distance along
the chain is shown in Fig. 4.2. The average Pd---Pd distance in [Pd(en),Br]
(C5-Y),-H,0O at 293 K was 5.31 A. This distance is longer than that in [Pd
(chxn),Br]Br,, which has the shortest Pd - - - Pd distance so far reported and is in
a CDW state [2]. Upon cooling, this distance decreased by approximately 2 % and
became 5.21 A at 110 K, while that of [Pd(chxn),Br]|Br, showed almost no
temperature dependence. The large temperature dependence in the present complex
is considered to be due to suppression of the thermal motion of the alkyl chains. In
addition, we found a discontinuity in the Pd - - - Pd distance with a small hysteresis at
205 K, indicating the first-order phase transition occurs at this temperature.
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Fig. 4.2 Temperature dependence of averaged Pd---Pd distance in [Pd(en),Br](Cs-Y),-H,O
upon the cooling and heating processes, together with that of [Pd(chxn),Br]Br;
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Fig. 4.3 Temperature dependence of spin susceptibility (y) in [Pd(en),Br](Cs-Y),-H,O

4.2.2 Electron Spin Resonance Spectroscopy

Electron spin resonance (ESR) spectroscopy is a powerful tool to determine the
electronic state of the MX-chain compounds because CDW and MH states should
show diamagnetic and paramagnetic (antiferromagnetic) behaviors, respectively.
Figure 4.3 shows the temperature dependence of the spin susceptibility (y) obtained
by integrating the first derivative of the ESR signal twice. Around room tempera-
ture, quite weak ESR signals on the order of 10~® emu mol ' were observed. This
result is in agreement with the structural data, which shows that this complex is in a
diamagnetic CDW state at room temperature. On the other hand, y below 200 K was
on the order of 10> emu mol . This could be explained by paramagnetic behavior
coupled with a strong antiferromagnetic interaction, which is characteristic of
complexes in an MH state. The Curie (1/7) contribution below 100 K, which was
0.14 % of the spin concentration, is probably due to the existence of an odd number
of PA(IIT) ions (S = 1/2) in the domains or short chains. A clear discontinuity in y
was observed at ca. 205 4+ 5 K and 230 + 5 K in the cooling and heating processes,
respectively. We concluded that the discontinuity corresponded to the first order
phase transition between CDW and MH states.
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4.2.3 Raman and Optical Conductivity Spectra

It is known that the Br—Pd-Br symmetrical stretching mode v(Br—Pd-Br) in Raman
spectrum is allowed in the CDW state and forbidden in the MH state [3]. Thus,
Raman spectroscopy is a good probe to determine the electronic states of the MX-
chain compounds. Figure 4.4 shows the temperature dependence of the Raman
spectra. In the high temperature (HT), an intense Raman peak was observed at ca.
130 cmfl, which was assigned to v(Br—Pd-Br). On the other hand, the peak
disappeared in the low temperature (LT) spectra. This result clearly indicates that
this complex undergoes the phase transition from CDW to MH states.

Figure 4.5 shows the temperature dependence of the optical conductivity spectra
and the peak energies (E.p). A clear discontinuity in E,, was observed at
206 £ 2 K. This temperature is similar to those obtained from the crystal structure
analysis, ESR, and Raman spectroscopies. In the HT spectra, the peak energy
decreased from 0.86 eV (290 K) to 0.66 eV (210 K). On the other hand, the peak
energy barely changed with a change in the temperature in the LT spectra. This can
be understood by considering the origin of the electronic transition. In the CDW
state, the lowest electronic transition is an IVCT transition from the Pd(IT) d,. to Pd
(IV) d.: species. In this case, the CT energy (E,p,) can be evaluated as 25-U if V and
t are ignored [4, 5]. In the MH state, on the other hand, the lowest electronic
transition is CT transition from averaged Pd(III)-Pd(III) state to disproportioned Pd
(ID-PA(IV) (or PA(IV)-Pd(ID)) state. The CT energy is evaluated to be U. Because
almost no temperature dependence was observed in the LT spectra and there was a
large temperature dependence of the CT energy in the HT spectra, S, not U,
decreases as the Pd - - - Pd distance becomes shorter.

From the crystal structures, spin susceptibility, optical conductivity spectra, and
Raman spectra, we concluded that the first-order phase transition between CDW
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and MH states occurs at 206 £ 2 K. This phase transition was also confirmed using
heat capacity measurements (AH = 1.554 + 0.011 kJ mol ', AS = 7.48 +
0.057 K "mol ™).

4.2.4 Alkyl Chain Length Dependency

In order to clarify the origin of the phase transition, we synthesized a series of
Pd—-Br complexes [Pd(en),Br](C,-Y),-H,O (n =4, 5, 6, 7, 8, 9, and 12) with
different alkyl chain lengths. We determined the nearest neighbor Pd - - - Pd distance
of these complexes from powder X-ray diffraction (PXRD) patterns. Increasing the
alkyl chain length caused the Pd - - - Pd distance to decrease dramatically even at
room temperature, as shown in Fig. 4.6, suggesting that the attractive force between
the alkyl chains of the counterions becomes stronger with an increase in the alkyl
chain length. In other words, the attractive force acting between the alkyl chains is
the origin of the chemical pressure.

Figure 4.7 shows Raman spectra of the series of Pd—Br complexes at room
temperature. An intense Raman peak attributed to v(Br—Pd-Br) was observed for
the complexes with short alkyl chains (r < 8), whereas it was not observed for the
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Fig. 4.7 Raman spectra of a series of [Pd(en),Br](Cs-Y),-H,O (4 < n < 12) at room temperature

compounds with longer alkyl chains (n > 9). As mentioned above, this stretching
mode is allowed in the CDW state but forbidden in the MH state. Therefore, the
compounds with short (n < 8) and long (n > 9) alkyl chains have CDW and MH
states, respectively, at room temperature.

We measured the temperature dependence of the Raman spectra and determined
the T, for the series of Pd—Br compounds. Figure 4.8 shows the phase diagram of
these compounds. With an increase in the alkyl chain length, T steadily increased.

4.3 Stabilization of the Pd(III) MH State in Ni-Pd Mixed Metal
Complexes, [Ni;_,Pd,(chxn),Br]Br,

We have tried another approach to decrease metal-metal distance, that is, partial
substitution with smaller Ni ions, [Ni; _,Pd,(chxn),Br]Br,. These complexes were
firstly synthesized by Yamashita et al. in 1997, [6, 7] and their electronic states have
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Fig. 4.9 Crystal structures of (a) [Ni(chxn),Br]Br; and (b) [Pd(chxn),Br]Br,

been extensively studied by optical [8] and ESR [9] spectroscopies, X-ray diffuse
scattering [10], scanning tunneling microscopy [11], etc. In this section, we intro-
duce their structure and physical properties.

4.3.1 Structure and Electronic States of [M(chxn),Br|Br,
(M = Ni, Pd)

A crystal structure of [Ni(chxn),Br]Br; is shown in Fig. 4.9a [12]. In this structure,
the Ni(III) ions and Br™ ions alternate with equivalent Ni—Br distances, and the four
N atoms of the two chxn ligands coordinating to each Ni(II) ion in the equatorial
positions producing a strong ligand field. Each Ni-Br-Ni 1D chain is hydrogen
bridged between the amino-protons of chxn and counter Br ions along the chains, as
well as over the chains, forming two-dimensional hydrogen-bond networks.
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The resultant electronic configuration of the Ni(IIl) ion in the nearly Dy, symmetry
is (eg)4(b2g)2(al g)1(b1 g)0 with one unpaired electron in the d,. orbital. Unpaired
electrons in the Ni d,» orbitals form a 1D antiferromagnetic spin (S = 1/2) chain.
Large p—d hybridization between the Br p, orbital and the Ni d,. orbital leads to a
large antiferromagnetic exchange interaction parameter J/kg (= —2,000 K
[13],—3,600 K [14], or —2,700 + 500 K [9]).

The Pd(II)-Pd(IV) mixed valence complex [Pd(chxn),Br]Br, is isomorphous to
[Ni(chxn),Br]|Br, (space group = 1222) except for the positions of the bridging Br™
ions (Fig. 4.9b) [2]. In the Pd MX chain, the bridging Br™ ions are displaced from
the midpoints between two neighboring Pd ions due to a large S and a relatively
small U between the 4d electrons, stabilizing a Peierls-distorted CDW state, with
alternating Pd(I) and Pd(IV) ions even at room temperature. Therefore, the Pd
complex has a diamagnetic ground state.

4.3.2 Crystal Structure of [Ni;_Pdy(chxn),Br|Br,

Figure 4.10 shows PXRD patterns of a few [Ni;_,Pd(chxn),Br]Br, complexes at
room temperature [15]. All of the compounds showed similar PXRD patterns, and
they could be fitted with the space group of 1222, showing that the crystal structures
of each compound are isomorphous. The PXRD patterns shifted gradually with an
increase in x, indicating that the unit cell parameters continuously changed and that
there was no phase separation. Figure 4.11 shows the unit cell parameters of a series
of [Ni;_,Pd,(chxn),Br]|Br, as a function of x. The unit cell length of the a and b
axes increased with an increase in x, which is consistent with the finding that the
valence orbitals of Pd (4d) are spatially wider more than those of Ni (3d). On the
other hand, the length of ¢ axis decreased with an increase in x. This is explained as
follows: Since the 1D chain made by -M—X—-M-X- covalent bonds runs along the b
axis, its length should be directly affected by the substitution. In fact, the unit cell
length increased in this direction with an increase in x. On the other hand, the 1D
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chains are connected to each other via hydrogen bonds (N—H---Br---H —N)
along the c axis. Therefore, in order to maintain the hydrogen bonding, the length of
the ¢ axis decreased with an increase in x instead.

The unit cell length in each direction obeys a linear relationship when x < 0.9,
whereas it deviates from the line when x > 0.9, especially in the case of the b and ¢
axes. The x dependence of the unit cell length of the b axis (/1D chain) could be
influenced by the electronic state of the compound. When the compound is in the
MH state, the unit cell length of the b axis should be simply twice the linear
summation of the Ni(II[)-Br and Pd(III)-Br bond lengths as follows:

b =2{(1 — x)d(Ni(IIl) - - - Br) + xd(Pd(IIl) - - - Br)},

where d(Ni(Il) - - - Br) and d(Pd(III) - - - Br) indicate Ni(IIl)-Br and Pd(II1)-Br
bond lengths, respectively.

On the other hand, in the CDW state, the oxidation states of Ni and Pd ions are
supposed to be Ni(Il) and Pd(IV), respectively, because Ni ion cannot have the
oxidation state of Ni(IV) due to the higher oxidation potential from Ni(IIl) to Ni
(IV) than that from Br~ to Br’. Therefore, b axis should be expressed as follows:

b =2{(1 —x)d(Ni(Il) - - - Br) + (x — 0.5)d(Pd(II) - -- Br) + 0.5d(Pd(IV) - -- Br)},

where d(Ni(I) - - - Br), d(Pd(I) - - - Br), and d(Pd(II) - - - Br) indicate Ni(I)-Br, Pd
(ID-Br, and Pd(IV)-Br bond lengths, respectively.
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As mentioned above, the length of b axis should obey the different correlation
depending on their electronic states. Thus, the deviation from the line when x > 0.9
suggests that the electronic state changed at x = 0.9.

4.3.3 IR Spectra of [Ni;_.Pd.(chxn),Br|Br,

IR spectra of [Ni;_,Pd,(chxn),Br]|Br, were measured using single crystals [8]. As
shown in Fig. 4.12, in spectra of the pure Ni complexes, only a single v(N-H) peak
was observed at around 3,000 cm ™", reflecting the averaged valence [Ni(III)] state.
In the spectra of the pure Pd complex, the v(N-H) peak is split into two peaks due to
the formation of the mixed valence [Pd(II) and Pd(IV)] state. In the spectra of the
mixed metal chains, splitting was observed when x > 0.90. This result indicates
that, when x < 0.90, the Pd ions are in a Pd(III) MH state, whereas when x > 0.90,
they are in a Pd(I)-Pd(IV) mixed valence state, or CDW state. Therefore, the Pd
ions change from Pd(IIT) MH to Pd(I[)-Pd(IV) mixed valence states at x ~ 0.9.

4.3.4 Optical Conductivity Spectra of [Ni;_.Pd,(chxn),Br|Br,

Optical conductivity spectra for [Ni; _Pd,(chxn),Br]Br, are shown in Fig. 4.13 [8].
The pure Ni complex (x = 0) exhibits a prominent sharp peak (A) at around 1.3 eV.
This peak was attributed to the LMCT transition from Br p, orbitals to the Ni(IIl) d,»
orbitals. With an increase in x, peak A broadened, and another peak (B) appeared on
the lower energy side. When x > 0.41, A disappeared, and B became dominant.
With a further increase in x, B shifted to lower energy, and when x exceeded 0.9, B
disappeared, and a higher energy peak (C) appeared.

There was a discontinuous change in energy between peaks B and C. The energy
of C for 0.9 < x <1 is almost equal to that of the peak for the pure Pd complex
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Fig. 4.13 Optical conductivity spectra with the light polarization (E;)// the b axis (chain axis) at
room temperature for [Ni;_,Pd (chxn),Br]|Br,

(x = 1), which has been established to be due to an intervalence charge transfer
(IVCT) transition from the occupied Pd(II) 4d,. band to the unoccupied Pd(IV) 4d..
band.

4.3.5 Local Electronic Structure of [Ni;_Pd,(chxn),Br|Br,
Measured by Using STM

Scanning tunneling microscopy (STM) is a powerful tool for studying local elec-
tronic structures in these chain complexes. We performed STM measurements on
[Ni;_,Pd(chxn),Br]Br; in order to clarify the local electronic states [11].

Figure 4.14a shows an STM image of [Ni(chxn),Br]|Br, in the range
200 x 200 A% Bright spots in the image were observed every 5 x 7 A% The Ni
---Ni distances along the » (1D chain) and ¢ axes were 5.16 and 7.12 A [12],
respectively, meaning that the spots reflect the periodicity of the [Ni(chxn),] units
in the bc plane. In the STM image of [Pd(chxn),Br]|Br,, on the other hand, bright
spots were observed every 10 x 7 A2, as shown in Fig. 4.14b. The Pd---Pd
distances along the b (1D chains) and ¢ axes were 5.29 and 7.07 A, respectively
[2], indicating that these spots reflect the twofold periodicity of the valence struc-
ture of the CDW state of [Pd(chxn),Br]Br,. The phase of the CDW state is nearly
aligned in the bc plane, which is consistent with the X-ray diffuse scattering study.

Here we discuss the origin of the bright spots. Figure 4.15 shows band structure of
[Ni(chxn),Br]Br, and [Pd(chxn),Br]|Br,. The valence and conduction bands of [Ni
(chxn),Br]Br, are composed of the p, band of the bridging Br~ ions and the d.
orbitals of the Ni ions, respectively [16]. On the other hand, the valence and
conduction bands of [Pd(chxn),Br]Br, are the d.» orbitals of the Pd(I) and Pd(IV)
ions, respectively. When STM is performed with a positive sample bias, a tunnel
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Fig. 4.14 STM images of (a) [Ni(chxn),Br|Br, and (b) [Pd(chxn),Br|Br, in the bc plane
(200 x 200 A). The image was acquired with a sample bias (V) of +1.3 V and +1.0 V for Ni
and Pd chains, respectively. The white arrow shows the 1D chain direction

a b
Ni 3d,? UH Pd“* 4d,2
E aoualusss -IRe (—
Br4p, Pd2* 4d,2
Ni3d,? LH Br 4p,

Fig. 4.15 Diagram of the band structure of (a) [Ni(chxn),Br]Br; and (b) [Pd(chxn),Br]Br,

current is observed from the Fermi energy level (Eg) of the tip to the conduction band
of the sample. In other words, in the image of [Ni(chxn),Br]|Br;, a tunnel current from
Erto the UH d.» band of Ni(IIT) was observed, whereas that from Ef to the d.» band of
Pd(IV) was observed in the image of [Pd(chxn),Br]Br,, which causes the twofold
periodicity along the 1D chain observed in the STM image.

Then, we carried out STM measurements on the mixed metal complexes
[Ni; _Pd(chxn),Br]|Br, to determine their local valence structures. Figure 4.16
shows STM images of the complexes with x = (a) 0.70, (b) 0.80, (c) 0.86, and (d)
0.95 in an area of 200 x 200 A% The image of the x = 0.70 complex was similar to
that of [Ni(chxn),Br]Br, with almost no twofold periodicity. This result shows that
the x = 0.70 complex is in a Mott—Hubbard state. In the image of the x = 0.80
complex, on the other hand, twofold periodicity was observed in several areas,
which we attributed to CDW states.
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Fig. 416 STM images of [Nll,XPdX(chxn)zBr]Brz with x = (a) 0.70, (b) 0.80, (¢) 0.86, and
(d) 0.95 in the bc plane (200 x 200 A? ). The sample bias was +1.0 V. The directions of the 1D
chains are shown as white arrows, and the blue arrow shows the 1D chain on which a spin soliton
was observed

These CDW states were coherent over approximately ten metal sites along the b
axis, but almost no coherence was observed along the ¢ axis. In the image of the
x = 0.86 complex, coherence was clearly more propagated than that of the
x = 0.80 complex. The CDW coherence of the x = 0.86 complex spread over
approximately 20 metal sites along the b axis, and two or three metal sites along
the ¢ axis. The image of the x = 0.95 complex showed extensive twofold periodic-
ity. Along the b axis, for the chains in a CDW state, the twofold periodicity
extended over the measured length (ca. 40 metal sites), which shows that the
CDW coherence along the chain is longer than 20 nm. Along the ¢ axis, on the
other hand, the CDW coherence is spread over approximately six or seven sites. We
plotted the CDW coherence length as a function of x in Fig. 4.17 together with the
data obtained by using X-ray diffuse scattering measurements made by
Wakabayashi et al. [9]. The CDW coherence determined by using STM is in
agreement with the X-ray diffuse scattering results. The CDW coherence
propagated with an increase in the value of x.
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Fig. 4.17 CDW coherence as a function of x. The filled circle and triangle represent CDW
coherence along the chain and c axis, respectively, determined by using STM. The open circle and
triangle represent those determined by using X-ray diffuse scattering measurements. The solid
lines are guides for the eyes
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Fig. 4.18 d(M - --M) along the 1D chain as a function of (a) x in [Ni, _ Pd,(chxn),Br]Br, at room
temperature, (b) temperature of [Pd(en),Br](Cs-Y),-H,O, and (c) » in [Pd(en),Br](C,-Y),-H,O at
room temperature

4.4 Comparison of Metal-to-Metal Distance in Both Systems

Finally, we compared the metal-to-metal distance d(M - - - M) in the two systems,
([Pd(en),Br](C,-Y),-H,O and [Ni,_,Pd(chxn),Br]|Br,). Figure 4.18 shows the x
dependence of d(M - - - M) along the 1D chain in [Ni,_,Pd,(chxn),Br]Br,, temper-
ature dependence of d(M--- M) in [Pd(en),Br](Cs-Y),-H,O, and n dependence of
dM---M) in [Pd(en),Br](C,-Y),-H,O at room temperature. In all cases, the
electronic state changed at an M - - - M distance of ca. 5.26 10\, namely, CDW and
MH states are the ground state when d(Pd - - - Pd) is longer and shorter than 5.26 A,
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Fig. 4.19 Potential energy b
curve of the bridging bromide
ion in the (a) CDW and (b)
MH states
Pd"l — Br—Pd"

respectively. This result suggests that a d(Pd---Pd) of 5.26 A is the boundary
between CDW and MH states.

If the Pd-Br bond is ionic, the potential energy of the bromide ion is given by the
Born—Mayer equation. In the Pd(IV) — Br- - - Pd(II) mixed valence system, this
energy forms double minimum potential, which is the sum of the potential curves
for PA(IV) — Br- - - Pd(I) (red curve) and Pd(II) - - - Br — PA(IV) (blue curve), as
shown in Fig. 4.19. When d(Pd - - - Pd) becomes shorter, the equivalent position of
the bromide ions becomes closer to each other, and finally, the double minimum
potential becomes a single minimum potential at the midpoint between two neigh-
boring Pd ions, as shown in Fig. 4.19b. In this situation, all of the Pd ions should be
equivalent, and the Pd(IIT) MH state should be stabilized. In the present system, we
concluded that the boundary distance between double minimum and single mini-
mum potentials was ca. 5.26 A.
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Chapter 5
Photoinduced Phase Transitions in MX-Chain
Compounds

Hiroyuki Matsuzaki and Hiroshi Okamoto

5.1 Introduction

The control of phase transitions and related macroscopic properties in solids by
photoexcitation, which is called “photoinduced phase transition (PIPT)” [1, 2], is
now attracting considerable attention as a novel mechanism for photoswitching of
optical, transport, and magnetic properties. Several characteristic PIPTs such as
neutral (V) and ionic (/) transitions [3—10], insulator to metal transitions [11-25],
and diamagnetic to paramagnetic or ferromagnetic transitions [26-39] have been
indeed demonstrated thus far. In some of these PIPTs, the photoinduced phases are
fairly unstable and their lifetimes are very short, being of picosecond (ps) or sub-ps
order. Such ultrafast responses of PIPTs make us expect the generation of a new
field involving both basic science and device applications.

From a scientific point of view, the ultrafast nonequilibrium dynamics of PIPTs
in solids will be an important subject. By a photoexcitation, charge ordering (CO)
and lattice distortions stabilizing CO as well as spin orderings can be dynamically
melted or reconstructed as a result of competitive interplays among charge, spin,
and lattice degrees of freedom in both photoexcited states and ground states.
Generally speaking, PIPTs show a wide variety of dynamics depending on
materials and the time scales of their dynamics change over a wide range from
seconds to femtoseconds (fs). Such a variety of PIPT dynamics originates from the
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complicated interactions among charge, spin, and lattice degree of freedom and the
time scale will be dominated by the magnitudes of the interactions, such as on-site
or intersite electron—electron (e—e) Coulomb interaction, spin—spin (s—s) interac-
tion, electron—lattice (e—1) interaction, and spin—lattice (s—1) interaction. By obser-
ving the dynamics of each degree of freedom separately by means of ultrafast
snapshots, we will be able to characterize the interactions dominating PIPTs, which
cannot be accessed in steady-state measurements and then be able to clarify the
mechanisms of PIPTs.

From the viewpoint of applications, ultrafast PIPTs are expected to be new
mechanisms for Tbit/s-class switching devices. For this purpose, it is important to
utilize a purely electronic transition with no structural changes. In this sense, some
material systems in which their electronic structures and physical properties are
dominated by electron correlations are good targets. Some of such materials indeed
show photoinduced changes of electronic states and their recovery within a few
picoseconds. These phenomena are expected to be utilized as future all-optical
switching devices. Another advantage of PIPTs for applications is that transport,
and magnetic properties as well as optical properties can be considerably modulated
by photoexcitation. This enables us to construct new switching or memory devices.
For the developments of such devices using PIPTs, discriminations of the dynamics
of different degrees of freedom are also important.

A key strategy toward realizing such PIPTs is the exploration of 1D systems. Since
1D systems have simple electronic structures as compared with 2D and 3D systems,
they will provide good opportunities for us to discuss the mechanism and dynamics of
PIPTs in detail. In addition, 1D systems essentially include instabilities inherent to
e-1 and s-1 interactions as well as the e—e interaction, and sometimes produce
characteristic phase transitions by lowering temperature or applying pressure.
Under the influence of these interactions, a small density of photoexcitations will
be able to stimulate instability of electronic states, and then drastic PIPTs may be
observed. In this sense, the halogen (X)-bridged transition metal (M) compound (the
MX-chain compound) focused on here, which are prototypical 1D systems with
strong e—e and e-l interactions, are good targets for realizing characteristic PIPTs.

In this chapter, we review several kinds of PIPTs observed in the MX-chain
compound (1) a photoinduced insulator—metal transition in the bromine-bridged
nickel-chain compound [23], (2) a photoinduced charge-density-wave (CDW) to
Mott—Hubbard phase transitions, and (3) a photoinduced insulator-metal transition
in the halogen-bridged palladium-chain [40] and platinum-chain compounds [25].

Here, we will briefly introduce the compounds discussed in this chapter and
summarize the concepts of the PIPTs they exhibit. The first example is a photoin-
duced insulator—metal transition (or a photoinduced Mott transition) in a bromine-
bridged nickel chain compound [23], [Ni(chxn),Br]Br, (chxn = cyclohexa-
nediamine), which consists of nickel (N i3+)-br0mine (Br™) chains [41]. The crystal
and electronic structures of this compound are detailed in Chap. 4. This compound
has an unpaired electron in the 3d orbital of each Ni site forming a half-filled 1D
electronic state. It is, however, not a metal due to the large Coulomb repulsion (U)
among 3d electrons of Ni overcoming the electron transfer energy. Electrons are
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localized on each Ni site as schematically shown in Fig. 5.1A(a), and then this
compound becomes a 1D Mott insulator [42, 43]. When this compound is irradiated
with lights, the electrons are excited to other sites as shown in Fig. 5.1A(b). This
corresponds to a photogeneration of electron and hole carriers. A number of carriers
may change a Mott insulator to a metallic state. In Sect. 5.3, we will show that a
photoinduced insulator-metal transition (or equivalently a photoinduced Mott
transition) indeed occurs in an ultrafast time scale in the bromine-bridged Ni
compound [23].

The second example is a PIPT from a CDW state to a Mott—Hubbard (MH) state in a
bromine-bridged palladium compound [Pd(chxn)zBr} Br; [40]. The crystal and elec-
tronic structures of the halogen-bridged Pd and Pt compounds are detailed in Chap. 4.
In Pd and Pt compounds, the mono-valence state (---X — M*" — X~ — M3* — X~

-+) or MH state is usually unstable due to strong site-diagonal e-l interaction, and
instead the mixed-valence state (--- X~ — M*" — X~ — M*" — X~ —M*" — X~ —
M?* ...} or CDW state with a dimeric displacement of the bridging X ions is stabilized.
The most notable feature of the PdBr-chain compound is its proximity to the
CDW-MH phase boundary [44, 45]. It has been reported that the CDW phase is
changed to the MH phase by substituting about 16 % of Pd with Ni [46, 47]. This result
makes us expect that Pd*>* species photogenerated via the charge-transfer (CT) transi-
tion (Pd*", Pd**) — (Pd**, Pd*") render the surrounding CDW unstable, leading to
a phase transformation from CDW to MH [48] as shown in Fig. 5.1B(a, b). In the PdBr-
chain compound, such a PIPT is indeed observed.
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The last example is the PIPT of the iodine-bridged platinum compound
[Pt(chxn)zl} I, [25]. This compound is also located close to the CDW-MH phase
boundary [44, 45]. In this compound, the electron transfer energy between the
neighboring M ions is larger than that in the PdBr-chain compound mentioned
above. Therefore, we can expect that the CDW-MH transition is more continuous
[49] and the transition efficiency is enhanced as compared to the PdBr-chain
compound. It was indeed demonstrated that the photoinduced CDW—-MH transition
occurs with high efficiency leading to a complete phase conversion in the Ptl-chain
compound. For a strong photoexcitation, the low-energy spectral weight is
increased, which is discussed in terms of the MH insulator to metal transition.
The dynamics and mechanism of PIPTs observed in PdBr-chain compound and PtI-
chain compound is elucidated in Sect. 5.4 by means of femtosecond pump—probe
reflection spectroscopy. In Sect. 5.5, we give the summary of this chapter.

5.2 Experimental Methods

5.2.1 Femtosecond Pump—Probe Reflection Spectroscopy

In this chapter, we discuss the ultrafast dynamics of PIPTs in MX-chain compounds
investigated on the basis of the results of femtosecond (fs) pump—probe (PP)
reflection spectroscopy. Here, we briefly explain the experimental method. The
experimental setup of fs PP reflection spectroscopy is schematically illustrated in
Fig. 5.2. As a light source of the fs PP reflection spectroscopy, a Ti: sapphire
(ALL,O3) regenerative amplifier system operating at 1 kHz was employed. The
fundamental output from the amplifier (800 nm: 1.55 eV) with a pulse width of
130 fs was divided into two beams by a beam splitter. In most of the experiments
described in this chapter, one beam was used for a pump light, and the other for the
excitation of an optical parametric amplifier (OPA) system from which probe lights
ranging from 0.1 to 2.5 eV were obtained. When it is necessary to change the
photon energy of the pump light, the fundamental beam for the pump light from the
amplifier is introduced to another OPA system from which we can obtain tunable
pump lights ranging from 0.5 to 2.5 eV.

In the fs PP measurements, the probe beam was focused at around the center of
the excitation area on the sample surface. The reflected beam was detected by a Si,
an InGaAs, or a HgCdTe photodetector. A suitable detector was selected depending
on the measured energy range. A part of the probe beam is split before it is delivered
to the sample and detected by another photodetector as shown in Fig. 5.2. The
output signals (sample signal and the reference signal) of two photodetectors were
analyzed with three boxcar integrators and an analogue processor to get a photoin-
duced reflectivity change. To adjust the delay time (#4) of the probe light with
respect to the pump light, the optical-pass length of pump light was changed by a
computer-controlled stepping motor. The time resolution of the apparatus is about
180 fs.
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Fig. 5.2 Schematic of experimental setup for femtosecond pump—probe reflection measurement

5.3 Photoinduced Phase Transition in Mott-Insulator State
of Halogen-Bridged Nickel-Chain Compound

Since the discovery of high-T- superconductivity, doping-induced insulator
(D-metal (M) transitions or filling-control Mott transitions in 3d transition-metal
compounds have been attracting much attention. In most undoped 3d transition-
metal oxides, electrons are localized on atomic sites due to the large on-site
Coulomb repulsion energy U, forming antiferromagnetic insulators (Mott
insulators). Their electronic and magnetic properties can, however, be modified to
a large extent by chemical doping [50-52]. The high-T superconductivity that
emerges in the hole- or electron-doped layer-structured cuprates is the most drastic
example. Photoexcitation is another effective method to create carriers in materials
[53]. In this section, we describe the photoinduced I-M transition of the bromine-
bridged Ni-chain compound, [Ni(chxn)zBr] Br,, which is a prototypical 1D Mott
insulator. Photocarrier doping by using a 130-femtosecond laser pulse on the Ni
chain induces a marked change of the electronic structure. When the photoexcita-
tion density exceeds 0.1 per Ni site, a Drude-like high-reflection band emerges in
the IR region, indicating the formation of a metallic state. Ultrafast dynamics of the
photoinduced metallic state will be discussed on the basis of the results of temporal
and doping-density dependence of the reflectivity spectra.

Before the detailed discussion on the photoinduced I-M transition in the Ni—-Br
chain compound, we will review the studies of the filling-control Mott transition in
the 2D cuprates, as a prototypical example of the I-M transition in strongly
correlated electron systems. In a typical undoped cuprate, La,CuQy, the crystal
structure of which is shown in Fig. 5.3a, hole carries can be introduced to the
CuO plane (the ab plane) by substituting La®* ions with Sr** ions [50, 54]. As the
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Fig. 5.3 (a) Crystal structure of the 2D cuprate, La,CuQOy,. (b) Optical conductivity o(w) spectrum
of La,_ Sr,CuQ, with various hole carrier concentrations (x) [54]
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Fig. 5.4 (a) Schematics of localized 3d electrons (filled circles) and antiferromagnetic spin order
(arrows) in 2D Mott insulator. (b) Conducting (metallic) state realized by the introduction of holes

hole-carrier concentration (x) in La,_,Sr,CuQy is increased, the transition from
Mott insulator to metal occurs at around x = 0.05. This I-M transition is
schematically illustrated in Fig. 5.4. Figure 5.4a shows the schematic of the
electronic state of the Mott insulator, in which 3d electrons are localized in each
Cu®* ion due to the large on-site Coulomb repulsion energy U between the 3d
electrons. The arrows indicate the antiferromagnetic spin arrangement. Figure 5.4b
shows the holes-doping regime. When the holes (the open circles) are introduced by
the doping, the electrons can move to other sites as indicated by the arrows due
to the presence of the electron vacancies. In this case, a finite density of state is
produced near the Fermi level within the optical gap and then the I-M transition
occurs. As well known, La, ,Sr,CuO,4 (0.06 < x < 0.25) exhibits superconduc-
tivity at low temperatures. In another 2D cuprate, Nd,CuO,4, a similar I-M
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transition and superconductivity at low temperature is observed by substituting
Nd by Ce through the electron-carrier doping [55]. In these materials, the I-M
transitions and the collapse of the gap are clearly reflected by the optical conduc-
tivity spectra in the near-IR to visible region. Figure 5.3b shows the doping
concentration (x) dependence of the optical conductivity (o) spectra in
La,_,Sr,CuOy, which are obtained by the Kramers—Kronig (KK) analyses of the
reflectivity spectra [54]. The parent compound (La,CuO,) has a clear peak at
around 2 eV corresponding to the charge-transfer (CT) gap. With increasing x,
the spectral weight of the CT-gap transition is transferred into the intragap region.
Such a huge spectral change over a wide energy region is the ubiquitous feature of
the Mott transition in the 2D cuprate and also other strongly correlated electron
systems of 3d transition-metal oxides [50]. Our purpose is to trigger a similar Mott
transition by a photocarrier doping in the Ni-chain compound.

5.3.1 Ultrafast Photoinduced Transition from Mott Insulator
to Metal in Bromine-Bridged Nickel-Chain Compound

The polarized reflectivity spectrum of the Ni—-Br chain compound is presented in
Fig. 5.5a. A sharp peak at around 1.3 eV is due to the CT-gap transition. The
transient reflectivity (TR) spectra observed at the delay time 74 after the photoexci-
tation are presented by the dots and lines. The excitation photon energy is 1.55 eV
just above the CT gap. The intensity of the irradiated light was 3.6 mJ/cm?. Under
this condition, the average excitation density xp, of the absorbed photon is 0.5 per
Ni site within the absorption depth (460 A), as estimated by taking account of the
reflection loss (30 %) and the unit cell volume (8.68 x 1072' cm?). Immediately
following the photoexcitation (3 = 0.1 ps), the reflectivity in the mid-IR region
considerably increases, being reminiscent of the Drude-like metallic response,
while the reflectivity around the CT band decreases due to photoinduced bleaching.
The magnitude of the transient reflectivity R” at ¢y = 0.1 ps reaches about 70 % at
the lowest photon energy of the probe light (0.12 eV), where the change of
reflectivity (AR/R = (R’ — R)/R) is as large as 260 % of the original reflectivity
R. The optical conductivity ¢ spectrum was obtained by performing the KK
analyses of the original reflectivity spectrum and the transient ones, which are
shown in Fig. 5.5b. As seen in the figure, the ¢ at 74 = 0.1 ps monotonically
increases with lowering the probe photon energy to 0.12 eV, suggesting the closing
of the optical gap. Such a noticeable photoinduced feature is observed only for the
probe light polarization (E) parallel to the Ni—Br chain (£//b) and not for E_L b at all,
indicating the photogeneration of a quasi-1D metallic state.

To clarify the photoinduced change of the electronic state in more detail, the
excitation density x,, dependence of the TR has been investigated. Spectra of the
TR and ¢ at t3 = 0.1 ps for various xp, are shown in Fig. 5.6. For the weak



62

Fig. 5.5 (a) Polarized
reflectivity spectra in
[Ni(chxn),Br]Br, before and
at the delay time 74 after the

H. Matsuzaki and H. Okamoto

=
o
T

—T

before pump

——10.1
—o—1.0

T

~
ps

photoexcitation at room
temperature. The excitation
energy is 1.55 eV and the
excitation density xpy, is 0.5
photon/Ni site. Polarizations
of both the pump and probe
lights are parallel to the chain
axis b. (b) Optical 0
conductivity a(w) spectra
obtained by the
Kramers—Kronig analyses of
the reflectivity data in (a)

(=]
=

Reflectivity

@
R

400 -

o () (S/cm)

200 -

0 1
0.1 02
Photon energy

eV)

excitation of xp, < 0.012, a midgap absorption is observed at 0.4-0.5 eV in the ¢
spectrum as depicted in Fig. 5.6. With increase of x,,, the low-energy part of
below 0.2 eV remarkably grows, and for x,, > 0.1, the optical gap seems to
disappear.

To investigate the time evolution of the photoinduced I-M transition (Mott
transition), it is useful to examine the transfer of the spectral weight from the CT-
gap region to the inner-gap one. The spectral weight can be quantitatively analyzed
in terms of the effective number of electrons N.¢ () defined as follows [50, 54].

- 2m0
- meN J, 4n

Negr(o) do' (5.1)

Here, my is the free electron mass and N the number of Ni atoms per unit volume.
Negr () is the measure for the kinetic energy of electrons on an energy scale of 7.
Since the lower energy bound of the measured photoinduced signals is 0.12 eV, the
photoinduced change in N¢ (ANcsr) was calculated by using ¢ from 0.12 eV to Aw.
The results for various x,, at tg = 0.1 ps are presented in Fig. 5.7. ANy (w)
monotonically increases with Awup to 1 eV, reflecting the accumulation of the
spectral weight below 1 eV. Then, it abruptly drops almost to zero at 1.3 eV due to
the bleaching around the CT band, signaling that the spectral weight of the CT-gap
transition is transferred to the inner-gap region by the photocarrier doping. The
values of AN above 1.5 eV for x,, = 0.12 and x,,, = 0.5 are negative as seen in
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Fig. 5.6 The o(w) spectra of [Ni(chxn),Br]Br; before photoexcitation (solid line in bottom panel
and broken line in top panel) and immediately after the photoexcitation (f; =0.1 ps). The gray
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Fig. 5.7 Photoinduced changes of the effective number of electrons Neg (@) [ANgg ()] at
tqg = 0.1 ps for various x,, in [Ni(chxn),Br]Br,
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Fig. 5.7. With increase of xpj, from 0.12 to 0.5, the photoinduced bleaching observed
around the CT band is enhanced, while the spectral intensity in the IR region
decreases slightly as seen in Fig. 5.7. These results suggest that the negative values
of AN above 1.5 eV for xp, > 0.1 (especially for x,, = 0.5) may be attributable
to the miscount of the spectral weight in the IR region below the lower energy
bound (0.12 eV) of the measured spectral range.

Here, let us comment on the validity of the KK analyses on the TR spectra. When
applying the KK analyses on the TR spectra, there are two important effects to be
considered [56, 59] (1) carrier concentration changes depending on the distance
from the sample surface and (2) absorption depths of the probe light /. and the pump
light [, are different. It is, therefore, necessary to check carefully the validity of the
analyses. In the experimental results of the Ni-Br chain compound, the spectral
shape of the TR due to the midgap absorption observed for x,, < 0.012 is almost
unchanged and, therefore, will not be considerably affected by those two effects.
However, it is reasonable to consider that the absolute values of the TR and ¢ are
somewhat underestimated, since /, > [, (= 460 A). To evaluate the two effects on
the Drude-like reflection band observed for x,, > 0.1, we postulated a metallic
state expressed by a simple Drude model with the thickness /, (200-2,000 A) on the
surface of the Ni-Br chain compound and simulated the R and o spectra. The result
of the simulation demonstrates that for /, > 1,000 A spectral shape and absolute
value of R and ¢ are independent of /. In the Ni-Br chain compound, the thickness
of photoinduced metallic state (region with carrier concentration > 0.1) exceeds
1,000 A for Xpn > 0.2. So we can consider that the Drude-like reflection band
observed for x,, > 0.2 will not be considerably influenced by the two effects. For
the intermediate excitation density (0.02 < xp, < 0.2), it might be necessary to
take account of some errors in the analysis. Nevertheless, the observed systematic
changes of AN (w) and the approximate holding of the sum rule over the wide
range of xp, ensure that the analysis using the KK analyses presented here reflects
well the photoinduced changes of the electronic state.

In Fig. 5.8a, AN g (1 eV) and AN (0.2 eV) at 4 = 0.1 ps are plotted as a
function of xp,. ANcg (1.0 eV), which represents the total spectral weight trans-
ferred from the CT band to the inner-gap region, saturates for x,, > 0.04. In
contrast, AN (0.2 eV), i.e., the spectral weight accumulated in the lower energy
region between 0.12 and 0.2 eV, increases almost linearly with x,, up to x,, = 0.1.
The steady increase of AN, (0.2 eV) for xp, > 0.04 is attributable to the growth of
the Drude weight. Let us compare the x,, dependence of AN with the chemical-
doping-density (x) dependence of N in the 2D cuprates previously reported,
which is shown in Fig. 5.8b [50, 54]. In Fig. 5.8b, the solid and open circles show
the x dependence of N at 1.5 eV and that for the Drude component in the IR
region, respectively. The observed clear resemblance of the xp, dependence of
AN, in the Ni-Br chain compound with the x dependence of N, in the 2D cuprate
demonstrates that the Mott transition is driven by the photocarrier doping in the
Ni—Br chain compound.

A remarkable aspect of the photoinduced Mott transition is the influence of the
electron—hole asymmetry on the transient optical spectra. Being distinct from the
chemical doping case, photoexcitation generates both electrons and holes in
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Fig. 5.8 (a) Photoinduced changes of the effective number of electrons AN,g (1.0 V) and AN
(0.2 eV) at ty = 0.1 ps as functions of excitation photon density xp, in [Ni(chxn),Br]|Br,. (b) The
effective number of electrons as a function of the chemical-doping concentration x for
La, ,Sr,CuQO, [54]. N and Np are the total spectral weight in the IR region and the Drude
component, respectively

materials. In the Ni—Br chain compound, it has been clarified from the measurement
of the DC conductivity [60] and the Seebeck coefficient (H Okamoto, unpublished
result) that a small number of electron carriers exists in an as-grown sample. A
weak midgap absorption due to such carriers or small polarons is indeed observed in
the o spectrum (E//b) as shown by the broken line in Fig. 5.6. The photoinduced
absorption observed for small xp, (= 6.2 x 10~*) resembles this midgap absorption
in spectral shape and energy position. This resemblance suggests that electron-type
carriers are responsible for the photoinduced midgap absorption. The hole-type
carriers with the Br p-character may be strongly localized by the strong
electron—lattice interaction and hence make the least contribution to the spectral
weight of the midgap absorption. When the metallic state is formed for xp,, > 0.1,
however, there should be no distinction between electrons and holes for the strongly
d—p hybridized state near the Fermi level.

5.3.2 Relaxation Dynamics of the Photoinduced Metallic State

The ultrashort lifetime of the photogenerated metallic state is another important
aspect of the present photoinduced Mott transition. Figure 5.9a, b show the tempo-
ral characteristics of AR at 0.12 eV and —AR at 1.39 eV, respectively. Both two
characteristics are almost the same with each other. In Fig. 5.9a, we also show the
temporal evolutions of AN (0.5 eV) for x,, = 0.012 and x,, = 0.5 by the open
circles. AR (0.12 eV) and AN (0.5 eV) are also in good agreement with each other.
Therefore, the time characteristics of AR can be considered to reflect those of ANg
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Fig.5.9 Temporal profilesof g 0.12 eV b 1.39 eV
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(0.5 eV). The time characteristics of AR (0.12 eV) can be well reproduced by the
sum of the three exponential functions whose time constants 74 (weights) are 3 ps
(40 %), 8 ps (50 %), and >>500 ps (10 %) for x,, = 0.012 and 0.5 ps (60 %), 3 ps
(15 %), and 8 ps (25 %) for xp, = 0.5. The component with 74 > 500 ps for
Xpn = 0.012 is attributable to some long-lived-trapped carriers. The ultrafast decay
component with 4 = 0.5 ps is dominant for xp, = 0.5, while such an ultrafast
decay was not detected for xp, = 0.012. Therefore, it is likely that the ultrafast
decay is characteristic of the photogenerated metallic states.

The decay dynamics of the photoexcited state in Mott insulators has also been
studied on the 2D cuprates (La,CuQOy4, Nd,CuO,_ and Sr,CuO,Cl,) [20, 21, 61, 62] and
1D cuprate (Sr,CuO3) [63], and 1D organic CT complex [(BEDT-TTF)-(F,TCNQ),
BEDT-TTF = bis(ethylenedithio)tetrathiafulvalene, F,TCNQ = difluorotetracyano-
quinodimethane] [18]. In La,CuOy4, Nd,CuO,4 and (BEDT-TTF)-(F,TCNQ), in which
photoinduced I-M transitions were demonstrated, decay time t of metallic states was
revealed to be shorter than 40 fs in the 2D cuprates and shorter than 200 fs in (BEDT-
TTF)-(F,TCNQ). These values of t are significantly shorter than that in conventional
semiconductors. The electron—electron scattering with emission of spin-excitations or
spinons is considered as a possible mechanism for the ultrafast relaxation in the Mott
insulators [20, 21, 61-63]. In the present bromine-bridged Ni-chain compound,
enhancement of similar electron—electron scattering in the quasi-1D metallic state
may play a major role in the increase of the recombination rate of photocarriers.
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5.4 Photoinduced Phase Transition in CDW State of Halogen-
Bridged Palladium-Chain and Platinum-Chain Compounds

In this section, we report another typical example of PIPTs in MX-chain
compounds, that is, the photoinduced transition from the CDW state to the
Mott—Hubbard state observed in the bromine-bridged Pd compound. In this photo-
induced transition, the valences of Pd ions are changed just after the photo-
irradiation. Subsequently, the bridging halogen displacements are released, giving
rise to the generation of coherent oscillations of bridging halogen ions. In the
iodine-bridged platinum compound with more itinerant electronic states, the
CDW ground state can be converted not only to the Mott—Hubbard state but also
to the metallic state by strong photoexcitations. Dynamical aspects of these
transitions are discussed in detail.

5.4.1 Ultrafast Photoinduced Transition from Charge-Density-
Wave State to Mott—Hubbard State in Bromine-Bridged
Palladium-Chain Compound

In this subsection, we discuss the CDW to MH transition, in [Pd(chxn),Br]Br,,
which is located near the CDW to MH phase boundary (see Chap. 4). Figure 5.10a
shows the polarized reflectivity spectrum of [Pd(chxn),Br]Br;, with the CDW state
for the light polarization (E;) oriented parallel to the chain axis b (i.e., E;//b). The
reflectivity spectrum of [Pdg4Nig 16(chxn),Br]Br, in the MH state is also
shown for comparison [47], and the corresponding ¢ spectra obtained by the
Kramers—Kronig transformation (KKT) of the R spectra are shown in Fig. 5.10b.
The broad peak at ca. 0.7 eV in [Pd(chxn),Br]Br; is due to the charge-transfer (CT)
transition, (Pd*", Pd*") — (Pd**, Pd*") (see Fig. 5.10b). The ¢ spectrum for
[Pdo.34Nig.16(chxn),Br|Br, exhibits a peak structure at ca. 0.55 eV atributable to
the Mott-gap transition, (Pd*", Pd*") — (Pd*", Pd*") (Fig. 5.10b) [47]. Consid-
ering the Ni concentration, we call in the following these two compounds, [Pd
(chxn),Br]Br; and [Pdg g4Nig ;6(chxn),Br]Br;, as x = 0 and x = 0.16 compounds,
respectively. Figure 5.10e shows the transient reflectivity change (AR) for E;//b
using the 1.55-eV pump with polarization parallel to b. The averaged excitation
photon density x,, within the absorption depth (450 A) is 0.025 photon (ph.)/Pd.
Here, x,,, was evaluated from the absorption coefficient (2.23 x 10° cmfl) and the
reflection loss (61 %) of the pump light. Immediately after the photoexcitation
(t4 = 0.25 ps), the reflectivity at 0.8-2 eV decreases and the reflectivity below
0.8 eV increased. The spectral shape of the transient AR is similar to the differential
spectrum, i.e., AR = R(x = 0.16)-R(x = 0) in Fig. 5.10c, indicating that the MH
state is generated by the photoexcitation in a CDW background.
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Fig. 5.10 (a, b) Polarized reflectivity (R) and optical conductivity (o) spectra with E;//b for
[Pd(chxn),Br]Br, (x = 1) (solid line) and [Nig ¢Pdg g4(chxn),Br]|Br, (x = 0.84) (dashed line) at
room temperature. (¢, d) Differential reflectivity (AR) and optical conductivity (Ao) spectra
between [Nig ;6Pdg g4(chxn),Br]Br, (x = 0.84) and [Pd(chxn),Br]|Br; (x = 1). (e, f) Photoinduced
reflectivity change (AR) and optical conductivity change (Ac¢) in [Pd(chxn),Br]|Br, (x = 1) at
various delay times (74) after photoexcitation (dots). Solid lines are guides to the eye. The pump
energy is 1.55 eV [indicated by an arrow in (a)]. The excitation density (xpy) is 0.025 photon/Pd.
The polarizations of the pump and probe lights are parallel to b

To evaluate the photoconversion efficiency, we calculated photoinduced change
(Ao) spectra by KKT analysis of the R + AR spectra. As shown Fig. 5.10f, Ao also
coincides well with the differential spectrum (i.e., Ac = a(x = 0.84) — g(x = 1) in
Fig. 5.10d). The spectral shape of the photoinduced Ag spectrum appears to be
almost independent of z4 up to 500 ps. By comparing the integrated intensity of the
induced absorption in the photoinduced Ao (the gray area in Fig. 5.10f) with that of
differential spectrum (the gray area of g(x = 0.84) — ¢(x = 1) in Fig. 5.10d), a
efficiency (¢) of the CDW to MH conversion was evaluated to be 55 % at
tq = 0.25 ps for x,, = 0.025 ph./Pd. From these values it can be deduced that an
MH domain produced by one photon consists of 22 Pd sites. The high efficiency of
the CDW—-MH conversion can be attributed to the near-degeneracy of the CDW and
MH states.
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Fig. 5.11 (a) Time profiles of AR(0.60 eV) and AR(1.24 eV) for xp, = 0.025 (dashed lines).
The time profile of ¢ is also shown (open circles). Solid lines are fitting curves (see text).
(b) Excitation-density dependence of AR(0.60 eV) and AR(1.24 eV) for ty = 0:15 ps (dots).
Dashed lines are guides for the eye

To obtain information about the nature of the photogenerated MH state, we also
measured AR spectra under a resonant excitation of the CT transition (0.7 eV) (not
shown). The spectral shape and its time dependence for the 0.7-eV pump were
found to be almost the same as those for the 1.55-eV excitation. Previous electrore-
flectance [64] and photoconductivity [45] measurements for MX-chain compounds
in the CDW phase revealed that the excited state produced by resonant excitation is
an excitonic CT state. Therefore, it is natural to consider that the MH domain
consisting of ca. 20 Pd sites (--- — Pd*" — Pd*"...... Pd** — Pd** —--.) is also
generated by pumping at 1.55 eV from an excitonic (or local) CT state (- - - — Pd*"
—Pd*" — Pd*" — Pd*" — --) via multiple CT processes.

Next, let us discuss the dynamical aspects of the photoinduced transition.
Figure 5.11a shows the time profile of ¢ (open circles) together with those of the
transient reflectivity change (IARI) at 0.60 and 1.24 eV (the dashed line). As two
profiles are in very close agreement with each other, the profiles of IARI at these two
energies are considered to be suitable for use as a measure for the photogeneration
and decay of the MH domains. The initial responses of AR(0.60 eV) and AR
(1.24 eV) are presented by open circles in Fig. 5.12a(i), b(i), respectively. AR
(0.60 eV) increases immediately upon photoexcitation, while AR(1.24 eV)
decreases. This behavior is well reproduced by the temporal profile of the step
response calculated by the convolution assuming a Gaussian pulse response func-
tion with a width of 180 fs (solid line). This indicates that the formation of the 1D
MH domain occurs much faster than the time resolution of the present observations.
Immediately after the initial rise, a coherent oscillation is observed up to 3 ps [see
Fig. 5.12a(ii), b(ii)], which will be discussed later.

The time profiles of AR (Fig. 5.11a) excluding the oscillation can be reproduced
well by

AR() = A - erf{ (2) } (5.2)
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Fig. 5.12 (a, b) (i) Initial AR response for x,, = 0.025 (open circles) with probe photon energies
of (a) 0.60 eV and (b) 1.24 eV. Solid lines denote fitting curves. (ii) Time profiles of AR within
3 ps. (iii) Oscillatory components obtained by subtracting background rise and decay from time
profiles shown in (ii) (dots) (see text). Solid lines denote the time profiles of a damped oscillator

where erf is the error function. The calculated response with parameters for
7 = 0.85 ps and n = 0.8 for AR(0.60 eV) and t = 0.42 ps and n = 0.61 for AR
(1.24 eV) are shown as solid lines in Fig. 5.11a. Equation (5.2) describes the
geminate recombination of a pair of excited species diffusing along a 1D chain
[65], and is consistent with the linear relationships between (IARI) and xp,
(Fig. 5.11b). The parameter 7 is related to the diffusion constant (D) and the
initial distance between two photogenerated species (I,) by © = [,2/4D.

For an infinite chain, # is 0.5. The evaluated values of n (>0.5) indicate that the
decay rate of the excited species is larger than in an infinite case, possibly due to the
spatial confinement of the motion of the excited species, which increases the encoun-
ter rate [66]. A plausible candidate for the excited species is the pair of domain walls
(DWs) between the original CDW state and the photogenerated MH state (i.e., the
CDW-MH DWs). When the MH and CDW states are degenerate, a finite 1D MH
domain corresponds to a pair of CDW—MH DWs, similar to the case of DWs in the
neutral (N)-ionic (/) transition system [67]. Strictly, the energy of the MH state is
slightly higher than that of the CDW state, so that an MH domain will be confined.

The coherent oscillations observed in the AR response [Fig. 5.12a(ii), b(ii)]
provide important information about the charge and lattice dynamics of the present
photoinduced CDW to MH transition. By subtracting the background rise and
decay from the AR response, we extracted the oscillatory component and plotted
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by dots in Fig. 5.12a(iii), b(iii). The data were analyzed assuming a damped
oscillator given by the following formula.

ARy = Agcos(wot — 0p) exp(—t/7p) (5.3)

Here, where oy is the oscillation frequency, 1 is the decay time, and 6 is the
initial phase. The simulated results (solid lines) reproduce well the experimental
results. The evaluated frequency w, (the period Ty) of the oscillation does not
depend on the probe energy (wy = 90 cm ™', Ty = 0.36 ps). The decay time 7, of
the oscillation is 1.4 ps (1.2 ps) for 0.6 eV (1.24 eV). The initial phase 0y at 1.24 eV
is small (ca. n/6), indicating that the oscillator is of a cosine type, and shifts by & at
0.60 eV, which corresponds to the sign reversal of AR,.. Such a change in the sign
of AR, is in agreement with that in AR response (Fig. 5.10¢e), suggesting that the
coherent oscillation is associated with the CDW—-MH conversion. A possible origin
of the oscillation is the symmetric Pd—Br stretching mode in the photogenerated
MH domains, since the CDW-MH conversion should be accompanied by release of
the bridging-Br displacements.

The polarized Raman spectrum with the backscattering configuration for [Pd
(chxn),Br]Br; is shown in Fig. 5.13, together with that for [Pt(chxn),Br]Br, which
has larger bridging-Br displacements. The polarizations of the incident and scattering
lights are both parallel to the PdBr chains. The band is observed at ca. 85 cm™ ' in
both compounds with the comparable intensities, indicating that this peak is not
related to an M—Br stretching mode but probably to a mode associated with the ligand
molecules. The band at 120 cm™' (165 cm™ ") in [Pd(chxn),Br|Br, ([Pt(chxn),Br|B
rp) can be assigned to the symmetric Pd-Br (Pt-Br) stretching mode. The intensity
decrease and the lower frequency shift of the Raman band in [Pd(chxn),Br]Br, are
due to the decrease of the bridging-Br displacements and the resultant softening of the
mode, respectively. In [Pd(chxn),Br]Br,, the frequency of the coherent oscillation
90 cm_l) is lower than that of the Raman band (120 cm_l), consistent with the
relative weakness of Pd*>*—Br~ bond in the photoinduced MH-like domains compared
to the original Pd**~Br~ bond in the CDW state. Here, it should be noted that in the
photogenerated MH domains, the Br ion is not located at the precise midpoint
between neighboring Pd ions. Otherwise, the frequency of the oscillation in the AR
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Fig. 5.14 Schematic of proposed CDW-MH conversion process

response should be double the frequency of the Pd—Br stretching mode. This suggests
that some charge modulation (—Pd>*” — Pd>~” — Pd*’ —Pd* ") (0 < p < 1)
remains even in the MH domains, which is likely related to the constrained finite size
of the MH domains (ca. 20 Pd sites).

On the basis of the results presented above, the dynamics for the photoinduced
CDW-to-MH transition can be interpreted in the scheme shown in Fig. 5.14. Upon
excitation, a CT excited state is photogenerated, and a confined 1D MH domain
composed of ca. 20 Pd sites subsequently emerges (i). As this process is a sequence
of CT processes, the transition will complete on the time scale of the transfer energy
T. For a typical value of T for the MX chains, 0.7 eV [68, 69], the time scale is 6 fs,
which is much faster than the time resolution (180 fs). Therefore, the formation
process of the confined 1D MH domain could not be resolved by the present
pump—probe measurements. In the formation process of a 1D MH domain, the
bridging-Br displacements persist as shown in Fig. 5.14(i), since the period of the
Pd—Br stretching mode (360 fs) is much longer than the time scale of the transfer
energy T. The important finding is that the initial formation of a 1D MH domain is
purely electronic, driven through the effect of the intersite Coulomb repulsion V.
Namely, a photogenerated Pd** — Pd** pair decreases the energy gain due to V in
the background CDW state and then destabilizes the neighboring Pd** and Pd**
sites. A large-size MH-like Pd** domain can be realized without the release of the
Br displacements, indicating that V is essential for stabilization of the CDW state. In
[Pd(chxn)zBr] Bry, the effect of e—I interaction is suppressed compared with other
Pd compounds owing to the shorter Pd—Pd distance resulting from the chemical
pressure of the strong 2D hydrogen-bond network [44, 70]. The suppression of e—1
interaction is considered to be the reason why the MH domain can be produced
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easily without the release of the Br displacements. The relaxation of the Br
displacements (ii) occurs after the formation of the 1D MH domain, accompanied
by the coherent oscillation, which modulates the energy of the 4d,. orbital and,
therefore, the Mott-gap transition in the 1D MH domain. As a result, the coherent
oscillation is detected in the AR response. The photogenerated MH domains
subsequently return to the ground state via the 1D random walk of DW pairs,
which was reproduced by the error function.

5.4.2 Ultrafast Photoinduced Transitions in Charge Density
Wave, Mott Insulator, and Metallic Phases in Iodine-
Bridged Platinum-Chain Compound

In the Ni—Br chain compound with the MH-type ground state, the photoinduced
transition to metal occurs as discussed in Sect. 5.3. On the other hand, in the Pd-Br
chain compound near the CDW and MH phase boundary, the photoinduced CDW
to MH transition is driven. Therefore, it is natural to expect that a CDW to metal
transition can be induced by the photoirradiation on a CDW compound near the
CDW and MH phase boundary. In [Pd(chxn)2Br] Br, discussed above, however,
such a CDW to metal transition cannot be induced even by the strong photoexcita-
tion. To realize a photoinduced CDW to metal transition, a compound having more
itinerant electronic states is appropriate. From these considerations, we selected [Pt
(chxn),I]1,. In this compound, the 1D electronic state is composed of 5d orbital of
Pt and 5p orbital of I, so that the itinerancy should be enhanced compared to
[Pd(chxn)zBr] Br, with 1D electronic state composed of 4d orbital of Pd and 4p
orbital of Br.

Figure 5.15a shows the reflectivity spectrum of [Pt(chxn) ]12 with the light
polarization (E) parallel to the chain axis b (E//b). The imaginary part of dielectric
constant & [solid line in panel (b)] was obtained by using the KKT of the
reflectivity spectrum. The broad peak at 0.95 eV is due to the CT transition (Pt**
, Pt*T) — (P, P*T). In Fig. 5.15c¢, e, photoinduced reflectivity changes (AR)
spectra for (E//b) with the polarization of the pump light (E.,//b) are presented for
three excitation densities (xXpn). Xph is the averaged photon (ph) density of the pump
light absorbed within the absorption depth (ca. 300 A) The delay time #4 of the
probe light relative to the pump light is 0.16 and 1.7 ps. Errors of AR are smaller
than 1072 (10™*) in the mid-IR (near-IR) region. At tq4 = 0.16 ps, the reflectivity
increases below 1 eV. For x,, = 0.005 and 0.02 ph/Pt, AR has a peak at ca. 0.4 eV,
while for x;, = 0.05 ph/Pt, AR has no peak but monotonically increases with
decrease in energy. At ty = 1.7 ps, AR has a peak at ca. 0.4 eV in common. The
results demonstrate that there is a metastable-photoinduced phase characterized by
the reflection peak at ca. 0.4 eV.

To get information of the photoinduced phase, the photoinduced change in
& (Ae) (Fig. 5.15d, f) was obtained by KKT of R + AR. At t4 = 0.16 ps,
&, decreases at ca. 0.95 eV in common. For x,, = 0.005 and 0.02 ph/Pt, &, rather
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Fig. 5.15 (a, b) Polarized reflectivity (R) and &, spectra along the chain (solid lines) in
[Pt(chxn),l]L,. Thin broken lines in (b) show the &, spectra of the MH state for various C values.
The thick broken line shows the &, spectrum for the photoinduced metallic state (see text). The
inset in (b) shows the &, spectra of [Ni;_,Pd,(chxn),Br]Br,. (¢)—(f) Photoinduced changes in R
(AR) and ¢, (Ag,) for three excitation densities at ¢y = 0.16 and 1.7 ps

increases at ca. 0.6 eV. Such spectral changes are very similar to those observed in
the CDW-MH transition of the PdBr-chain compound, which is discussed in
Sect. 5.4.1. This indicates that the similar transition occurs in the PtI-chain com-
pound. For xp, = 0.05 ph/Pt, &, has a large spectral weight below 0.2 eV,
suggesting a formation of a metallic state. At 7y = 1.7 ps (Fig. 5.15f), the spectral
shape of ¢, is equal to that for x,, = 0.005 and 0.02 ph/Pt at zy = 0.16 ps. This
indicates that the metallic state quickly returns to the MH state.

Here we evaluate the conversion efficiency ¢ of the CDW to MH transition. In
Fig. 5.16, the magnitude of A¢, at 0.6 eV, A&,(0.6 eV), characterizing the amount of
the MH state is plotted by solid circles for three x,;, values. The excitation density
dependence of AR at 0.54 eV, AR (0.54 eV), is also shown by open circles, which
coincides with that of Ag, (0.6 eV). Therefore, we use AR (0.54 V) as a measure for
the amount of the MH state. AR (0.54 eV) is proportional to x,, for the low excitation
density (the broken line in Fig. 5.16). It starts to deviate from the linear relation at
Xpn ~ 0.006 ph/Pt and tends to saturate for x,, > 0.015 ph/Pt. Such saturation is
attributable to the space filling of the photogenerated species [7, 38, 71]. Assuming
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the space filling of the photoinduced MH states and the saturation density of x,,
= 0.015 ph/Pt, the size of the photoinduced MH domain is evaluated to be 70 Pt sites/
ph. In [Pd(chxn),Br]Br,, AR is proportional to x,, at least up to 0.025 ph/Pd which is
about four times as large as 0.006 ph/Pt and ¢ (ca. 20 Pd sites/ph) is about 1/3.5 of
70 Pt sites/ph in the PtI compound [40]. These results are fairly consistent with each
other. Using the value of ¢ and the linear relation between AR and x,, we can
evaluate the AR value for the complete CDW to MH conversion to be 0.139, which
was shown by the solid line in Fig. 5.16. From this line, the ratio C of the photoin-
duced MH state relative to the original CDW state for x,, = 0.05 is estimated to
be 0.9.

Now, we can deduce the ¢, spectrum for the MH state using the evaluated C value.
Thin broken lines in Fig. 5.15b show the spectra of &,(CDW) + Ag,(0.05)/C with
C = 0.6-1.0, which give the hypothetical spectra of the MH phase. Here, &,(CDW) is
the original spectrum and Ae, (0.05) is Ag, at t4 = 1.7 ps for x,, = 0.05 ph/Pt. In the
inset of Fig. 5.15b, the &, spectrum of [NiO‘I(,Pdo_gA; (chxn)zBr] Br; in the MH phase is
presented together with that of [Pd(chxn),Br]|Br; in the CDW phase [47]. The former
provides a single peak with a Lorentzian shape. Therefore, it is reasonable to consider
that the C values of 0.6-0.8 giving the split or distorted spectra are not valid and the
appropriate C value is 0.9—1.0. This is also consistent with the C value (0.9) estimated
from the excitation density dependence.

To clarify the nature of the metallic state produced just after the photoirradiation
for xp,n = 0.05 ph/Pt, we normalized the Ag, spectra for x,, = 0.05 and 0.02 ph/Pt
(t4 = 0.16 ps) at the absorption peak (0.65 eV) for the MH state and calculated the
differential spectrum between them, which is shown by the thick broken line in
Fig. 5.15b. The spectrum shows a monotonous increase with decrease in energy,
demonstrating the formation of a metallic state. As discussed above, the conversion
to the MH state is almost complete for xp, = 0.05 ph/Pt. It is therefore natural to
consider that the metallic state is produced by the carrier doping to the MH state.
Such a carrier doping after the photogenerations of MH domains may be understood
possibly by the following processes (1) the residual CDW domains or the boundary
between the MH domains has finite charges, acting as additional carriers in the MH
state or (2) the MH state is formed by the first half of the pump pulse and the carriers
are generated in the MH state by the second half of the pump pulse, while it is
difficult to discriminate these two processes.
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Fig. 5.17 (a) Time profiles of normalized AR (0.54 eV). (b) Time profile of AR (0.69 eV) for
Xpn = 0.005. (c) Oscillatory components extracted from (b) and the fitting curve (solid line) which
is the sum of the two damped oscillators shown in the lower part. (d) Probe-energy dependence of
the 100-cm™! oscillation amplitude (open circles) and AR (tq = 0.16 ps) (solid circles) for
Xpn = 0.005 ph/Pt. The broken line is the first derivative of AR (¢4 = 0.16 ps)

Let us proceed to the discussion about the dynamics of the PIPT. In Fig. 5.17a,
the time profiles of normalized AR (0.54 eV) are presented. The signal instanta-
neously rises, indicating that the MH domain is formed within the temporal
resolution (180 fs). The decay time of the MH domain is ca. 20 ps. These features
are independent of x,,. Subsequently to the initial rise, the coherent oscillations are
observed similarly to the case of the CDW to MH transition in [Pd(chxn),Br]Br;.
To scrutinize the oscillations, we selected AR (0.69 eV) for x,, = 0.005 ph/Pt,
which is plotted in Fig. 5.17b, and extracted the oscillatory component by
subtracting the background rise and decay from AR, which is plotted in
Fig. 5.17c. The oscillatory component can be reproduced well by the sum of the
two damped oscillators,

2
ARy = ZA,» cos(w;t — 0;) exp(—t/7;) (5.4)

as shown by the solid line. Here, w; is the oscillation frequency, t; is the decay time,
and 0; is the initial phase. In the fitting procedure, the response function of the
measurement system was taken into account as a Gaussian profile. The two
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Fig. 5.18 (a) Polarized Raman spectra obtained from a 1.96 eV excitation for [Pt(chxn),I]l,,
[Pt(en),I](ClO4),, and [Pt(chxn),I](ClO,),. (b) Frequencies of the M—X stretching Raman bands
as a function of the distortion parameter d; a: [Pt(chxn),I]I,, b: [Pt(en),I](ClO,),, c: [Pt(chxn),l]
(ClOy4),, d: [Pd(en);Br](Cs-Y),:(H,0O), e: [Pd(chxn),Br]Br,, f: [Pd(en),Br](Cs-Y),:(H,0), g:
[Pd(en),Br](C4-Y),-(H,0), and h: [Pd(en),Br](ClO,), (en = ethylenediamine and Y = sulfosuccinate)
(a—c and e-h: 293 K and d: 206 K). The broken line and the dashed dotted line show the frequency of
the coherent oscillation for [Pd(chxn),Br]Br, and [Pt(chxn),I]l,, respectively

oscillatory components are also shown in Fig. 5.17c. The evaluated w;, t;, and 0, are
100 cm ™', 1.2 ps, and 7 (cosine type) for the high-frequency component and
67 cm™', 5 ps and 3/2n (sine type) for the low-frequency one. The excitation-
density dependence of the amplitude for the 100-cm™' oscillation (triangles in
Fig. 5.16) is the same as that of the amount of the MH phase characterized by AR
(0.54 eV) (open circles). In addition, the oscillation is of cosine type. These results
suggest that the 100-cm ™" oscillation is a displacive-type oscillation associated
with the CDW-MH transition. Since this transition should be accompanied by the
release of the displacements of the I ions, the oscillation can be assigned to the Pt-I
stretching mode in the photogenerated MH domains. As the 67-cm ™' oscillation is
of sine type, it will be due to an impulsive stimulated Raman process.

To clarify the origin for the coherent oscillation with 100 cm ™" in more detail,
we refer to the Raman spectra. In Fig. 5.18a, the Raman spectrum of [Pt(chxn),I]I,
is presented together with those of other PtI-chain compounds, [Pt(en),I](ClO4),
and [Pt(chxn),I](ClO4),. All of the Raman spectra were measured with the back-
scattering configurations and with the polarizations of incident and scattering lights
parallel to 1D chains. A small peak at 67 and 130 cm in [Pt(chxn),I]I; can be
assigned to the oscillation of the ligand molecules like the case of [Pd(chxn),Br]Br,
[40]. The bands at 100—120 cm ™" are due to the symmetric Pt-I stretching mode. In
Fig. 5.18b, the frequency of this mode is plotted as a function of the distortion
parameter d by the solid circles. d is defined as d = 2d/L (0 is the displacement of
the bridging X ions and L is the M-M distance). The frequency of the Pd-Br
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Fig. 5.19 Schematic of the CDW-MH conversion. After the formation of a 1D M>* domain shown in
(i), the equilibrium position of X comes on the midpoint between the neighboring M ions as shown in
(ii). At the same time, the coherent oscillation of X occurs as (i) — (ii)) — (iii) — (i) — (@i). p
corresponds to the charge modulation associated with the displacements of X

stretching mode in the PdBr chains was also presented by the solid triangles in the
same figure. The frequency of each mode sharply decreases with decrease in d. In
fact, in [Pd(chxn)zBr]Brz, the frequency of the coherent oscillation (90 cm_l)
within the photogenerated MH domains (broken line in Fig. 5.18b) is much lower
than that of the Pd—Br stretching Raman band (120 cm™': e in Fig. 5.18b) [40]. In
[Pt(chxn),I]I; , however, the frequency of the coherent oscillation (100 cm b
dashed—dotted line in Fig. 5.18b) is almost equal to that of the Raman band
(102 cm™") and is larger than that (90 cm™") in the PdBr chains, although the
mass of I is much larger than that of Br.

This contradiction can be explained as follows. Since the size of a photo-
generated MH domain is very large (ca. 70 Pt sites) in [Pt(chxn),I]I,, the equilib-
rium position of the bridging I ion should be the midpoint between the neighboring
Pt>* ions. In such a case, the frequency of the coherent oscillation on AR is double
the frequency of the Pt-I stretching vibration. It is because the two electronic states
corresponding to phase = © and phase = 0 of the oscillation, which are illustrated
in Fig. 5.19(1), (iii), respectively, are the same with each other [40]. Judging from
the relation in Fig. 5.18b, the vibrational frequency for d = 0 should be much
smaller than 100 cm™' and may be decreased to ca. 50 cm ™" in the Pt-I chain. In
this case, the frequency of the coherent oscillation on AR is ca. 100 cm ™' (the
double of 50 cm™!) as observed. In [Pd(chxn),Br]|Br,, in which the size of a MH
domain is not so large (ca. 20 Pd sites), the Br ions do not come on the midpoints
and therefore the frequency of the coherent oscillation on AR is not doubled.

The probe-energy dependence of the 100-cm ™ '-oscillation amplitude was plot-
ted by open circles in Fig. 5.17d. The spectrum is similar not to AR (¢4 = 0.16 ps)
(solid circles) but to the first derivative of AR (¢4 = 0.16 ps) (broken line). It
indicates that the gap energy in the MH state is modulated by the Pt—I stretching
vibration. This also supports the fact that the coherent Pt—I vibrations are generated
over the MH state. The observed doubling of the coherent oscillation frequency is
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the direct evidence for the complete release of the bridging halogen displacements,
that is, for the complete CDW to MH transition within the photoinduced domains.
From these discussions, the CDW-MH transition dynamics by the weak excita-
tion can be schematically shown as Fig. 5.19. By the photoirradiation, a large 1D
MH domain (ca. 70 Pt** sites) is formed from a CT excited state within the temporal
resolution (i). Subsequently, the equilibrium positions of the I ions come on the
midpoints between the neighboring Pt ions (ii). At the same time, the coherent
vibration of the I ions is generated as (i) — (ii) — (iii) — (ii) — (i) — (ii). The
photogenerated MH domain returns to the CDW ground state with ca. 20 ps.

5.5 Summary

In this chapter, we have reviewed the investigations of PIPTs in the three types of
MX-chain compounds. Under the influence of the strong electron—electron and
electron—lattice interactions, materials exhibit characteristic PIPTs, some of which
are driven in an ultrafast (ps or sub ps) time scale.

In Sect. 5.3, a photoswitching from an insulator to a metal in a 1D Mott insulator
of the bromine-bridged Ni-chain compound has been detailed. The increase of the
excitation density changes the photoproduct from the midgap state to the metallic
state. A most significant feature of this PIPT is that the response time is quite fast.
The photoinduced metallic state is generated within the temporal resolution
(<180 fs) and recovers to the insulator with a time constant of 0.5 ps. This is the
first observation of the photoinduced Mott transition in the strongly correlated
electron systems.

In Sect. 5.4, PIPTs in the CDW state of the halogen-bridged palladium-chain
compound, [Pd(chxn),Br]Br,, and platinum-chain compound, [Pt(chxn),I]I, have
been discussed. [Pd(chxn),Br]Br; is located near the CDW—MH phase boundary,
and it was demonstrated that the irradiation of a fs laser pulse causes the instanta-
neous formation of a 1D Mott—Hubbard domain composed of ca. 20 Pd sites
without alternation of bridging-Br displacements. This result demonstrates the
important role of intersite Coulomb repulsion in the phase transition and in the
stabilization of the CDW state. The formation of the MH domain is followed by a
coherent oscillation with a period of 360 fs, attributable to the relaxation of the
bridging-Br displacements coupled with the charge transfer between neighboring
Pd ions. In [Pt(chxn)zl]lz, which is also located near the CDW-MH phase boundary,
the PIPT from the CDW phase to MH phase is found by means of the femtosecond
pump—probe reflection spectroscopy. The results have demonstrated the high effi-
ciency of the photoinduced CDW-MH transition in which ca. 70 Pt sites are
converted to MH state per photon. Such large conversion efficiency makes possible
the complete and transient transition from CDW to MH phase. In the
photogenerated MH domains, the bridging I ions come on the midpoints between
the neighboring Pt ions. With increase in the excitation density, the low-energy
spectral weight of absorption is increased, suggesting that the CDW-MH transition
is completed and the transition to the metallic state occurs.
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The PIPTs presented here give us typical patterns of PIPTs in 1D electron—electron
and electron—lattice coupled systems. The findings of PIPTs will lead to new
possibilities for the applications of in MX-chain compound as future optical switching
and memory devices.
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Chapter 6

Nonlinear Electrical Conductivity, Current
Oscillation and Its Control in Halogen-Bridged
Nickel(III) Compounds

Hideo Kishida and Arao Nakamura

6.1 Introduction

Nonlinear conduction is a phenomenon that the electric current flowing through a
sample is not ohmic, namely, not linear to the voltage between both ends of the
sample. This phenomenon is observed in many organic crystals and metal
complexes [1-6]. In this chapter, we introduce the nonlinear conduction in
halogen-bridged nickel(III) compounds and the current oscillation phenomena.
Most insulators obey to the ohmic law in the low current density region. As
increasing the current or current density, they sometimes show nonohmic behaviors,
which are the nonlinear conduction. One of the measures of the nonlinear conduction is
the differential resistance, which is defined as the inverse of the slope in the current
(I)—voltage (V) curves. These nonlinear conducting behaviors can be classified into two
types. One is the case that the differential resistance increases with the increase of
voltage. In the other case, the differential resistance decreases with the increase of the
voltage. In both cases, the differential resistance can be negative as shown in Fig. 6.1a, b.
Such phenomena are called negative differential resistance (NDR). In both types of
nonlinear resistance, with the increase of the current (voltage) above the NDR
region, the current density (electric field) increases again. A typical nonlinear
resistance is a Gunn effect in semiconductors, which is applied in Gunn diodes.
The Gunn effect is classified into the class shown by Fig. 6.1a. In the Gunn diode,
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Fig. 6.1 Two types of nonlinear-conducting behaviors. In (a), the resistivity in nonlinear-
conducting states is larger than that of the ohmic region under low voltage, while in (b) the
resistivity decreases. The slope of the I-V curve can be negative in nonlinear-conducting
behaviors. Such negative region is called negative differential resistance (NDR)

the high-resistance region induced near one electrode by high electric field appears
and then moves from one edge to another edge of the crystal. After the high
resistance region reaches the opposite electrode and disappears, a new high-
resistance area appears and flows. This procedure is repeated. This leads to the
current oscillation phenomena [7]. On the other hand, nonlinear conductance
showing the decrease of the resistivity with the increase of the voltage (as shown
in Fig. 6.1b) is widely observed in many molecular crystals [1-6]. The nonlinearity
in this type is in some cases due to the breakdown of the Mott insulation. From
theoretical viewpoints, several approaches have been attempted [8—10].

In this chapter, we discuss the nonlinear conducting behaviors of halogen-
bridged nickel(IIl) compounds. Current oscillation phenomena based on the non-
linear conductivity are also introduced, in which the oscillation is assisted by the
external circuits.

6.2 Negative Differential Resistance

The current density—electric field characteristics of [Ni(chxn),Br|Br, (Ni-Br)
and [Ni(chxn),CI]Cl, (Ni—Cl) is shown in Fig. 6.2a, b [6, 11], respectively. As for
[Ni(chxn),Br|Br,, the sample shows ohmic behavior under 0.35 mA/cm? at 90 K,
while the voltage appearing on both ends of the sample decreases with the further
increase of the current. Namely, the electric field inside the sample decreases with the
larger current density. The clear NDR was observed under 150 K. The similar I-V
curve is observed for Ni—Cl, which shows clear NDR under 160 K. Thus, the NDR
behavior is a common feature for halogen-bridged nickel(IIT) compounds. At present,
the reason for the large nonlinearity is not clear. The NDR has been so far reported in
many types of organic compounds showing temperature-induced phase transitions.
For example, the NDR in potassium-tetracyanoquinodimethane (K-TCNQ) is well
established [12—14]. In the case of K-TCNQ, stacked TCNQ molecules form one-
dimensional column and TCNQ molecules are dimerized in a column at the low
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temperature phase. With increase of the temperature, the dimerization disappears. As
the NDR can be observed only in the low temperature phase, the large change of the
resistivity is assigned to the reduction of the degree of the dimerization [12]. On the
other hand, in the halogen-bridged nickel(IIl) compounds, the NDR disappears
between 150 and 300 K, though they show no temperature-induced phase transitions
at such temperature region. Therefore, the NDR in halogen-bridged nickel(III)
compounds cannot be assigned to the temperature-induced phase transitions. This
is in contrast to the reported NDR phenomena. Another class of one-dimensional
Mott insulator, Sr,CuO3, also shows NDR [15], but it also shows no temperature-
induced phase transition. As for this compound, the breakdown of the Mott-insulating
states is proposed. Similar mechanism might be a possible origin for the NDR in
halogen-bridged nickel(IIl) compounds.

6.3 The Current Oscillation

The spontaneous current oscillation based on the nonlinear-conducting behaviors
has been discussed for long years [2, 3, 16, 17]. One of the strategies and examples
to achieve the spontaneous current oscillation using the NDR behaviors of organic
compounds was proposed in [6]. According to the proposed method, the
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combination of NDR materials and external circuits leads to the current and voltage
oscillation. The circuit is shown in Fig. 6.3a. By adding a serial resistor R to the
NDR sample, we obtain the region in which the current increases with the increase
of the voltage, which is located above the NDR region, as shown by filled dots in
Fig. 6.3b. Resultantly, the current—voltage characteristic has an S-shape. Then, we
add a voltage source V, and a load resistor Ry . The I-V curve between points p and
q through V, and Ry is shown by a dotted line in Fig. 6.3b. The intersection of the
dotted line and the S-shape curve (dots) gives a stationary solution of this circuit
before attaching the capacitor. Moreover, by adding a parallel capacitor C, we
obtain the nonstationary solution leading to the current oscillation. In Fig. 6.3c, d,
we show the temporal profile of the current and voltage. In these figures, gray dots
indicate the waveforms before attaching the capacitor and filled dots are those after
attaching the capacitor. In the case of no capacitor (gray in Fig. 6.3c, d), the current
increases along the lower branch of the S-shape curve and reach the stationary
point. Meanwhile, the voltage passes a larger value than the stationary point. On the
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Fig. 6.4 Current and voltage behaviors for [Ni(chxn),CI]Cl, at 200 K [11]. (a) Currents I (filled
dots) and Iy, (broken line) are plotted versus voltages V4. The open circles are the I-V
characteristics of the sample without the serial resistor. The current—voltage trajectory in the
current oscillation is also plotted. (b) Temporal profile of the current with and without the external
capacitor. (¢) Temporal profile of the voltage V4 with and without the external capacitor

other hand, with the capacitor (black in Fig. 6.3c, d), the current and voltage do not
reach the stationary point but oscillate. The period is roughly 20 s. The similar
current oscillation can be obtained in Ni—Cl at 200 K shown in Fig. 6.4 [11]. In
Fig. 6.4a, the I-V property of the sample is shown by open circles. The -V
properties of the combined resistance of the sample and the serial resistor R are
shown by filled circles. We obtained the S-shape curve also for Ni-Cl. However,
the obtained S-shape curve for Ni—Cl is elongated in the direction of current. Using
the S-shape properties, we achieved the current oscillation. The temporal profiles
of the current and voltage are shown in Fig. 6.4b, c, respectively. We obtained clear
oscillations. The amplitude of the current is enough large, and the contrast of the
oscillation (on—off ratio in current) is large. On the other hand, the amplitude is
small for voltage. The obtained contrast is small. These contrasts in the amplitude
of the oscillation are dependent on the original NDR properties of the sample. In
Ni—Br, the slope is small in negative resistance region. Therefore, we achieved the
clear S-shape properties in -V plot (Fig. 6.2a) for Ni-Br, while the steep slope in
negative resistance region for Ni—Cl leads to an unclear S-shape curve. Resultantly,
the contrast in voltage is small.

The trajectory of the current and V is shown in Fig. 6.4a by a solid line, which
indicates that the current and V4 oscillate counterclockwise in the current—voltage
plot. In more detail, after turning on the current, the current increases along the
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high-resistance branch of the /-V curve to around 400 V. At this voltage, the sample
shows a sudden change in resistance to low resistance state, which is upper branch
of the I-V plot. After reaching the low-resistance branch, the current begins to
decrease along the low-resistance branch and jump down to the high-resistance
branch. After this, the above procedures are repeated. In this behavior, the trajectory
is not exactly coincident with the /-V curve. Particularly, in the low resistance state,
the inconsistency is conspicuous. The resistivity in low-resistance state is depen-
dent on the history of current flow. It may indicate that the Joule heating affects the
resistivity in the low resistance state to some extent.

6.4 Control of the Current Oscillation

Because the current oscillation is assisted by the external circuit, the period of the
oscillation can be controlled by the circuit constant of the external circuit. The period
of the current oscillation is calculated using a simple model and the nonlinear circuit
theory and described as shown below [6]. The total period is a sum of the transient
times within the high-resistance state tpign and low-resistance state Tiow

Tiow = CR; lngll:“//:gv:l 6.1)
and
Thigh = CR» ln% (6.2)
Here R, E1, Ry, and E, are defined as follows:

Ry = (RLR,)/(RL +Ry) (6.3)
E1 =R.Vy/(RL +Ry) (6.4)
Ry = (RLR;)/(RL+R,) (6.5)
E; = (R,Vy+ VRL)/(RL +R;) (6.6)

Viow (Vhign) is the switching voltage from the low (high) to high (low) resistance state.
R, and R, are the differential resistance of high-resistance and low-resistance branch in
I-V plot. Vg is the x-intercept of the extrapolated line of the low-resistance branch.
Equations (6.1) and (6.2) indicate that the period T(= Tiow + Thigh) can be controlled by
the external parameters, C, Vi, and Ry .

In Fig. 6.5a, we show the C dependence of time evolution of the current
for Ni-Br measured at 90 K. With no capacitance (open) and small capacitance
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Fig. 6.5 Temporal profile of current oscillation and its period dependent on parallel capacitance,
applied voltage, and resistance Ry for [Ni(chxn),Br]Br, measured at 90 K. (a) Temporal profiles for
various capacitances (open, 985 nF, 1.38 pF, 8.87 uF and 20.5 pF) at V}, = 400 V, Ry, = 3.25 MQ,
R, = 200 kQ, (b) The period values are plotted by filled circles. The solid line indicates the periods
calculated by Egs. (6.1) and (6.2) (¢) Temporal profiles measured for various source voltages at
C =438 uF, R, = 3.25 MQ, Ry = 200 kQ, (d) Periods dependent on the source voltage V4.
(e) Time profiles measured for various source voltages at V, = 300 V, C = 4.38 uF, R, = 200 kQ;
(f) The period dependent on source voltages V. The data of figures (a) and (b) are from [6] and
others (¢)-(f) from [19]

(C =985 nF), the oscillation does not occur. In these two cases, the circuit is stable
at the crossing point of the load line (shown by dotted line in Fig. 6.5a) and the I-V
curve. On the other hand, with the large capacitance (C = 4.38 uF), the oscillation
appears, whose periods are roughly proportional to the capacitance of the parallel
capacitor. In Fig. 6.5b, we show the capacitance dependence of the period by solid
circles compared with the calculated values using Egs. (6.1) and (6.2). The calcula-
tion reproduces the experimental results satisfactorily. However, the adapted model
suggests that the oscillation should appear even at small capacitance. This discrep-
ancy between the experimental results and the calculations might be ascribed to the
time dependence of the nonlinear resistance behaviors. The sudden change in
resistance is similar to a phase transition from insulating to metallic states. When
the phase transition develops by domain growth, the formation of macroscopic
domains is governed by the time of domain growth. As a result, the /-V curves and
resistance would be time dependent. In the metal—insulator transition in a 3D Mott
insulator (VO,), the domain growth is observed in real space and its growth limits
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the change in resistance [18]. In such studies, the reduction of the sample size leads
to the realization of fast oscillation up to 0.2 MHz [20]. In view of this, we may
realize faster oscillation in thin films of the present materials.

Moreover, the V}, dependence of the current is shown in Fig. 6.5¢. Experimen-
tally, the period decreases with increasing V}, between 300 and 500 V. No oscilla-
tion is observed outside this range. This behavior is reproduced by the calculation
(Fig. 6.5d). In the case of the lower and higher V4, the intersection of the load line
and the /-V curves falls on not negative resistance state but high- or low-resistance
state with a positive slope, respectively. In such cases, we do not obtain the
oscillation.

The dependence on Ry is shown in Fig. 6.5¢. The experimental data show the
increase of the period with increasing R;. This behavior can be roughly explained
by the calculation (Fig. 6.5f). As in the case of the V}, dependence, the oscillation
occurs only when the intersection falls on the negative differential region of the /-V
curve.

The studies about the current path and the nonlinear conducting domains are also
important. In another type of one-dimensional Mott insulator, K-TCNQ, it is
revealed that the nonlinear current flows throughout the crystal [14]. However, it
is often discussed that the nonlinear-conducting current flows in a filamentary
current path. The study on the spatial information about the nonlinear current will
be important to clarify the mechanism of nonlinear conductivity.

6.5 Conclusions

We introduced the nonlinear-conducting behaviors in halogen-bridged nickel(III)
compounds, [Ni(chxn),Br]Br, and [Ni(chxn),Cl]Cl,. These two compounds com-
monly show nonlinear-conducting behaviors. At low current density region, they
show ohmic (linear) response, while they show clear negative differential resistance
behaviors by increasing the current density. By attaching the external circuit
components, we achieved and controlled the current oscillation. The mechanism
is clearly explained by the nonlinear circuit theory. This indicates that halogen-
bridged nickel(III) compounds can be a candidates of nonlinear circuit components.

Acknowledgments The authors thank Mr. Takafumi Ito, Mr. Atsuya Ito, Prof. Shinya Takaishi,
and Prof. Masahiro Yamashita for collaboration.

References

1. Tokura Y, Okamoto H, Koda T, Mitani T, Saito G (1988) Phys Rev B 38:2215
2. Lopes EB, Matos MJ, Henriques RT, Almeida M, Dumas J (1995) Phys Rev B 52:R2237
3. Sawano F, Terasaki I, Mori H, Mori T, Watanabe M, Ikeda N et al (2005) Nature 437:522



9]

e BN o)

11

13

18
19

Nonlinear Electrical Conductivity, Current Oscillation. . . 91

. Mori T, Terasaki I, Mori H (2007) J Mater Chem 17:4343, For a review
. Mori T, Ozawa T, Bando Y, Kawamoto T, Niizeki S, Mori H et al (2009) Phys Rev B

79:115108

. Kishida H, Ito T, Nakamura A, Takaishi S, Yamashita M (2009) J Appl Phys 106:016106
. Pankove JI (1971) Optical process in semiconductors. Dover, New York

. Oka T, Arita R, Aoki H (2003) Phys Rev Lett 91:066406

. Sugimoto N, Onoda S, Nagaosa N (2008) Phys Rev B 78:155104

. Tanaka Y, Yonemitsu K (2011) Phys Rev B 83:085113

. Ito A, Kishida H, Nakamura A, Takaishi S, Yamashita M (unpublished)

12.

Kumai R, Okimoto Y, Tokura Y (1999) Science 284:1645

. Okimoto Y, Kumai R, Saitoh E, Izumi M, Horiuchi S, Tokura Y (2004) Phys Rev B 70:115104
14.
15.
16.
17.

Kishida H, Ito T, Ito A, Nakamura A (2011) Appl Phys Express 4:031601
Taguchi Y, Matsumoto T, Tokura Y (2000) Phys Rev B 62:7015

Taketa Y, Kato F, Nitta M, Haradome M (1975) Appl Phys Lett 27:212
Maeda A, Notomi N, Uchinokura K (1990) Phys Rev B 42:3290

. Gu Q, Falk A, Wu J, Ouyang L, Park H (2007) Nano Lett 7:363
. Ito T, Kishida H, Nakamura A, Takaishi S, Yamashita M (unpublished)
20.

Lee YW, Kim BJ, Lim JW, Yun SJ, Choi S, Chae BG et al (2008) Appl Phys Lett 92:162903



Chapter 7
Third-Order Optical Nonlinearity
of Halogen-Bridged Nickel(III) Compounds

Hideo Kishida and Hiroshi Okamoto

7.1 Introduction

In this chapter, we focus on the third-order optical nonlinearity of one-dimensional
(1D) halogen (X)-bridged transition metal (M)-chain compounds (MX chain
compounds). Third-order optical nonlinearity is an important physical property to
achieve all-optical switching devices. The material having large third-order optical
nonlinearity can show the large change of the optical constants by irradiation of
light. Using such behaviors, we can control the intensity or traveling direction of a
light beam in an ultrafast time scale. The enhancement of the performance of all-
optical ultrafast switching is desired because they can be a key technology of the
future ultrafast all-optical communications.

In order for the large optical nonlinearity to be obtained, extensive studies have
been devoted to the development of third-order nonlinear optical materials. The
simplest but sound way is the usage of low-dimensional electronic systems. Espe-
cially, in a 1D system, a clear van Hove singularity and/or a large excitonic effect is
expected to enhance the oscillator strengths of the absorption near the band-edge or
the absorption due to the lowest exciton transition. This necessarily enhances the
third-order optical nonlinearity not only at around the optical gap energy but also
the transparent region within the gap.

In 1990s, Pt—X chain compounds were studied from the viewpoints of nonlinear
optical materials. Wada et al. clarified nature of electronic excited states of Pt—X chain
compounds near the optical gap energies using the electroreflectance method [1].
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They showed that the lowest optical transition was due to 1D excitons with large
electron—hole-binding energy of about 0.5 eV. Subsequently, Iwasa et al. reported the
third-order nonlinear susceptibility 3 in the similar Pt—X chain compounds by using
the third-harmonic generation (THG) method [2]. The evaluated x(3 ) values were,
however, not so large being the order of 107" esu. In 2000, it was found that Ni-X
chain compounds show very large ¥** [3] as compared to Pt—X chain compounds and
other 1D semiconductors such as conjugated polymers. Since this discovery, a number
of studies have been performed to clarify the origin of the enhancement of %> in Ni-X
chain compounds. Those studies also activated time-resolved studies on the photo-
responses in the Ni-X chain compounds and related materials [4—6].

Ni—X chain compounds (X = Cl and Br) are the 1D Mott insulators as discussed
in Chap. 3. Figure 7.1a shows the crystal structure of [Ni(chxn),Br]Br; (chxn =
cyclohexanediamine), which is a representative of Ni—X chain compounds. In this
compound, Ni** ions and Br~ ions are arranged alternately along the b axis [7].
In the Ni** ions, an unpaired electron exists in the d,> orbital. The d.. orbital of Ni**
and p, orbital of Br~ form a purely 1D electronic state. Due to the large
electron—electron Coulomb repulsion energy U on the Ni site, this compound is a
Mott insulator [8, 9]. More strictly, the occupied Br 4p-band is located between the
Ni 3d upper-Hubbard band and the lower Hubbard band as shown in Fig. 7.1c.
Therefore, this compound is classified to the charge-transfer (CT) insulator,
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in which the CT transition from Br 4p-valence band to the Ni-3d upper Hubbard
band corresponds to the optical gap.

In the following subsections, we review spectroscopic studies on y in Ni-X
chain compounds and show that ¥** is significantly enhanced due to the specific
feature of photoexcited states in Ni—X chains originating from the strong electron
correlation [3, 10, 11]. We also review the demonstration of all-optical switching
using thin film samples of a Ni-Br chain compound, in which the ultrafast control
of the transmittance of the film with a 1 THz repetition was achieved [5].

7.2 Evaluation of Third-Order Optical Nonlinearity

Third-order nonlinear optical phenomenon is a result of the third-order nonlinear
polarization P®), which is governed by the third-order nonlinear susceptibility y(®).
7 is defined as a function of three incident electric fields, E(w, ), E(w,), and E(w3)
with the frequencies, w;, w,, and w3, as follows:

P(3)(a)1,) = K80%<3>(—0)p; W1, w2, 03) X E(w)E(wy)E(w3) (7.1)

Here, w, = w; + w, + wj is the frequency of the nonlinear polarization, and K
is the constant depending on the measurement configuration [12]. By changing the
frequencies of the incident electric fields, w, w,, and w3, we can observe various
kinds of third-order nonlinear optical phenomena. In this chapter, four kinds of the
nonlinear optical measurement methods are presented. Each technique is briefly
introduced below.

7.2.1 Electroreflectance Method

In the electroreflectance (ER) method, we measure the electric-field induced change
of the reflectivity as shown in Fig. 7.2a. On the surface of the crystal, two electrodes
are made with carbon paste or silver paste and with the gap of a few hundred
micrometers. Using these two electrodes, the low frequency-alternating electric
field with a typical frequency of 1 kHz is applied. The amplitude of the electric field
is typically a few tens of kV/cm. The induced change AR of the reflectivity R is
measured using the lock-in detection method. The obtained quantity is AR/R and
its typical magnitude is 10 °~107>. By applying Kramers—Kronig (KK) transfor-
mation to the AR/R spectrum, the change of the imaginary part of dielectric
constants (Ag,) is obtained. Ag; is directly connected to X(3>(—w; 0,0,w) by the
following relation:
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Fig. 7.2 Experimental methods and optical configurations for the evaluations of

Ay = 3Imy® (—w; 0,0, w){E(0)}* (7.2)

The experiments to measure the electric field-induced change of the transmit-
tance are also used, especially in thin film samples. That is called the electroab-
sorption (EA) method. Both ER and EA give the same nonlinear susceptibility,
7% (=;0,0,w). The most important advantage of those techniques is that wide
ranges of x) spectra are easily obtained, as compared to other nonlinear
spectroscopies. Therefore, they are frequently used for the evaluations of spectral
shapes of ¥ in nonlinear optical materials.

7.2.2 Third-Harmonic Generation Method

Third-harmonic generation (THG) method (Fig. 7.2b) is also a general method to
evaluate ¥ In this method, a nonlinear optical material is irradiated by a laser
pulse with the frequency of w, and the light with triplicate frequency 3w is emitted
to forward and backward directions, which is detected in the transmission and
reflection configuration, respectively. In most of THG experiments, the TH light
in the forward direction is measured. However, in the case that the sample is bulky
crystal and not transparent in the frequency region of THG, the TH light in the
backward direction is useful to determine ¥®). The THG experiments presented in
this chapter were all performed in the backward configuration as shown in Fig. 7.2b.
For the evaluation of 7® in the THG method, THG intensities in the reference
sample, X(3> of which is known, should be measured in the same experimental
condition as the sample. As the reference sample in the following studies, SrTiO;
substrates were used.
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7.2.3 Pump-Probe and Z-Scan Methods

In the pump—probe method (Fig. 7.2c), picosecond or femtosecond laser pulses
are used, and absorption changes for the probe light induced by the pump
light are detected. This type of nonlinear optical processes is determined by Im
x(3)( —wy; Wy, —y, 1), in which @, and w, are the frequencies of the probe and
pump lights, respectively. By changing the delay time of the probe pulse relative to
the pump pulse, the time characteristic of the nonlinear responses can also be
measured. In this method, however, it is difficult to evaluate precise values of Im
X(3>(—w1;w2, —w,,wq). It is because we can hardly use a reference sample, in
contrast to the THG method.

In order to evaluate precise values of this type of %', the Z-scan method is
generally used. In this method, both real and imaginary parts of ¥ (—w; @, —®, @)
can be quantitatively measured from the efficiencies of the optical Kerr effect
(nonlinear change of the refractive index n) and of the nonlinear absorption,
respectively [13]. The experimental setups of the measurements are shown in
Fig. 7.3.

In the Z-scan measurements, a sample is moved along the optical path (the z
axis). In this procedure, the electric field strength on the sample is changed
depending on the sample position z. Thus, one can evaluate the optical nonlinearity
by detecting the transmitted light as a function of z. In the open aperture condition
shown in Fig. 7.3a, nonlinear absorption changes can be measured from the
transmittance changes of the sample, while in the partially closed aperture condi-
tion shown in Fig. 7.3b, the optical Kerr effect can be measured from the intensity
changes of the light passing through the aperture, which are induced by the changes
in the direction of the transmitted lights. By comparing those two kinds of trans-
mittance changes of the sample as a function of z to those of a reference, we can
obtain both the real and imaginary parts of &) (—w; ®, —®, ) of the sample. The
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Fig. 7.4 Dielectric constants a ===
& (a) and its electric field-
induced change Ag; (b). Solid
line is the experimental
results and the dotted line is
the fitting result using a
discrete-level model. Adapted
from [10]
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most typical reference is a plate of SiO,. The details of the measurements
procedures of the Z-scan were reported in [13, 14].

7.3 Third-Order Optical Nonlinearity in Ni-X Chain
Compounds

7.3.1 Electroreflectance Spectroscopy

Linear optical constants of Ni—X chain compounds were evaluated by the
measurements of polarized reflectivity (R) spectra. Figure 7.4a shows the spectrum
of the imaginary part of the dielectric constants, &, in [Ni(chxn),Br]Br,, which was
obtained from the R spectrum by the KK transformation. A sharp peak is observed
at around 1.3 eV, which is assigned to the CT transition from Br to Ni mentioned
above [8, 9].

Electroreflectance (ER) spectra of three Ni—X chain compounds, [Ni(chxn),Br]
Br, (abbreviated as Ni—Br—Br, hereafter), [Ni(chxn),CI]Cl, (Ni-CI-Cl), and [Ni
(chxn),CI](NO3), (Ni-Cl-NOs), were reported first by Kishida et al. [3]. The
electric field change Ae, of & obtained from the ER spectrum was shown in
Fig. 7.4b. Around the &, peak, oscillation-type changes of &, are observed. The
positive and negative signals indicate the increase and the decrease of ¢;, respec-
tively. Ae, is converted to the imaginary part of ®) as mentioned in Sect. 7.3.1,
which is scaled by the right axis in Fig. 7.4b. The max [Imy®(—;0,0, )|
(hereafter, abbreviated as max [Imy)|) reaches 9 x 107> esu in Ni-Br-Br. The
ER spectroscopy was performed in other Ni—-X compounds. The max [Imy®)|
values of Ni-X compounds are plotted in Fig. 7.5 [3, 10], together with those of
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other 1D semiconductors; 1D cuprates of Sr,CuO; and Ca,CuOj, Pt—X chain
compounds (X = Cl, Br, and I), n-conjugated polymers (PA, PDA, PTV, and
PPV), and c-conjugated polymers (PDHS). 1D cuprates have the same electronic
structure (1D Mott insulator states) as Ni—X chain compounds and show similar
linear and nonlinear optical properties. In Fig. 7.5, therefore, data points of both
Ni—X chain compounds and 1D cuprates were shown by the same solid circles.
Pt—X chain compounds (Pt—Cl, Pt-Br, and Pt-I in Fig. 7.5) and m-conjugated
polymers (PA, PDA, PTV, and PPV in Fig. 7.5) belong to Peierls insulators, and
a c-conjugated polymer (PDHS in Fig. 7.5) to band insulators. max |Im}5(3)| values
of Pt—X chain compounds and conjugated polymers are roughly scaled by the
optical gap energies E, as max |Imy®)| oc E; 6. On the other hand, max [Imy®)|
values of Ni—X chain compounds (Ni-Br—Br, Ni—CI-Cl, and Ni—CI-NOs3) show a
significant enhancement as compared to those in 1D Peierls and band insulators.

In order to unravel the origin for the enhancement of ¥ in Ni—X chain
compounds, the three-level model shown in Fig. 7.6a was adopted. In 1D electronic
systems, it is known that the third-order optical nonlinearity is governed by three or
four states, which are so-called essential states [15]. The three-level model consists
of three states; ground state 0>, an odd-parity state |1>, and an even-parity state
[2>. The odd-parity state |1> is a one-photon-allowed state and observed by a linear
optical measurement such as absorption and reflectance spectroscopy. The even-
parity state 12> is a one-photon-forbidden state. Within the three-level model, the
dominant term of 1(3)(—60; 0,0, w) is expressed as follows:

Ne* <2Jx[1>2<1x|0>2

3aoh’ () — o — iy))* (@2 — @ — ipy)

73 (~0;0,0,0) = (1.3)

Here, N is the density of the relevant electrons, e is the charge of electron, & is
the dielectric constant of vacuum, x is the displacement along the 1D axis, fiw; (fiw,) is
the energy position of the state [1 > (12>) and y,(7,) is the damping energy of the state
1 > (12>). In the fitting calculation, all the 12 terms including the dominant term (7.3)
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Fig. 7.6 (a) Three-level structure consisting of ground state, odd-parity state, and even-parity
state. (b) The energy difference between the odd-parity state and even-parity state is plotted versus
the optical gap energy. (c¢) The transition dipole moments between the two excited states 11> and
[2> are plotted versus the transition dipole moment between the ground state and odd-parity state.
From [10]

are taken into account. Moreover, considering the relation, ¢ = ¢; + ie; = go[1 + X(l)
4353 E?], Ae, spectrum is obtained from the relation, Ae, = Im[3¢y 3 E?]. Here, E is
the applied electric field.

The Aég, curve for Ni-Br—Br calculated by the three-level model is shown in
Fig. 7.4b by the broken line, which reproduces well the oscillating behavior of the
experimental Ag, spectrum. From this analysis, two important features are obtained;
one is that the energy difference (AE = hiw, — hiwy) of the two excited states is very
small, being 10 meV. The other is that the transition dipole moments between 1>
and 12> (<1|x|2>) is very large, exceeding 20 A. The analysis indicates the
existence of two discrete levels of excited states. It is, therefore, reasonable to
consider that both |1> and 12> are not due to the continuum but due to excitonic
states.

Similar analyses of the ER spectra in the other Ni-X chain compounds revealed
that those two features in the Ag, or y3) (—w; 0,0, ®) spectra are common in Ni—X
chain compounds. In Fig. 7.6b, the energy difference AE of the two excited states is
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Fig. 7.7 Schematics of the excited states in 1D band insulators (a) and 1D Mott insulators (b).
From [10]

plotted versus the optical gap energy. The absolute values of AE for Ni—X chain
compounds and 1D cuprates are small, indicating that two excited states |1> and
[2> are nearly degenerate. On the other hand, AF is relatively larger in Pt—X chain
compounds and conjugated polymers (AE = 0.2-1.0eV) than AE in Ni-X chain
compounds. AE tends to increase with the increase of the optical gap energy not
only in Pt—X chains and conjugated polymers but also in Ni—X chains. In Ca,CuOs,
it was revealed that the excitonic effect is negligibly small and the spectrum of y(*)
as well as of ¢, is very broad. Therefore, the three-level model assuming the two
discrete excited states would not be sufficient to explain the optical responses. This
is the reason why AF is negative (~—0.2 eV).

In Fig. 7.6c, <1|x|2> values are plotted versus <O|x|1> for various 1D
semiconductors. Data points of <1[x[2> in 1D Mott insulators (Ni-X chain
compounds and 1D cuprates) are located on the same line, while data points of
Peierls and band insulators (Pt—X chain compounds and conjugated polymers) are
located on the different line. The slope, <1]x|2>/<0|x|1>, is larger for 1D Mott
insulators. Thus, the difference between 1D Mott insulators and the other 1D
semiconductors is clear.

These two features, that is, the small AE and the large <1|x|2>, in 1D Mott
insulators are not observed in 1D Peierls and band insulators. They originate from
strong electron correlation [16]. Here, let us briefly discuss the difference of
electronic excited states between 1D band insulators and 1D Mott insulators. In
Fig. 7.7a, we show the schematics of the electronic structure and excited states in a
1D band insulator by using a molecular orbital picture [10, 16]. In a 1D band
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insulator, the intramolecular excitation indicated by the open arrow (the upper
figure of Fig. 7.7a) corresponds to the lowest excited state |11> with odd-parity.
The in-phase combination of the intermolecular CT excited states indicated by the
broken arrows corresponds to the second lowest excited state 12> with even-parity.
Excited electron and hole occupies the same site in |11>, but the different sites in
[2>. State |1> forms an exciton with large binding energy due to the large
electron-hole Coulomb attractive interaction and therefore AE is considerably
enhanced. The envelopes of the exciton wave functions are shown in the lower
part of Fig. 7.7a. A large difference in the spatial extensions of 11> and 12> is
unfavorable for obtaining a large dipole moment <1|x|2>.

As for the electronic structure and excited states of 1D Mott insulators, we
consider a single band Hubbard model shown in Fig. 7.7b. It is known that
fundamental electronic properties of CT insulators can be discussed using such a
simplified model. In this model, the electron vacancy (holon) and double electron
occupancy (doublon) are prohibited to stay on the same site. As a result, the odd
excited state 11> and the even excited state |2> correspond, respectively, to the out-
of phase and in-phase combination of the two CT states IR> and IL> indicated by
open arrows in the upper part of Fig. 7.7b. When U is much larger than the transfer
energy t, splitting AE between |1> and 12> should be small and their wave
functions should be similar to each other except for their phases as illustrated in
the lower part of Fig. 7.7b. In this case, a spatial overlap of the wave functions
between |1> and 12> becomes very large, leading to a large <1|x|2> [16]. This is
the enhancement mechanism of X(3)(—w; 0,0, ®) in 1D Mott insulators.

7.3.2 Third-Harmonic Generation Spectroscopy

The |;®)(—3w;w,w,w)| spectrum obtained from the reflection-type THG
measurements on a Ni-Br—Br single crystal is shown in Fig. 7.8b [11]. The
spectrum exhibits a strong enhancement (labeled as A in the figure) when the
photon energy of the incident light is 0.43 eV. This energy corresponds to the 1/3
of the CT transition energy of Ni—-Br-Br. Therefore, the enhancement is attributed
to the three-photon resonance to state |1>.

The |3 (=3w; @, ®, )| spectrum has other two resonant structures, B and C,
which are located at around 0.65 eV and 0.5 eV, respectively. The twice energy of
structure B (~1.3 eV) is close to the CT transition energy (1.27 eV), which is
determined from the &, spectrum. Since the ER spectroscopy revealed that even-
parity CT state [2> is close in energy to odd-party CT state |1> as mentioned above,
structure B could be assigned to the two-photon resonance to state 12>.

As for the assignment of structure C, the ¢, spectrum at 4 K shown in the inset of
Fig. 7.8c gives valuable information [11]. The ¢, spectrum has a weak shoulder
structure at around 1.5 eV, which is equal to the triplicate energy of structure C
(0.5 eV) in Fig. 7.8b. This suggests that structure C would be related to the
three-photon resonance to another odd-parity state I3> located at the higher energy
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(~ 1.5 eV) than even-parity state 12>. The schematic of the energy level structure
consisting of the four states (four-level model) is shown in Fig. 7.8d.

The nonlinear optical process associated with state [3> plays an important role
on the overall 173 (=3w;w, ®, )| spectrum. The |y (—3w;w,®,w)| spectra
calculated using the three-level model (blue line) and the four-level model (red line)
are shown in Fig. 7.8b. In the three-level model, the transition process dominating
the optical response is [0> — |1> — |2> — |1> — |0>. In the four-level model,
the transition process related to 13>, e.g., [0> — |I1> — 2> — 3> — |0>, is
added in the optical response. The three-level model does not reproduce well
structures C and B; the calculated IX(3)| values are smaller around structure C and
larger around structure B than the experimental l‘¥I. On the other hand, the four-
level model reproduces the experimental result very well. This indicates that the
process related to state 13> reduces the optical nonlinearity around structure B. In
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other words, in the process related to structure C, ¥ originating from the process
0> — |1> — |2> — |3> — |0> partially cancels the process |0> — |I1> — |2
> — |I> — |0>. Thus, state 13> affects the spectral shape of |33 (—3w; ®, », »)]
in the region not only of the three-photon resonance to 13> but also of the two-
photon resonance to 12>,

The Imy®(—w;0,0,w) spectrum at 4 K (Fig. 7.8c) obtained by the ER
measurement gives more detailed information about state [3> in Ni-Br—Br [11].
At around 1.4 eV, a new structure labeled as X' appeared, which had a plus—minus
structure. Such a plus—minus structure can be explained not by the presence of a
single discrete level but by the presence of continuum states. When continuum
states exist, the zero-crossing energy in the Imy®) spectrum corresponds to the
lower edge of the continuum (the band-edge), which is 1.41 eV in Ni-Br-Br.

This four-level picture was also confirmed from the results in Ni—CI-Cl and
Ni—CI-NO;, which are shown in Fig. 7.9. |y (=3w; », ®, ®)| and Imy®) (—w; 0,
0, w) spectra of Ni—CI-Cl and Ni—CI-NOj are shown in Fig. 7.9b, c, respectively.
|73 (=3w; w,w,w)| spectra were reproduced well by the four-level model as
shown by red solid line in Fig. 7.9b. Imy®)(—;0,0, ®) spectra were compared
with the results of the three-level and the four-level calculations as shown by blue
and red lines, respectively, in Fig 7.9c. The four-level model can reproduce the
experimental results better. Particularly, the negative components at ~2.0 eV in
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Fig. 7.10 (a) SEM image of nanocrystals of [Ni(L),Br]Br,. (b) Photograph of a [Ni(L),Br]Br,/
PMMA film. (c) Absorption spectra of a single crystal of [Ni(chxn),Br]Br, (upper panel) and a [Ni
(L),Br]Br,/PMMA film (lower panel). Adapted from [5]

Ni—Cl-Cl and ~2.15 eV in Ni-CI-NOj are the strong evidences for the higher-lying
odd-parity state 13>.

Since the higher-lying odd-parity state 13> corresponds to the band-edge, the
energy difference between 13> and the lowest exciton state |1> is a crude measure
of the binding energy E\, of the lowest excitonic state. In Ni-Br—Br, E, evaluated
from the difference is about 90 meV. The magnitude of E,, increases as Ni-Br—Br
< Ni—CI-Cl < Ni—CI-NOj in Ni—X chain compounds. The splitting AE between
1> and 12> also increases in this order. This tendency is also observed in the ER
studies as mentioned above. In Ni-Br—Br, the small excitonic effect makes two CT
excited states (11> and 12>) almost degenerate, leading to the large transition dipole

moment between 11> and 12> and therefore to the large .

7.3.3 Z-Scan Measurements [5]

When we consider the application of the nonlinear optical materials to ultrafast
optical switching devices using, for example, optical waveguides, fabrication of a
thin film sample is necessary. Recently, the fabrication of high-quality thin films of
the Ni-X compound was successfully made, in which nanocrystals of a Ni—-X
compound, [Ni(L),Br]|Br, (L:1,2-diaminohexadecane), having long alkyl chains
(Cy4Hy9) shown in Fig. 7.1b were dispersed in an optical polymer (PMMA =
poly(methyl methacrylate)). Size of a nanocrystal is typically ~100 nm wide and
a few tens of nanometers thick as seen in the scanning electron microscopy (SEM)
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Fig. 7.11 Typical Z-scan
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image in Fig. 7.10a. The photograph of the film on a CaF, substrate is shown in
Fig. 7.10b.

Figure 7.10c shows the absorption (x) spectrum of the [Ni(L),Br]Br, film,
together with the spectrum of a single crystal of [Ni(chxn),Br]Br,. The latter is
obtained as the sum (o420 ) of the polarized absorption spectra o, and o, , which
were calculated from the polarized reflectivity spectra for the electric field of light
parallel and perpendicular to b, respectively, through the KK transformation. The
spectral shape of « in the [Ni(L),Br]Br, film is in good agreement with that in the
[Ni(chxn),Br]Br, single crystal. No significant enhancement of the background due
to light scattering is observed even in the higher energy region (~4 eV), suggesting
the high quality of the film as an optical media.

Typical Z-scan profiles of the [Ni(L),Br]Br, film are presented in Fig. 7.11. The
measurements were carried out with the light pulse of the optical communication
wavelength 2 = 1.55 um (the photon energy 7w = 0.80eV). The upper panel
shows the nonlinear increase in the absorption (decrease of the transmittance)
around the focal plane (z = 0) in the open aperture condition. The one-photon
absorption is negligible at 0.8 eV so that the observed nonlinear signal can be
attributed to two-photon absorption (TPA). The profile in the partially closed
aperture condition includes the TPA component as well as the component for the
optical Kerr effect described by Re}5<3>(7w; ®, —m, »). By dividing the profile in
the partially closed aperture condition by that in the open aperture condition, the
profile for the optical Kerr effect alone was obtained, which exhibits a plus—minus
structure characteristic of self-defocusing, as shown in the lower panel of Fig. 7.11.

The two profiles in Fig. 7.11 were well reproduced by the theoretical profiles
predicted for the third-order nonlinear optical response, as shown by thin solid
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lines. From these profiles, Rey®) (—w;w, —w,®) and Imy® (—w;w, —0, ») at
1.55 pm were evaluated to be —1.5 x 10~ and 0.56 x 10~° esu, respectively,
both of which are also very large. Taking the discussions in the previous
subsections into account, the two-photon state (1.6 eV) corresponds to the even-
parity states within the continuum. The large TPA associated with the even-parity
states could be also explained by the fact that the degeneracy of the odd- and even-
parity states enhances the dipole moment <1|x|2> between them.

7.3.4 Ultrafast Optical Switching [5]

High repeatability of the switching operation is the most important condition for
all-optical switching devices. To investigate the performance of Ni—X chain
compounds, the repeatability of the TPA phenomenon in the [Ni(L),Br]Br; film
was investigated by double pump pulses. Energies of the pump and probe pulses
were set at 0.56 and 0.93 eV, respectively, both of which are located in the
transparent region as shown in Fig. 7.12a. Figure 7.12b shows the time characteris-
tic of the transmittance change AT/T. The first pulse gives rise to an instantaneous
decrease in the transmittance, which is followed by its ultrafast recovery. This
indicates that the decay time of the photoexcited states is much shorter than the time
resolution of the measurement system, which is about 180 fs. The second pump
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pulse applied 1 ps after the first pulse produces the same changes of the transmit-
tance, AT/T, as the first pulse. This result indicates that an optical modulation of
more than 1 THz repetition is possible. Such high repeatability of optical switching
by the TPA process as well as the large 1(3 ). demonstrates that the [Ni(L),Br]Br,
thin film has a really high potential as an optical switching medium.

7.4 Summary

The third-order optical nonlinearity in one-dimensional Mott—Hubbard insulators
of Ni-X chain compounds is reviewed from the experimental viewpoint. The large
%® values in Ni-X chain compounds were revealed by the electroreflectance
method. The spectral analyses based on the discrete-level models clarified that
the strong electron correlation results in the degeneracy of odd-parity and even-
parity CT excited states. Such degeneracy of excited states leads to the large
transition dipole moment between those excited states and is the origin for the
large third-order nonlinear susceptibilities %3 in Ni—X chain compounds. In other
one-dimensional semiconductors belonging to Peierls or band insulators, on the
other hand, the lowest two excitons are not degenerated and, therefore, 1(3) is
relatively small. In Ni-X chain compounds, detailed ER and THG measurements
revealed the presence of another essential state with odd-parity, which corresponds
to the edge of the continuum state. Such information also made clear the excitonic
effects in Ni—X chain compounds. Z-scan experiments on the thin film samples
evidenced that Ni-Br chain compounds show large optical nonlinearity at optical
communication wavelength. Moreover, the pump—probe experiments demonstrated
that all-optical switching operation is possible at 1 THz repetition rate. Thus, Ni-X
chain compounds show hopeful ultrafast third-order optical nonlinearity based
upon the novel mechanism resulting from strong electron correlation, which is
different from that in other one-dimensional semiconductors.
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Chapter 8
Theory of MX Chain Compounds

Kaoru Iwano

8.1 Theoretical Framework

8.1.1 Overview

MX chains are fascinating materials not only for experimentalists but also for
theorists. They are almost ideal examples of one-dimensional systems and become
very good stages for us to check and deepen our knowledge and experiences about
the latter. Of course, we know famous polyacetylene and other conjugate polymers,
which had already been known when we started the studies of MX chains. In fact,
the models applied for polyacetylene are similar, in some sense, to those models for
MX chains that we introduce from here on. However, we have more varieties in
both the kinds of compounds and the types of electronic and lattice states. Here, we
state the most important classification:

Pd and Pt complexes — Charge —density —wave (CDW) systems,

Ni complexes — Mott—insulator systems.

In Fig. 8.1, these two categories are very schematically illustrated. Readers
may see apparent differences between them. Namely, in Pt and Pd complexes, the
5(4)d. orbital of Pt (Pd) that extends along the chain direction is doubly occupied or
empty, leading to a so-called mixed valence of +2 and +4. On the other hand, in Ni
complexes, the corresponding 3d.» orbital contains one electron univocally, leading
to the valency of +3. Here, it will be important to comment why we think about d»
electrons. Assuming a formal valency of +3, the d-electron configuration is d’.
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Fig. 8.1 Schematic picture of electron and halogen-lattice configurations

The metal ion is more closely surrounded by the ligands or more specifically by their
N coordination atoms than the halogen ions. This structure relatively lowers the level
of d» compared with that of d,>_», leading to the situation of a half-filled band of d
as the average. Returning to the case of Ni, we also see an antiferromagnetic spin
order at least within a short range. This monovalency and spin correlation are the
central issues in the Ni complexes and we will discuss them extensively in later
sections. We here only emphasize that the main driving force of this singly occupied
electron configuration is the Coulombic repulsion working between the two
electrons (spin = T and |) occupying the same site.

Regarding the lattice configuration, the halogens dimerize in the Pt and Pd
complexes. This dimerization inevitably makes two nonequivalent sites for Pt and
Pd sites; the site to which the two neighboring halogens come closer and the site
from which the same halogens apart. When we recall a general tendency that the
halogens take (—1) valency, it will be easily understood that the electrostatic site
energy goes higher (lower) for the former (latter). Meanwhile, the halogens in the
Ni complexes make a striking contrast. It was experimentally observed that they
reside at the midpoints. Thus, the monovalency in the Ni complexes is very
consistent with its lattice configuration. The first purpose of theories is thus to
describe these very different states in a unified manner, in other words, using a
model that is almost common but a few key parameter values.

8.1.2 Model

First of all, we explain the simplest model, i.e., an extended Peierls—Hubbard
model [1-4]:
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N N N
Hepn = —to Z Z (C[THJC/(,- +he.) + UZ niyny + VZ N1
I=1 I=1

o=T. =1
N K N

—“Z(Qm —Qz)nH-E ZQ% 8.1
=1 =1

The naming of this hamiltonian originally comes from one of the most typical
hamiltonians in the solid-state physics, that is, the Hubbard model [5]. As is well
known, the Hubbard hamiltonian describes an electronic system composed by one
orbital at each site, being especially characterized by strong on-site (within-the-same-
orbital) Coulombic repulsion of the energy scale U. This model is widely used as a
minimum model of electron correlation typically for 3d electrons and is the basis for
our model construction. Here, we also assume only one orbital for each site, i.e., the
5d» orbital for the Pt site, the 4d.» orbital for the Pd site, and the 3d.. orbital for the Ni
site, as we have already mentioned in the previous subsection. The first term and the

second term are thus a Hubbard-like part, with C;, and CI; being the corresponding
destruction and creation operators of the electron at the /th site with ¢ spin.

However, in our MX-chain systems, only the first two terms are not sufficient.
We must include at least two key ingredients. One is the long-range Coulombic
repulsion working between different metal sites. In the above model, this effect is
represented by its shortest part, i.e., the nearest-neighboring (n. n.) term of which
the energy scale is V (see the third term). The word of “extended” in the model
name just comes from this term. This term gives two essential effects. One is the
stabilization of the CDW state. The other is the exciton effect that makes an
electron—hole bound state and strongly modifies the optical spectra in both the
CDW and Mott-insulator states. We will give detailed explanations about these
effects in the forthcoming sections. Regarding the part beyond the nearest
neighbors, we do not consider them explicitly, because any substantial effect
originating from it such as frustration is not observed in these materials.

One more important effect originates from the lattice. As we have already
discussed in Sect. 8.1.1, the most important and experimentally observed lattice
effect is the halogen displacement [6]. We therefore include its effect as the second
line, defining Q, as its displacement along the chain direction as is illustrated in
Fig. 8.2, and « as its electron—lattice (e-1) coupling strength. Since this type of e—1
coupling usually induces a Peierls transition, we add “Peierls” to the name of our
hamiltonian. It will also be necessary to add an explanation to the last term. In this
model, the positions of the metal ions are assumed to be fixed because the metal
ions are connected to the backbone of the crystal through the ligands surrounding
them. For this reason, the halogen prefers the midpoint position between the two
consecutive metal ions when they have the same valencies, and so we write the
elastic term as that in Eq. (8.1).
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Fig. 8.2 Definition of the q

halogen displacements > X
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As the last remark about this hamiltonian, we mention another type of eI lattice
coupling that modifies the electron transfer. Such type of coupling appears very
typically in the model of polyacetylene [7], but it is missing here. The reason is that
our transfer term originates from a super transfer via the halogen p. orbital and that
the halogen displacement Q, only gives a second-order effect to it.

Next, we rewrite the hamiltonian slightly to make the following discussion more
transparent [1]:

N
Hepm = — 1o Z Z C[+1O-CIU +he.) + Uznmnu + Vznlnm

o=1,1 =1 = =1

N N
Z (8.2)

I\Jlf/:

-S> (@1 —a)m +
=

~

Here, the e-1 coupling strength S is introduced by S =0¢?/K, and the
displacements are replaced by ¢; by the definition of Q; = (2/K)gq;. Note that S
has the dimension of energy and that ¢; is dimensionless.

In the extended Peierls—Hubbard model, we neglect the contributions of the
other electron orbitals. Thus, as candidates of other models, it is very natural to
introduce such orbitals that may be located close to the corresponding d.» orbitals.
Based on the results of first-principles calculation, which we briefly summarize in
the next subsection, we know that the most important orbital to be added is the
halogen outermost p, orbital. In fact, as we have already mentioned, they play the
role of an “island” in the super transfer that we have already mentioned. Moreover,
this orbital is rather close to the Ni 3d.. orbital and comes into the Hubbard gap of
the latter, as we will see in the forthcoming sections. For these reasons, we construct
the following dp model [8, 9]:

Hdp = — Z (l)(CLIGC[O— +hC + Z I’ll + Z U phuthy|

1=odd
+ Z Uanpny + ZV mny + Z Vophini2
I=even I=odd
K;
+ > Vdd”l”l+2+z 07, (8.3)
I=even

where C ;fa and Cy, are assigned to the orbitals of the metal and halogen sites with /
being even and odd, respectively. As for the other parameters, their meanings will
be almost self-explanatory in Fig. 8.3 and we reserve the details including actual
site-dependent expressions for later discussions.
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Fig. 8.3 Illustration of the dp t(1), V(1)
model
Ud Up
— —
OI QI+1

Readers may notice that the relationship between these two models is analogous
to that in cuprates. Namely, in the cuprates, both a single-band model consisting
only of Cu 3d._p and a two-band model augmented by O 2p orbitals were
discussed. In particular, the situation in the Ni complex is very similar to that in
the cuprates, from the viewpoint of the charge-transfer (CT) insulator that will be
commented later.

Another possible orbital to be added would be, for example, a molecular orbital
in the ligand. Fortunately this is not the case of ethylenediamine (en), since the
molecular orbitals in this ligand are all ¢ orbitals and are located relatively much
higher or much lower. We must be careful that this simplification is not applied for
ligands that have 7 orbitals.

8.1.3 Phase Diagram

In this section, we discuss a ground-state phase diagram expected for the extended
Peierls—Hubbard model, because the ground state properties are essentially shared
by the dp model. Before introducing a detailed result, we present a simple analysis
in the localized limit, that is, the case of vanishing electron transfer. In the localized
limit, the picture in Fig. 8.1 becomes exact and we easily calculate the energy for
each state. In the CDW state, for example, the value of g; is optimized using the last
line in Eq. (8.2) (we rewrite the forth term as — SX;(n;_; — n;)q;and setting n; as . . .
,0,2,0,2,.... As aresult, g becomes 2 alternately and gives the energy of
—4S + U per one unit cell, i.e., two pairs of “MX.” In the case of the Mott-
insulator, it has the energy of 2 V for the same segment of the chain. This easy
arithmetic gives us a simple criterion for the relative stability between the two
states; when 4S5 + 2V >U, the CDW is stabilized, while, when 4S5 + 2V <U, the
Mott-insulator is stabilized. In other words, the el interaction S and the nearest-
neighbor electron mutual repulsion V collaborate to drive the CDW state, while the
on-site electron repulsion U drives the Mott-insulator state.

The validity of the above arithmetic is verified by further calculations including
the effects of electron transfer. What is interesting is that the above criterion is exact
within the framework of a Hartree—Fock (HF) calculation, as was shown by Nasu
[1]. He further applied a random-phase approximation (RPA) to this model and
considered a phase diagram even including the effects of magnon excitations. The
result is shown in Fig. 8.4, and we see a slight intrusion of the Mott-insulator phase
into the CDW phase, which was due to the stabilization of the former by the
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Fig. 8.4 Phase diagram T
expressed by a tetrahedron.
The region named SDW
corresponds to the Mott-
insulator state in this article.
Reprinted from Nasu [1]
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magnon excitations, in the sense of a standard second-order perturbation.
Such further stabilization of the Mott-insulator state beyond the HF level
was also confirmed by a modern density-matrix renormalization group (DMRG)
calculation [10].

8.1.4 First-Principles Calculation

First-principles calculations are generally very important in discussing materials
especially when they are new and people do not have a rigid picture about them. An
idealistic way of a theoretical approach will be, first, a first-principles calculation
and, next, model calculations on the basis of it. In this sense, the history of
theoretical development on these materials was reverse; first the ideas and
investigations of model calculations, and then first-principles calculations
appeared. I myself think that this is also allowed because such history seems to
indicate a splendid intuition of the people who launched the theory represented by
the models like Eqgs. (8.1) and (8.3). In fact, the validity of those models was assured
by the first principle calculations done afterward. Alouani et al. performed all-
electron local-density-approximation (LDA) calculations extensively [11-13]. In
their results, it was first confirmed that the most important orbitals around the Fermi
energy were corresponding d» orbitals, but they were strongly hybridized with the
neighboring p, orbitals. In this sense, a single-band model like Eq. (8.1) should be
interpreted as an effective model in which the orbital at the metal site is a d,» orbital
combined with neighboring p. orbitals with appropriate signs, as is the case in the
so-called Zahn—Rice singlet [14].

They also reported other important properties, for example, the realization of
CDW for Pt systems and that of an undimerized antiferromagnetic insulating state
for a Ni system. Exactly speaking, the latter state found in their calculation is not
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truly realistic because we must have a Mott-insulator state, in which spins are
strongly fluctuating, so as to reproduce the temperature dependence of magnetic
susceptibility in this system, that is, that of a Bonner—Fischer type. In the LDA
calculations, on the other hand, we find a long-range order of antiferromagnetic
type, because of the mean-field nature of those calculations. Such deficiencies are
solved in the model calculations.

Iwano et al. performed density-functional theory (DFT) calculations for [Pt
(en),][Pt(en),Cl,](ClOy)4 (hereafter PtCl), using a quantum-chemical molecular-
orbital method [15]. They also found a similar property, namely, the importance of
5d,. orbitals and its strong hybridization with the Cl 2p, orbitals. What was a matter
of interest was the atomic valencies of the Pt ions because people in this field (also
in this book) often mention their nonequivalent two valencies, namely, +2 and +4.
Unfortunately, the result of the usual Mulliken analysis was disappointing. They
found +2.3 and +2.1, instead of +4 and +2, respectively. Nevertheless, they thought
that the whole result was sound and consistent with the CDW picture, since the
electronic excitations were correctly the CT excitations from 5d.» (allegedly Pt**) to
5d,» (allegedly Pt*"). The above valency of +2.3 rather seems to indicate the strong
hybridization with the halogen orbitals approaching to that, in a way like (+4) + 2
X (—1) ~ (+2). As one more comment, the hybridization of d,» orbitals with the
molecular orbitals of en is rather small. It was once argued that that hybridization
was a origin to reduce the on-site Coulombic repulsion effectively potentially
yielding the electron density spread to the ligand, but their result demonstrated
that such an effect was not a dominant one.

8.2 CDW (M=Pt and Pd) Systems

In this section, we discuss the CDW systems from various aspects. From the
viewpoint of electron correlation, this system might be a little “boring” except for
the case in the vicinity of the phase boundary to the Mott insulator. However, this
has a great significance from the view point of el interaction and its manifestation
both in the optical spectra and the photoexcitations of nonlinear excitations like
solitons. The solitons are defined as a domain wall that separates the two equivalent
phases of the CDW. The formation of a soliton pair thus means a domain formation
in a uniform background. As far as we know, such a dynamical process has not been
analyzed completely even until now, not only in this field but also in other fields, in
spite of its importance as a many-body problem. The largest reason lies of course in
its difficulty mainly due to the quantum nature of the lattice. In this sense, this
section is also not a complete one and we are still on the way. We nevertheless
believe that the results are correct at least as a rough sketch and that they
will provide further motivation not only for the author himself but also for the
readers.
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8.2.1 Ground State

We start our analysis of the extended Peierls—Hubbard hamiltonian in Eq. (8.2),
based on a Hartree-Fock HF approximation. Such a treatment is elementary, but it is
a good exercise to prepare ourselves before advanced calculations. In this approxi-
mation, we simply replace the interaction terms in Eq. (8.2) using this recipe:

mynyy — g (ngy) + (g — () ()

mnger — (i) + (aneey — () (ng)

- {chcuchcin +ne — L coclenn}, e

where the brackets (. ..) are the mean fields to be determined self-consistently. In
practical calculations, we start from (n;,) = 7, and (CITC I+16) = My, with 7, being
and my,; appropriate c-number distributions. Such an assumption enables us to make
a one-body mean-field hamiltonian as
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N N

(A + npay — agagy) +V Z (i1 + mify — i)
- =1

to + Vi, CLIGC[J +h.c. — V|mlo| )

Mz

+U

~

1

-8

NIU)

611+1 - 41 ny+

N
=1

Z (8.5)

li

Assuming a classical distribution for ¢;, we can now solve this hamiltonian very
easily. Since we only treat the case of zero temperature throughout this article, the
expectation values like (n;,) are obtained by selecting the lowest N /2 one-electron
orbitals for each spin (V. is the total electron number). We then try iterations until

self-consistency conditions as (n,,) = 7i;; and (C;,Ci114) = My, are satisfied. Thus,
this is a type of mean-field treatment, while it is educational to emphasize that this is
a variational method at the same time. The variables like 7, there work as
variational variables that minimize the expectation value of the original hamilto-
nian through the Slater determinant determined by Eq. (8.5). This variational
aspect, which is easily proved by taking functional derivatives of each one-electron
orbital function, is very important, since modern methods like a density-matrix
renormalization group DMRG treatment are also variational methods in a much
more extended meaning.

Returning to the CDW problem, it is natural to set ¢; = go(—1)', iy = 1/2

+5n(—1)1, and m;, = m. Moreover, using the Hellmann—Feynman theorem,
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we require that ¢; be equal to (n;—;) — (n;), which gives gy = 40n. The electronic
part to be solved is then

Ho= =T Y (€L, Clo+he) + 3 (U2 +20) + (-1)D)s, 86)
lo lo

where T and D are defined as #, + Vm and (8S + 4V — U)dn, respectively. To
diagonalize this hamiltonian, we introduce one-electron states C,, using one-
electron wave functions ¢,,, as Cus = ), ¢ W(I)C;ra. Then, the eigenvalue equation
becomes

MyE () = tuoh o (D), 8.7)
where
MEF = —T(31p11 +01p-1) + (U/2+2V) + (=1)'D)dy. (8.8)

This equation is easily solved writing the wave functions in the form of a Bloch
state, namely, as ¢, (/) = e*u(I), with a periodic function u (/) and a momentum k.
We here drop the spin indices because the CDW state has no spin polarization.

Since the spatial period of this case is two, we can express the periodic function as

ur(l) = a(k) + (=1)'b(k) , and then the eigenvalue equation is reduced to the
following 2 x 2 form:

(—2Tcos(k) JIS(U/2+2V) S +D(U/2+2V)> <Z> = 9#(Z> . (8.9)

Solving this equation in an usual way, we find
en=(U/2+2V)+ /D> +4T?cos? (k) = (U/2+2V) £ & (8.10)

and the signs + correspond to valence (v) and conduction (c) bands. It turns out here
that the label u corresponds to the sets of (v, k) and (c, k). As for the values of &,
we impose a periodic boundary condition (PBC), i.e., ¢,(/ +N) = ¢, (/) and find
k= (2n/N)m with m being an integer. We also emphasize that the total
number of the one-electron states is N, except for spins. We then restrict the
range of k to — /2 < k<m/2 so as to count N/2 states for each band, which
procedure is nothing but a band folding typical to a superlattice structure. Finally,
we display a normal orthogonal basis set for the one-electron states thus obtained:
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Fig. 8.5 HF solution for CDW. (a) Halogen lattice displacements, (b) electron density, and
(c) a one-electron energy band diagram. In (c), the band center that is originally at U/2 + 2V is
set to the origin
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(8.11)

where N is assumed to be a multiple of 4, and the coefficients are defined as

afk) = | 2L costh) igos(k), 8.12)
b(k) = ,/1%:05(@. (8.13)

Now, we are prepared to determine the magnitudes of the mean fields, i.e., on
and m, for each set of the model parameters. Below, we show one example
of the results obtained for a realistic parameter set for the PtCl complex, that is,
W, V,S, ty) = (2.0, 1.2,0.27, 1.3) in units of eV. Readers may remember a simple
arithmetic, 4S + 2V>U, for a stable CDW, which assures a truly stable CDW
solution for this parameter set. In Fig. 8.5, we draw the lattice distribution and the
electron density thus obtained also with the one-electron energy band diagram. As
is seen in (b), the densities at the two nonequivalent sites are 1.64 and 0.36, which
correspond to M*>3® and M*>®*, respectively. Such fractional valencies are a
feature of the itinerant system. When we pay attention to the energy bands, we
notice the energy gap between the conduction and valence bands. The value of
3.15 eV is larger than the optical gap of the PtCl compound, i.e., about 2.7 eV [16,
17], and the readers may think that the present parameter set will not be appropriate
for explaining this compound. In the next subsection, we explain how this discrep-
ancy will be solved by a further analysis.

and
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Fig. 8.6 Comparison of the
optical conductivity spectrum
calculated by the HF
approximation and a
schematic picture of the
measured spectrum. In the
case of PtCl, E;, is around
2.7eV
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8.2.2 Optical Properties

In this subsection, we discuss the optical properties of the CDW systems. As is
introduced in the experimental section, a prominent feature in the absorption
spectra is the strong absorption band whose intensity is more or less concentrated
at the lower edge, as schematically illustrated in Fig. 8.6 (right panel). Moreover,
the band takes the form of an asymmetric Lorentzian. These features are hard to
explain solely by the HF calculation shown in the previous subsection. In fact, The
HF calculation gives a broad absorption band extending from the HF gap to the
excitation energy from the bottom of the valence band to the top of the conduction
band (see the left panel of Fig. 8.6).

Iwano et al. thought that this discrepancy came from the effect beyond the HF
approximation, namely, the exciton effect, and investigated it [18]. To start such a
calculation, it will be convenient to separate the original hamiltonian in Eq. (8.2)
into its HF part and the remaining part:

Hepry = Hepmopr + AH. (8.14)

Our task is then to express AH in terms of the basis set that we constructed in the
HF calculation. As the first step, we rewrite the fluctuating part AH as

AH =U Y (i = () (= () +V D (= () (s — (ma41))
! !

+Vy (<C}L+1(,C,(,>CI,C1+1(, +he) =V |<CL10C,0> 2 (8.15)
lo lo

Here, we assume that the mean field in the brackets are already adjusted self-
con51stently We then insertCj, = > 1o ¢ o (Hc 10> and rearrange the terms, keeping

in mind ( !d);w ’ and (CLIJCH =X, (1 + 1)¢,,(l) (X' means the
summation over all the occupied states). From here on, we use the notation that u
and i are the unoccupied and occupied one-electron states, respectively. The results
of the rearrangement are rather lengthy, so we only summarize their basic results. If
we call the states like CsCiq|®p) particle-hole excitations (|®y) is the HF ground
state), they constitute a subspace of bare one-electron-excited states (see Fig. 8.7a).
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Similarly, the states like CI(,CWCL,CN«\(DO) also correspond to particle-hole
excitations, but in this case two electrons are excited from the valence band to the
conduction band, as shown in Fig. 8.7b. In the following calculations, we only treat
the former states and diagonalize the hamiltonian within the subspace of one-
electron excitations. This type of calculation is the simplest form of so-called
configurational interaction (CI) calculations and is often called single CI. In this
framework, the singlet excited state and the triplet excited state of S, = 0 compo-
nent are expressed as

|®5) = (1/v2) Z s(C) C,T+CLC,¢)|¢0> (8.16)

and
"I/T 1/\/— Zf;u uT Clicll)‘¢0>’ (817)

respectively. Here, the new functions, and ui» are to be obtained by the following
eigenvalue equation:

MGDFST () = Bt ST (i) (8.18)

where

M= SuiniCen =)+ S (VD DD, DB+ D) (14 1)~ [T (14 1)
!

12V, <>¢ <l+1>¢ (D14 1)+l = (1+1)

+US, (), (1) )
(8.19)
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Fig. 8.8 Optical conductivity spectra without lattice fluctuation (a) and with lattice fluctuation
(b—d). The dotted curve in (b—d) is a Lorentzian fitted to the high-energy side of each peak.
Reprinted from Iwano and Nasu [18]

and

Ml = S — )+ Y (VDS + Dy + 1) = 1 (14 1))

i

U, (19, (06D ,(1) ) (8.20)
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Note that we assume real one-electron orbital functions to avoid any unnecessary
use of complex values. Such a selection is really possible, because we only need to
take the real and imaginary parts of Eq. (8.11).

Thus, we have reached a computer-friendly expression of the eigenvalue equa-
tion. The dimension of the matrix M is generally (N /2)* by definition. However, in
a regular CDW case, it is reduced to N/2, because the states can be classified into
N/2 groups having different momenta k. In Fig. 8.8a, we show an optical conduc-
tivity spectrum thus calculated. By the way, the parameter set is different from the
previous one, but the essential features are maintained. Readers will see that the
spectrum calculated by the HF approximation (the left panel of Fig. 8.6) is strongly
renormalized to the new spectrum by the effect of AH. In particular, the intensities
widely distributed in the former spectrum are now concentrated at the lowest
position, accompanied by a downward shift of the absorption edge. This is nothing
but an exciton effect, in which Coulombic attraction makes a pair of an electron and
a hole bound to each other and forms an exciton. We usually call this downward
shift of the absorption edge the binding energy of the exciton.

We are now closer to the understanding of the measurement shown in Fig. 8.6.
As is seen in Fig. 8.8a, the main peak is a line spectrum, seemingly consistent with
the measured one. This is deeply related to the nature of the exciton. First, the
exciton has an energy band without losing a translational symmetry. We claim the
mutual binding of an electron and a hole, not the binding of their center of gravity.
Second, we must remember that visible or near-infra-red light has a long wave
length of about several thousand Angstroms. Therefore, the exciton state that is
accessible by such light is only K ~ 0 state (K is the momentum of its center of
gravity). This restriction makes the main peak a line spectrum.

So, what happened to the free electron—hole pairs that existed before the
renormalization? Obviously, a part of them have K = 0, and they in principle can
contribute to the optical spectrum. This calculation, on the other hand, shows that
their intensities, which are located at higher energies than that of the exciton peak,
are almost negligible. This is a feature typical to one-dimensional systems, as
reported by other authors [19, 20]. Instead of giving mathematics, we here explain
it intuitively. In one-dimensional systems, an energy band has divergent density of
states (DOS) at both its sides, as will be seen in Fig. 8.5c. This property enhances
the renormalization, since the renormalization is accomplished gathering the states
around the band edge.

Lastly, we give a final answer to this absorption-spectrum problem. While the
treatment so far gives a line spectrum as the main peak of the optical conductivity,
we must look for one more ingredient to make the spectrum as broad as the
observation. To finish our quest, it is very important to recall that we are discussing
the strong el system. This strong e-l interaction is one of the two factors that give
the large CDW amplitude. Then, we think that this e-1 interaction will also give a
large fluctuation to the main peak. In Fig. 8.8b—d, we show spectra in which effects
of lattice fluctuation are incorporated [18]. We here use a standard semi-classical
formula as



8 Theory of MX Chain Compounds 125

hiwg Hiwg
ke T* = 20 coth
B 2 N eTe

(8.21)

where Tg, T*, and o are a real temperature, an effective temperature, and the
frequency of the relevant phonon mode, respectively. In these calculations, 7% is
assumed to be several typical temperatures and we perform averaging over
fluctuations by using a classical Monte-Carlo simulation. Note that 7* of 200 K
almost corresponds to the real zero temperature case, because wq of PtCl as that of
the halogen symmetric stretching is about 38 meV. As a result of this treatment, we
see that the observed main peak, which we described as an asymmetric Lorentzian,
is reproduced satisfactorily including the spectral shape, and our first question about
the nature of the CDW absorption spectrum is now answered as “Yes, it’s an
exciton!”

In the rest of this subsection, we mention some further works in this course. We
already pointed out that only K ~ O states are accessible by visible or near-IR light.
Even within this restriction, we can find out variety in the excited states. The point
is that we sometimes have more than one exciton band. We usually call them the
first exciton, the second exciton, the third exciton, and so on, in the increasing order
of energies. The main peak we have discussed corresponds to the first exciton, and it
has the odd parity with respect to the spatial inversion symmetry. As for the second
and third excitons, if they exist, they have the even and odd parity, respectively.
What is interesting is that we can detect the second exciton, which is usually
optically forbidden, by applying a dc-electric field. This idea was also tried and
confirmed both experimentally and theoretically [21, 22]. Furthermore, in a more
general context, such an experiment belongs to nonlinear optics where more than
one photon is involved in a optical process, because a dc-electric field can also be
regarded as a photon with zero frequency. Extending the idea in this context, we
also expect another nonlinear optical effect, for example, a third-harmonic genera-
tion, which was also confirmed by both a theory and an experiment [22, 23].

8.2.3 Soliton and Polaron

In this subsection, we discuss so-called nonlinear excitations such as a soliton and a
polaron. Readers may be familiar with the polaron, a hole, or electron carrier
moving with a phonon cloud around it, which is a rather popular concept in the
solid-state physics. Even in the theory of MX-chains, polarons have the same
meaning, while it is heavily renormalized with the strong e-l interaction that we
have already mentioned. The solitons, on the other hand, have unique natures,
which directly reflect the twofold degeneracy in the CDW ground states.

In Fig. 8.9, we illustrate possible nonlinear excitations inherent in this system,
including one of the two CDW ground states (topmost panel) and its exciton state
(below the CDW panel). All these nonlinear excitations or the paired states of them
are thought to be possible to be created by photoexcitation. Let us start from the
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CDW state in the top panel. Shining light will excite one electron from the deep
well (M** site) to the shallow well (M** site). As we have already discussed in
detail, the exciton state is a bound electron—hole pair. In this case, the exciton
resides at the two neighboring M sites as shown in the “Exciton” panel. We here
emphasize that the localized position of the exciton, namely, the position at
a particular pair of metals, i.e., M**M?*, is just for convenience in drawing
the figure. The exact form of the exciton must obey the translational symmetry
and the spatial inversion symmetry (the inversion center is located at either the M>*
site or the M** site).

Following this excitation, we expect a self trapping of the exciton, that is, the
localization of the center of gravity of the exciton. Of course, this cannot occur
solely within the electronic degrees of freedom. We rather expect that a partial
melting of the halogen-dimerized pattern will cause such localization. In a sense,
this is very natural because the exciton, which is nothing but M3+M3+, prefers such
a lattice deformation, as is so in the Mott-insulator state. This state is usually called
a self-trapped exciton and abbreviated as “STE” (see the corresponding panel of
Fig. 8.9). From the exciton to the STE, the elevation of the M?* level and the
dropping of the M** level occur, as shown in the top panel of Fig. 8.10.

If we proceed with this process by one more step, we will expect a complete
inversion of the lattice pattern in this local area and a simultaneous electron
transition following this lattice movements, as is shown in the third panel of
Fig. 8.10. Furthermore, we continue the process as described in the third and fourth
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Fig. 8.10 Process to yield a soliton pair from the STE. The blue vertical arrows specify the
directions of the potential (lattice) changes. The green arrows mean the supposed electron
transitions

AQ=1

Fig. 8.11 Staggered lattice displacements leading to the inversion of the CDW phase

panels, and obtain an enlarged region of the inverted phase. Now, if the readers
compare this fourth panel and that denoted by “S,.S_" in Fig. 8.9, we notice that we
have made the same state. This is nothing but a soliton state, and in this case we
have made a pair of “charged solitons.” On the other hand, we also think about a
similar but slightly different state as denoted by “SyS,” which is called a pair of
neutral solitons. Leaving the explanation why they are charged or neutral, we
proceed with our gedanken experiment. In the case of polarons, we think that an
electron and a hole in an exciton or in an STE will separate to each other. The
isolated electron and hole thus formed deform the lattice around themselves, but no
more invert the CDW state. As a more likely process, a free electron—hole pair will
also yield the polarons independently. In any case, we expect a polaron pair, P'P~,
as depicted in Fig. 8.9 (bottom panel).

From here on, we introduce a calculated result to demonstrate the validity of the
above idea [24]. In this calculation, we trace the ground and excited states based on
the following lattice configurations:

(=(=5) 1)
I+AQ(tanh|{ ———2] — 1], (8.22)

q = 610(—1)]




128 K. Iwano

Energy (eV)

Energy (eV)

Fig. 8.13 Adiabatic potential surface of the ground state (singlet). Reprinted from Iwano [24]

two typical patterns of which are illustrated in Fig. 8.11. As is seen in the figure,
these patterns continuously connect a local deformation like the STE and a kink-
anti-kink structure with an inverted region in between as the structures of the
solitons. Regarding the calculation method of the electronic states, we perform
almost the same type of calculation that we introduced in the previous subsection,
namely, the HF calculation for the ground state and the single-CI calculation for the
excited states, although the lattice configuration is fixed and not optimized in
this case. Using the same parameter set as that in the previous sections, namely,
W, VvV, S, tp) = 2.0, 1.2, 027, 1.3), in Figs. 8.12 and 8.13 we show adiabatic
potential surfaces as functions of the degree of deformation, AQ, and the
soliton—soliton distance, /y. The amplitude of the regular dimerization, ¢, is of
course determined beforehand. The width of each soliton, w, is optimized at each
point of (AQ, [y). Looking at Fig. 8.12, we now judge that the energy of the charged
soliton pair is higher than that the STE in this parameter set. Moreover, inspecting
both the two surfaces, we find that the STE is located higher than the neutral soliton
pair. These features are understood within a general trend [24], although we do not
enter into the details here. The cross section at AQ = 1.0 in the next figure is placed
to make these features more transparent.
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Fig. 8.14 Cross section of the two singlet potential surfaces at AQ = 1.0. Reprinted from
Iwano [24]
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Fig. 8.15 Cross section of the adiabatic potential surfaces calculated by the DMRG calculation.
S1, 52, and S3 are the first three excited states, while 7'1 and 72 are the first two triplet states

The readers might ask why we can distinguish the two types of solitons. Even
within this calculation, it is possible by inspecting the electronic density distribu-
tion in each state. Meanwhile, it is much clearer if we try a more advanced
calculation, that is, a DMRG calculation (K. Iwano, unpublished). In this method,
we can maintain the spin and spatial inversion symmetry almost perfectly, while in
the previous method the symmetries are not generally maintained except for some
cases like the regular CDW. The DMRG method enables us to separate singlet and
triplet states accurately, by which we are able to distinguish the soliton states. In
fact, we observe the degeneracy between S1 and T1 for a large /y, which clearly
indicates that these are neutral solitons. As will be understood from Fig. 8.9, the
neutral soliton has an unpaired spin, a pair of it having singlet and triplet states. It is
natural that they degenerate for a large soliton—soliton distance, since the effective
exchange coupling between them vanishes in the limit of a large distance. Mean-
while, we also notice a degeneracy between the S2 and S3 states. It is then naturally
interpreted as a charged-soliton pair, since a pair of it has the two choices of §,5_
and S_S,.
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Fig. 8.16 Illustration to explain how to count soliton charges. (a) A charged soliton case and
(b) a neutral soliton case. The numbers are the electron occupancies at each metal site

Finally, we discuss possible processes expected from these results of the adia-
batic potential surfaces. Looking at Fig. 8.14 or Fig. 8.15, we judge that the charged
soliton pair is unlikely to be formed using the same path as that the STE follows,
since the former has a higher energy than the latter, as is already mentioned. Such a
situation does not support the idea of a short life time of the STE due to the charged
solitons. Of course we cannot completely exclude another possibility that the
energy of the charged-soliton pair is lower than that of the STE. However, in our
opinion, it is against a relatively large U value that is naturally deduced from a large
V value. Here, it is emphasized that we need the latter to have the strong exciton
effect. In turn, what about the possibility of forming the neutral solitons? We think
that it has plenty of chances. We here mention two scenarios. One is the path within
the singlet channel. In this case, it is a nonadiabatic transition from S2 to S1, as
indicated by the wavy like in Fig. 8.15. Although a realistic calculation has not been
performed yet, a prototype calculation predicts that appropriate inclusion of phonon
modes will enhance the transition probability up to a realistic value, for example,
several 10 ps as a life time of the STE [25]. The other scenario is based on a
singlet—triplet conversion. Actually, Fig. 8.15 shows a downhill course on the T'1
surface from the STE to the neutral-soliton pair. In this case, we need a sufficiently
large singlet—triplet conversion rate and it is not unrealistic because Pt is a heavy
atom.

In the rest of this subsection, we discuss the charge-spin property of a soliton.
The soliton has its own charge and spin even though it is a composite particle made
of several electrons. Regarding the spin, it will be easier to see. Just looking at
Fig. 8.9 once more, we immediately notice an unpaired spin at each site of S,. We
therefore state in confidence that the neutral solitons have a spin 1/2. Similarly, we
see that all the spins are paired in S., and so the charged solitons have no spin
degree of freedom.

On the other hand, the charge will be difficult to imagine, because we have
undulation of charge density in the background. We hence use the method to count
the charge as described in Fig. 8.16. Namely, we calculate the change in the electric
dipole moment before and after the movement of the soliton. For example, in the
case of the charged soliton, we shift the soliton by one unit cell, i.e., 2a, as in
Fig. 8.16a (a is the distance between the neighboring metal ions). If we define the
soliton charge as Qs_, the change in the dipole moment is 2aQs_. This should be
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Table 8.1 Charge apd spin of Type Charge Spin
the three types of solitons —

S +e 0

So 0 12

e is the charge of the electron

equal to the same value counted by the electrons, that is, 2ae, where e is the charge
of the electron. Just equating these two values, we evaluate Os_ = e. Repeating the
same procedure for the other solitons, we also find Qs, = —e and Qg, =0
(Fig. 8.16b). Although the above counting is done in the localized limit, we can
perform the same type of counting in the itinerant case using real densities, and
confirm the same conclusion (see the summary in Table 8.1).

8.3 Mott-Insulator (M = Ni) Systems

8.3.1 Ground State

The theory of the Ni system has a large overlap with that of the one-dimensional
Hubbard or extended-Hubbard model. This means that we can borrow so much
knowledge that was stored so far. The most important factor governing the ground
state is the existence of large U. This excludes most of double or empty occupancy,
leading to a single occupancy state like that in Fig. 8.1 (the Mott-insulator state).
This state is really an insulator, which is confirmed by the existence of an optical
gap, the absence of Drude weight in other words, which will be mentioned in the
next subsection. Regarding the charge gap, it is also opened. This corresponds to the
gap observed by photoemission, although we do not discuss it in this article.
Magnetic properties are more important in their ground state. As is well known,
the antiferromagnetic correlation as shown in Fig. 8.1 is not of a long-range order
but with a power decay, and there is no spin gap in this type of systems. Moreover,
since they are one-dimensional, the magnetic excitations are described as a pair
creation of spinons, instead of one magnon [26]. As a spin system, this can be
described by a Heisenberg model with an appropriate value of the exchange
coupling, J. We point out that we need no other term that destroys the isotropy of
spin directions. The coupling J is approximated by the relationship with
the parameters of the Hubbard or the extended Hubbard model, as J = 4£5/U and
J = 413 /(U — V), respectively, using the second-order perturbational theory, while
it is much more complicated in the case of the dp model. The evaluation of the J
value is most easily done by the comparison of the temperature dependence of
susceptibility. In the theory, the same quantity is known to obey a Bonner—Fischer
curve that has a broad maximum around a temperature corresponding to the J value
[27]. However, it will be more accurate to estimate it from the dispersions of
magnetic excitations based on a neutron scattering experiment. Such an experiment
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is now in progress at J-PARC. In Fig. 8.17, we sketch a simple expectation for the
magnetic excitations.

8.3.2 Optical Properties

The optical conductivity spectrum of the Ni system was first observed by Okamoto
et al. [28]. It consisted of a dominant sharp main peak, which suggested the role of
the exciton effect. We already discussed the exciton effect in the CDW system.
Although the simple treatment in the previous section cannot be applied, the
physical meaning is not essentially different even in this strongly correlated system.
By the way, we were not so surprised by this exciton-like feature from the analogy
to the Pt system, of which the spectrum had been known to have the same feature.
What rather attracted our attention was a long tail extending to higher energies.
Because we lacked enough knowledge about the optical properties of strongly
correlated systems at that time, there was no clear answer to that.

Before this finding, the spectra in other strongly correlated systems had been
obtained. For instance, those of undoped cuprates, which were also Mott insulators,
were known at that time. Their features were that they had no features, although this
might sound paradoxical. In fact, their spectral shapes were broad band-like ones
and simply interpreted to originate from its two-dimensional nature, namely, a
relatively weak e—h binding.

In 2000, Jeckelmann calculated the optical conductivity spectrum of the one-
dimensional Hubbard model for the first time [29]. While his model was not the
extended Hubbard model, the long-tail feature was reproduced clearly. His method
was based on a dynamical DMRG (DDMRG) and this became the first study that
demonstrated the power of this method. According to this calculation, the above-
mentioned long tail is mainly due to an unique type of dispersion of a
doublon-holon pair. As is explained in detail below, a doublon and a holon
correspond to the electron and the hole, respectively, in band insulators including
the CDW insulator. In this sense, multielectron excitations that occur near the
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CDW-Mott-insulator boundary, which we will mention at the end of this chapter,
do not occur here.

Next, we proceed to the case in the presence of the nearest-neighbor repulsion,
which is indispensable for the consideration of the Ni compounds. Detailed
calculations over various combinations of U and V are performed for the extended
Hubbard model [30] and the dp model [31]. These calculations, which are also
based on the DDMRG method, reproduce the feature seen in the Ni compounds,
namely, the sharpness of the main peak and its long tail on the higher-energy side,
as shown in Fig. 8.18 (particularly the graph of V = 3).

Here, we instead introduce a very simple model, i.e., a so-called doublon—holon
model [32, 33], as

Hin=—1Y (d]ydi +he) — 1o 3 (Wl b+ he) +V ST, (8.23)
! ! !

where d; and #; are the doublon and holon operators, respectively, and n§d> and ngh)

are their number operators. Note that d; is not the operator of the d electron. This
model is regarded as an effective model of the extended Hubbard model with the
infinite U, in the following meaning.

First of all, the ground states are the states of single occupancy in this limit, as we
have already mentioned. Furthermore, the spin states heavily degenerate because of
the vanishing J value. In other words, any spin configuration satisfying an assigned
value of the total S, can be a ground state. In Fig. 8.19a, we assume one spin
configuration. Here, we no more assume the antiferromagnetic spin configuration.
The doublon and the holon are then the states with one electron added or removed,
as illustrated in Fig. 8.19b, c, and their pair state is also shown in Fig. 8.19d. Here, it
will be better to give the present definition of each state. The ground state is

expressed as |g) = CLCLC;[TC;FTCLCLCLCL |0), corresponding to Fig. 8.19a,
in our “up—down” definition. Note that the spin-up operators come before the down
ones. Let us think about the movement of the holon first. To move it by one unit to

the right, we just transfer the up-spin electron at the right n. n. site to this site. Since
there is no need for the sign change, it gives a matrix element — ¢, as appearing in
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Eq. (8.22). In the case of the doublon, on the other hand, the movement by one unit
to the right needs the transfer of the down electron at this site to the right n. n. site.
Since our definition again needs no sign change, this also gives — fy. As a special
point of this model, the doublon and the hole never occupy the same site, because
the same occupation returns back the state to the ground state. We hence exclude
such N states to obtain the total N(N—1) states.

At a glance, this model will give an impression that the picture is too simple,
because the particle motion inevitably rearranges the spin configuration in the
background. Furthermore, the frozen spin configurations would need some assump-
tion for averaging if we treat them independently. Meanwhile, this hamiltonian
exactly describes the charge part of the factorized eigenstate, which justifies our
analyses from here on [32].

The analytical treatment of this model is easy when we use a PBC and consider a
state with a total momentum, K, assuming the expression of

)= (1/vA) Ze”“Zh%M )10y $24)

By this analysis, it is found that (1) the exciton is formed when V is larger than
2ty. This threshold value of V presents a sharp contrast to ordinary one-dimensional
cases, where infinitesimally small attraction forms a binding. The eigenstates of
K =0 and the associated optical conductivity spectrum are obtained as in
Fig. 8.20a. What attracts our attention most will be (2) the degeneracy between
the lowest exciton and the second lowest exciton. This feature is also unique to this
system, because the ordinary 1D systems never show such feature except for a case
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of extremely large attraction. These marked features, (1) and (2), are well under-
stood by the “semi-infiniteness” of this model. Namely, as we have already defined,
the doublon and the holon do not occupy the same site. Moreover, we neglect the
probability of the position exchange between them, because such transition occurs
via the ground state and the probability is reduced by a factor comparable to 1/U.
Exactly speaking, a PBC, by which the system becomes a ring, makes the exchange
possible. However, such effect is negligible when we consider a sufficiently large
system size. In any way, the substantial inhibition of the doublon-hole exchange
separate all the states into two spaces; the doublon is on the left-hand side of the
holon, and vice versa. This situation enables us to consider the problem indepen-
dently in each space. If we focus on the relative coordinate of the two particles, this
situation corresponds to a semi-infinite system, in the sense of considering only a
positive or negative region of the coordinate. It is well known that the semi-infinite
system has a critical value of the attraction for the bound state formation, and this
also applies for our problem. The energy degeneracy between the two lowest
excitons is understood naturally in this context [33, 34], as illustrated in
Fig. 8.20b. Regarding the spectral shape, the similarity between the spectra in
Fig. 8.19 and those obtained using a full hamiltonian in Fig. 8.18 tells us the
usefulness of this doublon-hole model in spite of its simpleness.

In the rest of this section, we discuss another aspect of the optical conductivity
spectrum in the Ni compounds. The point is the sharpness of the main peak. As has
been already discussed, this sharpness is nothing but an exciton effect, and, in this
sense, it is not surprising. However, even in the Mott insulators, there must be el
interaction to some degree, and, therefore, we must expect a certain amount of line
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broadening. The actual peak width, on the other hand, is very small, for example, as
small as 7 meV in [Ni(chxn),Br]|Br, [35]. This value presents a sharp contrast to
that in PtCl, which is approximately 300 meV. Although such a small width would
suggest an almost zero el interaction, we do not agree with that idea, since the Ni
compounds are also ionic crystals accompanied by relatively strong or intermediate
Coulombic interaction.

To solve this paradox, let us think about another doublon—holon model [36],
which is extended to include the e-l interaction:

Hy_ph_1 = —to Z (dle; +he)—1 Z (hLlhl +he)+ VZ nl(d)nl(ﬁ)1
] [ 1

-S Z (@1 — a) ()" — n}") + 52 Z qr (8.25)
] 7

where the newly added terms, the fourth and fifth terms, describe the doublon/
holon-lattice interactions and the elastic energy, respectively. Of course, this form
of interactions between the doublon/holon and the lattice are directly related to the
original form of the el interaction. In the following, we discuss the case of one
doublon for simplicity, because it is essentially the same even in the doublon—holon
case. In the former case, the hamiltonian is reduced to a simpler form as

Hot=—10S (d]. )+ he) ) =53 g — " +5 Zq, (8.26)
/

In a sense, this is a very simple problem that includes only one particle and a
classical lattice. At a glance, this looks similar to a popular model called the
Holstein model [37, 38], which will be expressed as

S
Hyols = —t0 (dl, di+he) S S am® + 5 > g (8.27)
! ! !

For the Holstein model, it well known that even infinitesimally weak interaction,
S, makes a binding state, namely, the so-called polaron in one-dimensional systems.
Meanwhile, in the model of H,;, a simple analysis of lattice optimization in the
presence of one doublon reveals that there is a critical value to form a bound state.
Although this fact seems to be against the “common sense” that there always exists
a bound state in one-dimensional systems, the mechanism is easily understood by
converting the model into its momentum representation:

S
Hy_; = 2t Z cos(k)d,:rdk + Z g(p)d,irpqu,, +3 Z AR (8.28)
k k.p P
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Fig. 8.21 (a) Electron-lattice interaction in the one-body problem of the doublon in the Mott
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Fig. 8.22 Calculated spectra for the dp model. The curve of (S, S,) = (0.2,0.072) corresponds to
the NiBr case. Reprinted from Iwano [39]. Copyright (2006) by the American Physical Society

where d and g,, are the Fourier component of the doublon and the lattice, respec-
tively. What is important is the functional form of the coupling function g(p). In the
Holstein model, it is constant leading to the efficient formation of the polaron. On
the other hand, the function in H,_; has a functional form of g(p) o 2Ssin(p/2). This
means the suppression of the polaron formation that uses the components of p ~ 0,
as illustrated in Fig. 8.21a. By the way, the polaron in the CDW insulator is formed
mainly by the components around p = 7. This is directly related to the fact that the
wave vector of the CDW is &, which is the nesting vector of the original metallic
band as shown in Fig. 8.21b. The polaron formation then occurs efficiently using
this functional form. In contrast, the e-1 interaction that a doublon or a holon feels is
suppressed nontrivially, and this also holds for a doublon-hole pair. Calculations
based on the full hamiltonian that incorporates the e—l interaction also support this
idea. For example, a vanishing Raman Stokes shift [36] and a very small peak line
broadening as small as 2 meV for realistic parameter values [39] are found in those
calculations. The very sharp peak observed in the optical conductivity spectrum is
thus concluded to be a manifestation of this effect. In Fig. 8.22, we show the spectra



138 K. Iwano

calculated for the dp model. The appropriate parameter set (S;, S2) = (0.2, 0.072)
gives the effective width of 2 meV.

8.3.3 Photoinduced Metallic States

As was first demonstrated by Iwai et al., strong photoirradiation on these materials
can convert them into a type of metallic states [40]. As has been discussed already,
one-photon absorbed states are well described as a bound or unbound
doublon-holon pair. Then, the next question is about the nature of the strongly
excited states. In more detail, weak or intermediate excitation also causes some
photoinduced effect, which is characterized as a photoinduced absorption within
the gap region. However, this is not a so-called Drude peak, which is usually
centered at w = 0, being a clear marker of the metallic state. We therefore know
that there is some threshold for the formation of this metallic state in these
compounds. This makes a contrast to the carrier-number dependency known for
the one-dimensional Hubbard model, in which the singularity exists only at the half
filling.

To understand this discrepancy, one key is the existence of the e—I interactions.
There is a possibility that the el interactions exist to some extent and work as an
inhibitor to the metallic state. However, as we have already discussed, the e—1
interaction that works between the halogen stretching and the metal d,. orbital is
suppressed effectively in the limit of low carrier density. Much more detailed
analyses about the time scales of polaron formations, actual associated modes,
and the excitation-density dependency will be necessary for better understanding.

Another key will be the result by Takahashi et al., which traced numerically the
real-time evolution of photoexcited states within the Hubbard model [41]. Their
results show some critical intensity of photoexcitation realizing the metallization
and seems to be consistent with the observation. This result is therefore attractive,
since it suggests a different situation in the photoexcited states from the doped
cases, more specifically, a trend that the nature of the excited state is changed
drastically beyond a certain amount of excitations. Unfortunately, the numerical
calculation is limited to a small system size and does not allow a definite conclu-
sion. A proof based on analytical treatments will be further required to finish this
argument.

8.4 Bridging CDW and Mott Insulators

So far, we have argued the properties of the CDW insulator and the Mott insulator
from each side, although we already discussed them from the universal point of
view, i.e., the phase diagram. The phase diagram describes a phase transition
between the two phases. In this sense, we implicitly expect a conversion between
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the two phases by the adjustments of model parameters via the control of environ-
mental conditions such as temperature and pressure. However, in the Pt and Ni
compounds, they are deep inside each phase space, being very difficult to have any
relationship with the other phase. Here comes the Pd complex. It is always a CDW
insulator, except for the compound synthesized very recently, which shows a
CDW-Mott-insulator at a certain temperature [42]. Although most of the Pd
compounds are genuine CDW insulators, they have smaller CDW gaps, for exam-
ple, 0.7 eV for [Pd(chxn),Br]Br, [43]. This small gap energy tells us that this
material is close to the phase boundary and therefore has the potential to cause a
phase transition, being a “bridge” between the two phases.

8.4.1 Pd and Ni Mixed-Metal Systems

We start from the beginning of this story, that is, the synthesis of Pd/Ni mixed-metal
compounds. Regarding the details of this synthesis, we recommend the readers to
read the experimental section of this book. We here only mention three important
facts, that are, the behaviors of spin susceptibilities [44], and IR and Raman signals
[45]. Before those, we make the meaning of the mixed metal clear. The metal sites
are confirmed experimentally to be occupied by the Ni and Pd atoms replacing each
other randomly (see Fig. 8.23a), that is, no interstitial site at all, which finding made
a theoretical analysis simpler because we only need to use site-dependent parameter
values. Returning back to the experimental facts, the magnitude of the spin suscep-
tibility was found to be not linear as a function of the mixing degree x as expressed
as Ni;_,Pd,(chxn),Br;. As we have already seen, the CDW, in which all the sites
are doubly occupied, is nonmagnetic, while the Mott insulator has many active
spins and has a finite magnitude of susceptibility. If the selection of the states
occurred independently at each site, the x-dependency would be linear, but it is not
this case. Moreover, its functional form schematically drawn in Fig. 8.23b shows
that even at 20% of Ni inclusion (x = 0.2) yields appreciable intensity of
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Fig. 8.24 Result of a simulation for the 20%-Ni concentration case. (a) Alternate component
of the lattice (amplitude of dimerization) with the Ni-site positions depicted by the vertical lines.
(b) Spin density distribution (solid line) also with the alternate lattice component (dotted line).
Reprinted from Iwano [46]

susceptibility, suggesting that the substantial region of the system is converted into
the Mott insulator even at this small mixing rate. Similarly, the other two
observables also suggest the formation of the Mott-insulator state at lower Ni
concentration than we expect from the linear behavior. More specifically, the IR
signal detects the charge densities at the metal sites, while the Raman signal detects
the dimerization of the halogen sublattice, both being indispensable in identifying
the CDW.
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Fig. 8.25 Three type of insulators. In (a) and (b), UHB and LHB mean the lower and upper
Hubbard bands, respectively. In (c), CB and VB are the conduction and valence bands of the
CDW, respectively. All these bands consist of the metal d» orbitals. The X band common to the
three figures is the halogen p, band

Upon these experimental findings, a theoretical calculation was performed
within the HF framework [46]. In Fig. 8.24, we show one result of the simulation,
in which 20%-Ni concentration is assumed in a 200-site system. In this calculation,
the effects of metal mixing are incorporated by changing the site energy and the on-
site repulsion energy from site to site. With this Ni distribution specified by the
vertical dotted lines in Fig. 8.24a, we notice that some regions become a Mott-
insulator state even involving a finite number of Pd sites. For example, the region
from the 150th to 200th sites loses lattice dimerizations as shown in Fig. 8.24a, and
simultaneously finite amplitude of spin density appears (Fig. 8.24b), in spite of
relatively large number of Pd sites in it. At that time, it was interpreted as a kind of
proximity effect, namely, that the Pd sites were involved in the Mott-insulator state
forcibly by the Ni sites nearby. As another example, the cases with 50% Ni
concentrations were also investigated to find that the most stable states were always
Mott insulators with inhomogeneous spin densities in accordance with the Pd
inclusion, which finding was consistent with the experimental tendency.

8.4.2 Pd Compound as a Mott—Hubbard Insulator

We now proceed our discussion about the metal mixing further to the next point.
Although we have not made it clear so far, there are two types of Mott-insulator
states. One is the CT insulator, while the other is the Mott—Hubbard insulator. The
Ni compound belongs to the former category [47]. In Fig. 8.25, we show the three
type of the insulators, adding the CDW insulator to the two Mott insulators.
Regarding the ground state properties, the two Mott insulators are not so different.
Meanwhile, the excited states have an important difference; the lowest-energy
optical transition is the CT transfer from the halogen to the metal in the CT
insulator, while it is the metal-metal transition from the lower Hubbard band
(LHB) to the upper Hubbard band (UHB) in the Mott—Hubbard insulator. Since
the pure Pd compound, [Pd(chxn),Br|Br, (hereafter PdBr), as one of the CDW
insulators has the band scheme of Fig. 8.25c, it is natural to expect a band scheme as
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Fig. 8.25b for PdBr as a Mott insulator. According to this expectation, the
measurements of optical conductivity spectra over the values of x from 0 to 1
were interpreted in the following way. Namely, the peak energy, which stays at
approximately 1.2 eV for x = 0 ~ 0.3, makes a quick downward shift from x = 0.3
to 0.4, and stays at 0.7 eV for x = 0.4 ~ 0.8 [9]. Since, from the data of spin
susceptibility, we already know that the compound is more or less in the Mott-
insulator ground state, it was interpreted that these two Mott-insulator regions
correspond to the CT insulator of Ni (x = 0 ~ 0.3) and the Mott—Hubbard insulator
of Pd (x = 0.4 ~ 0.8). However, of course we have randomness from the metal
mixing, and hence a support from the theoretical side was also required.

Here, we recall the hamiltonian H , in Eq. (8.3). Using this hamiltonian, which
includes both the metal d,» and halogen p, orbitals, we can treat the above three
insulator states appearing in Fig. 8.25 from a unified point of view. Among the
various terms in this hamiltonian, the readers may have a question about the e—l1
coupling here. This coupling is indeed included in the second and fifth terms via the
site-dependent factors of e(/) = e, — 20(Q;+1 — Q;—1) for odd I (halogen site) and
e(l) = em + 2(Qp+1 — Q1) for even [ (metal site), and V(1) = Vp — a(Q111 — Q).
Before introducing the calculated results, we explain the meaning of these terms.
Let us think about the metal site. The contribution of the (/ + 1)th halogen to this /th
metal site is + aQp1m — aQrimniy = 0Qp1(1 — nyyy)n. We here emphasize
that we use a “hole picture,” namely, that the vacuum state is M?>* and X~ for the M
(X) site, respectively. When the halogen loses no electron, the expectation value of
n;41 remains almost zero and then the term roughly gives «Q;n;, which is a part of
the fourth term of Eq. (8.1), with the reversed sign because of the hole picture. What
is interesting is the effective reduction of this effect in the presence of a hole at
the halogen site, namely, (n;41) ~ 1. This is easily understood as the vanishing
Coulombic interaction between M and X°. We also have another type
of e-1 interaction in the first term of Eq. (8.3) through the factor form of #(I) = 1,4,
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—p(Qi+1 — Q)). This is nothing but the transfer modulation due to the bond-length
change as intensively discussed in the Su-—Schrieffer—Heeger model for
polyacetylene [7].

The calculated results are summarized in Fig. 8.26b with a level scheme in the
hole picture, Fig. 8.26a [9]. Regarding the parameter values, the readers are
recommended to see [9]. Although all the values are not determined uniquely as
will be shown in the next subsection, this successful reproduction of the observed
peak energies supports the above-mentioned idea, namely, the PdBr compound as a
metastable Mott—Hubbard insulator state.

8.4.3 Photoconverting CDW to a Mott Insulator

Following the previous subsection, we continue the discussion of the metastable
Mott—Hubbard state of the Pd compound. Since we have already discussed from
both the experimental and theoretical sides that it is very likely to exist, the next
question is how we can detect such a state in the pure PdBr compound. To answer
this question, Matsuzaki et al. performed the pump—probe experiment that shined
the light to this compound in the CDW ground state and obtained a signal that really
indicated the Mott—Hubbard state [48]. Here, we do not repeat this successful story
and only describe the theoretical aspect.

In Fig. 8.27, we show a phase diagram that was obtained based on the calculation
in the previous subsection [49]. As was mentioned previously, there is a factor
undermined there. It was the combination of the two types of e-1 couplings, namely,
(o, B). In this diagram, we again make them have the dimension of energy, and use
2 /K and f* /K as the coordinates. The solid line in this figure is the phase boundary
between the two phases that we have been discussing, while the dotted line
corresponds to the parameter combinations that give the observed CDW peak
energy, 0.7 eV, in the Pd compound. The form of these curves understood by the
expression of an effective total el interaction, & = « + [2¢4,/(e, — e4)]. What is
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Fig. 8.29 Adiabatic potential curves of photoconversion on (a) A and (b) C points in Fig. 8.27.
Reprinted from Iwano [49]. Copyright (2004) by the American Physical Society

more important is the proximity of these curves. As is easily seen in the figure, the
two curves reside very close to each other and even a crossing occurs at one point.



8 Theory of MX Chain Compounds 145

CDW Mott Insulator CDW
1.4 T T T T

13
12}
11}

1 V A[\‘/\A AT 1
09 V

0.8

Electron Density

0.7 1 1

0.6
0O 10 20 30 40 50 60 70 80 90 100

Site Number

Fig. 8.30 Electron density in the presence of a Mott-insulator domain in the CDW background

This result tells us that the actual Pd compound is really located near the phase
boundary whichever the parameter combination is.

We next introduce the result that demonstrates how the phase conversion occurs.
The calculation was performed in almost the same manner as that was done in the
soliton formation within the CDW phase, except for the assumed trajectory as in
Fig. 8.28. Note that the formed domain in the central region loses the halogen lattice
dimerization instead of the dimerization-phase inversion in the soliton case. In
Fig. 8.29, we show the adiabatic potential curves calculated by the DMRG method,
with Fig. 8.29a, b corresponding to the point A and C, respectively. The
calculations indicate that the results are rather sensitive to the selection of the
points. In fact, in Fig. 8.29a, the curve in the first singlet excited state has no energy
barrier in its relaxational path from the photoexcitation down to the Mott—Hubbard-
insulator domain, while that in Fig. 8.29b shows a slight energy barrier, meaning
less efficient domain formation process. As for the point B, it gives a result similar
to the point A. The actual PdBr compound shows a linear behavior in the
photoinducing process of the Mott—Hubbard-insulator state [48]. This means that
even one absorbed photon creates a substantial size of domain, and therefore the
result in Fig. 8.29a is consistent with the observation.

In the rest of this subsection, we briefly mention the electric charges of the
domain wall. If the system is exactly on the phase boundary, the domain feels no
potential energy that increases with the domain size otherwise. In those cases, not
the domain size but the positions of the domain walls are appropriate as the degrees
of freedom of the system. In other words, the two domain walls are expected to
move freely to each other, and allow the possibility to be detected separately. In
particular, the charges are intriguing, because they are expected to become frac-
tional. In Fig. 8.30, we show the distribution of the electron density, in which the
central region corresponds to the Mott—Hubbard-insulator domain (K. Iwano,
unpublished). Note that we here use the extended Hubbard model and the HF
method to calculate the density in a large system, because we assume that the effect
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of electron correlation is not relevant in the determination of the charges. If the
readers carefully look at the domain wall area shaded in the figure, they will notice
that the left (right) region has more (less) electrons. We then move each domain
wall by one unit cell, and measure the increased or decreased dipole moments,
resorting to the method described in the preceding subsection. The obtained charges
are then found to be +-0.46¢ approximately, with e being the charge of the electron.
Thus, these values are fractional in the twofold meanings; first close to +(1/2)e and
then deviate from them with a substantial difference. We emphasize that the
approximate values of £(1/2)e are easily explained in the localized limit by using
a figure like Fig. 8.16, while the deviation from them depends on the parameter
value, being affected by the finite itinerancy.

8.4.4 Other Important Aspects of Photoconversions

At the end of this chapter, we briefly mention recent progresses on the
photoconversion in the MX-chains. By the way, this photoconversion is nowadays
called “photoinduced phase transition” in the field of optical properties of solids.
The MX-chains have particular research advantage among other popular materials
exhibiting photoinduced phase transitions because their optically excited states are
already clarified to almost satisfactorily levels except for a few remaining points
such as highly excited states in the Ni compounds, and therefore work well as
model materials. The progress worth being mentioned first of all is the ultrafast
nature of the domain formation. In the previous subsection, we described it based
on the adiabatic potential curves. Such a description assumes that important
dynamical changes, more specifically those in the electronic state, occur following
the change in the lattice system. This type way of thinking will be true if the lattice
system is the dominant driving force to determine the phases. Meanwhile, in our
CDW case, the effect of V also plays the essential role as we have already discussed.
For this reason, a concept of domain formation of purely electronic nature has been
pursued from both the experimental and theoretical sides. In particular, the obser-
vation of the ultrafast time scale in the early process of the CDW to Mott—Hubbard
conversion in the Pd compound is important, because it was much shorter than
80 fs, i.e., much less than the time scale of the relevant phonon frequency, about
0.1 ps. The contribution from the theoretical side was given with a quasi-one-
dimensional molecular solid, tetrathiafulvalene-p-chloranil (TTF-CA), as the target
material. Almost the same idea, namely, the ultrafast electronic domain formation,
was also presented in this material, and a theoretical calculation was performed
focusing on its optical conductivity spectra [50]. According to their results, the
excited states are characterized by excited domain states, and such tendency is more
conspicuous as the system goes closer to the phase boundary. By the way, TTF-CA
has two phases as electronic states, that are, the neutral phase and the ionic phase,
which are very similar to the CDW and Mott-insulator states, respectively, at least
from the theoretical point of view. Therefore, the results are applicable also to the
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MX-chains, more specifically, the Pd compound, and prompt further studies, for
example, on entangled dynamics in which the two collective degrees of freedom in
the electronic system and the lattice system evolve in time, affecting each other.

The second progress is the further photoconversion of the PdBr compound, that
is, the second transition from the Mott—Hubbard state to a metallic state. As we
already know that the Ni compound as another type of Mott insulator becomes
metallic after the strong photoexcitation, this sounds very likely. In fact, Matsuzaki
et al. have tried such detection and obtained a result supporting this (H. Matsuzaki,
unpublished). Although a theoretical investigation has not been tried yet, the
theorists face a novel field of dynamics in which a domain in its transient growth
process is converted again into the third phase.

The last progress we want to mention is challenges toward more detailed and
accurate understanding of this photoconversion process. So far, we have looked at
the domain growth only focusing on its coherent aspect. In this case, we mean by
the word of “coherent” a description based solely on the collective coordinate of the
domain formation. Very recently, Uemura et al. have found the generations of
various types of coherent phonons in TTF-CA during its photoconversion process
[51]. This observation suggests substantial couplings between the collective coor-
dinate and the other degrees of freedom, and tell us the necessity of a new theory
that includes such effects. In a naive image, we expect that the collective motion of
the domain growth will receive a kind of friction from the other degrees of freedom
such as phonons, magnons, electron—hole excitations, and so on. Regarding this, the
idea of quantum friction [52] is attractive, although we must keep the following two
points in mind. First, at least at the initial stage of dynamics, the relevant modes are
rather limited since the coherent phonons are observed. In this sense, this is a
different problem from that considering all the other modes as a reservoir. Second,
the domain has a translational invariance in ideal or sufficiently large systems. Not
only its spatial extension but also the motion of its center of gravity will receive
scattering effects from the other degrees of freedom. Such complexity will also be
of central interest in the very recent paper [53] and is expected to make our
understanding much deeper.
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Chapter 9

Crystal Structures and Properties

of MMX-Chain Compounds Based

on Dithiocarboxylato-Bridged Dinuclear
Complexes

Minoru Mitsumi

Abstract In this chapter, a comprehensive study of the syntheses, crystal
structures, and properties of the series of one-dimensional (1D) halogen-bridged
mixed-valence dimetal complexes, MMX-chain compounds, based on the
dithiocarboxylato-bridged dinuclear complexes, [Pt,(RCS,)4I]., (R = Me (1), Et
(2), n-Pr (3), n-Bu (4), n-Pen (5), and n-Hex(6)) and [Ni,(RCS,)4I] (R = Me (7),
Et (8), n-Pr (9), and n-Bu (10)) are described. The evolution from 1D halogen-
bridged metal complex, MX-chain compounds, to MMX-chain compounds has
produced a variety of electronic states and subtle balance of solid-state properties
originating from the charge—spin—lattice coupling and the fluctuation of these
degrees of freedom. With increasing the internal degrees of freedom originating
from the mixed-valence diplatinum unit, the Pt MMX-chain compounds except for
3 show relatively high electrical conductivity of 0.84-43 S cm™' at room tempera-
ture and exhibit metallic conducting behavior with Ty,_s = 205-324 K. These
compounds at room temperature are considered to take the valence-ordered state
close to an averaged-valence (AV) state of —Pt?3*—Pt>>*_I—. The analyses of the
diffuse scattering observed in the metallic state of 2 revealed that the metallic state
has appeared by the valence fluctuation accompanying the dynamic valence-order-
ing state of the charge-density-wave (CDW) type of —Pt**—Pt**—I—Pt**—P**—I—.
On the other hand, the metallic Pt MMX-chain compounds become insulators with
lowering temperature due to the lattice dimerization originating from an effective
half-filled metallic band. The synchrotron radiation crystal structure analysis of 2 at
48 K revealed that the valence-ordered state in the LT phase is the alternate charge-
polarization (ACP) state of —Pt**—Pt**—I"—Pt**—Pt**—I—. Furthermore, the elonga-
tion of the alkyl chains introduces increasing motional degrees of freedom in the
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system. Interplay between electronic degrees of freedom and molecular dynamics is
also expected to cause an intriguing structural phase transition accompanying an
electronic and/or magnetic transition never observed for [M,(MeCS;)4I].. (M = Pt
(1), Ni (7)). With the elongation of alkyl chains in dithiocarboxylato ligands, the
compounds 3-5 undergo two phase transitions at near 210 K and above room
temperature, indicating the existence of the LT, RT, and HT phases. The periodicity
of crystal lattice in the RT phase of 3—5 along 1D chain is threefold of a —Pt—Pt-1—
unit, and the structural disorders have occurred for the dithiocarboxylato group and
the alkyl chain belonging to only the central dinuclear units in the threefold
periodicity. In the HT phase, the dithiocarboxylato groups of all the dinuclear
units in 3-5 are disordered and the lattice periodicities in 3 and 4 change to
onefold of a —Pt—Pt-I- period. Ikeuchi and Saito have revealed from the heat
capacity measurements that the entropy (disorder) reserved in alkyl groups in the
RT phase is transferred to the dithiocarboxylate groups with the RT-HT phase
transition [50-52]. Whereas, the lattice periodicity of 4 in the LT phase changes
to twofold periodicity being assigned to the ACP state similar to the LT phase
of the compound 2 and the dithiocarboxylate groups of all the diplatinum units
are ordered. Furthermore, accompanying to the RT-LT phase transition, the com-
pound 4 exhibits the paramagnetic—nonmagnetic transition originating from the
regular electronic Peierls transition. These facts suggest that the dynamics
(motional degrees of freedom) of the dithiocarboxylato ligands and bridging iodine
atoms affects the electronic and magnetic systems through the electron—lattice
interaction.

On the other hand, unlike the metallic Pt MMX-chain compounds, all the
Ni MMX-chain compounds are Mott—Hubbard semiconductor due to the
strong on-site Columbic repulsion on the nickel atom. The room-temperature
crystal structures of the compounds 7-10 indicate their valence states to be
an averaged-valence (AV) state or a charge-polarization (CP) state of
~Ni®3 PPN NPT NN (5 < 0.5) close to
an averaged-valence state. With the elongation of the alkyl chains in dithiocar-
boxylato ligands, the periodicity of crystal lattice in 9 and 10 along 1D chain in
the RT phase is threefold of a —Ni-Ni—I- unit by the same origin as the
diplatinum compounds 3-5, and furthermore, the lattice periodicity of 9 changes
to onefold in the LT phase with a first-order phase transition at 205.6 K. The
high temperature magnetic susceptibilities of 8-10 can be described by an
S =1/2 1D Heisenberg antiferromagnetic chain model with the very large
exchange coupling constant |/l/kg ranging from 898(2) to 939(3) K. Furthermore,
the compounds 8 and 9 undergo a spin-Peierls (SP) transition at relatively high
Ty, =47 and 36 K, respectively, which are accompanied by superlattice
reflections corresponding to twofold of a —Ni-Ni-I- period below T, The
synchrotron radiation crystal structure analysis of 8 at 26 K revealed that the
valence-ordered state changes from the CP state in the RT phase to the ACP
state in the SP phase. These facts demonstrate that the electronic system of the
Ni MMX-chain compounds in which the on-site Columbic repulsion U plays a
dominant role in determining the electronic system is hardly affected by the
molecular dynamics.
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9.1 Introduction

Mixed valency has played a pivotal role in the appearance of many interesting
properties such as electrical, magnetic, and optical or their combination [1]. Such a
mixed valency was first realized in inorganic compound and, in particular, the
mixed-valence platinum complexes. One-dimensional (1D) halogen-bridged metal
complexes, MX-chain compounds, have received significant attention for several
decades because they display a variety of electronic states originating from the
competition between electron—lattice interaction and strong electron—electron cor-
relation [2—6]. MX chain compounds with M = Pt and Pd are usually in a Class II
mixed-valence state, -Xf—M2+—X7-M4+-X7—, and show a shift of the halogen
atoms from the midpoint between two metal atoms due to Peierls instability.
These Class II compounds exhibit characteristic physical properties such as strong
intervalence charge-transfer (IVCT) absorption [7, 8], luminescence with a large
Stokes shift [9], and resonance Raman scattering with high-overtone progression
[10, 11] originating from the strong electron—lattice interactions. On the other hand,
nickel compounds tend to be in a Class III-A averaged-valence state of —X —Ni>"
—X —Ni**-X - and the bridging halogen atoms are located at the midpoint between
two Ni atoms due to strong electron—electron correlation of the Ni atoms [12].
These Ni compounds are characterized as Mott—Hubbard semiconductors with
a spin-density-wave (SDW) ground state [13], and exhibit very interesting solid-
state properties such as gigantic third-order nonlinear optical susceptibility (y**) [14]
and an S = 1/2 1D Heisenberg antiferromagnetic (AF) chain with a strong AF
interaction (J/ks = 3,600 K) between the Ni** ions [8]. Using magnetic susceptibility
and nuclear quadrupole resonance (NQR) data, Takaishi et al. recently showed
that {[NiBr(1R,2R-chxn),]Br,},, (1R,2R-chxn = 1R,2R-diaminocyclohexane)
undergoes a spin-Peierls transition in the temperature range of 40-130 K [15].
The Ni compounds have also attracted attention as a 1D model candidate for high-T,.
copper oxide superconductors because of the similarity in the electronic band
structure to La,CuQ,4 which is the precursor compound to the series La, ,Sr,CuQ,4[16].
The details of the properties of these MX-chain compounds have been described in
this book.

The evolution from MX-chain compounds to 1D halogen-bridged mixed-
valence dinuclear chain compounds, MMX-chain compounds, has recently
received increased attention, as they display a variety of electronic states and subtle
balance of solid-state properties originating from the charge-spin-lattice coupling
and the fluctuation of these degrees of freedom. MMX-chain compounds reported
so far belong to two families, i.e., the pop-family of A4[Pt,(pop)4X]-nH,0 (pop =
P205H22_; A = Li, K, Cs, various alkyl ammonium; X = CI, Br, I) [17-27] and the
dta-family (dta = dithioacetato, MeCS, ) [M(RCS,)4l].c M = Pt, R = Me (1),
Et (2), n-Pr (3), n-Bu (4), n-Pen (5), n-Hex (6); M = Ni, R = Me (7), Et (8),
n-Pr (9), n-Bu (10)) [28-38]. These compounds exist in a mixed-valence state
composed of M** (d®, § = 0) and M>* (d’, S = 1/2) with a formal oxidation
number of 42.5. Therefore, the MMX-chain compound is a 1D d—p electronic
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Fig. 9.1 Schematic electronic structures for the MMX-chain compound in the limit U — O;
(a) averaged-valence (AV) state, (b) charge-polarization (CP) state, (c) charge-density-wave
(CDW) state, and (d) alternate charge-polarization (ACP) state [31]

system based on a dinuclear unit containing a metal-metal bond with a formal bond
order of one-half. Important features of MMX compounds are expected to arise
from the increase of the internal degrees of freedom resulting from the mixed-
valence state of the dinuclear unit. This property enables various electronic
structures, which are represented by the four extreme valence-ordered states as
shown in Fig. 9.1 [31].

The valence state, expressed as a —M2+—M3+—, represents an extreme case, which
is more accurately represented as -M@*O*—M©@~9*_ or M@~ _MC5T*_ The
value of ¢ depends on the degree of orbital hybridization and lies between
the limiting cases of 0 and 0.5. These valence-ordered states are classified based
on the periodicity of the 1D chains as follows. The averaged valence (AV) and charge-
polarization (CP) states in which the periodicity of the 1D chain is -M-M—-X-
correspond to a metallic state with an effective half-filled conduction band mainly
composed of M—M do*-X p, hybridized orbitals or to a Mott—Hubbard semicon-
ducting state. In contrast, the periodicities of the 1D chains in the charge-density-
wave (CDW) and alternate charge-polarization (ACP) states are doubled. Except
for the averaged valence (AV) state, the valence-ordered states should undergo
lattice distortions due to valence alternation. The magnitude of the on-site Coulomb
repulsion U in MMX compounds is expected to be relatively small compared with
MX compounds due to the sharing of one unpaired electron through a metal-metal
bond. This facilitates valence delocalization and enhances valence fluctuation in the
mixed-valence state. Furthermore, an MMX-chain compound should have a strong
AF interaction arising from the superexchange interaction between the S = 1/
2 spins of the M ions through the large overlap of the metal d, and halogen p,
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orbitals, analogous to the Ni MX compounds [8]. The details of the properties of the
pop-family of A4[Pty(pop)4X]-nH,O have been described in this book by Iguchi,
Takaishi, and Yamashita.

[M,(MeCS))4l]c M = Pt (1), Ni (7)) was first prepared and characterized by
Bellitto et al. in 1983 and 1985, respectively [28, 37]. Yamashita et al. first reported in
1992 that the single crystal electrical conductivity of [Pt,(MeCS,)4l]., (1) around
room temperature is nearly temperature independent [29]. The transport and spectro-
scopic studies of 1 by Kitagawa et al. revealed that this compound shows a
high-electrical conductivity of 13 S cm ™" at room temperature and exhibits metallic
behavior above 300 K [31]. In contrast, [Ni,(MeCS,)4I] (7) has an AV state at RT,
but exhibits a sharp peak near 0.6 eV in the reflectance spectrum for light polarized
parallel to the 1D chain, which is attributed to a Mott—Hubbard gap due to a relatively
large on-site Coulomb repulsion energy U of the nickel atoms [29]. Accordingly, this
compound has been regarded as a Mott—Hubbard semiconductor.

To reveal the essence of these MMX compounds as a 1D electronic system, two
series of Pt and Ni MMX-chain compounds, [Pto(RCS;)41] (R = Et (2), n-Pr (3),
n-Bu (4), n-Pen (5), and n-Hex(6)) [32-36] and [Nip(RCS;)4I], (R = Et(8), n-Pr (9),
and n-Bu (10)) [38] have been prepared by our group, and the correlations between
their crystal structures and properties have been studied in detail. In the platinum
complexes, it was found that the valence fluctuation originating from the Pt**
and Pt** mixed-valence state plays an essential role in the appearance of the
metallic or dynamic electronic state. On the other hand, the nickel complexes do not
exhibit such a valence fluctuation but behave as a Class III-A averaged-valence
state of —Ni*>*-Ni*>*-I"— due to strong electron—electron correlation of the
Ni atoms. Theoretical studies of the MMX-chain compounds to reveal the elec-
tronic structure have also been described [39-43]. The elongation of the alkyl
chains is expected to cause not only increasing one-dimensionality (reducing trans-
versal effects) but also increasing motional degrees of freedom in the system.
Furthermore, the interplay between electronic degrees of freedom and molecular
dynamics has actually caused the diverse and intriguing structural phase tran-
sitions accompanying electronic and/or magnetic transition never observed for
[M;(MeCS3)4lloo (M = Pt (1) and Ni (7)).

9.2 Platinum Complexes

9.2.1 Syntheses

Dithiocarboxylic acids are prepared in moderate yields by the reaction between
carbon disulfide and the corresponding alkylmagnesium halide in a mixed solvent
of tetrahydrofuran and diethyl ether [44]. A precursor complex [Ptzn(MeCSZ)4] is
prepared by the reaction of dithioacetic acid with K,[PtCl,] in toluene under reflux,
but the yield is at most 40 % because of the low reactivity of K,[PtCl,] with
dithioacetic acid in toluene [45]. However, the yield can be improved to about
90 % by using platinum(II) chloride instead of K,[PtCl,]. The precursor complexes
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[Ptr(RCS,)4] (R = Me, Et, n-Pr, n-Bu, n-Pen) can be stored without decomposition
for several months under an inert atmosphere in a freezer but gradually decompose
upon exposure to air.

The precursor complex [P, (MeCS,),] readily undergoes oxidative addition
with halogens in hot toluene, giving [Pt,"'(MeCS,),X,] containing platinum
atoms with formal oxidation state of +3 [28]. In the case of X = I, if the reaction
is carried out with a ratio of [Pt,(MeCS,)4]:I = 1:1, an MMX-chain compound
[Pt,(MeCS,)4I] (1) with formal oxidation state of +2.5 is isolated. This compound
can also be obtained from the reaction of [Pt,"(MeCS,),] and [Pt,"(MeCS,),4L,] in
toluene under reflux [28]. As described in the next section, [Pt,(MeCS,)4l]., (1)
undergoes an order—disorder type phase transition associated with the conformation
of two PtS, planes around 371-372 K [46]. One should be careful because the
disordered diplatinum unit of 1 will be partially formed in the crystal when the
crystals start to deposit above the transition temperature. [Pt,(RCS,)4I].. (R = Et(2),
n-Pr (3), n-Bu (4), and n-Pen (5)) can also be prepared by mixing equimolar
amounts of [Pt,"(RCS,),] and [Pt,"(RCS,)4L] [32-35]. [Pto(n-BuCS,)4ll.. (4)
and [Pty(n-PenCS,)41I], (5) are prepared by cooling the corresponding toluene—
n-hexane or n-hexane solution down to 2 ~ 0 °C, because the solubility of the MMX
compounds increases with elongation of the alkyl chains. These MMX-chain
compounds are relatively stable in air.

9.2.2 Crystal Structures

Before describing the crystal structures, the transition temperature and the entropy
gain at the phase transition obtained by the heat capacity measurements of
[Pto(RCS5)4I]oe (Me (1), Et (2), n-Pr (3), n-Bu (4), and n-Pen (5)) are listed in
Table 9.1 [47-52].

9.2.2.1 [Pt;(RCS,)]. (R = Me (1), Et (2))

Miyazaki et al. have reported the heat capacity of [Pt,(MeCS,)4I]., (1) in which a
distinct heat capacity peak due to a phase transition was observed at T, = 373.4 K,
indicating the presence of the room temperature (RT) and high-temperature (HT)
phases [48]. On the other hand, DSC measurements of [Pty(EtCS,)4I].. (2) do not
show any latent heat in the temperature range of 150473 K [32]. [Pt,(RCS;,)4I]
(R = Me (1), Et (2)) crystallize in the same monoclinic space group C2/c and hence
have similar structures [28, 32]. The crystal structure of 2 is shown in Fig. 9.2.
The crystals of both compounds consist of neutral 1D chains with a repeating
—Pt—Pt-I- unit lying on the crystallographic twofold axis parallel to the b axis.
The crystal structure is exemplified with that of the compound 2 [32]. Two platinum
atoms of 2 are bridged by four dithiopropanato ligands with a Pt—Pt distance of
2.684 (1) A at 293 K, 0.189 A shorter than the distance between the mean planes
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Table 9.1 Transition temperature and the entropy gain at the phase transition in [Pty(RCS,) 4] [47]
LT phase — RT phase RT phase — HT phase

AusS AysS
Compound Tos K) (K 'mol™) Ty (K) JK 'mol™!) References
[Pt,(MeCS2)al]o (1) 3734 525+ 0.07 [48]
[Pt (ELCS5)alle (2)° ~180 and 0.21 and 0.13 [49]
~230
[Pty(n-PrCSy)allc (3) 209 14.6 358.8  10.0 [50]
[Pty(n-BuCS,)4ll.. (4)°  213.5 20.09 3235  7.46 [51]
[Pto(n-PenCS,)all (5)° 207.4 49.1 324~ [52]

[Pty(n-PenCS;)4ll, (5)° 220.5 524

“No thermal anomalies at Ty_s = 300 K and T = 80 K.

I’Transport properties show a metal-semiconductor transition at T;_s = 205 K.

“The additional small phase transition observed at 114 K.

9Data for as-grown sample.

“Data for the sample once heated above the RT-HT phase transition at 324 K and then supercooled.
A very broad higher order phase transition was detected around 170 K
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Fig. 9.2 (a) 1D chain structure of [Pt,(EtCS,)4I], (2) at 293 K with an atomic numbering scheme
and relevant interatomic distances [32]. (b) Packing diagram projected down the b axis. Thermal
ellipsoid set at the 50 % probability level.

defined by the four sulfur atoms. This Pt—Pt distance is intermediate between that of
[Pt,"(ELCS,)4] (d%d®) (2.764 (1) A) [53] and [PL,"(ELCS,).L,] (d7d7) (2.582 (1) A) [32]
and is nearly equal to that of 1 (2.677 (2) 1&) [28]. This is consistent with that
the bond order of the Pt-Pt bond in 1 and 2 (d®d’) is formally one-half. Pt-I
distances are 2.982 (1) and 2.978 (1) 10%, which are longer than those observed in
[Pt2HI(EtCSZ)4IZ] (average 2.764 A) [32] and are similar to those in 1 (average
2.978 A) [28]. The dominant structural feature of [Pty(RCS;)4I]. is a twisting of
two PtS, planes from an eclipsed arrangement characterized by the twist angle. The
two PtS, planes of the dinuclear unit in 2 are twisted by ca. 23.0° at 293 K from the
eclipsed Dy, structure. This results from the S - - - S distance (ca. 3.0 A) of the SCS
moiety being longer than the Pt—Pt distance (ca. 2.68 A) [28, 32]. This twisting has
enabled the stretching of the Pt—Pt bond by changing the twist angle.
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Fig. 9.3 Packing diagrams projected down the ¢ and a axes for (a) [Pt;(MeCS,)4I],, (1) and
(b) [Pto(EtCS;)4l] (2) [28, 32]. The dashed lines represent the interchain S---S contacts, which are
relatively close to the van der Waals contact distance between sulfur atoms (3.60 A)

As shown in Fig. 9.3, the neighboring 1D chains of 1 and 2 along the a axis are
mutually shifted by 0.50 owing to the relation of the C lattice. Adjacent 1D
chains along the ¢ axis are related by the ¢ glide plane, and hence the two PtS,
planes of diplatinum units in the neighboring 1D chains twist in opposite
directions. It is noteworthy that the arrangement of neighboring 1D chains
along the c axis of 2 is different from that of 1. Neighboring chains along c are
shifted by about 0.5b in 1 but are shifted by only 0.444 A (293 K) in 2. The
interchain S---S contact distances are 3.812 and 3.847 A in 1, which are
relatively close to the van der Waals contact distance between sulfur atoms
(3.60 A), indicating the existence of two-dimensional (2D) interaction parallel
to the bc plane [28]. On the other hand, the shorter interchain S - - - S distances in
2 are 4.140 (2) and 4.663 (2) A, indicating no interchain S---S contacts [32].
Therefore, one-dimensionality of 2 is enhanced by the introduction of the ethyl
group into dithiocarboxylato ligand instead of the methyl group. Interchain
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of [Pt,(MeCS»)4l] (1) in the .
HT phase (403 K) with an

atomic numbering scheme ‘
and relevant interatomic | . 11’
distances [46] Pl 2@ \ ‘

Pt1'
cs | 2.694(1) A
Pt1

s AL | 2.994(1) A

11
T;n |

distances along the a and ¢ directions in 2 are 8.719 and 9.285 A, respectively,
lengthened by 0.300 and 2.467 A, in comparison with those of 1.

Variable temperature X-ray crystal structure analyses by Ozawa, Toriumi et al.
have revealed that 1 undergoes a structural phase transition near T, = 373.4 K and
the space group changes from C2/c at room temperature to A2/m at high tempera-
ture [46] (Fig. 9.4). Crystallographic mirror planes perpendicular to the 1D chain
exist on the I1 atoms and the midpoint of Pt1 and Pt1’ atoms (i.e.,y = 0, 0.5, 1) and,
therefore, the dinuclear units in the high-temperature (HT) phase at 403 K adopt
two staggered arrangements with twist angles of 19.4° and —19.4°, respectively [46].
Whereas, the positional disorder of PtS, planes is not observed for 2 in the X-ray
analysis up to 377 K, consistent with DSC data [32].

Fig. 9.4 1D chain structure
bl

9.2.2.2 [Pty(RCSy)4I]. (R = n-Pr (3), n-Bu (4), and n-Pen (5))
RT Phases of [Pty(RCS,)4l] (R = n-Pr (3), n-Bu (4), and n-Pen (5))

With increasing motional degrees of freedom in the system by the elongation of
the alkyl chains in dithiocarboxylato ligands, [Pt,(RCS,)4I]. (R = n-Pr (3) [50],
n-Bu (4) [51], and n-Pen (5) [52]) undergo two phase transitions at near 210 K and
above room temperature, indicating the presence of the low temperature (LT), room
temperature (RT), and high-temperature (HT) phases. The transition temperature
and the entropy gain at the phase transition of 3-5 are listed in Table 9.1. RT phases
of [Ptr(RCSy)4l]o (R = n-Pr (3), n-Bu (4), and n-Pen (5)) crystallize in the same
tetragonal space group /4/m and have almost similar structures [33—-35]. The 1D
chain structures of 3-5 in the RT phases are shown in Fig. 9.5. Since these crystal
structures are very similar, the RT phase of 4 is described here [33].

The structure consists of neutral 1D chains with a repeating —Pt—Pt—I- unit lying
on the crystallographic fourfold axis parallel to the ¢ axis. The unit cell dimension ¢
along the 1D chain direction consists of three —Pt—Pt—I— units. Crystallographic
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Fig. 9.5 1D chain structures of [Pt;(RCS;)4llo, (R = n-Pr (3), n-Bu (4), n-Pen (5)) in the RT
phase with an atomic numbering scheme and relevant interatomic distances (thermal ellipsoid set
at the 50 % probability level) [33—-35]. Crystallographic mirror planes perpendicular to the 1D
chain exist on the I1 atoms and the midpoint of Pt3 and Pt3’ atoms (i.e., z = 0, 0.5, 1)

mirror planes perpendicular to the 1D chain exist on the I1 atoms and the midpoint
of Pt3 and Pt3’ atoms (i.e., z = 0, 0.5, 1). Therefore, the ligand moieties including
sulfur atoms bonded to Pt3-Pt3’ units are disordered on two positions and the
twisting directions of two PtS, planes of adjacent dinuclear Pt1-Pt2 units in the
1D chain are opposite to each other. Two platinum atoms are bridged by four
dithiohexanato ligands in a paddle-wheel fashion with Pt—Pt distances of Pt1-Pt2 =
2.679 (1) and Pt3—-Pt3’ = 2.689 (1) A. The twist angles between two PtS, planes
are 21.45(7)° for a Pt1-Pt2 unit and £20.3(2)° for a Pt3—Pt3’ unit, respectively.
The three Pt-I distances are Pt1-11 = 2.947 (1), Pt2-12 = 2.957 (1), and Pt3-12 =
2.959 (1) A. Generally, a Pt**-I" distance is greater than a Pt**—I~ distance
because the d. orbital of the Pt** site is occupied by a pair of electrons. Therefore,
the difference between Pt—I bonds enables us to determine the valence state of Pt
atoms. Taking into account the small but significant differences in the Pt-I and
Pt—Pt distances, the valence-ordered state of the platinum atoms in the threefold
periodic structure may be regarded as an extreme model of - —Pt**—Pt>*— —Pt*>*
—Pt*>*_ I —Pt*—Pt**-I —. In such a valence state, a band gap formation occurs
due to the structural distortion and the unpaired electrons on the adjacent Pt** sites
are expected to take a singlet state due to the strong antiferromagnetic coupling
through the bridging iodine atom. However, as described later, the RT and HT
phases of 4 and 5 are a metallic or highly conductive paramagnetic state and diffuse
streaks with the twofold periodicity of a —Pt—Pt-I- period were observed in the
those RT and HT phases, indicating the presence of the valence fluctuation having
the twofold periodicity of a —Pt—Pt-I— period [35, 54]. The RT phases of 4 and §
should consequently be assigned to the valence-ordered state close to the AV state.
On the other hand, the compound 3 at room temperature exhibits the Bragg
reflections with the twofold periodicity of a —Pt—Pt-I- period instead of diffuse
streaks, indicating that 3 takes the valence-localized state corresponding to ACP or
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CDW state at room temperature [34]. Adjacent Pt;(CS,)4 units of Pt1-Pt2 and
Pt3-Pt3’ in 4 are twisted by ca. 14° from the eclipsed arrangement. In addition,
the n-butyl groups of the dithiopentanato ligands bonded to the Pt3—Pt3’ unit are
disordered over two sites. Therefore, the origin of threefold periodic structure
cannot be attributed to the valence ordering of the platinum atoms but to both the
twist of the adjacent diplatinum units and the difference in the conformation of
the dithiopentanato ligands. The shortest interchain S - - - S distance is S(2) - - - S(2)
(1/2—=x, 12—y, 1/2—z) =5.121(4) A, indicating the absence of interchain
S- - - S contact. With the elongation of the alkyl chains in dithiocarboxylato ligands,
the interchain distances of 3-5 increase to 8.933, 9.563, and 10.082 A, respectively.

HT Phases of [Pt,(RCS5)4I]o (R = n-Pr (3), n-Bu (4), and n-Pen (5))

With the RT-HT phase transition, the periodicities of the crystal lattices in the 1D
chain direction in the HT phases of 3 and 4 change to onefold of a —Pt—Pt—I— period
while keeping the same tetragonal space group [4/m [34, 35]. The 1D chain
structures of 3 and 4 in the HT phases are shown in Fig. 9.6.

The structural differences of the dithiocarboxylato ligands between adjacent
diplatinum units observed in the RT phases of 3 and 4 are removed in the HT
phases. The Pt1-Pt1’ distance of 4 is 2.6930 (5) A which is 0.22 A shorter than the
distance between the mean planes defined by the four sulfur atoms (2.916 (3) A).
Crystallographic mirror planes perpendicular to the 1D chain exist on the I1 atoms
and the midpoint of Pt1 and Pt1’ atoms (i.e., z = 0, 0.5, 1). Therefore, the bridging
iodine atom exists at the midpoint of the diplatinum units (Pt1-I11 = 2.9557 (5) A),
and two PtS, planes are disordered on two positions with the twist angle of +18.41 (9)°.
On the other hand, the structure of 5 in the HT phase adopts the same space
group /4/m and keeps a similar threefold periodic structure as its RT phase [35].
Similar to the RT phase, the ligand moieties including sulfur atoms of Pt3-Pt3’
units in 5 are disordered on two positions with the twist angle of £21.5(4)° due to
the crystallographic mirror planes perpendicular to the 1D chain existing on the
midpoint of Pt3 and Pt3’ atoms. Furthermore, there is a distinct structural difference
between the RT and HT phases. It is found that two PtS, planes of the Pt1-Pt2
diplatinum unit are disordered over two positions with the ratio of 1:1 in the HT phase.
These twist angles between two PtS, planes are 31.7 (4)° and 11.6 (5)°, respec-
tively. In the case of 3 and 4, the unit cell dimension ¢ along the 1D chain direction
is onefold of a —Pt—Pt—I- period in the HT phase, and the two PtS, planes of all the
diplatinum units are disordered in two positions. Therefore, the RT-HT phase
transition found in 5 is believed to originate from the fact that the two PtS, planes
in all the diplatinum units are disordered in two positions in the HT phase. Ikeuchi
and Saito have revealed from the detailed analysis of the heat capacity of 3, 4, and §
that the entropy (disorder) once gained in alkyl chains in the RT phase is transferred
to the dithiocarboxylato group upon the RT-HT phase transition [S0-52]. To clarify
the origin of the difference in the lattice periodicities, the ¢ axis projection of § in
the RT phase is shown in Fig. 9.7, together with those of 3 and 4.



162 M. Mitsumi

n
2.9934(10) A
Pt
2.6701(16) A
P12

2.9508(19) A
S 12
n .t 2.584(2) A
| 29557(5) A P13
Pt ; 2.685(2) A
| 2.6930(5) A o Py
P11’ o
r 12'
" {
[Pto(n-PrCS,)all. (3) at 377 K [Pt(n-BuCS )4ll.. (4) at 350 K ' m
- T~

[Pta(n-PenCSs)4ll. (5) at 270 K

Fig. 9.6 1D chain structures of [Pty(RCS;,)4l]. (R = n-Pr (3), n-Bu (4), n-Pen (5)) in the HT
phase with an atomic numbering scheme and relevant interatomic distances (thermal ellipsoid set
at the 50 % probability level) [34, 35]. Crystallographic mirror planes perpendicular to the 1D
chain exist at z = 0, 0.5, 1

Fig. 9.7 Comparison of crystal structures of [Pt,(RCS;)41] (R = n-Pr (3), n-Bu (4), n-Pen (5))
viewed along the ¢ axis (1D chain direction) [35]

The molecule colored in black is disordered in two PtS, planes, whereas the two
PtS, planes colored in gray are ordered. Twist angle between two kinds of adjacent
Pt,(CS,)4 units in each [Pty(RCS,)4I] . increases in order of R = n-Pr (3) (10°) [34],
R = n-Bu (4) (14°) [33], and R = n-Pen (5) (26°) [35], and the differences in
the ligand conformation between two kinds of the diplatinum units increase in the
same order. Therefore, it is considered that 5 retains threefold periodic structure in
the HT phase, since the twisting angle and the difference in the ligand conformation
between two kinds of the diplatinum units are too large to take the onefold
periodicity of a —Pt—Pt—I- period.

LT Phase of [Pty(n-BuCSy)4l]. (4)
The compound 4 undergoes a first-order phase transition at 213.5 K [51], where the

space group changes from /4/m in the RT phase to P4/n in the LT phase [33]. The
1D chain structure of 4 in the LT phase at 167 K is shown in Fig. 9.8. The opposite
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Fig. 9.8 1D chain structure of [Pty(n-BuCS,)4l],, (4) at 167 K in the LT phase with an atomic
numbering scheme and relevant interatomic distances (thermal ellipsoid set at the 50 % probability
level) [33]

twist of PtS, planes between the adjacent diplatinum units in the 1D chain and the
difference in conformation of the ligands observed at RT phase disappeared in the
LT phase, and the periodicity of the crystal lattice in the 1D chain direction changes
from threefold of a —Pt—Pt—I- period in the RT phase to twofold in the LT phase.
Two Pt—Pt distances are almost the same (Pt1-Pt2 = 2.675(1) and Pt3-Pt4
= 2.677(1) A), whereas there are two different Pt—I bond distances. The short
Pt-I distances (Pt2-11 = 2.889(1) and Pt3-11 = 2.906(1) 10\) are about 0.07 A
less than those of the long Pt1-12’ = 2.939(1) and Pt4-I2 = 2.987(1) A).
Based on the observed Pt—Pt and Pt—I distances, the valence-ordered state in the
LT phase in 4 is assigned to be the ACP state of —Pt**—Pt**—I —Pt**—Pt**—I —,

9.2.3 X-Ray Photoelectron Spectra

As will be described in detail later in the Transport Properties section,
[Pto(RCS»)4I] (R = Me (1), Et (2)) undergo the metal-semiconductor transition
near 300 and 205 K, respectively. To examine the valence state of the platinum
atoms, the X-ray photoelectron spectra (XPS) measurements have been made on 1
and 2 [31, 32]. The Pt 4f;, and 4f5,, core level spectrum for 2 at room temperature
are shown in Fig. 9.9, together with that of [Pt,"""(EtCS,)4] and [Pt," ™(EtCS,)4l,] [32].
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Fig. 9.9 Pt 4f;)> and 4fs, core level spectra for (a) [Po(E{CS,)llc (2), (b) [PG(ELCS,)4], and
(©) [Po(ELCS)4,] [32]

Binding energies of the Pt 4f;, and 4fs), core levels are summarized in Table 9.2.
The Pt 4f;/, and 4f5/, peaks of 2 are broad compared to those of [Pt,(EtCS,),] and
[Pt,(EtCS,)41,] and can be resolved into Pt** 4f;/, 5, and Pt** 4f;, 5, doublets using
a curve deconvolution employing a Gaussian—Lorenztian line shape fit. The energies
of each resolved doublet agree well with those observed for [Pt(EtCS,)4] and
[Pt (EtCS;)415]. It is apparent that the compounds 1 and 2 in the metallic state
exist not in the averaged-valence state of Pt>>* but in the mixed-valence state
composed of Pt** and Pt** on the timescale of XPS spectroscopy (ca. 1077 s).
The intensity of the Pt** 4f;/, 5> doublet is weak relative to that of Pt**. This may be
due to the reduction of Pt** to Pt** by X-ray irradiation.
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Table 9.2 XPS Data for [Pt,(RCSy).I]l., (R =Me (1), Et (2)), together with those of
[Pto(EtCS;)4] and [Pty(EtCS,)415] [31, 32]

Binding energies/eV*"
Compound P 45, Pt 4f;), P 4fs), Pt 4fs), References
[Pt,(MeCSy)4llee (1) 72.9 (1.81) 74.4 (1.75) 76.2 (1.77) 77.7 (1.73) [31]
[Ptr(EtCSy)ulloo (2)  72.41 (1.52)  73.68 (1.66) 75.69 (1.57) 77.04 (1.89) [32]
[Pty (ECS,)4] 72.26 (1.39) 75.57 (1.39) [32]
[Pto(EtCSy)4l5] 73.74 (1.38) 77.05 (1.39) [32]

“Full width at half-maximum values (fwhm) for peaks are given in parentheses.
"These values were corrected against C s peak using a value of 284.6 eV for C 1s peak.

9.2.4 Electronic Absorption Spectra

Electronic absorption spectra of 1-5 are very similar to one another. The electronic
absorption spectrum of [Pty(EtCS;)41]., (2) is, therefore, described as an example
of those spectra [32]. The electronic absorption spectrum of [Pty(EtCS,)4I] (2) is
shown in Fig. 9.10 in addition to the spectra for [Pt,(EtCS,)4] and [Pt,(EtCS,)415].
Spectral data are summarized in Table 9.3. The dominant feature of the absorption
spectrum of 2 is an intense broad band centered at 7,900 cm™! (0.98 eV) that is
absent from the spectra of [Pt,(EtCS,),] and [Pt,(EtCS,),415]. Highly conducting 1D
molecular-based conductors are known to show two intermolecular charge-transfer
absorption bands, located at 7,000 ~ 11,000 and 2,000 ~ 4,000 cm”! [56-60]. For
TCNQ (A) salts (p < 1) (TCNQ = 7,7,8,8-tetracyanoquinodimethane), the former
is usually attributed to a charge-transfer transition of the type, A’A*™ — A~A™
(CT,), and the latter to the A°A™ — ATA° (CT),) transition. The energy of CT is
largely determined by the Coulomb repulsion between electrons on the same
molecule, while electrical conductivity is related to the low energy CT, band.
Since the compound 2 has formally one unpaired electron per an MMX unit, the
lowest energy band can be attributed to the interdimer charge-transfer absorption
CT,, do*%do*? « do*'do*!. This band extends to the infrared region, thus rela-
tively high-electrical conductivity can be expected for 2. The absorption maximum
energies of 1 and 2 are 7,500 and 7,900 cm™! [32], whereas those of 3—5 are shifted
to higher energy of 9,300 cm ™! for 3 and 9,000 cm ™! for 4 and 5 [35, 55]. The
absorption maximum energy of 3 that shows the semiconducting behavior at RT is
shifted to the highest energy. The bands observed near 17,700 and 24,600 cm ™' for
2 are assigned to do* «— o(I) and do* « d=* transitions, respectively, similarly to
assignment for 1 [31].

9.2.5 Transport Properties

9.2.5.1 [Pty(MeCS,)Il., (1)

The temperature dependence of the electrical conductivity and resistivity of
[Pto(MeCS,)4l] (1) parallel to the chain axis b are shown in Fig. 9.11 [31]. The
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Fig. 9.10 Electronic absorption spectra of [Pto(EtCS,)4I], (2), [Pt2(EtCS,)4], and [Pt (EtCS,)415]
in the solid-state (KBr-pressed disks) [32]

Table 9.3 Electronic absorption spectral data of [Pty(RCS,)4l]., (R = Me (1), Et (2), n-Pr (3),
n-Bu (4), n-Pen (5), and n-Hex (6)) in the solid-state, together with that of [Pt,(EtCS,),] and
[Pt (EtCS,)4l5]

Wave number/ 10° cm™! References
[Pto(EtCS»)4ll (2) 7.9, 17.7, 24.6 (sh), 33.0 [32]
[Pto(EtCS5)4] 17.0, 23.4,29.2 [32]
[Pto(EtCS,)415] 17.4, 21.8 (sh), 26.1 (sh), 29.2, 33.1 [32]
[Pt,(MeCS»)4l]o (1) 7.5,17.9, 24.5 (sh), 31.8 [28]
[Pto(n-PrCS,)4llo (3) 9.3, 17.9, 24.6 (sh) [55]
[Pty(n-BuCS»)4l] . (4) 9.0, 18.1, 24.6 (sh), 32.8 [55]
[Pty (n-PenCS»)41], (5) 9.0, 17.8, 24.8 (sh), 32.9 [35]
[Pty (n-HexCS»)4l] o (6) 5.6* [36]

Measured as KBr or KI pressed disks at 298 K. si shoulder
“An absorption band in near IR reagion is only reported.

compound 1 shows relatively high-electrical conductivity (13 S ecm™"), which is
about nine orders of magnitude higher than the typical value of a MX-chain
complex. This value is also 10* times greater than that of K,[Pt,(pop),Br]-3H,0 [20]
but are ca. ten times lower than that found in K;[Pt(CN)4]Brg 5-3H,0 (KCP(Br))
[61]. The metallic conductivity in the one-dimensional (1D) halogen-bridged metal
complexes has been observed for the first time for [Pt,(MeCS;)4l],, (1) above
Tnves = 300 K [31]. This is the second example, following KCP(Br), of a transition
metal complex exhibiting metallic transport under ambient pressure without 7-
electronic system of ligands. The resistance drop resulting from the order—disorder
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Fig. 9.11 (a) Temperature dependence of the electrical conductivity of a single-crystal
[Pt,(MeCS5)4l] (1) parallel to the chain axis b [31]. (b) Temperature dependence of the electrical
resistivity of a single-crystal of 1 parallel to the chain axis b

type phase transition concerning conformation change of the two PtS, planes has
been observed at 365-375 K. The HT disordered phase is also metallic.

9.2.5.2 [Pt(EtCS;)4ll (2)

The room temperature electrical conductivity of [Pty(EtCS;)4I] (2) is 5-30 S cm” !,
which is of the same order as that reported for 1 [32]. The temperature dependence of
electrical resistivity of crystal 2 along the 1D chain is represented in Fig. 9.12a. On
decreasing temperature, the electrical resistivity increases and reaches a maximum
around 235 K and then decreases down to a minimum at 205 K. Below 205 K, the
electrical resistivity behaves as a semiconductor with an activated energy of
110 meV. To confirm whether the electrical conducting behavior is metallic or not,
the thermoelectric power S has been measured (Fig. 9.12b). Above room temperature,
the S takes the temperature-independent small negative value, —15 uV K~'. Upon
cooling, the S slightly increases and shows a slight swelling around 260-205 K and
then changes its sign and increases rapidly. If the MMX units form a metallic band, it
is an effective half-filled band mainly composed of a Pt-Pt do*—I pz combination
since the present compound has formally an unpaired electron per an MMX unit. For
the tight-binding approximation, the thermoelectric power of the half-filled band
(p = 1) would give the temperature-independent value, zero [62—64]. The observed
temperature-independent behavior of S above room temperature is consistent with the
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Fig. 9.12 (a) Temperature dependence of electrical resistivity measured along the chain axis b of
[Pt (EtCS5)4l] o (2) [32]. (b) Temperature dependence of absolute thermoelectric power measured
along the chain axis b of 2

effective half-filled metallic band. The drastic change of S observed near 205 K
indicates that an energy gap at the Fermi energy is opened below 205 K. Below the
transition temperature, the thermoelectric power of 2 varies approximately as 1/7,
suggesting a semiconducting state [62—-64]. These results demonstrate that the
compound 2 undergoes a metal-semiconductor transition at Ty;_s = 205 K.

Kitagawa et al. have reported the electrical resistivity of 2 under high pressure
[65, 99]. The pressure dependences of the electrical resistivity of 2 along the b-axis (//
1D chain) are shown in Fig. 9.13. Upon increasing the pressure, the resistivity at 298 K
decreases rapidly followed by a sharp transition at 3.0 GPa to a more resistive state and
a gradual decrease up to 8.0 GPa. The metallic conduction at 2.2 GPa is maintained
down to 70 K, that is, the metallic state is stabilized under pressure, surviving down to
70 K. The observed metal-semiconductor transition temperature (Ty_s = 70 K) is the
lowest value in the 1D d-electronic conductors based on transition metal complexes.
The Ty_s of 2 is lowered by 140 K compared to KCP(Br) (T = 210 K under
3.2 GPa) [66], and its 1D metallic state is more stabilized. Above 3.0 GPa, on the
contrary, the electrical transport behavior changed to be narrow gap semiconductor in
the whole temperature region, where the activation energies are 17 meV at 4.0 GPa
and 10 meV at 8.0 GPa. These results indicate that the resistivity jump at 3.0 GPa
is attributable to a pressure-induced metal-semiconductor transition. To clarify
the origin of the pressure-induced metal—insulator transition, X-ray oscillation
photographs have been taken under high pressure at room temperature. Any diffuse
scatterings or superlattice reflections at k = n + 0.5 (n being an integer) originating
from the twofold periodic valence ordering such as CDW or ACP states have not been
observed above 2.0 GPa, suggesting that the electronic state above 2.0 GPa is not
CDW or ACP but AV or CP state [65].
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Fig. 9.13 (a) Pressure dependence of the electrical resistivity of [Pty(EtCS;)4I]., (2) [65].
(b) Temperature dependences of the electrical resistivity at 0, 2.2, 4.0, and 8.0 GPa

9.2.5.3 [Pty(n-PrCS;) ] (3)

The temperature dependence of electrical resistivity of [Pty(n-PrCS;)41]. (3) along
the 1D chain is represented in Fig. 9.14a [34]. The electrical conductivity along the
¢ axis (1D chain direction) of 3 is 0.16-0.34 S cm ! at 300 K, which are about two
order of magnitude smaller than those of 1 and 2 [31, 32]. This is consistent with the
appearance of the Bragg reflections with the twofold periodicity of a —Pt—Pt-I-
period, indicating the valence-localized state corresponding to a static ACP or
CDW state. The electrical resistivity shows a thermally activated behavior with
activation energy of 363 meV in the temperature range of 245-320 K, but exhibits
an apparent deviation from the thermally activated behavior in the temperature
range of 320-359 K. Resistivity jump due to the first-order phase transition is also
observed at 359 K. On the other hand, the thermoelectric power shows almost
temperature independent behavior (—40 pV K™ ') in the range of 330-360 K
(Fig. 9.14b). Above the phase transition temperature, the thermoelectric power
tends to increase slightly with increasing temperature.
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Fig. 9.14 (a) Temperature dependence of electrical resistivity measured along the chain axis ¢ of
[Pty(n-PrCS,)4l], (3) [34]. (b) Temperature dependence of absolute thermoelectric power
measured along the chain axis ¢ of 3

9.2.5.4 [Pty(n-BuCS;)4l].. (4)

The temperature dependence of electrical resistivity of [Pty (n-BuCS,)4I] (4) along
the 1D chain is represented in Fig. 9.15a [33]. The electrical conductivity along the
¢ axis (1D chain direction) of 4 is 17-83 S cm ™! at room temperature, which is
comparable to the conductivity of 1 and 2 [31, 32]. The temperature dependence of
electrical resistivity exhibits metallic conduction above the RT-HT phase transition
temperature, Ty;_s = 325 K. LT and RT phases show semiconducting behavior with
activation energies of 134 and 255 meV, respectively. The thermoelectric power, S,
has also been measured in the temperature range of 200400 K (Fig. 9.15b) [33].
The HT phase shows almost temperature-independent behavior of §
(=10 pvV KH, indicating a half-filled metallic band [62-64]. Below Ty;_s = 325
K, § slightly decreases with lowering temperature, reaching a minimum value of
—16 uvV K~ ! near 270 K and then, as is characteristic of semiconductors, increas-
ing. Furthermore, p and S exhibit sharp increases at ca. 210 K, associated with the
RT-LT phase transition.

9.2.5.5 [Pty(n-PenCS;) Il (5)

The electrical conductivity of [Pty(n-PenCS,)4I]., (5) at room temperature has a
relatively high value of 0.84 S cm” !, but it is lower than those of 1, 2, and 4
(Fig. 9.16a) [35]. The electrical resistivity in the cooling 1 process decreases with
lowering temperature from RT and reaches a minimum around 235 K, indicating
that 5 undergoes a metal-semiconductor transition at Ty = 235 K. This is the
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Fig. 9.15 (a) Temperature dependence of the resistivity of [Pty(n-BuCSy)4I]., (4) [33].
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Fig. 9.16 (a) Temperature dependence of the electrical resistivity of [Pty(n-PenCS;)4l]., (5)
measured along the chain axis ¢ under different procedures [35]. (b) Temperature dependence
of absolute thermoelectric power of 5 measured along the chain axis ¢

second stable metallic state next to [Pto(EtCS,)4l].c (Ta_s = 205 K) [32]. The
electrical resistivity exhibits resistivity jump with the first-order RT-LT phase
transition near 205 K and then decreases with lowering temperature. The resistivity
in the heating 2 process measured using another as-grown crystals exhibits rapid
decreases with the phase transition in the temperature range of 320-328 K, but the
resistivity in the cooling 2 process from 350 K has never showed the HT-RT phase
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transition. This behavior is consistent with the tendency observed in the heat
capacity measurement and indicates that the phase transition is monotropic [52].

As shown in Fig. 9.16b, the thermoelectric power S in the first cooling process
increases with lowering the temperature and exhibits a maximum at 235 K before
rapidly increasing with the first-order RT-LT phase transition near 205 K. On first
heating, S changes through the same pathway as the first cooling process, and
then exhibits an increase at the RT-HT phase transition in the temperature range
of 330-344 K. Upon second cooling from 400 K, S does not show the rapid decrease
associated with the RT-HT phase transition and exhibits a round maximum near
260 K. The observed irreversibility is consistent with the tendency observed in the
heat capacity and resistivity measurements. On the other hand, Guijarro et al. have
reported the electrical transport property of the micrometer-length fibers of 5 with
the typical height of ca. 1.5-2.5 nm formed by casting deposition on mica from
sonicated diluted tetrahydrofuran (THF) solution [67].

9.2.6 X-Ray Diffuse Scattering

As already described in Sect. 9.2.2, the bridging iodine atom in [Pt(EtCS,)4I] (2)
is located near the midpoint between two diplatinum units. This indicates valence
states of the platinum atoms of 2 are considered to be an averaged-valence state of
+2.5. However, it is well known that X-ray crystal structure analysis gives only a
time and spatially averaged structure. On the other hand, the XPS spectrum of 2
revealed that the diplatinum complex adopts the Pt**—Pt** mixed-valence state [32].
Furthermore, the compound 2 is expected to exhibit structural distortion even in the
metallic state, since the 1D halogen-bridged mixed-valence platinum complex is a
typical system having strong electron—lattice interactions. X-ray diffuse scattering
techniques are used to examine subtle periodic lattice distortion [68—72]. To obtain
the information for the crystal structure, including the periodical arrangement of
platinum valences on the 1D chain system, X-ray diffuse scattering has been
studied for 2—4 [32, 34, 35, 54].

9.2.6.1 [Pty(EtCS;) ] (2)

The X-ray diffraction photographs taken on the different reciprocal planes between
206 and 297 K are shown in Fig. 9.17 [32]. As shown in Fig. 9.17a, the X-ray
diffraction pattern exhibits weak but sharp diffuse lines at the midpoint between
layers of Bragg reflections, i.e., at the reciprocal lattice positions in k = n + 0.5 (n;
integer). The intensity of diffuse scattering increases with increasing scattering
angles. This strongly suggests that diffuse scattering arises from a displacive
modulation of heavy atoms, i.e., static or dynamic distortion of the platinum and/
or iodine positions. When the electron density p per unit cell with lattice constant b
is 1, the Fermi wave number of the electron is kg = pb*/4 = b*/4, where b* = 2n/
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Fig. 9.17 Portions of X-ray diffraction photographs of [Pt,(EtCS,)4l]., (2) taken at different
temperatures and crystal orientations with a fixed-film and fixed-crystal method [32]. The b* axis
is vertical in these figures. The sample is oriented as (a) the ¢* and b* directions perpendicular to
the incident X-ray beam, (b) the b* direction perpendicular to the incident X-ray beam and the a*
direction parallel to it, (c) the b* direction perpendicular to the incident X-ray beam and the c*
direction parallel to it

b is the reciprocal lattice vector, and the reciprocal-lattice vector 0.5b*
coincides with the 2kr wave vector. Therefore, the observed diffuse scattering
with twofold repetition length of a —Pt—Pt-I- period can be associated with
PPt —I- PP —I- (2kp-CDW) or —P**—Pt**—I-P**—Pt**—I- (2ky).

We have proposed a possible valence-ordering model in the metallic state based on
the twofold periodical ordering and the average temperature factor U,, of the platinum
and iodine atoms along the 1D chain direction [32]. The crystal structure analyses of 2
have revealed that all the Pt—Pt distances are crystallographically identical, that the
two Pt distances are almost equivalent within experimental errors, and that U,, of
the iodine atom becomes exceptionally large above Ty_s. The exceptionally large
temperature factor of the iodine atom along the 1D chain in the metallic state suggests
the dynamic valence-ordering models, rather than the static ones, shown in Fig. 9.18,
in which the valence fluctuation and phonon vibration are coupled with each other.
If the bridging iodine atom of the MMX-chain compound is shifted from being bound
to Pt>* to a position close to the neighboring Pt**, electron transfer from Pt** to Pt**
will be induced. This electron transfer is a result of the strong coupling between the
coordination geometries of the Pt complexes and their valence states, the so-called
electron—phonon coupling. The D1 model is the iodine vibration mode but does not
correspond to twofold periodical ordering. The D3 model is the vibration mode of the
diplatinum unit, whereas D2 is the mode in which the stretching of Pt—Pt bonds and the
shifts of the bridging iodine atom positions are strongly coupled. Although the D3
model can reproduce the twofold periodical ordering, the large U,, of Pt rather than
that of I must be expected. From the viewpoint of twofold periodical ordering and the
large U, of the iodine atom, the model D2 appears to be the most appropriate model in
representing the valence-ordering state of 2 in the metallic state. On the other hand, the
diffraction pattern in Fig. 9.17b exhibits distinct spots on diffuse lines. Considering
both the diffraction patterns, it can be determined that the diffuse lines are extended
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Fig.9.19 Schematic representations of the diffuse lines (—, n + 0.5, /) (n; integer) on a projection
plane perpendicular to the b* axis with the Ewald sphere [32]. The sample is oriented as (a) the a*
and b* directions perpendicular to the incident X-ray beam (same orientation as Fig. 9.17a), and
(b) the b* direction perpendicular to the incident beam and the @* parallel to it (same as Fig. 9.17b)

perpendicular to the b* axis (= chain axis b) and parallel to the a* axis and are indexed
as (—, n + 0.5, /) and shown in Fig. 9.19. This implies that the periodic ordering with
twofold repetition length of the MMX unit existing in the 1D chain is strongly coupled
with each other along the ¢ direction, resulting in 2D order in the bc plane.
Wakabayashi et al. have reported that a quantitative analysis of the diffuse
intensity distribution in the metallic state of 2 based on the method comprised of
diffuse scattering and resonant X-ray scattering [73]. The observed diffuse scattering
intensity distribution along the b* axis at room temperature is shown in Fig. 9.20.
This figure shows the (0 & 0) intensity within the region of 4.5 < k£ < 16.5. Intense
scattering was observed at k = 3n % 0.5. The intensity distribution is very similar
to the calculation not for the ACP model but for the CDW model, indicating that
2 contains the CDW type atomic displacement. Incident energy dependence of the
diffuse intensity has also been examined [73]. Figure 9.21a shows the ratio of the
diffuse intensity at (0 6.5 0) to that at (0 7.5 0) around the Pt Ly absorption edge as
well as the calculated spectrum for the A-type (CDW-type) structure. Furthermore,
a similar experiment around the I K-absorption edge at (0 8.5 0) has also been
carried out in Fig. 9.21b. These results indicate that the CDW-type structure is
realized in the metallic state. These results strongly support the dynamic valence-
ordering model D2 proposed for in the metallic phase of 2 [32].

As shown in Fig. 9.17, the intensity of the diffuse lines observed in 2 decreases
progressively with decreasing temperature below 252 K accompanied by gradual
changes in shape from lines to continuous sheets around Tyy_s [32]. This indicates
that the periodic ordering of the MMX units changes from 2D to 1D. This transfor-
mation in the dimensionality of valence ordering should be associated with a drastic
change in the valence-ordering state. As shown in Fig. 9.17c, broad undulation in the
intensity of the diffuse sheets gradually converts to weak but distinct Bragg spots
corresponding to superlattice reflections around temperatures between 161 and
133 K. This fact suggests that new lateral correlation among 1D chains is remark-
ably developed and results in a three-dimensionally ordered array of 1D chains. In
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Fig. 9.20 Diffuse scattering intensity distribution of [Pt,(EtCS,)4I],, (2) along the b* axis at room
temperature [73]. The calculated intensities of CDW- and ACP-type structures are also plotted.
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Fig. 9.21 Incident X-ray energy dependence of [Pt,(EtCS,)4I],, (2) as well as the calculated
spectra for the A-type (CDW-type) structure [73]. (a) Pt Ly-edge; (b) I K-edge

order to determine the LT superstructure of 2, synchrotron radiation crystal structure
analysis has been performed for data taken at 48 K. When the superlattice reflections
are included, the supercell can be indexed by agper = 0.5a + 0.5b, bgyper =
—0.5a + 1.5b, and c¢gyper = 0.5a — 0.5b + ¢, and the space group changes from
C2/c to P1. Figure 9.22 shows the superstructure of 2 at 48 K [33]. Two crystallo-
graphic independent [Pt,(EtCS,)4I] units exist in a unit cell in the LT phase and the
periodicity of the crystal lattice is twofold of a —Pt—Pt-I- period. The two Pt—Pt
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distances are almost the same (Pt1-Pt2 = 2.673(1) and Pt3—Pt4 = 2.675(1) 10\), but
there are two different Pt—I bond distances. The short Pt—I distances (Pt2-12 = 2.930
(1) and Pt3-12 = 2.930(1) 1&) are about 0.029 A less than the long Pt-I distances
(Pt1-I1 = 2.954(1) and Pt4-I1* = 2.963(1) A). The twofold superstructure
originates from the different Pt—I distances since the structures of the two crystallo-
graphic independent [Pty(EtCS,)4] units are almost the same and twisting
between the dinuclear units has not occurred. The observed Pt—Pt and Pt-I
distances indicate that the valence-ordered state in the LT phase is the ACP state
of —Pt**—Pt**—I —Pt**—Pt**—I —, similarly to the structure of 4 in the LT phase [33].
Kobayashi and Kitagawa have reported from '*’I Mossbauer spectroscopy of 2 that
the chain structure and oxidation states of iodine in 2 at 11 K are considered to be as
follows [26, 74]:

_ [Pt2+ _ Pt3+} _ IA0.41— _ [Pt3+ _ Pt2+] _ IB0.31— _

The valence state of Pt expressed as a —[Pt**—Pt**]- represents a formal oxidation
number. Almost the same results for the Mdssbauer parameters have also been
observed in 1, indicating the existence of ACP type ground state in the both
compounds [26, 31, 74].

9.2.6.2 [Pty(n-PrCS,) ], (3)

X-ray diffraction photographs of [Pty(n-PrCS,)4I],, (3) measured by rotating
around the ¢ axis using synchrotron radiation are shown in Fig. 9.23 [34].
At 300 K, weak but distinct Bragg spots were observed in the reciprocal positions
indexed as [+ 1/3 (¢*rp) and [ + 1/2 (3/2c*gt), where the [ (3c*ry) is
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corresponding to a —Pt—Pt-I- period. The crystal structure of 3 in the RT phase,
including the weak intensities of / £ 1/3, has already shown in Fig. 9.5 [34].
The origin of threefold periodic structure results from both the twist of the adjacent
diplatinum units and the difference in the conformation of the dithiobutanato
ligands. On the other hand, the Bragg spots of / 4 1/2 observed in the typical
semiconducting region change to diffuse streaks around 350 K in the RT phase,
in which the electric conductivity is deviated from the typical semiconducting
behavior. The Bragg spots observed at / + 1/2 correspond to the three-dimensional
valence ordering, that is, the valence-localized state corresponding to ACP or CDW
state. As described above, the diffuse scattering with the twofold repetition length
observed for 2 is ascribed to the dynamical valence-ordering with the twofold
periodicity corresponding to CDW state existing in an extremely short time scale
[32, 73]. Similarly, the diffuse scattering observed for 3 above 320 K can therefore be
attributed to the valence-fluctuating state corresponding to a dynamic ACP or CDW
state. The sixfold periodic structure including the twofold periodic valence ordering
in the RT phase, in addition to the threefold periodic structure arising from the
structural difference between the diplatinum units, has not been determined yet,
since reflections indexed as / £ 1/6 are entirely absent. As shown in Fig. 9.23, the
intensities of reflections of / + 1/3 decrease above 300 K and disappear at 380 K,
indicating that the lattice periodicity changes from the threefold of a —Pt—Pt—I— period
in the RT phase to onefold in HT phase in agreement with the crystal structure in the
HT phase.

9.2.6.3 [Pty(n-BuCS,)4l].. (4)

In the X-ray oscillation photographs taken in the RT phase of 4 (Fig. 9.24a, b), the
weak Bragg spots have appeared at the reciprocal positions indexed as [ + 1/3
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Fig. 9.24 (a) X-ray oscillation photographs of [Pt;(n-BuCS,)4I]., (4) taken with an oscillation
angle of 3° around c axis at 290 K [54]. Axis ¢* (1D chain direction) is vertical. (b) At 290 K in RT
phase. (¢) At 180 K in LT phase

(c*rT), Where the [ (3¢*gt) is corresponding to a —Pt—Pt—I— period. This is consis-
tent with the periodicity of 1D chain being threefold of a —Pt—Pt—I- period [54].
In addition, diffuse scattering is observed at the reciprocal positions of / + 1/2 (3/
2c*gr) corresponding to twofold of a —Pt—Pt—I- period. Analogously to the diffuse
scattering observed for 2 and 3, the diffuse scattering observed in 4 can therefore be
attributed to the twofold periodicity corresponding to a dynamic ACP or CDW
state. In Fig. 9.24c taken in the LT phase, the Bragg spots and diffuse scattering
observed in the reciprocal positions indexed as [ + 1/3 and / + 1/2, respectively,
have disappeared and new Bragg spots have appeared at / + 1/2 (c*Lt), which is
consistent with the twofold periodicity observed in the crystal structure analysis
[33]. This result indicates that the valence fluctuation observed as the diffuse
streaks has frozen and then the 3D static valence-ordering develops in the LT
phase. This is also consistent with the rapid increase in the resistivity at the
RT-LT phase transition.

9.2.6.4 [Pty(n-PenCS,)I1.. (5)

X-ray diffraction photographs of § measured in the HT, RT, and LT phases are shown
in Fig. 9.25 [35]. In Fig. 9.25b taken in the RT phase, the weak Bragg spots have
appeared at the reciprocal positions indexed as / £ 1/3 (c*gt), which is consistent
with the periodicity of 1D chain being threefold of a —Pt-Pt-I- period [35].
In addition, diffuse streaks are observed at the reciprocal positions of / + 1/2 (3/2
c*rr) corresponding to twofold of a —Pt—Pt-I- period. The weak Bragg spots
corresponding to c*gt are also observed in the HT and LT phases, and, therefore,
the threefold periodic structure remains in the HT and LT phases. In Fig. 9.25a, b,
diffuse streaks are observed at the reciprocal positions of [ + 1/2 (3/2 c*ry)
corresponding to a dynamic ACP or CDW state. In Fig. 9.25c, the diffuse scattering
observed in the RT and HT phases changes to the distinct Bragg spots in the LT phase,
indicating that the valence fluctuation has frozen and then the 3D static valence
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Fig. 9.25 Portions of X-ray
oscillation photographs of
[Pto(n-PenCS;)4l]o (5) in
each phase taken with an
oscillation angle of 3° around
¢ axis [35]. Axis ¢* (1D chain
direction) is vertical. (a) The
X-ray diffraction experiment
of the supercooled HT phase
was carried out at 300 K using
a crystal once heated to 350 K

ordering with sixfold periodicity develops in the LT phase, similarly to the semicon-
ducting region of 3 [34]. However, the crystal structure determination of the super-
structure corresponding to sixfold of a —Pt—Pt—I- period were unsuccessful.

9.2.7 Magnetic Properties

9.2.7.1 [Pt;(MeCS,)4ll (1)

The temperature dependence of the magnetic susceptibility of [Pt,(MeCS,)4I] (1)
is shown in Fig. 9.26 [31]. In the metallic region of 300 < T < 400 K, the
susceptibility decreases with lowering temperature on the order of 20 % as are
often observed in 1D molecular conductors. In most of 1D molecule-based
conductors, the temperature dependence of the susceptibility deviates consider-
ably from the Pauli temperature-independent paramagnetism. Kitagawa et al.
have stated that one of the most important effects on the deviations from the
Pauli-like susceptibility in 1 is the Coulomb interactions which play an important
role in the MMX-chain system considered as the Mott—Hubbard system with
U = 4t [75]. Below T_s = 300 K, on the other hand, the magnetic susceptibility
increases slightly with a slight convex in the yy vs. T curve upon cooling to 90 K.
If a transition relates to Peierls (CDW) instability, the magnetic susceptibility
should become activated below the transition because of the freezing of both
charge and spin degrees of freedom. However, the opposite behavior has been
observed below 300 K in the susceptibility data. As described in the transport
properties, the MMX-chain system is strongly suggested to be the electronic
system having an effectively half-filled conduction band. The most important
effect especially for the 1D half-filled system is on-site Coulomb repulsion (U)
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Fig. 9.26 Temperature dependence of the magnetic susceptibility of [Pto(MeCS,)4l]. (1) [31]

and nearest-neighbor interdimer Coulomb repulsion (V). Since only the charge
degree of freedom is lost while the spin degree of freedom is maintained below
Twmos, Kitagawa et al. have concluded that the semiconducting state can be
considered to be a 4k CDW, that is a Mott—Hubbard insulator in a half-filled
band with magnetic disorder and often lead to a SDW or spin-Peierls ground state
at low temperatures [31]. Such the Mott—Hubbard transition usually shows no
obvious anomaly in ) since it is a crossover-type transition from the itinerant-
electron (Pauli) paramagnetism to localized-electron paramagnetism.

9.2.7.2  [Pt(EtCS;)4ll (2)

The temperature dependence of the magnetic susceptibility of [Pto(EtCS;)41]. (2)
is shown in Fig. 9.27 [32]. The magnetic susceptibility in the metallic state above
Tys = 205 K is of the order of ca. 1 x 107> emu mol . The low susceptibility is
consistent with Pauli paramagnetism as one may expect for a conductor. Since this
compound shows no obvious anomaly in yy; with the metal-semiconductor transi-
tion, the Mott—Hubbard transition (4k-CDW) is considered to be a plausible
origin of the metal-semiconductor transition, similar to compound 1. However, the
solid-state properties of 2 cannot be perfectly understood by a simple 1D band model.
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The magnetic susceptibility exhibits changes in slope near Ty;_g and a slight swelling
near 160 K. As described in the X-ray Diffuse Scattering section, lateral correlation
between 1D chains rapidly develops in this temperature region. The swelling
observed in magnetic susceptibility seems to have appeared concerning the rapid
development of the lateral correlation, though a clear explanation is not possible at
this time. The spin degree of freedom survives at low temperature and loss of the spin
degree of freedom accompanied by the transition to the ground state of the ACP state
of —Pt**—Pt**—I —Pt**_Pt**_I — has not been observed.

9.2.7.3 [Pty(n-PrCS;) ] (3)

The temperature dependence of the magnetic susceptibility, yu, of crystalline
samples of 3 is shown in Fig. 9.28 [76]. The yu vs. T plot below ca. 300 K can
account for paramagnetic impurities and/or lattice and end-of-chains defects. There-
fore, the compound 3 takes the spin-singlet state below 300 K. This is consistent with
the valence-localized state corresponding to ACP or CDW state observed by the
X-ray diffraction study. Above 300 K, on the other hand, the compound 3 exhibits
thermally activated magnetic susceptibility, in accordance with the valence-
fluctuating state corresponding to a dynamic ACP or CDW state.

9.2.7.4 [Pty(n-BuCS,),I].. (4)

The temperature dependence of the magnetic susceptibility, yu, of crystalline
samples of 4 is shown in Fig. 9.29 [33]. yy of 4 in the RT phase is on the order
of 2.9 x 10> emu mol~!, which is in accordance with the results of EPR
measurements (ca. 2 X 1075 emu mol_l) [77]. The tail, observed in the yp vs. T
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plot below ca. 30 K, is assigned to paramagnetic centers originating from impurities
and/or lattice defects. The most striking feature is an abrupt drop in the y; of 4 to
the spin-singlet state, with hysteresis, around the first-order RT-LT phase transition
from the AV state to the ACP state. The abrupt drop of y\ in 4 is quite similar to
spin-Peierls transitions. The observed magnetic behavior of 4, however, seems to be
well described not by the spin-Peierls transition but by the regular electronic Peierls
transition. This is suggested as the transition is the first order in nature, the transition
temperature is very high, and sharp increases in p and S are observed at the
transition [33]. As described in the crystal structure section, the valence-ordering
structures in the ground states of 2 and 4 can be regarded as an ACP state. However,
an abrupt drop in y\ has not been observed for 2, indicating that the spin degree of
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freedom persists down to 2 K, similar to 1 [32]. This quite remarkable difference in
the magnetic behaviors of 2 and 4 is attributed to the degree of lattice distortion in
the 1D MMX chains. As described in the Crystal Structures section, X-ray crystal
structure analyses revealed that differences between Pt>*—I~ and Pt**—I~ distances
of 4 (ca. 0.07 A) are remarkably larger than that for 2 (0.02-0.03 A). As these
distance differences correspond to the lattice distortion of a 1D MMX chain, it is
reasonable to consider that the alternation of an exchange interaction in 4 increases
with an increase in lattice distortion, resulting in the spin-singlet state of the low
temperature ACP state.

9.2.7.5 [Pty(n-PenCS;)4l] (5)

The temperature dependence of the magnetic susceptibility yy of [Pty(n-
PenCS,)41]. (5) is shown in Fig. 9.30 [35]. The magnetic susceptibility in the RT
and HT phases is of the order of 1-2.5 x 1073 emu molfl, which is of the same order
of magnitude as those observed in 2 and 4. The low susceptibility is consistent with
Pauli paramagnetism as one may expect for a conductor. The most striking feature is an
abrupt decrease in the ) to the spin-singlet state with the first-order RT-LT phase
transition, analogous to compound 4. In the case of 4, the spin-singlet state appears with
the first-order RT-LT phase transition from the AV state to the ACP state around 205 K
[33]. As described in the X-ray diffraction, the compound 5 in the RT phase exhibits the
diffuse scattering corresponding to twofold repetition length of a —Pt—Pt-I— period, in
addition to the main Bragg spots, which changes to the Bragg spots in the LT phase.
Therefore, the compound 5 is considered to take the spin-singlet state with the first-
order phase transition from the valence-ordered state close to AV state in the RT phase
to the ACP or CDW state in the LT phase. Taking into account the valence-ordered
state of 2 and 4 in the LT phase [33], the most probable ground state of 3 and 5 would
be the ACP state of —Pt**—Pt**—I —Pt**—Pt**~I —. The temperature dependence of
in the first heating process below RT coincides with that in the first cooling process but
exhibits a slight increase at the monotropic phase transition to the HT phase in the
temperature range of 324-335 K. It is confirmed from the result of the second cooling
process that the HT phase does not return to the RT phase in agreement with the results
with the heat capacity measurement [52], EPR measurement [78], and transport
properties [35].

9.3 Nickel Complexes

9.3.1 Syntheses

Unlike the diplatinum(III) complex [Pty(RCS;)4l5], it is difficult to isolate the dinickel
(IIT) complex [Niy(RCS,)4l,] and, consequently, [Ni(RCS,)4I]., (R = Me (7), Et (8),
n-Pr (9), and n-Bu (10)) are directly prepared by the reaction of [Niy(RCS,)4] with
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iodine in an appropriate solvent [37, 38]. The reported synthetic conditions are listed in
Table 9.4. With elongation of the ligand’s alkyl chain, the isolation of target compound
becomes difficult due to its high solubility. The Ni MMX-chain compounds can be
stored without decomposition for several months under an inert atmosphere in a
refrigerator but gradually decomposes upon exposure to air at room temperature.

9.3.2 Crystal Structures

9.3.2.1 [Nix(RCSy)4llo, (R = Me (7), Et (8))

[Nio(RCS,)4I]c (R = Me (7), Et (8)) crystallize in the monoclinic P2/n and C2/c
space groups, respectively, and have analogous structures with the corresponding
diplatinum compounds, [Pt,(RCS,)4I]. (R = Me (1), Et (2)) [37, 38]. Each nickel
compound is isostructural but not isomorphous with the corresponding platinum
complex. The crystal structure is exemplified with that of the compound 8 [38]. The
crystal structure of 8 is shown in Fig. 9.31.

The crystal of compound 8 consists of neutral 1D chains with a repeating
—Ni—Ni—I- unit lying on the crystallographic twofold axis parallel to the b axis.
Two nickel atoms are bridged by four dithiopropanato ligands and the Ni—Ni
distance is 2.5479(7) A, which is 0.22 A shorter than the distance between the
mean planes defined by the four sulfur atoms (2.77(3) 10%). This Ni—Ni distance is
marginally shorter than that of the dinuclear Ni?*—Ni** complex, [Ni(MeCS,)4]
(2.564(1) A), but longer than [Niy(EtCS,),] (2.5267(10) A) [79]. The two NiS,
square planes are twisted by 28.2(9)° from the eclipsed structure. In the case of
diplatinum complexes, it is known that the Pt—Pt distance tends to shorten with
increasing the formal oxidation number of the platinum atoms due to the Pt—Pt bond
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Fig. 9.31 (a) 1D chain structure of [Niy(EtCS,)4I],, (8) at 292 K with an atomic numbering
scheme and relevant interatomic distances (thermal ellipsoid set at the 50 % probability level) [38].
(b) Packing diagrams projected down the b axis. A simple vectorial relationship between the unit
cell dimensions of [My(EtCS,)4l]o (M = Ni (8), Pt (2)) are found to be a = —d/, b’ =~ —b,
¢’ = a + ¢, where the unit cell drawn with the dotted lines refers to the platinum compound 2

formation by the removal of an electron from the filled do* orbital [32, 53].
In contrast, the Ni—-Ni distance appears to be strongly influenced by the interaction
with the surrounding atoms rather than by the formal oxidation number of the nickel
atoms, i.e., Ni—I interaction in 8, intermolecular Ni - - - S interaction in [Ni,(MeCS,)4]
[37], and intermolecular Ni---Ni interaction in [Niy(EtCS,)4] [79], in addition
to the packing effect including the twist angle of the two NiS, planes. Therefore,
the tendency for the M-M distance to shorten with increasing the formal
oxidation state is not a criterion for the dinickel complex. The two Ni—I distances
are Nil-I1 = 2.9186(6) and Ni2-I1’ = 2.9085(6) A, and the bridging iodine atom
slightly deviates from the midpoint of the dinuclear units. Generally, the Ni**—I~
distance is longer than that of Ni**—I~ since a pair of electrons occupies thed,» orbital
of Ni2+, and therefore the difference between the Ni—I distances indicates a charge
disproportionation of the nickel atoms. Taking into account the distinct difference
of Ni-I distances, the valence-ordered state of 8 at RT should be assigned to
a charge-polarization (CP) state of —Ni‘>>~O*_Nj@3+*_[_Nj>3 -9+ _Nj@5+o+
-I'— (0 € 0.5) close to an averaged-valence (AV) state. In the case of
[Ni,(MeCS,)4l]ls (7), the shorter interchain S---S distances are 3.619(8) and
3.810(5) A, which are relatively close to the van der Waals contact distance
between sulfur atoms (3.60 A) and it can therefore be regarded as having a two-
dimensional interaction [37]. Whereas, the shorter interchain S---S distances in
8 are 4.359(1) and 4.973(1) 10\, indicating no interchain S - - - S contacts. Therefore,
one-dimensionality of 8 is enhanced by the introduction of the ethyl group into
dithiocarboxylato ligand instead of the methyl group.

9.3.2.2 [Niy(RCSy)4ll.
RT Phases of [Nio(RCS;)4I]o (R = n-Pr (9), n-Bu (10))
Ikeuchi and Saito et al. have reported the heat capacities of 9 and 10 measured by

adiabatic calorimetry [80, 81]. For the compound 9, a first-order phase transition
observed at 205.6 K, indicating the existence of a room-temperature (RT) phase and
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Fig. 9.32 1D chain structures of (a) [Niy(n-PrCS;)4l]., (9) in the RT phase at 240 K and
(b) [Niy(n-BuCS,)4l],, (10) at 290 K with an atomic numbering scheme and relevant interatomic
distances (thermal ellipsoid set at the 50 % probability level) [38]

a low-temperature (LT) phase [80]. In the compound 10, on the other hand, three
relatively sharp anomalies around 260 K were observed, while a broad anomaly was
observed around 135 K [81] These facts indicate the existence of three phases of
room temperature (RT), middle temperature (MT), and low temperature (LT). The
1D chain structures of 9 for the RT phase at 240 K and 10 at 290 K are shown in
Fig. 9.32 [38].

The RT phase of 9 at 240 K and 10 at 290 K crystallize in the monoclinic space
group C2/m and tetragonal space group P4/mnc, respectively. Since the crystal
structures of 9 and 10 are very similar, the RT phase of 9 is described here.
These structures are also analogous to those of the RT phases of the platinum
compounds 3-5. The unit cell dimension b along the 1D chain in 9 consists of three
—Ni—Ni-I- units. Crystallographic mirror planes perpendicular to the 1D chain exist on
the I1 atoms and the midpoint of Ni3 and Ni3’ atoms. Therefore, the ligand moieties
including sulfur atoms of Ni3-Ni3’ units are disordered on two positions and the
twisting directions of two NiS, planes of adjacent dinuclear Nil-Ni2 units in the
1D chain are opposite to each other. Two nickel atoms are bridged by four
dithiobutanato ligands and the Ni-Ni distances are Nil-Ni2 = 2.5336 (8) and
Ni3-Ni3’ = 2.5502 (11) A, which are 0.23 A shorter than the distances between
the mean planes defined by the four sulfur atoms (2.763 (3) and 2.781 (3) A),
respectively. The twist angle between two NiS, planes are 28.9 (1)° for a
Nil-Ni2 unit and 27.4 (2)° for a Ni3-Ni3’ unit, respectively. Three Ni-I
distances are Nil-I1 = 2.8642(5), Ni2-12 = 2.9446(6), and Ni3-12 = 2.9374
(6) A. Taking into account the differences in the Ni-I distances, the valence-
ordered state of the nickel atoms in the threefold periodic structure may be regarded
as I —Ni>*-Ni**-I -Ni***-Ni***-I -Ni**-Ni’*-I"—. In such a valence state, the
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unpaired electrons on the adjacent Ni** sites are expected to take a singlet state due
to the strong antiferromagnetic (AF) coupling through a bridging iodine atom.
However, as will be described in the Magnetic Properties section, the magnetic
data of 9 can be fitted as an § = 1/2 1D AF Heisenberg model. Therefore, the
compound 9 at RT phase can be assigned to the valence-ordered state close to the
AV state. Adjacent Ni,(CS,), units of Ni1-Ni2 and Ni3-Ni3’ are twisted by ca. 11°
from the eclipsed arrangement. The n-propyl groups of the dithiobutanato ligands in
the Ni1-Ni2 unit have the anti form, whereas those of the Ni3—Ni3’ unit take the
gauche form. Therefore, the origin of threefold periodic structure cannot be
attributed to the valence ordering of the nickel atoms, but to both the twist of the
adjacent dinickel units and the difference in the conformation of the ligands.

LT Phase of [Niy(n-PrCS,)4I] (9)

The space group of 9 changed from C2/m in the RT phase to C2 in the LT phase
with the first-order phase transition [38]. Crystal structure of 9 in the LT phase at
140 K is shown in Fig. 9.33. The opposite twist of NiS, planes between the adjacent
dinickel units in the 1D chain and the difference in conformation of the ligands
observed at RT phase have disappeared in the LT phase, and the periodicity of
the crystal lattice in the 1D chain direction changes from threefold of a -Ni—Ni-I-
period in the RT phase to onefold in the LT phase. The structure consists of three
crystallographically independent dinickel units; two of them lie on the crystallo-
graphic twofold axis parallel to the b axis. The Ni—Ni distances are Nil-Ni2 = 2.5404
(11), Ni3-Ni4 = 2.5362(11), and Ni5-Ni6 = 2.5388(8) A. The Ni-I distances in each
dinickel unit are Nil-I1 = 2.9235(8) and Ni2-T1' = 2.8994(8) A, Ni3-12 = 2.9187
(9) and Ni4-12' = 2.9084(9) A, Ni5-I3 = 2.9108(6) and Ni6-I3' = 2.9152(7) A,
respectively. Taking into account the distinct difference of Ni-I distances, the valence-
ordered state of 9 at LT phase should be assigned to a charge-polarization (CP) state of
Ni@3 = Nj@* O+ _NjZS - NG+ Ni@S =~ (§ < 0.5) close to the
AV state, similarly to 8 in RT phase.

9.3.3 X-Ray Photoelectron Spectra

The Ni 2p3,, and 2p;, core level spectra for the mixed-valence compounds 8—10 are
shown in Fig. 9.34 [38]. Binding energies of the Ni 2p;/, and 2p;,, core level are
summarized in Table 9.5, together with those of the Ni 2p;, core level for
the compound 7 [82]. The Ni 2ps,, and 2p,,, peaks of 8-10 were broad compared
to those of the corresponding NiZ*-Ni** compounds, [Ni,(RCS,)4] (R = Et, n-Pr, n-
Bu), and could be resolved into Ni?* 2psp.12 and Ni** 2p3pp.1/2 doublets. The results
have revealed that 8—10 exist in the mixed-valence state composed of Ni** and Ni**
on the time scale of XPS spectroscopy (ca. 10~'7 s). Although the peak area ratio of
Ni** 2psp.1 and Ni** 2psj 1, doublets of 8-10 should be equal because of the
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Fig. 9.33 1D chain structures of [Niy(n-PrCS;)4I], (9) in the LT phase at 140 K with an atomic
numbering scheme and relevant interatomic distances (thermal ellipsoid set at the 50 % probability
level) [38]

Ni**-Ni** mixed-valence state, the intensity of the Ni** 2ps .1 » doublet is very weak
compared to that of Ni**. This would be due to the reduction of Ni** to Ni** by X-ray
irradiation similar to the observation made for [Pt,(EtCS,)4I] (2) [32].

9.3.4 Electronic State

Electronic absorption spectra of [Niy(RCS;)41].. (R = Et (8), n-Pr (9), n-Bu (10))
are shown in Fig. 9.35, together with that of [Ni,(EtCS,),4] [38]. Spectral data of
7-10 are summarized in Table 9.6 [38, 82]. The dominant feature of the absorption
spectra of 7-10 is an intense sharp band centered at 5,200-5,600 cm™ 1, which is absent
from the spectra of [Ni»(RCS,)4] (R = Me, Et, n-Pr, n-Bu). To elucidate the electronic
structure of the [Niy(RCS,)4I].., UB3LYP method has been applied to the model
structure of [Nio(MeCS,)41]. (7) [38]. HOMO and LUMO are composed of Nid,:
—Nid,26* combination. Those HOMO and LUMO are assigned to a lower Hubbard
(LH) do* and an upper Hubbard (UH) do* orbitals, that split by an on-site Coulomb
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Fig. 9.34 The Ni 2p3;, and 2p;,, core level spectra for (a) [Niy(EtCS,)4lls (8), (b) [Niy(n-
PrCS,)4l] (9), and (¢) [Niy(n-BuCS;)4l],, (10). The solid lines are the deconvoluted and sum

of the components [38]

Table 9.5 Binding energy (eV) and width of the peaks from the XPS Data for 7-10 and

corresponding [Niy(RCS,)4]

Compound Ni%* 2ps/ Ni** 2ps/ Ni%* 2p) Ni** 2p
[Niy(MeCS,)4] [82] 853.8 (1.8)*

[Nio(EtCS,)4] [38] 854.09 (1.53) 871.29 (2.08)
[Niy(n-PrCS,),] [38] 854.05 (1.53) 871.18 (2.03)
[Niy(72-BuCS,),] [38] 854.22 (1.56) 871.38 (1.98)
[Niy(MeCS,)4ll. (7) [82] 854.04 (1.8)*  855.0 (1.8)

[Nio(EtCS2)4ll (8) [38]
[Nip(n-PrCSs)al] (9) [38]
[Nip(n-BuCS,)4l] (10) [38]

854.04 (1.53)
854.16 (1.55)
853.86 (1.53)

855.21 (1.68)
855.26 (1.59)
854.90 (1.53)

871.37 (2.18)
871.47 (2.15)
871.26 (2.20)

872.61 (2.23)
872.65 (2.21)
872.50 (2.20)

Full width at half-maximum values (fwhm) for peaks are given in parentheses
These values were corrected against the C 1s peak using a value of 284.6 eV
“Only Ni 2ps,, values were reported [82].

repulsion energy U on a MM unit originating from a strong electron—electron repulsion
on the nickel atoms. Schematic energy-band structure of [Niy(RCS,),I]., is also shown
in Fig. 9.35. HOMO-LUMO gap corresponding to U is 1.97 eV. Next HOMO is
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Fig. 9.35 Electronic absorption spectra of [Niy(EtCS;)4l]. (8), [Nix(n-PrCS;)4l]l. (9), and
[Niy(n-BuCS,)4l]. (10) in the solid state (KI pressed disks), together with that of [Niy(EtCS,),]
[38]. The inset shows the schematic energy-band structure of [Ni,(MeCS,)4l]., estimated by
the unrestricted hybrid DFT calculation (UB3LYP) methods using the dimer and tetramer
models

Table 9.6 Electronic absorption spectral data of 7-10 in the solid-state [38, 82]

Compound Wavenumber/10° cm™'?

[Ni»(EtCS»)4] [38] 13.5 (sh), 18.6 (sh), 22.7, 28.2
[Niy(n-PrCS,),4] [38] 12.6 (sh), 17.4 (sh), 22.6 (sh), 27.2 (sh), 29.6
[Niy(n-BuCS,)4] [38] 13.4 (sh), 18.5 (sh), 22.2, 27.5
[Ni,(MeCS,)4l] (7) [82] 5.2 (650 meV)b

[Nio(EtCS»)4I] (8) [38] 5.4,14.7,22.0 (sh), 29.3

[Niy(n-PrCS»)4l] o (9) [38] 5.6, 14.8, 21.1 (sh), 30.7

[Nis(n-BuCS,)41], (10) [38] 5.5, 14.9, 21.0 (sh), 30.7

“Measured using KBr pressed disks for [Ni,(RCS,),] (R = Et, n-Pr, n-Bu) and using both KBr and
KI disks for 8-10 at 298 K.
°Only a strong absorption band observed in near-IR region was reported [82].

mainly composed of I 5p, orbitals. In order to estimate transfer energy ¢ and on-site
Coulomb repulsion energy U in the bulk, the following equations concerning ¢, U, and
an effective exchange integral J are used [42, 83, 84].

_ Z(ELS _ EHS)
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where EX and <S2> denote the total energy and the total spin angular momentum

for the spin state X (X = broken symmetry low spin (LS) state (S = 0) and high
spin (HS) state (S = 1), respectively). The equation for J values corrects a spin
contamination error in LS state. And n is an occupation number of the highest
occupied natural orbital, which is a magnetic orbital calculated by UB3LYP
method [43]. From DFT results and above equations, the estimated parameters
are J = —975 cmfl, n = 1268, U = 1.68 eV, and r = 0.226 eV, respectively. A
result of the similar calculation using UBH and HLYP method with a tetra-MM
units model also estimated U = 1.03 eV and ¢ = 0.116 eV [42]. Assuming the
bandwidth W = 4¢ is valid since the 1D Ni MMX system is 1D strong electron
correlated system, 4¢ is 0.904 eV (0.464 eV for the tetramer model). Accordingly,
band energy gap, E, ~ U — 4t is 0.776 eV (0.566 eV for the tetramer model). On
the assumption that the energy difference between the di-MM and tetra-MM
models approximates error limits, the E, is 570-780 meV, which is consistent
with the E,p observed for 7-10. Therefore, the intense absorption band observed
near 650-670 meV has been attributed to the transition from the LH do* band to
UH do* band.

9.3.5 Electrical Conductivity

Yamashita et al. have reported that the single crystals of [Ni;(MeCS;)4l], (7) show
semiconducting behavior with a small activation energy E, of 100250 meV and a
relatively high conductivity at RT of ogr = 2.5 x 1072 S cm ™' [29]. Temperature
dependences of the electrical conductivity & of [Niy(RCS,)4I]., (R = Et (8), n-Pr (9),
n-Bu (10)) are shown in Fig. 9.36 [38]. The electrical conductivity of 810 are
16 x 107> S em™" at 290 K, 7.6 x 107* S em™' at 290 K, and 6.0 x 10~*
S ecm™! at 287 K, respectively, which are one or two order of magnitude smaller
than that of 7. The compounds 8-10 show typical semiconducting behavior in the
temperature range measured and the activation energy E, of 8-10 estimated from the
Arrhenius equation, a plot of In & vs. T are 198(1), 143(3), and 339(2) meV,
respectively. These values are relatively close to that of 7 [29]. 10 satisfies the
relationship of 2E, = Ep, where E, is an activation energy estimated by the electrical
conductivity and Eqy is the optical band gap, whereas the relationship of 2E, = Eqy
does not hold for 8 and 9. This is presumably attributable to a decrease in the E, by
impurity existing in the sample.
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Fig. 9.36 Temperature -6.0F
dependence of the electrical
conductivity of 4 (plus), 5 6.5
(circle), and 6 (square) [38]
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9.3.6 Magnetic Properties

Yamashita et al. have reported that the magnetic susceptibility of [Nio(MeCS;)4I] (7)
is essentially temperature independent down to about 50 K (ca. 10~ ®emu g~ ") and then
rapidly increases at lower temperature [29]. The observed temperature independent
behavior has been ascribed to the very strong antiferromagnetic coupling between the
unpaired electrons on the Ni** sites. The temperature dependences of the magnetic
susceptibilities yp; of [Niy(RCS,)4l]o (R = Et (8), n-Pr (9), n-Bu (10)) are shown in
Fig. 9.37 [38]. The common feature of the three compounds is that the susceptibility
at room temperature is considerably lower than that expected for one S = 1/2 spin
per dimer. Furthermore, there are distinct differences between those of 8 and 9 and
that of 10 regarding the appearance of a gradual drop around 50 K for the former
two. In addition, 9 exhibits an anomaly in the temperature range 200-212 K, which
is associated with the first-order phase transition from the RT phase to the LT phase,
as discussed already. Assuming an S = 1/2 1D Heisenberg AF chain model, the
Bonner—Fisher equation (H =J X S:-S;11) [85, 100] has been applied to fit the
susceptibility data above 100 K for 8 and 68 K for 9. The fitting gives exchange
coupling constant of |J|/kg = 936(2) K for 8 and |/|/kg = 898(2) K for 9. These J
values are in fair agreement with the theoretical J value of —1,160 K calculated for
[Nio,(MeCS,)4I] (7) using the UB3LYP method [42]. The very large J value
indicates a very strong AF interaction between the spin of the Ni** jons through
the bridging iodide ion, justifying considerable electronic overlap between the d,
(Ni) and p, (I) orbitals. The key feature of the magnetic susceptibility is that it
decreases more rapidly below 47 K for 8 and 36 K for 9. The y), values of 8 and 9
take a minimum at about 30 and 16 K, respectively, and then show an increase
due to the presence of paramagnetism originating from impurities or lattice and end-
of-chain defects. Assuming that the impurities have have an S = 1/2 spin, their
concentrations are estimated to be 0.35 % for 8 and 0.07 % for 9. By subtracting
these contributions from the experimental data, the corrected y,, values of 8 and 9
are found to decrease to a small constant value. This rapid decrease in yy; strongly
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Fig. 9.37 Temperature 3O g T T
dependence of the observed
(circle) and corrected (plus)
magnetic susceptibilities of

8 (a), 9 (b), and 10 (c¢) and the
Bonner—Fisher fits (dotted
lines) [38]. The estimated
impurity Curie spin
contributions are subtracted
in the corrected data
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suggests the possibility of a spin-Peierls (SP) transition [86-94]. Ikeuchi and Saito
et al. have reported that, for each compound, a small broad thermal anomaly due to a
spin-Peierls transition was observed around 40 K in the relaxation calorimetry. [80].
A spin-Peierls system undergoes a phase transition at Ty, where for T < T, a
temperature-dependent structural dimerization takes place, creating an opening of a
spin gap between the singlet and triplet spin states. To date, numerous spin-Peierls
materials have been reported, as represented by the organic system TTF-CuBDT [87]
and the inorganic system CuGeO; [88, 89]. The exchange constants and transition
temperatures are l/l/kg = 77K and T, = 12 K for TTF-CuBDT and Ul/kg = 120 K
and Ty, = 14 K for CuGeOs. On the other hand, o/-NaV,0s5 was also considered a
possible inorganic spin-Peierls system with a large exchange coupling constant of LJl/
kg = 560 K and a high-transition temperature 7, = 35.3 K [90-92], but more
recent studies have revealed that this phase transition may be a novel cooperative
phase transition associated with valence ordering, lattice dimerization, and spin
gap formation [93, 94]. The spin Hamiltonian of the spin-Peierls phase below T,
may be described by the alternating AF chain:

H=J"Z[S3 - Sai1 + 7S2i - Sais1)-
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y is the alternation parameter, where y = 1 corresponds to a uniform chain limit,
while y = 0 corresponds to the dimer limit. According to the analysis by Ohama
et al. [92], which is based on the theory of Bulaevskii [95], the LT magnetic
susceptibility is approximated by

N 2 2
x= = exp(—IU/T)

where o and ( are parameters that depend on the alternating parameter y and
approach unity as y — O (the dimer model) and approach zero as y — 1 (the
uniform chain model). By fitting the equation to a In y\T vs. T~ ' plot, the estimated
value of J' {, which corresponds to an excitation energy gap A, is 95(7) K for 8 and
77(2) K for 9. When the lattice dimerizes, the two unequal and alternating J; and J,
values are expressed as follows [87]

Jio(T) = J{1 £ 5(T)}.

According to the mean field theory of Pytte, the relationship between d(T) and the
excitation energy gap A(T) at temperature T is expressed as [96]

o(T) = A(T)/pJ

where the value of p is 1.637. Using this method, 6(T) = 0.062 and J,/J, = 0.88
for 8 and 6(T) = 0.052 and J»/J; = 0.90 for 9 have been obtained. The values of
2A(0)/kgTp, of 8 and 9 are 4.04 and 4.28, respectively, which are larger than the
value of the typical spin-Peierls materials (TTF-CuBDT, MEM-(TCNQ), [97],
and CuGeOs3) that satisfy the BCS formula 2A(0)/kgT,, = 3.53 but are smaller
than that of o’-NaV,0s (6.44) [91]. This discrepancy of 2A(0)/kg T, is attributed
to the larger fluctuation effects compared to ordinary spin-Peierls materials.
According to the theory of Cross and Fisher [98], T, is given by

Ty, = 0.871/

where 7/’ is the spin-lattice coupling constant and 7' = 0.063 for 8 and 0.050 for 9,
which is smaller than the value of typical spin-Peierls materials (0.195, 0.209, and
0.146 for TTF-CuBDT, MEM-(TCNQ),, and CuGeOs) but is relatively close to the
value of o/-NaV,0s5 (0.079). The phase-transition temperatures of 8 and 9 are
suppressed since the coupling between the spin and lattice system is weak due to
the large 1D fluctuations. Parameters defining spin-Peierls systems are listed in
Table 9.7.

On the other hand, the magnetic susceptibility of 10 gradually decreases with a
lowering of the temperature, as shown in Fig. 9.37c and shows a broad minimum at
around 135 K. When the experimental data above 140 K are fitted by the
Bonner—Fisher equation, lJl/kg is estimated to be 939(3) K. Below 135 K, ym
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Table 9.7 Parameters defining some spin-Peierls systems

Compound 1 kg A(0)/K Tw/K 7 2A0)/kgTp References
TTF-CuBDT 77 21 12 0.195 3.50 [87]
MEM-(TCNQ), 106 28 17.7 0.209 3.16 [86, 97]
CuGeO; 120 24.5 14 0.146 3.50 [88, 89]
o'-NaV,0s 560 113.7 35.3 0.079 6.44 [90-94]

8 936(2) 95(7) 47 0.063 4.04 [38]

9 898(2) 77(2) 36 0.050 4.28 [38]

rapidly increases with a lowering of the temperature. Assuming that the increase of
im below 50 K is originated from the impurity spin, the impurity spin concentration
is estimated to be 1.8 %. However, the origin is considered not to be impurity spin
but another factor, since this value is much larger than those of 8 and 9. Saito et al.
observed a broad thermal anomaly in the heat capacity measurement of 10, which is
attributed to a higher order phase transition around 135 K [81]. Therefore, it is
reasonable to assume that the structural modulation occurs with the higher order
phase transition, and the magnetic defects giving free spins would be formed in the
1D chain below 135 K. As a consequence, a spin-Peierls transition appears to be
suppressed in 10.

9.3.7 Synchrotron Radiation X-ray Crystallography

A spin-Peierls system undergoes a lattice instability at T,, and when T' < T, the
system dimerizes and the spin gap opens. Figure 9.38 shows the synchrotron X-ray
diffraction photographs of 8 [38]. In contrast to the diplatinum compounds 2-5 [32,
34, 35, 54, 73], the dinickel compounds 8 and 9 do not show any X-ray diffuse
scattering, demonstrating that the dinickel compounds do not exhibit valence
fluctuation. Whereas, new reflections clearly appear in the photographs of 8 taken
below 35 K, indicating a twofold superstructure. The number and intensities of the
superlattice reflections increase as the temperature is lowered. This fact indicates
that the unit cell along the b axis has doubled, which strongly implies that the lattice
dimerizes along the —Ni—Ni—I- chain. When the superlattice reflections are
included, the supercell can be indexed by agper = —0.5a — 0.5b, bgyper = 0.5a
— 1.5b, and cgyper = 0.5a + 0.5b + ¢, and the space group changes from C2/c to
P1. Figure 9.39 shows the crystal structure of the superstructure of 8 at 26 K [38].

Two crystallographically independent [Ni,(EtCS;),4I] units exist in a unit cell of
8 in the LT phase, and the periodicity of the crystal lattice is twofold of a -Ni—Ni—I—-
period. The two Ni—Ni distances are almost the same (Nil-Ni2 = 2.5387(9) and
Ni3—-Ni4 = 2.5402(9) 10\), but there are two different Ni—I distances. The short Ni—I
distances (Ni2-12 = 2.8773(7) and Ni3-I2 = 2.8839(7) 10\) are about 0.013 A less
than the long Ni-I distances (Nil-I1 = 2.8975(7) and Ni4-I1* = 2.8888(7) A).
The twofold superstructure originates from the different Ni—I distances since the
structures of the two crystallographically independent [Niy(EtCS,)4] units are
almost the same and twisting between dinuclear units does not occur. The doubling
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Fig. 9.38 X-ray diffraction photographs of [Ni,(EtCS,)4I], (8) taken at different temperatures.
b* (1D chain direction) is vertical in these photographs [38]. The diffuse circular lines originate
from the carbon fiber mounting a single crystal

of the lattice periodicity and the increase of the superlattice reflections on lowering
the temperature strongly support the spin-Peierls transition at 47 K. The Ni-Ni and
Ni—I distances indicate that the valence-ordered state in the LT phase is the ACP
state of —Ni®> =N+ _[~_Nj>3+O*_Nj>3=9*_[~_ (§ <« 0.5). This phase
transition is a spin-Peierls transition that accompanies the rearrangement of the
valence ordering. In diplatinum compounds [Pt,(RCS,)4I], (R = Et (2), n-Bu (4)),
the difference between the long and short Pt—I distances, that characterizes the
degree of the lattice distortion, is 0.029 and 0.066 1&, respectively [33]. The lattice
distortion of 8 is therefore smaller than those of the diplatinum compounds. The
diplatinum compounds can be largely polarized due to the larger span of the 5d,»
orbitals, whereas the degree of charge polarization of the nickel compound is small
since this material tends to retain a valence state close to the AV state due to the
strong electron—electron correlation effect on the 3d,. orbitals of the nickel atoms.
Compound 9 also exhibits superlattice reflections at the positions of 1/2b*
corresponding to the twofold —Ni—Ni-I- period at temperatures below T, = 36 K.
Attempts to index the superlattice reflections have been, however, unsuccessful
because of their very weak intensities [38].

On the basis of the crystal structure analyses of the superstructure, the valence-
ordered states of [M,(EtCS;)4I].c M = Ni (8), Pt (2)) are assigned to the ACP state.
In contrast, the spin-Peierls transition has not been observed in [Ni,(MeCS,)4I] . (7),
and the superlattice reflections due to the development of the superstructure
associated with the twofold periodic valence ordering have not been reported in
[Mr(MeCS))4ll.c M = Ni (7), Pt (1)). The reasons for these results are discussed
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Fig. 9.39 1D chain structure of [Niy(EtCS,)4I], (8) at 26 K with an atomic numbering scheme
and relevant interatomic distances (thermal ellipsoid set at the 50 % probability level) [38]

here based on the relative arrangement of 1D chains in the crystal, which minimizes
the Coulomb repulsion between them. As shown in Fig. 9.40, there are two types for
the arrangements of 1D chains [38].

Adjacent 1D chains in arrangement type (a) shift about a half period from each
other, whereas the 1D chains in arrangement type (b) are aligned with the same
phase. Here I discuss the twofold periodic valence ordering which minimizes the
Coulomb repulsion between the 1D chains. The type (b) arrangement is capable of
taking both valence-ordered ACP and CDW states. [M,(MeCS,)4l].o M = Ni (7),
Pt (1)) have relatively short interchain S - - - S contacts in the type (a) arrangement,
and these compounds are considered to have two-dimensional interactions [28, 37].
When a 1D chain takes the ACP state in type (a), adjacent 1D chains should take the
CDW state to minimize the Coulomb repulsion. As a result, it is presumed that these
compounds would have difficulty adopting the superstructure associated with the
twofold periodic valence ordering, and consequently, [Ni,(MeCS;)4I]. (7) would
be difficult to show the spin-Peierls transition associated with the ACP state. On the
other hand, it is possible for [Ni»(RCS,)4I] (R = Et (8), n-Pr (9)) to adopt twofold
periodic valence ordering, since the one-dimensionality of these compounds
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Fig. 9.40 Relationship between relative arrangement of 1D chains in the crystal of
[M,(MeCS5)4l]o (M = Ni (7), Pt(1)) and possible twofold periodic valence ordering to minimize
the Coulomb repulsion [38]. The dashed lines represent the interchain S---S contacts, which are
relatively close to the van der Waals contact distance between sulfur atoms (3.60 10\)

becomes more pronounced with the elongation of the alkyl chain of the dithiocar-
boxylato ligands.

9.4 Conclusions

Unlike the MX-chain compounds, an unpaired electron of the MMX-chain
compounds is possible to behave as an itinerant electron, since the influence of
U becomes smaller by sharing of an unpaired electron through a metal-metal
bond. Actually, the first observation of metallic conductivity was made for
[Pt,(MeCS,)4I] (1) above 300 K. The analyses of the diffuse scattering observed
in the metallic state of [Pty(EtCS,)4I]., (2) has revealed that the metallic state has
appeared by the valence fluctuation accompanying the dynamic valence-ordering
state of the CDW type. The fact indicates that the electron—lattice interaction has
also governed the electronic states of the Pt MMX compounds, in analogy with the
Pt MX-chain compounds. The observed dynamic electronic state is considered to
appear through the electron—lattice interaction by the thermal energy being com-
parable to the stretching vibration energy of Pt-I bonds, because the electronic
states of the Pt MMX compounds [Pt,(RCS,)4I],, (R = Et (2), n-Bu (4), and
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n-Pen (5)) change from a static state to dynamic one at near 200 K (=140 cm ™).
The Pt compounds become insulator with lowering temperature due to the lattice
dimerization originating from an effectively half-filled metallic band. The Pt
compounds shows not only small magnetic susceptibility corresponding to the itiner-
ancy of the unpaired electrons in the metallic state but also the paramagnetic—non-
magnetic transition originating from the regular electronic Peierls transition. The
valence-ordering state of the Pt MMX compounds of the dta family at the low
temperature is assigned to be the ACP state of —Pt**—Pt>*—I —Pt**—Pt**-1 —. On the
other hand, all the Ni MMX-chain compounds are Mott-Hubbard semiconductor due
to the strong on-site Columbic repulsion on the nickel atom and exhibit very strong
antiferromagnetic interaction. Furthermore, the spin-Peierls transition has been
observed in [Niy(RCS,)4I], (R = Et (8), n-Pr (9)) at low temperature.

The partial oxidation of the metal atoms is essential to realize the metallic state
being stable down to the low temperature. In the case of the copper oxide
superconductors, the superconductivity has been realized by the partial oxidation
of the CuO, plane in the strongly correlated electronic systems (U/t > 1) [16].
Therefore, the partial oxidation of the Ni MMX compounds having strong electron
correlation is very interesting from the viewpoint of appearance of the supercon-
ductivity that is never realized in the 1D electronic system.

The elongation of alkyl chain of the dithiocarboxylato ligand not only
eliminated the interchain S---S contacts and enhanced the one-dimensionality
of the chains, but also introduced motional degrees of freedom in the system. As a
consequence, several interesting properties that were never observed in
[Mo(MeCS))4l]l.. (M = Pt (1), Ni (7)) have appeared. By the elongation of the
alkyl chains in dithiocarboxylato ligands, [Pt,(RCS;)4I]., (R = n-Pr (3), n-Bu
(4), and n-Pen (5)) underwent two phase transitions at near 210 K and above room
temperature, indicating the existence of the LT, RT, and HT phases. The period-
icity of crystal lattice along 1D chain is threefold of a —Pt—Pt—I— unit, and the
structural disorders were detected for the dithiocarboxylato group and the alkyl
chain belonging to only the central dinuclear units in the threefold periodicity. In the
HT phase, the dithiocarboxylato groups of all the dinuclear units were disordered.
Ikeuchi and Saito have revealed from the heat capacity measurements that the
entropy (disorder) reserved in alkyl groups in the RT phase is transferred to the
dithiocarboxylate groups with the RT-HT phase transition. Whereas, the dithiocar-
boxylate groups of all the dimetal units in the LT phase of [Pty(n-BuCS;)4I].. (4)
were ordered. The Pt MMX-chain compounds exhibited a rapid increase in resis-
tivity and a drastic change in the magnetism to the diamagnetic state with the
structural phase transition from the RT phase to LT one at near 200 K. This fact
suggests that the dynamics (motional degrees of freedom) of the dithiocarboxylato
ligands and bridging iodine atoms affects the electronic and magnetic systems
through the electron—lattice interaction. On the other hand, the Ni MMX-chain
compound, [Niy(n-PrCS;)4I]., (9), behaved the 1D antiferromagnetic chain in the
both RT and LT phases, and only the coupling constant J slightly changed with the
structural phase transition. This fact demonstrates that, unlike the platinum
compounds, the electronic system of the Ni MMX-chain compounds in which the
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on-site Columbic repulsion U plays a dominant role in determining the electronic
system is hardly affected by the molecular dynamics.
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Chapter 10
POP-Type MMX-Chain Compounds with
Binary Countercations and Vapochromism

Hiroaki Iguchi, Shinya Takaishi, and Masahiro Yamashita

10.1 Introduction

10.1.1 Chemistry of pop-Type Discrete Diplatinum Complexes

Pyrophosphito-bridged diplatinum complex is one of the most studied dinuclear
complexes in a paddle-wheel structure. The chemistry of pyrophosphito-bridged
diplatinum complex began at the discovery of the Pt(ID)-Pt(Il) complex,
Ky4[Pta(pop)4]-2H,0O  (pop = P2H20527) by Roundhill et al. in 1977 [1]. Since
[Ptx(pop)s]*~ shows intense long-lived phosphorescence, photochemistry and
excited-state chemistry of [Pt2(p0p)4]47 has been attracted much attention (see follow-
ing early reviews and references therein [2, 3]). Although no chemical bond exist
between two Pt(Il) atoms in the ground state, 5d6* — 6pc transition should induce
the bonding character between them. This excited-state structure has been confirmed by
several optical methods [4-9]. The excited state of [Pty(pop)s]*~ is powerful one-
electron reductant, therefore, it can be used as a photochemical catalyst for converting
ethanol to acetaldehyde and hydrogen [10] and for the transfer hydrogenation of
alkenes and alkynes [11, 12]. The Pt(IID)-Pt(IlT) complex, [Ptz(pop)4H2]4_, is the active
species of the catalytic reaction [13].

Although [Ptz(pop)4H2]47 is unstable species, many stable Pt(III)-Pt(III)
complexes, [Ptz(pop)4X2]47 (X = (l, Br, I, NO,, SCN, etc.) and [Ptz(pop)4L2]27
(L = H,0, py, CH;CN, etc.), have been synthesized by the oxidative additions,
occasionally in the presence of the chemical oxidants (see following early reviews
and references therein [2, 3]). Some Pt(III)-Pt(III) complexes exhibit unique strong
red luminescence [14].
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Fig. 10.1 Electronic state and expected physical properties of MMX chains

In contrast to the stability of Pt(I)-Pt(II) and Pt(II1)-Pt(IIl) complexes, mixed
valence Pt(ID)-Pt(IlI) complex is quite unstable in the solution because of the
disproportionation to Pt(II)-Pt(Il) and Pt(III)-Pt(IIl) complexes. Very recently,
one Pt(I—Pt(IIT) complex was reported in CH,Cl,, the weakly coordinating sol-
vent, and its structure was determined as the discrete Pt(II)-Pt(IlI) complex,
(PPN);[Pt,(pop)4(NO)]-2Et,0-CH,Cl, (PPN* = [Ph;P=N=PPh;3]*), by the
single-crystal X-ray structural analysis [15]. However, the overwhelming number
of the Pt(II)-Pt(IIl) complexes have been reported as the infinite linear-chain
complexes, which are in attractive one-dimensional (1D) electron system. This
intriguing study of mixed valence chain complexes was triggered by the discovery
of K4[Pt,(pop)4Br]-3H,0 in 1983 [16].

10.1.2 Introduction to pop-Type MMX Chains

The linear-chain complexes based on pyrophosphito-bridged diplatinum complex are
called as pop-type “quasi-1D halogen-bridged dinuclear metal complexes (MMX
chains).” Although 1D electron system of quasi-1D halogen-bridged mononuclear
metal complexes (MX chains) originates two electronic states bringing about unique
physical properties as shown in Part I, MMX chains have attracted intense interest,
because their higher degrees of freedom of the electrons provide the competition and/
or cooperation among more diverse energetic factors, which causes a larger variety of
electronic states and smaller energy gaps among them. Based on the theoretical
calculations (see Chap. 12) and experimental data, the electronic states of the
MMX chains can be classified into four states as shown in Fig. 10.1.

These electronic states are strongly correlated to the position of the bridging
halide ion. Except for AV state, the bridging halide ion is close to M* jon. A formal
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oxidation number is used in this chapter unless otherwise noted. Strictly, 3+ and 2+
should be represented as (3—9)+ and (2+0)+, respectively. AV state is classified into
class III by Robin—Day classification, while CDW, CP and ACP are classified into
class I [17, 18]. Because each electronic state exhibits various physical properties,
MMX chains have the potential to be multifunctional switching materials.

MMX chains synthesized to date have been categorized into two ligand systems:
dithioacetate (dta) [M,(RCS,)4I] (M = Ni, and Pt; R = alkyl chain group), which
are discussed in Chap. 9, and pyrophosphite (pop) Y4[Pt>(pop)4X]-nH,O or
Y'5[Pty(pop)sX]-nH,O (Y = alkali metal alkyl ammonium, etc; Y =
alkyldiammonium; X = CI, Br, and I; pop = PZHZOS .

In the dta system, as mentioned in Chap. 9, a high conductivity and a
metal-semiconductor transition have been reported so far. Recently, Zamora
et al. reported the formation of nanowires on the substrate, which is promising for
the future molecule-based devices [19-22]. However, establishing the method to
obtain the desired electronic states and accompanying physical properties of MMX
chains is remaining issue that needs to be solved. The negative chain in the pop
system requires the countercations, which have advantages to synthesize the vari-
ous derivatives and to control the electronic states of MMX chains. Furthermore,
the removal of lattice water can also change the electronic states of MMX chains.
Although many pop-type MMX chains have been synthesized so far [23-30], in this
chapter, we focus on the chemistry of pop-type MMX chains containing two kinds
of countercation (binary countercations), which was discovered recently. We also
focus on the response of pop-type MMX chains to chemical external stimuli that is
water-vapor-induced changes of the physical properties of pop-type MMX chains
as represented by vapochromism. The other important response to physical external
stimuli, that is photoinduced phase transition, is explained in Chap. 11.

10.2 Structure and Electronic States of MMX Chains
with Binary Countercations

Since all MMX chains thus far synthesized are in one of the four electronic states
shown in Fig. 10.1 without exception, searching the new electronic states in MMX
chains are very important for bringing about new physical and chemical properties
of low-dimensional materials. It should be noted that all of the known pop-type
MMX chains contain only one kind of countercation (unitary countercation). In
order to extend the system, introducing two kinds of countercation (binary
countercations) was performed.

10.2.1 Forming Condition of MMX Chains with Binary
Countercations

The general formula of MMX chains with binary countercations are
A,B[Pty(pop)4I]-nH,0O (A = K and Rb; B = alkyldiammonium (Scheme 10.1);
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Scheme 10.1 Structure and abbreviation of alkyldiammonium ions

n = 2 and 4). A*, which is coordinated by eight oxygen atoms, links both intra- and
inter-chain [Pty(pop)4] units by A* .- O coordination bond. B>* links inter-chain
[Pty(pop)4] units by N* — H- - - O hydrogen bond.

Other alkali metal ions, Li*, Na*, and Cs*, were not able to be introduced
because of the size mismatch [31]. In the case of alkyldiammonium ions, only the
B?* which has three to five atoms in main backbone between terminated —NH;*
substituents was able to be introduced. The selectivity of the B** can be explained
as follows.

The B>* exist in the space surrounded by the four [Pty(pop),4] units connected by
AT ...O coordination bonds (e.g., K,(NC3N)[Pt,(pop).l]-4H,O in Fig. 10.2).
Because the length of coordination bonds is limited, the size of the space is less
variable. This is the reason why longer alkyldiammonium ions such as
H3NC6H12NH32+ cannot be introduced as one of the binary countercations. Simi-
larly, the shorter alkyldiammonium ions such as H;NC,H,NH;>* cannot form the
hydrogen bonding network among the pop ligands, inducing the destabilization of
the MMX chains with binary countercations.

10.2.2 Determination of Electronic State by the Crystal Structure
and Polarized Raman Spectra

As mentioned above, it has been known that the oxidation state are concerned with
the distance between bridging iodide ion and platinum ion (Pt-I distance). As the
oxidation number becomes higher, Pt—I distance becomes shorter. Therefore, the
electronic state can be determined from the chain structure.
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Fig. 10.2 Perspective view of the region around H;NC;HgNH;>* along c-axis of K,(NC;N)
[Pty(pop)4l]-4H,O  (black, C; blue, N; red, O(ligand); light blue, O(H,O); orange, P;
brown, K; purple, I; yellow, Pt). Hydrogen atoms are omitted for clarity

However, in some MMX chains with binary countercations, the bridging halide
was disordered because of the random arrangement of the chains. Therefore,
polarized Raman spectroscopy was performed to distinguish CDW state,
which induces two peaks derived from symmetric-stretching mode of Pt—Pt bonds
[Pt(IID—Pt(IIT) and Pt(II)-Pt(I)], from CP and ACP state, which induce only one
peak [Pt(ID—Pt(IIT)] [23, 24, 32, 33]. Consequently, two peaks observed around
100 cm ™! indicate the existence of CDW-like distortion in MMX chains with
binary countercations [31].

According to the crystal structure analyses, the complexes containing
cis-NC4N*, trans-NC,N**, NCsN**, or NC,0OC,N** have unique Pt—I-Pt distance
(d(Pt-1-Pt)). Therefore, these complexes are in typical CDW state.

However, in the complexes containing NC3N**, Me—-NC3N**, or CI-NC;N**,
there are two kinds of d(Pt-I-Pt), which are the characteristics of ACP state.



212 H. Iguchi et al.

T
ACP+CDW ACP CDW

® I2)*

Ptfér : ‘F
Pt(1)*

$2.990(3) A

. O
|_(£) £2.641(3) A 5.6305(8) AI i
mﬂ

PY2) et

§£2(6) 3 5.9786(9) A ]

g }3.151(6) A

PY2)*
Pti_‘l_}*J

e ® 1)

0000

(OPLunit ol |
L l | :

Fig. 10.3 Crystal structure of Ko(NC3N)[Pty(pop)4I]-4H,0 (red, O; orange, P; purple, 1; yellow,
Pt) and schematic chain structure in ACP, CDW and ACP + CDW state. The countercations,
lattice water, and hydrogen atoms are omitted for clarity

The ACP-like distortion is corresponding to spin-Peierls distortion, which has the
stable structure of 1D metal at low temperature. Very few compounds have been
reported to have spin-Peierls distortion even at room temperature [34, 35].
Although ACP state has been reported in dta-type MMX chains [36—45], the
complexes containing NC3;N**, Me-NC3;N** or CI-NC;N** are the first
comopounds with ACP-like distortion in pop-type MMX chains. However, the
structure is not the simple ACP state because Pt-I distances are shorter in one
[Pto(pop)4] unit (d(Pt-I)), but are longer in the other [Pty(pop)4] unit (d(Pt---T)),
which is the characteristic of CDW state and is consistent with the polarized Raman
spectra.

Figure 10.3 shows the chain structure of K,(NC3;N)[Pt,(pop)4I]-4H,0O at 100 K,
for example [46]. Two different d(Pt—I-Pt) (5.6305(8) 10%, 5.9786(9) z&) indicate a
ACP-like twofold periodicity along the chain. One [Pt,(pop),] unit is coordinated
by neighboring I~ ions with short Pt-I distances (d(Pt-I) = 2.641(3) A, 2.828
(6) A), whereas the other is coordinated by I” ions with a long Pt - - - Ibond distances
(d(Pt---T) = 2.990(3)A, 3.151(6)A), which is the characteristic of the CDW state.

This new electronic state of the MMX chains containing NC;N?*, Me-NC;N>*
or CI-NC;3N 2* is named ACP + CDW state [46, 47]. Schematic representations of
the structure in ACP, CDW and ACP + CDW state are shown in Fig. 10.3. Except
for Ko(NC;3N)[Pt,(pop)41]-4H,0, the positions of the bridging iodide ions are three-
dimensionally ordered, which is very rare and has been reported only recently [48].
The d(Pt-1-Pt), d(Pt-T) and d(Pt- - - I) of MMX chains with binary countercations
are summarized in Table 10.1.
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Table 10.1 Selected interatomic distances and electronic state of MMX chains with binary
countercations

Complex d(Pt—I—Pl)/A d(Pt—I)/A d(Pt-- ~I)/A Electronic state References

K>(NC;3N)[Pty(pop)4I]-4H,0 5.6305(8) 2.641(3) 2.990(3) ACP + CDW  [31, 46]
5.9786(9) 2.828(6) 3.151(6)

K5(Me-NC;3N)[Pty(pop)4I]-4H,0 5.7179(11)  2.7496(8)  2.9683(8) ACP + CDW  [31,47]
5.9254(11)  2.7993(7)  3.1261(8)

K,(CI-NC3N)[Pty(pop)41]-4H,O 5.7262(11)  2.755(2) 2.951(2) ACP + CDW  [31, 46]
5.9403(12)  2.8082(18) 3.1320(18)

Ka(cis-NC,N)[Pto(pop)al]-4H,0  5.7625(18)  2.7430(9)  3.0195(10) CDW B31]
Ko(trans-NC4N)[Pty(pop)al]-4H,0  5.7921(11)  2.7323)  3.060(3) CDW B31]
Ka(NCsN)[Pta(pop)al]-4H,0 5.7225(7)  2.72909)  2.993(6) CDW 31]
K>(NC,OC,N)[Pty(pop)al]- 4H,0  5.7244(11)  2.8757(6) CDW ;31]
Rb,(NC3N)[Pt,(pop),4I]-4H,0 57521(5)  2.7430(3) 3.0091(4) ACP+CDW [31]

6.1928(5)  2.8217(3)  3.3710(3)

Rby(Me-NC3N)[Pto(pop)al]-4H,O  5.7782(7)  2.7478(5) 3.0304(4)  ACP + CDW  [31]
6.1226(7)  2.8073(4)  3.3152(5)

Rby(CI-NC3N)[Pty(pop)aI]-4H,O0  5.7726(13)  2.7532(16) 3.0194(15) ACP + CDW  [31]
6.1518(13)  2.8155(16) 3.3363(16)

Rb,(cis-NC4N)[Pto(pop)al]-4H,O  5.8554(15)  2.735(5)  3.120(4) CDW 31]
Rby(trans-NC,N)[Pta(pop)sl] 2H,0  5.7930(9)  2.8965(4) CDW B31]
Rb,(NCsN)[Pta(pop)al]-4H,0 5.8219(15) 2.742(3)  3.080(3) CDW 31]
Rb,(NC,OC,N)[Pto(pop),I]-4H,0  5.823(2) 2740(4)  3.097(4) CDW B31]

10.2.3 Origin of ACP-Like Distortion in ACP + CDW State

As mentioned above, only the MMX chains containing H;NCH,CHXCH,NH;**
(X =H, Me, Cl) are in ACP + CDW state. Other MMX chains with binary
countercations containing longer B** are in CDW state. To design the new elec-
tronic state of MMX chains in the future, revealing the mechanism of the ACP-like
distortion is very important.

In the most MMX chains with binary countercations, B>* mainly arranged along
b-axis, resulting longer unit cell parameter b compared with a. Table 10.2 shows the
ratio b/a of all MMX chains with binary countercations. The electronic state
is ACP + CDW state when b/a < 1.10, and is CDW state when b/a > 1.19.
Small b/a induces the steric hindrance around A" explained as follows:

Figure 10.4 shows the schematic representation of the 1D chain and its oxygen
atoms, lattice H,O molecules, A* and B**. Ten oxygen atoms, eight from pop
ligands O(pop) and two from lattice H;O molecules (O(H,0O)) exist around alkali
metal ion. When b/a < 1.10, because at most only eight oxygen atoms can coordi-
nate to A*, pop ligands twist to remove two O(pop) away from A™. On the other
hand, when b/a > 1.19, two O(pop) are initially far from A* without the twisting of
ligands. The distance between A* and coordinating O(pop) (d(A—O(pop))), and the
distance between A* and farther O(pop) (d(A - - - O(pop))), are shown in Table 10.2.
Since d(A - - - O(pop)) is longer than the sum of ionic radii of A" (1.65 A forK* and
1.75 A for Rb") [49] and van der Waals radii of O atom (1.52 A), [50] no
coordination bond exist between these atoms.
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Table 10.2 Ratio of unit cell parameter (b/a), distances between A* and O(pop) for MMX chains
with binary countercations

Complex bla d(A-0)/A d(A---0)/A
K»(NC;3N)[Pty(pop)al]-4H,0 1.087 2.777(8)-2.985(8) 3.981, 4.355
K,(Me-NC5N)[Pt(pop)4I]-4H,0 1 2.791(3)-3.007(3) 4.112, 4.340
K,(CI-NC3N)[Pty(pop)4I]-4H,0 1 2.827(7)-3.003(8) 4.169, 4317
K (cis-NC4N)[Pty(pop),I]-4H,0 1.197 2.7780(10)-3.0349(11) 3.706
Ko (trans-NC4N)[Pto(pop).I]-4H,0 1.248 2.835(3)-3.054(3) 3.847
K>(NCsN)[Pto(pop)al]-4H,0 1.191 2.791(2)-3.049(2) 3.949
K»(NC,0C,N)[Pts(pop)aI]-4H,0 1.261 2.808(5)-3.22(2) 4.070
Rb,(NC3N)[Pt(pop)aI]-4H,0 1.104 2.8900(17)-3.0551(17) 4.001-4.542
Rb,(Me—-NC3N)[Pt>(pop).I]-4H,0 1 2.9105(15)-3.0740(16) 4.146, 4.432
Rb,(CI-NC;N)[Pt,(pop).I]-4H,0 1 2.944(7)-3.080(7) 4222, 4417
Rb,(cis-NC4N)[Pto(pop)aI]-4H,0 1.205 2.858(8)-3.112(9) 3.745
Rb,(trans-NC4N)[Pto(pop)4l]-2H,0 1.263 2.913(5)-3.094(5) 3.659
Rb,(NCsN)[Pts(pop).I]-4H,0 1.196 2.908(3)-3.089(3) 3.940
Rb,(NC>0C,N) [Pt (pop)aI]-4H,0 1.266 2.829(5)-3.214(6) 3.899
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(left) and when b/a > 1.19 (right). The lowermost figures are the magnification of the crystal
strucucture of Ko(NC;3N)[Pty(pop)4I]-4H,0 (left) and Ko(NCsN)[Pto(pop)4l]-4H,O (right)
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Fig. 10.5 Chain structure of K,(NC;N)[Pt,(pop)4I]-4H,0 (left) and Ko(NCsN)[Pty(pop)41]-4H,O
(right) with the representation of colored K—O(pop) coordination bonds

The twisting of pop ligands induces two different coordination features between
two [Pt,(pop)4] units and A™, that is, monodentate and bidentate coordination to A*,
as shown in Fig. 10.5. d(Pt-I-Pt) is different between each coordination feature. On
the other hand, K,(NCsN)[Pty(pop)4I]-4H,O, which is in CDW state, has equal
coordination features (two monodentate and two bidentate coordination to A™)
between two [Pty(pop)4] units (Fig. 10.5), resulting in the unique d(Pt-I-Pt).
Consequently, the different coordination bonds induced by the twisting of pop
ligands are the origin of the ACP-like distortion.

10.2.4 Electronic Structure of ACP + CDW State

The optical conductivity spectra were measured to reveal the detailed electronic
structure of MMX chains with binary countercations [31]. Photon energy of the
peaks in the spectra are summarized in Table 10.3.

Optical conductivity spectra of all measured MMX chains with binary
countercations consisted of the strong lowest charge transfer (CT) band around
1 eV (indicated by boldface) and weak bands around 2.2 eV, 3.2 eV,and 3.9eV. It
has been known that the photon energy of CT (Ect) increases with an increase of
Pt—I-Pt distance (d(Pt-I-Pt)) in CDW and CP states of pop-type MMX chains, and
that the dependency of Ect on d(Pt-I-Pt) in CDW state is larger than that in CP
state because the inter-dimer CT in CDW state is more sensitive to d(Pt—I-Pt) than
is the intra-dimer CT in CP state [51]. This dependence of Ect on d(Pt-I-Pt) was
applied to the phase diagram of CDW and CP states. Figure 10.6 shows the phase
diagram of already-known MMX chains together with the plots of complexes
in Table 10.3. It should be noted that the average value of two kinds of
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Table 10.3 Photon energy of

: . Complex Photon energy/eV
the peak in optical
conductivity spectra of the Ko(NC3N)[Pt,(pop)4I]-4H,O0 0.85, 2.15, 3.25, 3.95
present MMX chains. Photon K>(Me-NC;3N)[Pty(pop)4I]-4H,0 0.85, 2.23, 3.30, 3.83
energy attributed to strong K5(CI-NC3N)[Pty(pop)4l]-4H,0 0.89, 2.28, 3.26, 3.9
lowest charge transfer (CT)  Ka(cis-NC4N)[Pty(pop)4I]-4H,0 0.79,2.22, 3.18, 3.91
band are indicated by K (trans-NC4N)[Pto(pop)4l]-4H,0 0.81, 2.22,3.19, 3.92
boldface Ko (NCsN)[Pta(pop)4l]-4H,O 0.64, 2.19, 3.18, 3.94
Rb,y,(NC3N)[Pty(pop)4l]-4H,O 1.14, 2.13, 3.29, 3.86
Rb,y(Me-NC;N)[Pt,(pop)4l]-4H,0O 1.14,2.2,3.29, 3.80
Rb,(CI-NC;N)[Pty(pop),4l]-4H,0O 1.12,2.2,3.27,3.78
Rb,(trans-NC4N)[Pt,(pop)41]-2H,0 0.94, 2.16, 3.18, 3.80
Rby(NC,OC,N)[Pty(pop)4l]-4H,O 0.92, 2.15, 3.19, 3.82
Fig. 10.6 Phase diagram in F— 71
already-known pop-type CDW
MMX chains (black) with the 2+
plot of MMX chains with =
binary countercations (red o r
triangle for CDW state; green \5 MMX chains with
square for ACP + CDW w 1+ O unitary countercation .
state). Solid line is the fitting A %rg\% gggtercations in
of the data of already-known I O ACP+CDW state
pop-type MMX chains with
unitary countercation in each Ob——— é — 6I 5 — ;
phase .
d(Pt-1-Pt) / A

d(Pt-I-Pt) is applied in the case of ACP + CDW state, on the assumption that the
effect of d(Pt—I-Pt) on the perturbation to energy level of Pt ions is averaged. All
MMX chains with binary countercations obey the fitting line in CDW state,
indicating that the charge transfer occurs from electron-rich Pt dimer to electron-
poor Pt dimer in ACP + CDW state as well as in CDW state. The peak energy of the
weak bands were almost independent of the compounds and nearly identical to that
of MMX chains in typical CDW state [51, 52], which also support that the
electronic structure in ACP + CDW state is similar to that in CDW state. These
results are consistent with the nonmagnetic property of K,(NC;N)[Ptr(pop)4l]-
4H,0 [46, 53].

Consequently, the introduction of the ACP-like distortion into MMX chains can
be controlled by changing the length of B>*, with retention of the electronic
structure of CDW state.

10.2.5 Structural Features of MMX Chains with Binary
Countercations

Compared with MMX chains with unitary countercation, those with binary
countercations have two important structural features. One is the “‘synchronized” packing.
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Fig. 10.7 Schematic representation of the chain structure of MMX chains with unitary (leff) and
binary (right) countercations

The typical MMX chains with unitary countercation, whose countercation links
only intra-chain [Pt,(pop)4] units, are in “alternate” packing (Fig. 10.7 left) [54]. On
the other hand, in all MMX chains with binary countercations, A* links not only
intra-chain but also inter-chain [Pt,(pop),] units by A™ ---O coordination bonds,
and B>" links inter-chain [Pto(pop)4] units by N* — H - - - O hydrogen bonds. These
hydrogen bonds and coordination bond networks constrain each [Pt,(pop)4] unit in
same ab plane, that is in “synchronized” packing (Fig. 10.7 right). The example of
hydrogen bond and coordination bond networks in K,(NCsN)[Pty(pop)4I]-4H,O is
shown in Fig. 10.8. Because of the “synchronized” packing, the layer-like structure
appeared perpendicular to c-axis (chain axis). The larger anion and cation,
[Ptz(pop)4]3_ unit and B?*, exist in the same ab plane. Formal charge in this ab
plane is —1 per formula, therefore, the layer is densely packed anionic layer. On the
other hand, loosely packed cationic layer consists of smaller anion and cation, I
and two A", per formula. The vacancy in loosely packed cationic layer is filled with
H,0 molecules, which coordinate to A* ions. These H,O molecules and lattice
fixed by hydrogen bond and coordination bond networks play an important role in
dehydration—rehydration of the MMX chains discussed later.

The other important structural feature is the short d(Pt—I-Pt). The reason of the
short d(Pt—I-Pt) can be explained as follows:

The hydrogen bonds between pop ligands and -NH;™" of countercations link intra-
chain [Pty(pop)4] units in typical MMX chains with unitary countercation. On the
other hand, coordination bonds between pop ligands and A* ions link intra-chain (and
also inter-chain) [Pty(pop)s] units in MMX chains with binary countercations.
Although the distances between nitrogen atom of -NH;* and O(pop) are almost
comparable to those between A* and O(pop) (d(N-O) ~ d(A-0)) [31], the
minimum values of coordination bond angle (£(O-A-Q)) are smaller than those
of hydrogen bond angles (£(O-N-0)), resulting in the shorter d(Pt—I-Pt) in MMX
chains with binary countercations. This difference originates from the isotropic
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Fig. 10.8 K" -..-O coordination bonds (leff) and N* —H---O hydrogen bonds (right) in
Ka(NCsN)[Ptao(pop)l]-4H,0

(NCsN),[Pty(pop)4l]-4H,0 Ko(NCsN)[Pty(pop),l]-4H,0
0
7 O
F-|’I—P—0 Fi!t_p’*
Vi [o]
Pl—P\-o Pt—RL
| % | o
I (H\ I £:K;
/H’ “R | 5 0
. {0' Pt—Pf
t— N I o
| p Pt—pl
Pt-—Pf oy
| \0 (6]
d(N-O) = 2.995, 3.137 A d(K-0) = 2.791-3.049 A
Z(0-N-O) = 116.97, 131.49° Z(0-K-0) = 81.94-93.89"
d(Pt-1-Pt) = 6.858 A d(Pt-I-Pt) = 5.722 A

Fig. 10.9 The difference between £(O-N-O) and £(0O-A-O) and difference in d(Pt-I-Pt) of
(NCsN),[Pta(pop)4l]-4H,0 and Ko(NCsN)[Ptx(pop)s]-4H,0

electron distribution of A*. In other words, oxygen atoms can coordinate to A* from
any direction unless steric hindrance among oxygen atoms occurs. In contrast,
Z(H-N-H) is limited around 109° due to the characteristic of sp3 orbital, hence
typical (O-N-0) is not smaller than 109°. Schematic representation of the com-
parison between (NCsN),[Pt,(pop)4I]-4H,0 and K,(NCsN), [Pt (pop)4I]-4H,0 are
shown in Fig. 10.9.

Although the most pop-type MMX chains synthesized so far were less conduc-
tive (the typical electrical conductivity at room temperature (ort) < 1077Sem™ Y,
MMX chains with binary countercations show the higher conductivity, at most
1072 S cm™ !, due to the short d(Pt-I-Pt) [31, 46].
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10.3 Water-Vapor-Induced Switching in MMX Chains

From the viewpoints of both fundamental and applied sciences, the development of
the materials responsive to external stimuli in the solid state has been becoming
more and more important. Especially, the response to chemical stimuli, such as
exposure to molecular vapor, has recently attracted much attention. Porous coordi-
nation polymers (PCPs) or metal-organic frameworks (MOFs) are the latest
candidates. Their adsorption and desorption behaviors can be applied in both
chemical applications, such as storage [55], separation [56], and catalysis [57]
and switching of the physical properties, such as magnetism [58, 59], photolumi-
nescence [60, 61], and electrical conductivity [62—64]. From this point of view, 1D
electron system is promising candidate because its electronic states strongly corre-
late with the lattice freedom and interesting physical properties.

The study of the guest dehydration—rehydration in MX and MMX chains has
scarcely been explored to date. Only [{[Pt(en),][PtCly(en),]}3][{(MnCls)Cl;},]-
12H,0 was reported as MX chain which shows reversible dehydration—rehydration
of lattice water [65]. However, detail structure and electronic state of the
dehydrated complex, [{[Pt(en),][PtCly(en),]}s][{(MnCls5)Cls},], have not been
characterized. Further studies of the guest dehydration-rehydration in MX chains
are eagerly anticipated.

10.3.1 Vapochromism in MMX Chains

Because the energy of each electronic states are more comparable in MMX chains
than in MX chains, MMX chains are more promising for developing the multifunc-
tional switching materials responsive to guest molecules.

(NC4N),[Pto(pop)al]-4H,O (NC4N** = H3;NC,HgNH;?") is the first MMX
chain that show the reversible changes in color upon exposure to water vapor
[52]. This phenomenon is called “vapochromism.”

Figure 10.10 shows the polarized Raman spectra of hydrated
(NC4N),[Ptr(pop)4l]-4H,O (296 K, green) and dehydrated (NC4N),[Pty(pop)4l]
(340 K, red). Apparently, single peak attributed to CP state of hydrated complex
changed to double peaks attributed to CDW state of dehydrated complex. The color
of the crystal dramatically changed by dehydration, which is confirmed by the
change of optical conductivity spectra (Fig. 10.11). The dehydrated state could
return to hydrated state by putting the crystal under water-saturated atmosphere.
The more versatile vapochromic behavior was found in similar complex,
(NCsN),[Pty(pop)4l]-4H,0O [54]. In this complex, the rehydration occurred easily
just by varying temperature in the atmosphere because of the larger inter-chain
spaces.

Although the crystal structure of the dehydrated complex was not analyzed from
the heated crystal because of the reduction in quality of the crystal, direct synthesis
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and structural analysis of (NC4N),[Pt,(pop)4I] were achieved by the slow diffusion
of starting materials in methanol solution [66]. d(Pt—I-Pt) of (NC4N),[Pto(pop)4l] is
5.859 A, which is in the region of CDW state in the phase diagram (Fig. 10.6) [51].
This structure is consistent with the double peaks attributed to CDW state observed
in polarized Raman spectra shown above. In (NC4N),[Pt,(pop)4l], the pop ligands
and NC,N** ions arrange so as to fill in the vacancy of water molecules. Since the
general volume of water molecule is approximately 30 A3, the total volume of eight
water molecules in unit cell of compound (NC4N),[Pt,(pop)4I]-4H,0 is approxi-
mately 240 A3, However, the difference between the lattice volume of
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(NC4N),[Pta(pop)4l]-4H,0 and (NC4N), [Pty (pop)al] is only approximately 150 A3,
Therefore, the vacancy of the water molecules is not filled perfectly in
(NC4N),[Pty(pop)4l]. This is probably the reason why the compound
(NC4N),[Pty(pop)4l] is able to absorb the water molecules in humid atmosphere.

10.3.2 Single-Crystal-to-Single-Crystal Transformation
of Kx(NC3N)[Pty(pop)d]-4H,0 to K;(NC3N)[Pty(pop)d]

While the single crystal of dehydrated complex, (NC4N),[Pty(pop)sl] was
synthesized directly, more robust crystal which retains single crystallinity under
dehydration condition has been required. MMX chains with binary countercations
mentioned in Sect. 10.2 are promising candidates, because the multiple coordina-
tion bond and hydrogen bond networks among 1D chains can support the
frameworks.

Recently, desired single-crystal-to-single-crystal transformation of hydrated
complex, Ko(NC3N)[Pt,(pop)4I]-4H,0, to dehydrated complex, K,(NC3N)
[Pto(pop)4l], was achieved [46]. The crystal structure and chain structure are
shown in Fig. 10.12. ACP-like distortion disappears, and there is only one
d(Pt-1-Pt) and d(Pt-I) in dehydrated state. In other words, K,(NC;N)[Pt,(pop)4l]
is no longer in an ACP + CDW state. The d(Pt—I-Pt) of K,(NC;N)[Pty(pop)4I]
(5.689(2) A) is the shortest of all MMX chains thus far reported, and iodide ion is at
the midpoint between neighboring [Pt,(pop),] units without disorder. These struc-
tural features of K,(NC3N)[Pt,(pop)4I] are characteristic of the AV state. However,
there is still a possibility that the disorder of the bridging iodide ion is beyond the
resolution of the X-ray single-crystal analysis. The Ecr determined from the peak in
the optical conductivity spectrum decreases from 0.85 to 0.45 eV by the dehydra-
tion, indicating a decrease in band gap. Although the peaks are in infrared region
not in visible region, this spectral change is also a kind of vapochromism.

Figure 10.13 shows *'P MAS NMR spectra of Ko(NC35N)[Pt(pop)4I]-4H,0 and
KL(NC3N)[Pto(pop)4l]. As reported by Kimura et al [67], the 31p chemical shift ()
is larger for P atoms coordinated to Pt ions in a lower oxidation state. Four intense
peaks with the satellite peaks due to the coupling between >'P and '*°Pt are
observed in the *'P MAS NMR spectrum of K,(NC3N)[Pty(pop)4I]-4H,0,
attributed to the four inequivalent P atoms in the crystal. On the other hand, only
two intense peaks were observed in the spectrum of K,(NC;3N)[Pty(pop)4l],
indicating the existence of two sets of inequivalent P atoms. This large difference
of 0 between the peaks (26 ppm) derives from Pt ions in different oxidation states.
In addition, two peaks in the polarized Raman spectrum of K,(NC3N)[Pt>(pop)4l]
indicates the existence of two different [Pty(pop)s] units [46]. Therefore, the
electronic state of K,(NC3;N)[Pt,(pop)4l] can be concluded as a CDW state. Curi-
ously, the broadened peaks in the >'P MAS NMR spectrum suggest the generation
of paramagnetic spins, which should not exist in nonmagnetic CDW state.
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Fig. 10.14 Temperature dependence of (a) spin susceptibility (y) and (b) ESR linewidth (AH,»)
obtained for the initial (open circles), dehydrated (solid circles), and rehydrated (open triangles)
samples of Ky(NC3N)[Pty(pop)41]-4H,0. The dashed curves in (a) represent the fitting by the
Curie law. The inset in (a) shows the plot of Ay-T vs.T~ ' obtained for the three dehydrated salts of
Ky(NC3N)[Pto(pop)al]  (circles), Ky(Me-NC;3N)[Pty(pop)4l]l (rectangles), and K,(Cl-NC;N)
[Pto(pop)4l] (¢riangles). The solid lines show the fitting by the activation formula

The temperature dependence of the molar spin susceptibility () of Ko(NC3N)
[Pty (pop)4l]-4H,0 and K,(NC3N)[Pty(pop)4l] obtained by using ESR spectroscopy
(Fig. 10.14) indicates the interesting electronic state in the dehydrated state
[46, 53]. Although the y of K,(NC;5N)[Pty(pop)4I]-4H,0 followed the Curie law
(dashed line), which is consistent with the nonmagnetic ACP + CDW state, the y of
K>(NC3N)[Pty(pop)4l] gradually increased above about 80 K, and followed the
Curie law (dashed line) below about 80 K. The principal g values were determined
from the single-crystal rotation measurements at room temperature to reveal the
origin of the spin [53]. As a result, the anisotropic g value of uniaxial type with the
principal values of g, = 1.966 and g, = 2.147 for the parallel and perpendicular
directions to the chain, respectively, were observed in the dehydrated state.
Observed anisotropy of g, > 2 > g is consistent with that expected for the low-
spin Pt®>* (S = 1/2), where the unpaired electron resides on the Pt(5d,:) orbital.

The resultant susceptibility (Ay = y—y.), where . is Curie component, obeyed
an activation type equation above about 80 K: Ay-T = Cexp(-E,/kgT), where C is
the Curie constant of activated spins, E, is the activation energy, and kg is the
Boltzmann constant. Concomitantly, the ESR linewidth (AH,,,) exhibited distinct
motional narrowing above the same temperature range as the spin excitation took
place, suggesting that the activated Pt** spins are mobile solitons generated in the
doubly degenerated CDW state with small d(Pt—I-Pt). The origin of solitons are
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isolated Pt*" state (or [P**—Pt>*] unit) locating at the mismatch of the doubly
degenerate valence ordering phases of [---Pt*" —P*" ... 1" —P?" — PT — I~
---]and [-PE* — P+ — 17 ... P** — P®" ... 1" —]. The formation of solitons has
been predicted theoretically in the case of CDW and ACP states in the MMX chains
by using Peierls—Hubbard model [68-70]. However, it has been actually
demonstrated only in the case of the ACP state of a dta system Pt,(n-pentylCS,)41
by the ESR technique [38, 44, 45]. Therefore, the solitons in CDW state and those
in pop system are demonstrated for the first time in Ko(NC3N)[Pto(pop)4l]. Similar
phenomena are also found in K>(Me—NC;3N)[Pty(pop)4I]-4H,0 and K,(CI-NC;3N)
[Pto(pop)4I]-4H,0 (Fig. 10.14a inset) whereas the crystal becomes polycrystal after
the dehydration in these compounds.

Taken together, reversible single-crystal-to-single-crystal transformation
accompanied by changes in the optical gap and electronic state was realized in
K5(NC3N)[Pto(pop)4l]-4H,0 by the dehydration and rehydration.

10.3.3 Dependence of Water-Vapor-Induced Switching in MMX
Chains on the Length of Alkyldiammonium Ions

To reveal the dependence of the dehydration-rehydration of the complexes
on alkyldiammonium ion, XRD patterns of Ky(B)[Pty(pop)4l]-4H,0O were
measured at three stages (1) Initial hydrated complex. (2) Dehydrated complex.
(3) After the exposure of dehydrated complex to H,O vapor for a day. As a result,
for B> = NC3N?*, Me-NC3N**, CI-NC;3N?*, cis-NC,N**, and trans-NC,N**,
structural changes by dehydration—rehydration were reversible (Fig. 10.15a,
K>(NC3N)[Pty(pop)4l]-4H,0 as a example). The XRD patterns of dehydrated
complexes can be fitted as orthorhombic C-lattice. Because the unit cell parameter
¢ (chain axis) of dehydrated complexes are almost equal to that of K,(NC;3N)
[Pty(pop)ul], the d(Pt-I-Pt) of the dehydrated complexes (B** = Me-NC;N**,
CI-NC3N**, ¢is-NC4N>*, trans-NC,N**) are estimated to be close to that of
K>(NC5N)[Pty(pop)al]. In contrast, for B** = NCsN** and NC,OC,N?**, the
changes were only partly reversible and perfectly irreversible, respectively
(Fig. 10.15b, ¢). Moreover, the XRD patterns of dehydrated K,(NCsN)[Pt,(pop)4l]
and K,(NC,OC,N)[Pt,(pop)4I] were quite different from their hydrated state. The
detail structural analysis is remaining issue that need to be solved.

The temperature dependence of the electrical conductivity parallel to chain axis
(c) of Ky(B)[Pta(pop)4I]-4H,0 in each stage are shown in Fig. 10.16 [31, 46]. The
ort and activation energy (E,) in each stage are summarized in Table 10.4. The
conductivity of K,(NC,OC,N)[Pt,(pop)4l]-4H,0 at stage 2 and 3 were unavailable
due to the quite low conductivity.

Except Ko(NC,OC,N)[Pty(pop)4l]-4H,0, E, decreased by the dehydration due
to the shrinking of d(Pt-I-Pt), that is, increase of orbital overlap between the Pt(5
d.») and T (5p,) atoms.
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Fig. 10.15 XRD patterns of (a) Ko(NC3N)[Pta(pop)al]-4H,0, (b) Ko(NCsN)[Pta(pop)al]-4H,0,
(¢) Ko(NCL,OC,N)[Pty(pop)4l]-4H,0 simulated by the crystal structure (black), measured at stage
1 (brown), stage 2 (red) and stage 3 (blue)

The change of ot by dehydration and rehydration depends on the complex. In
the case of the complexes (B** = NC3N**, Me-NC;N?**, CI-NC;N**, rrans-
NC4N2+), orr at stage 2 (dehydrated state) were 10—100 times larger than that at
stage 1 (initial states). Contrastingly, in the case of the complexes (B** = cis-
NC,N?*, NCsN**), gt at stage 2 were 0.25 and 0.04 times larger than those at
stage 1, respectively. These decrease of ogt may be due to the partial degradation of
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Fig. 10.16 Temperature dependence of the electrical conductivity at stage 1 (black), 2 (red),
and 3 (blue) of Ky(B)[Pty(pop)sl]-4H,O, where B>** = (a) NC3N**, (b) Me-NC;N**,
(¢) CI-NC;N?*, (d) ¢is-NC4N?*, () trans-NC4N**, (f) NCsN>*, and (g) NC,0C,N>*

Table 10.4 ort (RT = 298 K) and E, at high temperature of K,(B)[Pt,(pop)4I]-4H,O measured

in each stage

ort/S cm™ ! (RT = 298 K)

E,/meV

Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3

K>(NC;3N)[Pt(pop)al]- 1.5 x 107* 1.4 x 1072 8.0 x 107° 226 122 196
4H,0

K»>(Me—-NC5N) 33x 107 33x 107 69 x107° 319 119 240
[Pta(pop)4l]-4H,0

Ko(CI-NC3N)[Pty(pop)al]- 2.8 x 107* 33 x 1073 15 x 107* 161 120 167
4H,0

Ko (cis-NC4N)[Pto(pop)sI]- 4.0 x 107 1.0 x 107 33 x 107> 174 122 151
4H,0

Ko (trans-NC4N) 84 x 107* 94 x 107 12 x 107 169 96 195
[Pta(pop)al]-4H,0

Ko>(NCsN)[Pto(pop)al]- 44 x 1072 1.6 x 107* 32 x 107 145 126 148
4H,0

K,(NC,0C,N) 1.6 x 1073 200

[Pty(pop)4l]-4H,0
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the sample such as small cracks generated in the crystal. These cracks limit the
current pass in the crystal to reduce the effective cross-sectional area of the crystal.

Compared with the ogt at stage 1 and 3, ort at each stages were comparable in
the case of the complexes (B** = NC3N**, Me-NC3N?*, CI-NC;N**), whereas
they decreased to 0.008, 0.14 and 0.007 times larger than those of stage 1 in the case
of the complexes (B> = ¢is-NC,N**, trans-NC,N>*, NCsN>*, respectively). Since
the crystal structure recovered perfectly in K,(cis-NC4N)[Pty(pop)4I]-4H,0O and
Ky (trans-NC4N)[Pty(pop)4I]-4H,0, this decrease may also be due to the partial
degradation of the sample. The slight rehydration of K,(NCsN)[Pty(pop)4I] also
reduced the quality of the crystal.

Hence, we can summarize that the robustness of the MMX chains with binary
countercations decreases in the following order of B**: NC;N**, Me—NC5N*,
CI-NC3N** > trans-NCy,N** > ¢is-NC,N** > NCsN** > NC,0C,N**. This order
indicates that the complex with longer B** has weaker framework. In the case of
the complexes (B** = NC3N**, Me-NC;N**, CI-NC;N**), B** are in well-ordered
zigzag conformation, while in the case of the complexes (B** = cis-NC4N**, trans-
NC,N**, NCsN**, NC,0C,N>"), longer B>* are disordered and/or in less stable
bending conformation due to the limitation of the region, as mentioned above
(Fig. 10.2.). These differences in stability of B?* are assumed to induce the different
robustness of the complexes.

10.4 Conclusion

In this study, the development of new electronic state of MMX chains by
introducing binary countercations, the control of the electronic states, and the
conductance of MMX chains by dehydration-rehydration were carried out.

Single-crystal X-ray structure analysis indicates that MMX chains in binary
system, A,B[Pty)(pop)sl]-nH,O (A = K", Rb*; B = alkyldiammonium; n = 2
or 4) have rare “synchronized” packing induced by the hydrogen bond and coordi-
nation bond networks among the chains and short Pt—I-Pt distance. These features
play an important role in water-vapor-induced changes and high conductivity of the
complexes. Various analyses indicated that the electronic state is novel ACP + CDW
state when MMX chains contain shorter alkyldiammonium ion (B** = NC;N?*,
Me—NC3,N2+ Cl—NC3N2+) but is general CDW state in other cases. The twisting of
pop ligands caused by steric hindrance around A" is the origin of the ACP-like
distortion in ACP + CDW state.

Water-vapor-induced switching of MMX chains is the other focus of this
chapter. (NC4N),[Ptr(pop)4I]-4H,O and (NCsN),[Pty(pop)4l]-4H,O showed
vapochromism with the switching of the electronic states from CP to CDW
state by the dehydration. MMX chains with binary countercations also showed
water-vapor-induced switching. The single-crystal X-ray structure analysis of
K>(NC3N)[Pty(pop)4l] provided us the important information about the electronic
state in the dehydrated state. K,(NC;N)[Pty(pop)4l]-4H,O is the first MMX
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chain that shows reversible dehydration—rehydration with retention of single
crystallinity. Other MMX chains with binary countercations also shows reversible
dehydration—rehydration except the MMX chains containing longer
alkyldiammonium ion (B** = NCsN**, NC,OC,N**). Various spectroscopic
analyses indicated that the electronic state of K,(NC;N)[Pty(pop)4l] is CDW
state but is close to the border of CDW and AV state because the band gap is
very small and the solitons are excited at room temperature. MMX chains with
binary countercations are also the first examples that show vapor-induced revers-
ible switching of electrical conductivity in MMX chains. The robustness of the
complexes becomes weaker as the length of B** of the complexes becomes
longer.
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Chapter 11

Photoinduced Phase Transitions in MMX-Chain
Compounds

Hiroyuki Matsuzaki and Hiroshi Okamoto

11.1 Introduction

As mentioned in Chap. 5, 1D electronic systems are good targets for the exploration
of characteristic photoinduced phase transitions (PIPTs), since photocarrier
generations and/or charge-transfer excitations by photoirradiation can stimulate
instabilities inherent to the 1D nature of electronic states through strong
electron—electron interactions and electron (spin)—lattice interactions. Actually,
MX-chain compounds, the prototypical 1D electronic systems, exhibit characteris-
tic PIPTs such as the photoinduced transition from Mott insulator to metal, the
photoinduced transition from charge-density-wave state to Mott—Hubbard state,
and photoinduced transition from charge-density-wave state to metallic state (see
Chap. 5). The halogen-bridged binuclear metal compounds (the MMX-chain
compounds) focused here are other typical 1D electronic systems with strong
electron—electron interactions and electron (spin)-lattice interactions and are
promising targets for realizing characteristic PIPTs. In this chapter, we review the
PIPTs observed in the MMX-chain compounds.

The materials discussed here are iodine-bridged binuclear platinum compounds
(PtPtI-chain compounds), in which PtPtI chains dominate their electronic properties
[1-5]. Before discussing the phase control and PIPT in the PtPtI-chain compound,
we briefly review its crystal and electronic structure. This compounds have purely
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1D chains composed of repeating metal-metal-halogen (M—M—X) units with M =
Pt and X = I (the MMX chain). In the MMX chain, a 1D electronic state is formed
by d.» orbitals of M and p, orbitals of X as schematically illustrated in Fig. 11.2b.
The average valence of M is 2.5, and one unpaired electron exists per two d,
orbitals. Four charge-ordering states shown below are theoretically expected to
exist in this system [2, 6-9].

Average valence state(AV): —M>> " —M>3T — X~ — M2+t M2 — X" —

Charge density wave state(CDW): —M>t —M>" — X~ —M>* —M>T — X~ —

Charge polarizationstate(CP): —M>* — M+ — X~ —M*" —M*F — X~ —

Alternating charge polarization state (ACP): —M>* —M>" — X~ —M*" —M?*" — X~ —

The CDW and CP states are stabilized by the displacements of X, while the ACP
state is stabilized by the displacements of M dimers. Two classes of MMX chains with
different ligand molecules, R4[Pt,(pop)4X]nH,O [(pop) = P205H22_, R = K, NH,,
and X = Cl, Br] [3, 10] and Pt,(dta),I (dta = CH5CS, ") [11, 12] have been studied so
far. The ground state of R4[Pt,(pop)4X]nH,O (R = K, NH,4 and X = Cl, Br) has been
revealed to be CDW [13, 14]. For Pty(dta),l, it has been suggested that ACP is
stabilized at low temperature [12]. As a general trend, the hybridization between
the p orbital of halogens and the d orbital of metals in the I-bridged compounds is
larger than that in the Cl- or Br-bridged compounds. The larger pd hybridization will
stabilize the various oxidation states (or charge-ordering states) of the metals.

In this chapter, first we show that the ground states on the PtPtl chains
(R4[Pto(pop)4I1nH,0 and R’;[Pty(pop)4I1nH,0) can be controlled between a dia-
magnetic CDW state and a paramagnetic charge polarization (CP) state by modifi-
cation of the counter ions (R, R’) located between chains. After that, we show that in
[(CoHs),NH,[4[Pto(pop)4l], the pressure-induced transition from CP to CDW
accompanied by a large hysteresis loop occurs. In the last part of this chapter, we
report that in the hysteresis region of the pressure-induced CP to CDW transition of
[(C,Hs),NH,]4[Pto(pop)4I], the photoinduced phase transition from the CDW state
to the CP state could be driven.

11.2 Experimental Methods

11.2.1 Steady-State Optical Spectroscopy Under High Pressure

Applying external pressure to materials is one of the powerful tools for altering
their electronic states. To achieve the electronic phase control of MMX-chain
compound, we adopted the steady-state optical spectroscopies (polarized Raman
scattering and reflection spectroscopy) under high pressure using a diamond anvil
cell (DAC). DAC is a typical device used in high-pressure measurements. It allows
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Fig. 11.1 Schematic of a diamond anvil cell (DAC) used for steady-state optical measurements
under the pressure

compressing a small (submillimeter sized) piece of material to high pressures [15].
The schematic illustration of DAC is shown in Fig. 11.1. A DAC consists of two
opposing diamonds and a metal gasket with a hole of ~500 pm diameter. A sample
is in the small hole of a metal gasket sandwiched by two diamonds and is
compressed between the culets of diamond as shown in the figure. In the spectro-
scopic measurements using DAC, liquid paraffin was used as a pressure-
transmitting medium. In a DAC, a tiny piece of ruby is also located together with
a sample to monitor the pressure. The pressure within the cell was calibrated by the
wavelength shift of the R; fluorescence line of the ruby excited by a He—Ne laser.
Polarized Raman-scattering spectra were measured using a Raman spectrometer
equipped with a He-Ne laser (1.96 eV) and an optical microscope. Polarized
reflection measurements were performed using a Fourier-transformed infrared
(IR) spectrometer in the IR region and specially designed spectrometer with a
grating monochromator in the visible to ultraviolet region.

11.3 Phase Control and Photoinduced Phase Transition
in 1D Halogen-Bridged Binuclear Platinum Compound

11.3.1 Control of Electronic Phases in PtPtI-Chain Compounds

To control the electronic structures of the MM X-chain compounds, Yamashita and
their collaborators have synthesized about 20 compounds of R4[Pt,(pop)41]nH,O
and R’,[Pt>(pop)41]nH,0, with counter ions (R or R’**) of the alkyl-ammonium
(R = C,IHQ,H_INH:;, (CnHz,H_])zNHQ and R’ = H3N(CnH2n)NH3) and the alkali-
metal (R = Na, K, NH,, Rb, and Cs) [1, 3-5]. The substitution of the counter
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Fig. 11.2 (a) Crystal structure of [(C,Hs),NH,]4[Pto(pop)4I]. H atoms have been omitted for
clarity. (b) Schematic electronic structures of CDW and CP. fp and #yxy denote the electron
transfer energies. Vi, Vmxwm, and V, denote the Coulomb interactions

ions greatly alters the distance d(Pt—I-Pt) between two Pt ions bridged by the I ion.
Such control of d(Pt—I-Pt) makes it possible to control the various electronic
parameters such as intersite e—e interaction and e—/ interaction and to realize the
paramagnetic CP state as well as the diamagnetic CDW state.

Figure 11.2a represents the structure of a typical PtPtI chain,
[(C,Hs5),NH,J4[Pto(pop)4l]. Two Pt ions are linked by four pop molecules, forming
a binuclear Pt,(pop), unit. The two neighboring Pt,(pop)4 units are bridged by I and
the PtPtI-chain structure is formed along the ¢ axis. The iodine ion deviates from the
midpoints between the two neighboring Pt ions, indicating that this compound is in
CDW state or CP state, as illustrated in Fig. 11.2b. Figure 11.2a shows the two
possible positions of I as the displacements of I are not three-dimensionally
ordered. X-ray structural analysis was unable to resolve whether the ground state
is CDW state or CP state. CP state is composed of Pt**—Pt>* units, and the Pt** ions
have spin (S = 1/2), forming a 1D antiferromagnetic spin chain. CDW state on the
other hand is composed of Pt**~Pt** and Pt**—Pt** units and is diamagnetic since
the two neighboring Pt** ions form singlet states. The ground states of the PtPtI
chains can then be discussed keeping these characteristics of the two charge
ordering states in mind.

Figure 11.3a shows the optical conductivity spectra of [H3N(CgHi,)
NH;],[Pta(pop)4l] and [(C,Hs),NH,]4[Pto(pop)4I] as typical examples. The optical
gap energies Eg,, (1.0 and 2.4 V) of the two compounds differ considerably. The
Raman-scattering spectra are shown in the inset to provide information concerning
the valence of M [3-5]. Strong bands at 80-100 cm ! are attributed to the Pt—Pt
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stretching mode of the Pt—Pt unit. The splitting of this mode indicates the formation
of two kinds of Pt—Pt units, in this case Pt**—Pt>* and Pt**—Pt*>*. The ground state of
[H3N(CgH 2)NH;],[Pto(pop)4l] can therefore be considered to be CDW state. In
[(C,Hs),NH,]4[Pto(pop)4l], this Pt—Pt stretching Raman mode is a single band,
suggesting that the ground state is CP state. The weak bands at around 110 cm ™'
can be attributed to the Pt-I stretching mode, which is activated by the
displacements of I in both compounds.

The magnetic properties of the materials were then investigated to confirm these
assignments. The temperature dependence of yspin (1/)spin) is shown in Fig. 11.3b.
In [H3N(CgH2)NH3]1[Pto(pop)al], xspin follows the Curie law as shown by the
broken line in Fig.11.3b (the upper figure). Curie impurities make up 0.16 % per Pt
site. No paramagnetic components originate from the 1D spin chains. In
[(CoHs),NH,[4[Pto(pop)4l], on the other hand, the temperature dependence of
Lspin Cannot be explained by the Curie component alone. ypi, has a finite compo-
nent independent of temperature, which is attributable to a contribution from the 1D
spin chain. The result in Fig.11.3b (the lower figure) can be largely reproduced by
the sum of the Bonner—Fisher curve [16] with J ~ 3,000 K (J: antiferromagnetic
interaction) and Curie component with the concentration of 0.34 % per Pt site. From
these comparative studies, it can be concluded that the ground states of
[(C2H5)2NH3]4[Pta(pop)aI] and [H3N(CeH;2)NH3],[Ptr(pop)sl] are CP state and
CDW state, respectively.
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Systematic optical, magnetic, and X-ray studies have been performed on various
PtPtl-chain compounds with different counter ions. From the results, the phase
diagram shown in Fig. 11.4 was obtained. The upper figure shows the magnitude of
the splitting in the Pt—Pt stretching Raman band Av(Pt—Pt), which is the evidence of
CDW state. The lower figure shows the optical gap energy E,,,. The ground state
changes from CP to CDW state with decreasing d(Pt—I-Pt), and there is a clear
boundary at around 6.1 A.

Here let us discuss the stability of CP and CDW as a function of d(Pt-I-Pt),
taking account of the theoretical studies based on the one-band-extended
Peierls—Hubbard model presented by Kuwabara and Yonemitsu [6, 17]. When d
(Pt—I-Pt) is large, the intradimer Coulomb interaction Vi and the intradimer
transfer energy fy are important parameters dominating the ground state in
addition to the on-site Coulomb repulsion U on M and the site-diagonal-type e—/
interaction 5. The interdimer interactions such as the transfer energy fyxw, the
Coulomb interaction Vyx, and the second nearest neighbor Coulomb interaction
V, (see Fig. 11.2b) can be neglected. A simple picture is given by considering the
localized limit typg = 0. In this case, the relative energy of CP and CDW is
determined by Vyp. The sum of the Coulomb energy for two neighboring M
dimers in CDW (5Vy\y) is larger than that in CP (4Vypy). Therefore, Vi, stabilizes
CP. Under the presence of tyn, the bonding orbital in the M dimer is formed in CP
but not formed in CDW because of large Uy;. As a result, typy also stabilizes CP. As
d(Pt—1-Pt) decreases, Vivxm, Va, tmxm, and f will increase. The increase of V,
makes CP rather unstable, while Vxn does not affect the relative energy of CP and
CDW. The effects of fyxm and f are not so straightforward. The theoretical
calculations have revealed that the increase of § and fyxwm also stabilize CDW
relatively to CP [17]. Thus, the theoretical studies can explain well the experimental
result that the ground state changes from CP to CDW with a decrease of d(Pt—I1-Pt).
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Fig. 11.5 (a) Photographic images of [(C;Hs),NH,]4[Pt>(pop)4I] in the pressure-applying run.
(b) Pressure dependence of Raman-scattering spectra

11.3.2 Pressure-Induced Phase Transition in PtPtI-Chain
Compounds

From the phase diagram shown in Fig. 11.4, it is expected that a phase transition can
be driven by applying pressure to the materials in CP state. Such a pressure-induced
phase transition from CP to CDW state has been indeed observed for
[(CoHs)oNH]4[Pta(pop),l] (material 17 in Fig. 11.4), [(CsH;1).NH]4[Pto(pop)4l]
(material 10 in Fig. 11.4), and [(C3H7),NH,]4[Pt>(pop)4l] (material 14 in Fig. 11.4)
in the optical measurements using a diamond anvil pressure cell. Photographs of the
pressure-induced transition in [(C,Hs),NH,]4[Pto(pop)4I] are presented in
Fig. 11.5a. At ambient pressure, this material is green [Fig. 11.5a(i)]. When the
pressure is increased to 0.6 GPa, a brown region appears [Fig. 11.5a(ii)] and
grows gradually [Fig. 11.5a(iii), (iv)]. Figure 11.5b shows the change in the
Raman-scattering spectra accompanying this pressure-induced transition. The
Pt—Pt-stretching band clearly splits at above 0.6 GPa, indicating that the high-
pressure brown phase is CDW state. Figure 11.6a shows the pressure dependence
of the polarized reflectivity spectra for the light polarization (E;) parallel to the
chain axis ¢ (E;//c). The corresponding optical conductivity ¢ spectra are presented
in Fig. 11.6b. In Fig. 11.7a, we show the pressure dependence of E,,;, obtained from
the o spectra. As can be seen, the phase transition is a first-order reversible one with
a large hysteresis loop (ca. 0.4 GPa).
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Fig. 11.6 Pressure dependences of (a) polarized reflectivity spectra and (b) optical conductivity
of [(C,Hs),NH,]4[Pto(pop)4I] in the pressure-applying and pressure-decreasing runs

From the photographs of the crystal, the reduction of the sample size along the
chain axis ¢ was observed. Figure 11.8 shows the magnitude of reduction of sample
size along the chain axis as a function of the pressure. As shown in the figure, the
sample size along the chain axis is reduced by about 8 % at 0.85 GPa compared to
ambient pressure. If the Pt—Pt distance d(Pt—Pt) of the Pt—Pt unit is assumed to
remain constant under pressure, d(Pt—I-Pt) at 0.85 GPa is estimated to be 6.2 A.
This assumption is reasonable because d(Pt—Pt) is almost constant in various
MMX-chain compounds. The obtained values, d(Pt-I-Pt) = 6.2 A and Egp = 1.6

eV at 0.85 GPa, are very close to those in CDW state (see Fig. 11.4). These
observations support the fact that the pressure-induced transition from CP to CDW
state is driven by a decrease in d(Pt—I-Pt) in [(C;Hs),NH,]4[Pt(pop)4l].

11.3.3 Photoinduced Phase Transition in PtPtI-Chain
Compounds

At the points A and B within the hysteresis loop shown in Fig. 11.7a, the material is
in a meta-stable state as illustrated in the energy potential curves (insets). The PIPT
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from the meta-stable state to the ground state at the points A and B were
investigated. Figure 11.7b(i) represents the images of the sample at A before and
after the photoexcitation with 2.41-eV light for 8 ms, which is obtained from a CW
Ar-ion laser. As can be seen, the crystal exhibits a permanent color change from
brown to green in the irradiated region. The Raman signal in the irradiated region is
almost identical to that of the low-pressure phase, indicating that the PIPT from
CDW to CP state occurs.
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To clarify whether this PIPT is induced by an optical process or a laser heating,
the dependence of the photoconversion efficiency on the excitation photon density
N was investigated for two excitation energies E., of 1.96 and 2.41 eV. A He—Ne
laser is used for the 1.96-eV light. The result is presented in Fig.11.9a. In the
measurements, the excitation photon density N (photon density per pulse) was
calculated considering the absorption coefficient and the reflection loss of the
excitation light, both of which are obtained from the polarized reflection spectra.
The converted fractions were estimated from the photoinduced changes in the
integrated intensity of the Pt—Pt stretching Raman bands. The photoconversion
efficiency shows a clear threshold Ny, the values of which are strongly dependent
on E.; Ny, ~ 1.4 X 10% cm73/pulse at 1.96 eV and ~ 3 x 10** cm73/pulse at
2.41 eV. The absolute values of Ny, seem to be large. However, the irradiated power
of the lights is very small. Note that Ny, is calculated for one pulse with a long
duration of 8 ms. This characteristic excitation energy dependence of Ny,
demonstrates that the observed PIPT is driven not by a laser heating but by an
optical process. At the point B, PIPT could not be driven by the irradiation of 1.96-
eV or 2.41-eV light (Fig. 11.9b), even if the intensity and duration of the light was
changed. However, irradiation with 2.71-eV light for 30 s did result in a PIPT, as
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high-pressure phase) (a) and in the CP phase (the low-pressure phase) (b)

shown in Fig. 11.7b(ii). As this process appears to be strongly dependent on the
excitation energy, the PIPT from CP to CDW state is also attributable to an optical
process, although the efficiency of the PIPT from CP to CDW state is much lower
than that from CDW to CP state.

Finally, let us briefly discuss the difference of the photoconversion efficiency
between the CDW to CP and the CP to CDW transitions [18, 19]. In Fig. 11.10,
the optical transitions of the MMX-chain compound in the CDW and CP
ground states are schematically illustrated. The lowest optical transition in CDW
state is the interdimer CT excitation from [-I-Pt**—P>*—-Pt**-P>*—1-] to
[-I-P*—Pt*_I-Pt>*—Pt**_I-]. By taking into account the lattice relaxations due
to the halogen displacements, the 2+3+2+3+ valence state will be stabilized in a
photoexcited state as shown in Fig.11.10a. Namely, in the CDW state, an optical
excitation will produce locally a CP state. This is the reason why the transition from
CDW to CP state is easily induced by lights. In the CP state, it has been establi-
shed that the intradimer CT transition from [-I-Pt**-Pt**-I-Pt**-Pt**-I-] to
[-I-Pt**—Pt**—[-Pt**—Pt**—I-] shown in Fig. 11.10b is the dominant optical excita-
tion corresponding to the optical gap transition. The intensity of the interdimer
transition is smaller than that of the intradimer one. In this intradimer transition
process, the CDW state is never produced, even as a local excited state, as shown in
Fig. 11.10b. As a result, the CP to CDW transition is difficult to be achieved by the
photoirradiation with the energy of 2.41 eV nearly equal to E,,;,. As observed in the
experiments, the 2.71-eV excitation drives the PIPT from CP to CDW state,
although the transition efficiency is very low. Such a higher-energy excitation
will induce the interdimer CT transition from [-I-Pt>*—Pt**-I-Pt>*—P**-I-] to
[-I-P*—Pt**_[-Pt>*—Pt**~I-], which may be relevant to the PIPT to CDW state.
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11.4 Summary

In this chapter, we have reviewed the studies of photoinduced phase transition
(PIPT) in the MMX-chain compound. The PIPT of the iodine-bridged binuclear Pt
compound, [(C,Hs),NH,]4[Pta(pop)4l], between the charge-density-wave (CDW)
state and the charge polarization (CP) state has been discussed on the basis of the
results obtained by several kinds of optical spectroscopies. This transition is an
exceptional example of PIPT, demonstrating that it is possible to achieve funda-
mental changes in optical and magnetic properties in both directions from CDW to
CP and CP to CDW through photoirradiation alone. In this compound, the
investigations of the dynamics using the pump—probe spectroscopy has not been
performed yet, which will clarify more detailed pictures of its PIPT. The finding of
PIPT presented here indicates that MMX-chain compound can be candidates of
future optical switching and memory devices.
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Chapter 12
Theory of MMX-Chain Compounds

Kenji Yonemitsu

12.1 Introduction

MMX-chain compounds have a variety of electronic phases owing to their low-
dimensional electronic structures and their strong electron—lattice and
electron—electron interactions. Some of these interactions compete with each
other, while some of them collaborate. To understand the interplay, theoretical
studies based on Peierls—Hubbard models are useful. The electronic properties
depend on transition metal (M) ions, halogen (X) ions, ligands, and counterions.
Observed and suggested electronic phases for MMX-chain compounds are
schematically shown in Fig. 12.1 and classified into an averaged-valence (AV)
phase, a charge-density-wave (CDW) phase, a charge-polarization (CP) phase, and
an alternate-charge-polarization (ACP) phase. From the valences of the metal ions,
the CDW, CP, and ACP phases are also called the 2233, 2323, and 2332 phases,
respectively. Because electrons are not completely localized, the formal valences
2 and 3 mean valences 2.5 — ¢ and 2.5 + J, in reality, with 0 < 6 < 0.5. The AV
and CP phases are paramagnetic, while the CDW and ACP phases are nonmagnetic.
In the CDW phase, the spin gap is expected to be comparable with the charge gap.
Meanwhile, in the ACP phase, the spin gap is generally much smaller than the
charge gap. In principle, all of the four phases are insulating because of the finite
charge gap.

In this chapter, we consider compounds with M = Pt, where competition
between different interactions is manifest. Two classes of MMX compounds
exist. (1) In R4[Pty(pop)4X]nH,O with monovalent cations R, four ligands of pop
= P205H22_ surround the binuclear MM unit. The ground states of K4[Pt,(pop)4X]
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Fig. 12.1 Schematic electronic and lattice structures of MMX compounds

nH,O with X = CI and Br are known to be in the CDW phase [1-4]. Meanwhile,
the compounds with X = I have been studied extensively and show different
electronic phases [5—7]. The mechanism of the variation of the electronic phases
is clarified here. (2) In Pt,(RCS,)4l, the ligands surrounding the binuclear MM unit
are RCS, with R = CH3, C,Hs, n-C4Ho, etc. Among them, the compound with
R = CHj; (the ligand is then dta = CH;3CS,) has been studied for many years [8]
and has been found to show the AV phase with “metallic”’ conductivity above room
temperature [9, 10]. The compound with R = n-C4Hy clearly shows the ACP phase
[11]. The difference between the pop and dta systems is discussed here from the
theoretical viewpoint.

The more degrees of freedom, compared with those in the MX compounds, are
responsible for the greater variety of electronic phases in the MMX compounds.
Furthermore, the smaller charge gap enhances the controllability of relative stabil-
ity among the four phases above. Indeed, electrons are more delocalized than in the
MX compounds. Among the theoretical studies into the origins of the charge and
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lattice orders in the MMX compounds, extended Hiickel band structure calculations
were first performed [12—14]. The Hartree—Fock approximation is applied to one-
dimensional, three-band [15, 16] and two-band [17, 18] extended Peierls—Hubbard
models. The Hartree—Fock calculations are extended to finite-temperature systems
[19]. These calculations miss quantum fluctuations that are inherent in one-
dimensional electron systems. Then, the quantum fluctuations originating from
electron correlation in these models have been quantitatively taken into account
by using the exact diagonalization method [20, 21] and the quantum Monte Carlo
method [22]. In this chapter, we quantitatively treat the electron correlation in the
ground and excited states by using the exact diagonalization method and analyze
the numerical results with second- and fourth-order perturbation theories from the
strong coupling limit [23]. We discuss in detail the relevance of our theoretical
results to the experimentally observed variation of the ground and photoexcited
states. Dynamical processes during photoinduced transitions between the CDW
phase and the CP phase are also studied within the time-dependent Hartree—Fock
approximation [24, 25].

12.2 Extended Peierls—Hubbard Model

To describe the ground- and excited-state properties, we adopt an extended
Peierls—Hubbard model, which is schematically shown in Fig. 12.2. For simplicity,
it takes only M d,. orbitals into account. Their energy levels and transfer integrals
depend on the positions of the X ions,

H=="tum(cl; sChio+0e) =Y [tuxa — 2(i + Yair1)| (€5 pCait1o + hoc.)

i,0

-B Z (Ya,iMai + Yb,ipi)+Unm Z (Maji 1 Mai,| + Mt b))
i i
+ Z (VmMmPg,np i + Vxmmp ifla,iv1) + V2 Z (R iNaiv1 + Npinpiv1)
i i

+(Kux/2) Y 0%+ i) + (Kvxm/2) Y b+ Yair1)?,

1 1

(12.1)

where ¢, (cj; ) creates an electron with spin ¢ at site a () in the ith binuclear
MM unit, h.c. denotes hermitian conjugate, ngs = ;  Caio(Nbie = Cif; ;Chic) is
the number operator, and n,; = X;n,; s (np; = Zsnp,; ). The unit cell contains two
M sites @ and b and an X site. The distance between the M site a (b) in the ith unit
and its neighboring X site, relative to that in the undistorted structure, is denoted by
Ya.i (Vp.;)- Thus, the change in the distance between the ith and (i + 1)th units is
given by y,; + y,.i+1. The nearest-neighbor transfer integral within the unit is fixed
at - Meanwhile, the nearest-neighbor transfer integral through the X p, orbital,
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tvxm, 1s assumed to be linearly modified by the length change y,; + y,.+1 With
coefficient o. The energy level of the M d,. orbital is assumed to depend linearly on
the change in the MX bond length with coefficient . The repulsion strengths are
denoted by Uy, for the on-site pair of electrons with opposite spins, Vyy for the
nearest-neighbor pairs within the unit, Vyxy for the nearest-neighbor pairs
accompanied with an X site in-between, and V, for the next-nearest-neighbor
pairs. They are not assumed to depend on the positions of the X ions for simplicity.
The elastic constants are denoted by Kyx for the MX bond length and Kyxy for the
distance between the neighboring binuclear MM units. The latter constant is needed
when counterions hinder the MM units from being displaced.

Here, the periodic boundary condition is imposed. The electronic ground state is
determined by the exact diagonalization method except for the photoinduced
dynamics in the last part. The lattice displacements y, and y,, are treated as classical
variables and determined in a self-consistent manner with the electronic ground
state, unless otherwise stated, so that the system is in the lowest energy configura-
tion, except for the photoinduced dynamics in the last part.

12.3 Kinetic Versus Interaction Terms

Electronic phases of R4[Pty(pop)4I]nH,0 [R = Na, K, NH,, (CH3(CH,);),NH,,
etc., pop = P,OsH,?"] are suggested to be classified according to the distance
between the nearest-neighbor M ions accompanied with an X ion in-between,
dyvixxm [7]- In order to study the effects of changing dyxn, we first obtain ground-
state phase diagrams by varying ty;xy. Considering these pop systems containing
charged MMX chains and counterions, we set Kyxyv to be infinitely large,
prohibiting displacements of M ions and allowing displacements of X ions only.
The site-off-diagonal electron—lattice coupling o is then irrelevant. As a conse-
quence, the ACP phase is not realized here. In addition, leaving detailed studies of
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Fig. 12.3 Ground-state phase diagram of the 12-site model for infinitely large Kyxv (@) in the
tvxm—P-Uwm space and (b) its cross section at Uy = 6. The parameters are typ = 1, o = 0,
Kyx = 6, Vv = 0, Vyxm = 0, and V, = 0 [23]

competition among the charge-ordered phases until later, we simply ignore the
long-range interactions. Exactly diagonalizing the present model, we show a phase
diagram in the space spanned by tvxwm, f, and Uy in Fig. 12.3, where ty is set to
be unity. Because the parameter sets (o, f, Kyx, Kvxm) and (Ao, Af, 2K vixs
AZKMXM) are related by the scaling of y, and y, and thus equivalent, the specific
value of Kyx is insignificant. First of all, #yxn is found to stabilize the AV phase. In
R4[Pty(pop)4I1nH,0, where electrons are the most delocalized among X = Cl, Br,
and I, the AV phase may appear for small dyxn because fyxy is expected to
become large. Meanwhile #yxy does not much affect the boundary between the
CDW and CP phases.

12.4 Electron-Lattice Versus Electron-Electron Interactions

In Fig. 12.3, the CDW phase is stabilized by the site-diagonal electron—lattice
coupling f3, while the CP phase is stabilized by the on-site repulsion Uy;. Thus,
the competition between the electron—lattice and electron—electron interactions
determines the relative stability of these two charge-ordered phases. This fact is
easily understood with the help of the second-order perturbation theory from the
strong-coupling limit typ = fyxm = o = 0. The energies of the CDW and CP
phases are degenerate in this limit as long as the long-range interactions are absent.
Namely, their energies are both given by — f|y| + Un + Kmxy? per binuclear unit.
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Though the effects of the long-range interactions are discussed later, it is here noted
that Vv increases the energy of the CDW phase and stabilizes the CP phase. The
second-order processes with respect to fypg shown in Fig. 12.4 lower the energy by
2ty /Up in the CDW phase and by v/ (2f]y|) in the CP phase. That is why the
CDW phase is relatively stable for large f# and the CP phase for large Uy In a
similar manner, the effect of #yxn can be discussed from the second-order pertur-
bation theory. It does not affect the relative stability between the CDW and CP
phases. That is why the phase boundary is insensitive to #yxy. It is noted that, if the
long-range interactions are included, the second-order terms with respect to fyrxm
for the CDW and CP phases become different. Even in such a case, the phase
boundary is more sensitive to fy.

Experimentally, the ground states of K4[Pt,(pop),X]nH,O with X = Cl, Br and
n = 2, 3 are shown to be in the CDW phase [1-4]. In general, when the halogen X
ion is either Cl or Br, so far all the ground states are known to be in the CDW phase.
For X = Cl and Br, the X p, level is so deep that the effective nearest-neighbor
transfer integral fyxym mediated by charge transfers through the X p. orbital is
small. Meanwhile, the site-diagonal electron—lattice coupling f is large owing to
the short distance between the neighboring M and X ions, dyx. Thus, the CDW
phase for X = ClI and Br is understood from the dominance of the electron—lattice
coupling f over electron—electron interactions other than the on-site repulsion Uy,
which is strong enough to suppress a phase with bipolarons discussed later.

In R4[Pty(pop)4X]nH,O with X = I, depending on the cation R and on the
number of water molecules 7, three electronic phases are suggested to appear: the
AV phase, the CDW phase, and the CP phase in the order of increasing of dyixm [7].
Though we have not obtained a phase diagram with the CDW phase between the
other two, we believe that, for small dyixv, the effect of fyx is larger than those
of various interactions so that the larger #yxn stabilizes the AV phase. Meanwhile,
for intermediate to large dyxnm, the competition between the electron—lattice
and electron—electron interactions discussed here and/or the competition between
the short- and long-range electron—electron interactions discussed later determine
the relative stability between the CDW and CP phases. As dyxy increases, the site-
diagonal electron—lattice coupling f§ becomes weak, while the on-site repulsion
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U would not change so much. If the two phases compete with each other, then the
effect of f dominates for intermediate dyixn and that of Uy, for large dyxm. This
partially explains why the CDW phase appears for intermediate dyxn and the CP
phase for large dyxn- This variation of the charge-ordered phases can be explained
also by the competition between the short- and long-range electron—electron
interactions, as discussed below.

12.5 Short-Range Versus Long-Range Electron-Electron
Interactions

Here, the long-range interactions Vi, Vmxw, and V5 are included. The competi-
tion is easily understood in the strong-coupling limit, tyy = tmxm = « = 0. The
contribution from each interaction term to the total energy per binuclear unit is
listed on the right-hand side of Fig. 12.5. The bond-charge-density-wave (BCDW)
phase is introduced at the top here just to explain the competition, although it is
never realized. Charge ordering is formally represented by -M**"M**-X-M**M**-X—
there. Both the bond- and site-charge densities are modulated in this phase. If the
site-diagonal electron—lattice coupling f§ were so strong that it dominated over the
on-site repulsion Uy, the BCDW phase would be stable, forming a bipolaron
lattice. The energy gain from the electron—lattice coupling f is the largest, approxi-
mately given by 3plyl per unit, though the magnitudes of the lattice displacements
are not uniform in the lowest-energy configuration. In any case, the BCDW phase is
not experimentally observed because it is destabilized by the strong on-site repul-
sion Uyy. The energy loss is also the largest, (3/2)Uy. For a fixed magnitude of the
lattice displacements, all of the CDW, ACP, and CP phases gain energy by flyl and
lose it by Uy Then, the long-range interactions differentiate their energies. The
CDW phase loses energy by (5/2)Vyvm, the ACP phase by (5/2)Vvxwm, and the CP
phase by 5 V,. Otherwise, the energy loss is given by 2V + 2Vvxwm + 4V2. When
the nearest-neighbor repulsion within the unit Vi is dominant, the CDW phase is
unstable. Since we reasonably expect Uy>Vyvm>Vmxm>Va, the CP phase is the
most stable in the strong-coupling limit if f§ is weak enough.

In R4[Pty(pop)4I]1nH,0, the CDW phase appears for intermediate dyixv, and the
CP phase appears for large dyixv [7]- First of all, as long as Kyrx 1s infinitely large,
the ACP phase was not realized in our calculations. As dyxn increases, the next-
nearest-neighbor repulsion V, would become weak. Meanwhile, the distance
between the nearest-neighbor M ions within the unit is almost unchanged, so that
the corresponding nearest-neighbor repulsion Vs would not change so much in
comparison with V. Then, as dyxy increases, the CP phase becomes more stable
relative to the CDW phase. This would be the other reason why the CDW phase is
changed into the CP phase with increasing dyxm. So far, we have limited
the discussions to the case of infinitely large Kyixn, prohibiting displacements of
M ions and keeping dyixn constant.
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Fig. 12.5 Schematic structures of the electronic phases and the coefficients of their partial
energies per binuclear unit with respect to site-diagonal electron-lattice coupling f, on-site
repulsion Uy, nearest-neighbor repulsion Vi, Vmxwm, and next-nearest-neighbor repulsion V,,
in the strong-coupling limit

12.6 Site-Diagonal Versus Site-Off-Diagonal Electron-Lattice
Interactions

The ACP phase is found at low temperatures in Pt,(RCS;)4I (R = CH3, n-C4Ho)
[10, 11], where the MMX chains are neutral. There is no counterion that acts as an
obstacle to displacements of M ions as in R4[Pty(pop)4I]nH,0. Then, we set Kyxm
to be zero. To start with, we simply ignore the long-range interactions and study the
competition between the site-diagonal (/) and site-off-diagonal (o) electron—lattice
couplings and the effect of the on-site repulsion Uy, on it. The site-off-diagonal
coupling « stabilizes the ACP phase, where the binuclear units are dimerized. It is
regarded as a spin-Peierls state because a singlet is formed on the nearest-neighbor
M sites accompanied with an X site in-between. Exactly diagonalizing the present
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Fig. 12.6 Ground-state phase diagram of the 12-site model for Kyxy = 0 (a) in the o—f-Uyp
space and (b) its cross section at Uy; = 6. The parameters are fypv = 1, tnxxm = 0.8, Kyx = 6,
VMM = 0, VMXM = 0, and Vz =0 [23]

model, we show how the on-site repulsion Uy, modifies the competition between
the o and f§ terms in Fig. 12.6. For small or moderate o and f3, the AV phase appears.
As Uy increases, all the phase boundaries are shifted to the large-f side, and
consequently the region of the AV phase is widened. This is because the on-site
repulsion Uy favors uniform charge densities, while the site-diagonal
electron—lattice coupling f favors modulation of charge densities. Both terms
compete with each other. Then, the BCDW phase is realized only when the f
term is strong enough to dominate over the Uy term. This competition is easily
understood in the unphysical limit of small ionic mass. In this limit, the lattice
displacements instantaneously follow the motion of electrons so that the § term
gives an attractive interaction to shift Uy to U, = Um — f?/Knix. This equation
is derived from completing the squares with respect to variables y,; and y, ;. In the
physical limit of large ionic mass, however, the lattice displacements are statically
shifted to form a bipolaron lattice, i.e., the BCDW phase when f is large enough.
The situation becomes different when the site-off-diagonal electron—lattice cou-
pling o increases. It favors modulation of bond-charge densities. The Uy and o
terms do not always compete with each other. In fact, they sometimes cooperate
with each other when modulation of bond-charge densities is not accompanied with
large modulation of site-charge densities [26—28]. That is why the phase boundaries
are not shifted to the large-« side, but to the large-f§ side, when Uy increases. When
o is large enough, the ACP phase is realized by modulating the distances between
the neighboring binuclear units.
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12.7 Combined Effects of the Competitions Above

Here, we further include the long-range interactions Vi, Vivixm, and Va: Vg = 3
and V, = 2 in addition to the parameters in Fig. 12.6b, Uy = 6. We show phase
diagrams in Fig. 12.7a for Vyyxm = 2 and in Fig. 12.7b for Vyixm = 3. The AV
phase is destabilized by the long-range interactions, which favor modulation of
charge densities in the purely electronic origin and compete with the on-site
repulsion Uy;. The ACP phase is realized in a wide parameter space. The nature
of the ACP phase changes continuously from small-« to large-o ranges. For small «,
electrons are more localized so that the singlet pair of electrons is well described in
the Heitler—London picture. For large o, the neighboring M d.. orbitals through the
X p. orbital are strongly overlapped to form a doubly occupied bonding orbital so
that the electrons are as in a covalent molecule. Comparing Fig. 12.7a with
Fig.12.7b, one sees that the nearest-neighbor repulsion through an X site, Vyixw,
suppresses the ACP phase and stabilizes the other phases relative to the ACP phase,
as already discussed through the aid of Fig. 12.5.

The ACP phase is clearly observed in Pt,(n-C4HyCS,)4I below 200 K [11]. Tt is,
indeed, nonmagnetic as expected. The electronic structure of Pto,(CH3CS,)41 is also
suggested to be the ACP phase below 80 K, though the magnetic susceptibility does
not drop at low temperatures [10]. Since the lattice displacements are very small in
the latter case, this electronic state would be close to a paramagnetic phase such as
the AV or CP phase. The CP phase is actually proposed above 80 K [10]. Because the
spin excitation spectrum is gapless in the CP phase, it can generally gain more free
energy than the ACP phase from the entropy term at high temperatures so that it is
possible from the theoretical viewpoint. The X p, orbitals ignored in this section are
expected to be quantitatively important for the “metallic” (i.e., the resistivity
increases with temperature) conductivity above 300 K (note that a small but finite
gap is observed in the optical conductivity spectrum) and the small lattice
displacements in the ACP phase.

We show phase diagrams containing all of the AV, ACP, CP, and CDW phases
in Fig. 12.8. Note that Ky;xy is not set to be zero or infinity here. These phase
diagrams may become useful when experimental data are accumulated. The long-
range interactions are weaker than those in Fig. 12.7. In Fig. 12.8a, we use fypm = 1,
tmxm = 0.8, Kyix = 6, and Uy = 6 as before. For small o, as f§ increases, the
ground state changes from the AV phase, the CP phase, to the CDW phase, as in the
case of infinitely large Kyxy. It finally becomes the BCDW phase for very large f8
(not shown). For large enough o, the ACP phase appears as usual. The critical
strength of « for the ACP phase is the smallest at the boundary between the AV and
CP phases. In Fig. 12.8b, we change only Ky;x from the parameters of Fig. 12.8a:
Kuvx = 4. The MX bonds are more easily distorted by the smaller Ky;x, while the
distances between the neighboring binuclear units are almost unaffected because
Knvixm 1s not changed. Consequently, the CP and CDW phases are stabilized to shift
the phase boundaries to the small-f side, while the ACP phase is destabilized
relative to these phases and invaded by them. In other words, some of the ACP
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Fig. 12.7 Ground-state phase diagrams of the 12-site model for Kyxy = 0, on the o—f plane for
(@) Vmxm = 2 and (b) Vyixm = 3. The parameters are typy = 1, tvxm = 0.8, Kpyx = 6, Uy = 6,
Vmm = 3, and V, = 2 [23]
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Fig. 12.8 Ground-state phase diagrams of the 8-site model for Kyjxp = 1, on the o—f plane, for
(a) IMxMm = 08, KMX = 6, (b) IMxMm = 08, KMX = 4, and (C) IMxMm = 05, KMX = 6. The
parameters are fypv = 1, Uy = 6, Viym = 1.5, Vxm = 1, and V, = 0.5 [23]

states are replaced by the CDW states for the smaller Kyrx. If we want to explain the
difference between the pop and dta systems simply by the difference in Kyx (not in
Knvixm as we do in this paper), we need larger Kyix for the dta systems, contrary to
the intuition. In Fig. 12.8c, we change only fyxy from the parameters of Fig. 12.8a:
tmxm = 0.5. The ACP phase is the most affected by this change and destabilized by
the reduction of fyxn. This is because the energy gain from forming a singlet pair
of electrons (on the nearest-neighbor M sites accompanied with an X site in-
between) is proportional to tMXMZ. Meanwhile, the boundaries between the AV
and CP phases and those between the CP and CDW phases are not much affected by
the change of fyxnm. It is not regarded as a main mechanism for the variation of the
electronic phases in R4[Pty(pop)41]nH,0.
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12.8 Optical Conductivities in Different Electronic Phases

Here, we calculate the optical conductivity spectra, having R4[Pty(pop)4I]nH,0 in
mind. We focus on the differences among the spectra in the AV, CDW, and CP
phases. We do not calculate the lattice displacements self-consistently but fix them
to be a constant, [yl = y,, although we change the distortion pattern according to the
electronic phase. The elastic constants are then meaningless. The lattice
displacements are y,; =y,; =0 in the AV phase, y,; = y»; = (—1)'yo in the
CDW phase, and y,; = —y»,; = yo in the CP phase. The optical excitation processes
are schematically represented in Fig. 12.9 for the CDW and CP phases. The
illustration becomes realistic only near the strong-coupling limit. In this limit, the
excitation energies in the CDW phase are given by

Exmi = Uni—Vams Eyn = 2815 — Vi +2V2,
while those in the CP phase are given by
Extu = 2BIy] + Vaxst — 2Va, - Eypoy = 2BIy] + Vaaw — 2V2.

Among the four energies, Expv<" " is much larger than the others because of the
strong on-site repulsion Uy,.

From the exact diagonalization of the present model, we show optical conduc-
tivity spectra in the three phases for Uy = 2 in Fig. 12.10a, for Uy = 4 in
Fig. 12.10b, and for Uy; = 6 in Fig. 12.10c, with varying Vi and Vv according
to the relations, Vi = Um/2 and Vyxm = Um/4. As the electron—electron
interactions are not so weak, a single peak appears at a similar position in both of
the AV and CDW phases, while two peaks generally appear in the CP phase in the
energy range of the figures. The difference in the number of peaks between the
CDW and CP phases is due to the strong on-site repulsion Uy, as discussed above.
We then focus on the CP phase and show the dependence of the energies and
intensities of the two excitations on the long-range interactions Vi and Vv in
Fig. 12.11. The lower energy En*" increases with Viyxw, while the higher energy
Enxm’ increases with Vy, as expected from the strong-coupling analysis. The
excitation intensities are comparable when the energy difference is small. Mean-
while, the low-energy excitation is much stronger when the energy difference
is large.

In the optical experiments, so far all R4[Pt;(pop)4I]nH,O compounds have a
single peak below 3 eV [7]. Observation of a single peak is reasonable in the AV
and CDW phases because of the strong on-site repulsion Uy;. Meanwhile, observa-
tion of a single peak in the CP phase indicates that the nearest-neighbor repulsion
through an X site Vyxy is substantially weaker than the nearest-neighbor repulsion
within the unit V. At least, the repulsion Vi is so strong as to stabilize the
CP phase.
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Fig. 12.10 Optical conductivity in the AV, CDW, and CP phases of the 12-site model for
(a) UM =2, VMM =1, and VMXM = 0.5, (b) UM =4, VMM =2, and VMXM =1, and
(¢) Uy =06, Vi = 3, and Vyxm = 1.5. The other parameters are fypv = 1, fvxm = 0.8,
o0=02,p=4,y0=0.1,and V, = 0 [23]

Among the energies of the experimentally observed peaks, that in the CDW
phase is lower than those in the CP phase. The energy difference between the
CDW and CP phases is reproduced in Fig. 12.10 for each parameter set. This
is easily understood in the strong-coupling limit. The low-energy charge-transfer
excitation takes place at ESR%, = 2f|y| — Vmm + 2V> in the CDW phase and at
ESRi= 2Bly| + Vmxm — 2V2 in the CP phase. We concluded above that the nearest-
neighbor repulsion through an X site Vyxy is substantially weaker, at least for the
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Fig. 12.11 Optical conductivity in the CP phase of the 12-site model, as a function of Vyxy for

(@) Vmm = 2 and (b) Vi = 3. The parameters are fypy = 1, tyxm = 0.8, . = 0.2, f =4,
Yo = 01, UM = 6, and V2 =0 [23]

CDW and CP phases, than the nearest-neighbor repulsion within the unit V.
Furthermore, we reasonably expect that the next-nearest-neighbor repulsion V, is
smaller than Vyixym. Therefore, we can derive the relation ES&V& <E§f;\4, which is
consistent with the observed energy difference between the CDW and CP phases.
This relation is intuitively understood in the following way. In the CDW phase, holes
reside at M®* M** units. By any charge-transfer process, the hole pair in a unit is so
separated that an electron and a hole attract each other by the amount of V. In the
CP phase, however, holes are so located that the distance between the neighboring
holes is the largest among the possible electronic configurations. By any charge-

transfer process, some holes approach each other, so that it costs repulsive energy.

12.9 Summary of Ground-State Properties

Different electronic phases appear in R4[Pty(pop)4I]1nH,0, depending on the coun-
terion and on the number of water molecules. It is suggested from experiments that
the electronic phases are classified according to the distance between the neighbor-
ing binuclear units dyxwm [7]. The CP phase is suggested to appear for large dyixwm,
while the CDW phase is realized for small dy;xn. The relative stability between the
two phases is determined by a combined effect of competition between
electron—lattice and electron—electron interactions and competition between short-
and long-range electron—electron interactions. As dyxnm decreases, the site-
diagonal electron—lattice interaction and long-range electron—electron interactions
become larger, and their effects become dominant over the effect of the short-range
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electron—electron interaction. Thus the CP phase is reasonably converted to the
CDW phase. The optical conductivity spectrum changes accordingly.

In Pt(RCS,)41, the electric conductivity is rather high [10]. The itinerant
character of electrons is much stronger than the pop systems. The main difference
between the two systems is that MMX chains in R4[Pt,(pop),I]nH,O are charged
while those in Pt,(RCS,)4l are neutral. The former systems need to have
counterions, which prohibit free modulation of the distances between the neighbor-
ing binuclear units. This strongly suppresses the appearance of the ACP phase. On
the other hand, the latter systems do not have counterions so that the distances
between the neighboring binuclear units are easily modulated by sufficiently strong
site-off-diagonal electron—lattice coupling. As a consequence, the ACP phase
appears. From the optical conductivity spectrum, it is evident that the transfer
integrals are large and electrons are more delocalized than in the pop systems.
A quantitative comparison between theoretical and experimental results is possible
by using a three-band model [23], which explicitly takes X p, orbitals into account,
instead of the present two-band model. Though the electric conductivity shows
“metallic” behavior in Pt,(CH3CS,)41 above room temperature, where the lattice is
not distorted, the optical conductivity spectrum shows a small but finite charge gap
[10]. This AV phase is thus regarded as a Mott—Hubbard insulator phase.

12.10 Photoinduced Dynamics in a Pop System

Generally, photoinduced phase transitions have attracted much attention [25]. They
are observed in a broad range of materials. Photoinduced phase transitions that are
realized experimentally and simulated theoretically include transitions from Mott
insulator to metal phases [29, 30], charge-ordered insulator to metal phases in
quasi-one- [31, 32] and two-dimensional [33-35] systems, ferroelectric ionic to
paraelectric neutral phases [36, 37], and nonmagnetic to paramagnetic phases
[38—41]. Among MMX-chain compounds, a photoinduced transition from the
CDW phase to the CP phase has been found in a pop system, R4[Pt,(pop)4I]#nH,O
[pop = P,0sH,? ", R = (C,Hs),NH,] [7]. Its mechanism is studied by solving the
time-dependent Hartree—Fock equation in this and remaining sections of this
chapter. Above a threshold in the photoexcitation intensity, a transition indeed
takes place from the CDW to CP phases. The threshold intensity depends on the
relative stability of these phases, which can be explained qualitatively by their
diabatic potentials. However, the transition from the CP to CDW phases is hardly
realized for two reasons [24, 25]: (1) low-energy charge-transfer processes occur
only within a binuclear unit in the CP phase; (2) it is difficult for the CDW order to
become long-ranged owing to its weak coherence.

We employ the extended Peierls—Hubbard model (12.1) again. Here, we set
1/Kmxm = 0, which is appropriate for the pop system and makes o irrelevant as
explained in the previous sections and ignore the long-range electron—electron
interactions, Vym = Vmxm = Vo = 0, for simplicity. Relabeling the site indices
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using yp; = —yqi; = ; and adding the kinetic energy of X ions, we rewrite the
model (12.1) as

H= —IvM Z (CZ;LGCQI"J + h.C.) — IMXM Z (C;j,gc2i+lﬁ6 + h.C.)
i,0 i,0

+ .BZ ui(noiy1 — moi) + Unm Zﬂmnu + Kmx Z u* 4+ (M/2) Z i,

1

(12.2)

where the ith binuclear unit contains two M (M = Pt) sites, 2i — 1 and 2/ and the
mass of the X ion is denoted by M. We have obtained the stable and metastable, static
states using v = 1.0, fyxm = 0.8, and Ky = 6.0 as a typical parameter set. The
main results shown below are, however, not affected by the details of the chosen
parameters. Indeed, they are supported by the perturbation theory from the strong-
coupling limit as explained below. For Uy, = 6.0, the boundary between the two
phases is located at . = 4.4 when the 12-site lattice is exactly diagonalized [23] and
at f. = 6.0 in the time-independent Hartree—Fock (HF) approximation. The stable
(metastable) state is CP (CDW) for f < 5. and CDW (CP) for § > f.. Because the
time-independent approximation does not include quantum fluctuations, the effect
of the on-site repulsion Uy, is overestimated. Here we use Uy = 4.0 instead
hereafter. The boundary is then located at . = 4.9.

For the photoinduced dynamics, we initially add small random numbers to the
lattice variables u and z. They help nucleation of a local domain in the stable phase.
The Boltzmann distribution is employed at a fictitious temperature, T = 0.01 so that
they are weakly random. During the calculations, the system is isolated and its total
energy is conserved. Unless otherwise stated, lowest energy photoexcitations are
introduced by changing the occupation [42] of the highest occupied and the lowest
unoccupied HF orbitals. When higher energy excitations are considered, we change
the occupation of different sets of HF orbitals.

The evolution of the HF wave functions is obtained by solving the time-
dependent Schrodinger equation. The checkerboard decomposition is used for the
exponential operator so that it is accurate to the second order with respect to the time
slice. The evolution of the lattice variables is obtained by solving the classical
equation of motion. The leapfrog method is used and accurate to the second order
with respect to the time slice. Self-consistency is imposed at each time on the spin
density by iteration and on the lattice variables through the Hellmann—-Feynman
theorem. The bare optical phonon energy used here is w = (2Kyx /M) 12 = 0.0354,
as a typical parameter. The results below are not modified by the details of the model
parameters. In the strong-coupling limit, the CDW phase is characterized by the
electron density, (ny, 1, n3, ng) = (1, 1, 2, 2) or (2, 2, 1, 1). The CDW order
parameters is defined as pepw (2i — 1) = (—1)"(—ngi—2 + 2n;—1 + ny; — 3) /4 and
pepw(2i) = (—1) (4121 4 213 — najyy — 3)/4. In the same limit, the CP phase is
characterized by (ny, n,, n3, n4) = (1,2, 1,2) or (2, 1, 2, 1). The CP order parameter
isdefined as pcp(i) = (—1)'(—=n;_ + 2n; — n; 1) /4. The order parameter p(i) is so
defined that, in the strong-coupling limit of the A phase, it takes uniformly a positive
value or uniformly a negative value.
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12.11 CDW-to-CP Transition

Starting from the metastable CDW phase inside the hysteresis loop, we find a
transition to the stable CP phase for § = 4.5 < f.. Because the delocalization
tendency is weak, the 48-site chain is enough to derive the present conclusions.
When three electrons are excited, the CDW order is partially destroyed and the CP
order appears instead, but most of the regions remain in the CDW phase. When four
electrons are excited, microscopic CDW domains survive only for a while, and the
CDW domain is almost completely destroyed. After they disappear, CP domains
appear. On average, they grow and mostly cover the system at last. A threshold
exists in the photoexcitation intensity roughly between three- and four-electron
excitations for the 48-site chain. When more electrons are excited, the CDW
domain quickly disappears, and CP domains appear and grow to be merged into a
single CP domain covering the system. Whether the transition is completed or not
actually depends on the choice of random numbers initially added to the lattice
variables. The threshold should be understood in a statistical manner for finite-size
systems.

The threshold intensity sensitively depends on the relative stability of the two
phases. For § = 4.0, which is much below f3., we find the CDW phase still metasta-
ble, and the energy difference from the stable CP phase is enlarged. The threshold
intensity is greatly reduced: one-electron excitation in the 48-site chain is sufficient for
the transition to the CP phase. For ff = 5.0, where the CDW phase is almost
degenerate with the CP phase, the transition is not easily realized. Intensive excitations
only destroy the CDW order, and they do not produce any charge-lattice order.

This dependence of the threshold intensity can be understood by drawing
diabatic potentials in the CDW and CP phases. After the photoexcitation, the excess
energy is quickly distributed to the surroundings, and the coherence is lost under
thermal fluctuations. For the proliferation of new domains, the processes after the
coherence is lost are more important than the process just after the photoexcitation.
Since the electronic states in the MMX compounds with ligand pop are well
described from the strong-coupling viewpoint [23], spatially local pictures are
helpful. Then, we consider the diabatic potentials in the CDW and CP phases for
the 4-site system, in which the binuclear unit on sites 1 and 2 are coupled with the
other on sites 3 and 4 (Fig. 12.12):

Hy_gite = —tvm Z (CiaCQJ + h.c. + C;UCLL(; + hC) — IMXM Z (CZUC?),O' + hC)
¢ ¢

4
+Bur(n3 — my) + Un Y nigniy + Kuxut + (M/2)iis.
i=1

(12.3)
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Fig. 12.12 Diabatic potentials and schematic electronic structures in the CP (left) and CDW
(right) phases [24]

We consider the two electronic configurations shown at the bottom of Fig. 12.12,
where n; ~2 and n4 =~ 1. The total energies are given in the second-order
perturbation theory with respect to fyp and v [24]:

Ecpw (uy,1) = K, (u __ )2— r +AE(ﬂ)+Ajl;{2 (12.4)
CDW \U1, U] MX 1 ZKMX 4KMX 2 1 .
2 2
. 3 M .
Ecp(uy, i) = Kux (m +2KﬁMX) —4[[<MX+?M%, (12.5)

where the energies are equally shifted to have Ecp(0,0) = 0 and the energy differ-
ence between the CDW and CP states AE(f) is given by

_ 2t12\4MKMX . 4t1%/IM - 8\/§f§4M

ﬁz UM \/KMxUﬁ,[

with f, = (KmxUm/ 2)1/ 2. as a function of . The diabatic potentials, Ecpw(ut1,0)
and Ecp(u1,0), are plotted in Fig. 12.12. The CDW and CP states become degenerate
at f = f. and 4E(f.) = 0. The crossing point u, is defined by the relation Ecpw
(4c,0) = Ecp(uc, 0) and given by u. = AE(f)/(2f). The barrier heights are given
by

AE(p) (B = B), (12.6)

2

* _ B _ Kux p?
E¢pw(B) = Ecow(uc,0) — Ecpw ZKMX70 = AE(p) k) (12.7)
Eip(B) = Ecp(ue,0) — E (-ﬁ 0) KMX(AE(BH—ﬂz)z (12.8)
CP — LCP\Uc, CP ZKMX7 = 4 [32 KMX . .
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Equations (12.6) and (12.7) show that, as the electron—lattice coupling f§ decreases,
the energy difference AE(f) increases, and the barrier height E¢py, (f) decreases in
the CDW phase. Finally, when the crossing point u. reaches f/(2Kyx), the CDW
phase becomes unstable and the transition to the CP phase is realized by infinitesi-
mal perturbations.

12.12 CP-to-CDW Transition

Starting from the metastable CP phase inside the hysteresis loop, we calculate the
time evolution for f = 5.5 > f.. Here, the CDW phase is thermodynamically
stable. Nonetheless, the CDW phase is hardly photoinduced. When four electrons
are excited, the initial CP domain acquires a few local defects. But the defects do
not proliferate. In them, one of the four orders (i.e., positive pcpw, negative pcpw,
positive pcp, and negative pcp) is locally developed, but they just stay there. In the
defect-free CP regions, the CP order is slightly weakened initially, but it is almost
completely recovered. The CP phase is dynamically stable. Even when more
electrons are excited, this situation is not altered.

The difference between the dynamics from the CDW phase and that from the CP
phase is at first understood on the basis of how charge is transferred by
photoirradiation. In the CDW phase, charge transfer shown in Fig. 12.9 among
the binuclear units needs a lower energy than that within the unit because the latter
costs on-site repulsion Uy,. In the CP phase, the situation is opposite, as long as fy
is larger than #yxy. This fact holds even if long-range electron—electron
interactions are present. Recall that E{Ry<ESRY and EgR,>ER, in the strong-
coupling limit. Therefore, by lower energy photoirradiation of the CP phase, charge
is transferred only within each binuclear unit, so that the charge density does not
become disproportioned among the binuclear units. Thus the path to the CDW
phase is closed in the low-energy excitation channel.

Thus, we become interested in what happens if the CP phase is irradiated by
higher energy photons? Again starting from the CP phase at § = 5.5 > f., we
excite four electrons now from the lowest occupied orbitals to find that the initial
CP domain is quickly destroyed. There appear CDW domains with positive and
negative pcpw. They occupy most of the areas, but none of the CDW domains
dominates over the others. The boundaries between different CDW domains sur-
vive. Charge transfer among the binuclear units takes place incoherently. Since the
interunit charge transfer is energetically unfavorable, the CDW domains do not
proliferate.

Next, we artificially added interunit repulsion Vyxy between the nearest-
neighbor sites bridged by a halogen site, without introducing intraunit nearest-
neighbor repulsion V. In real materials Vi, is larger than V. Since Viyxwm
increases the energy of the intraunit charge-transfer excitation only, the energy of
the interunit charge-transfer excitation becomes relatively lower in the CP phase
also. Now the path to the CDW phase appears open in the low-energy excitation
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channel because proliferation of CDW domains is no longer energetically hindered.
In spite of this favorable fact, the transition to the CDW phase is still hardly
realized.

Suppose CP (CDW) domains with positive and negative pcp (pcpw) neighbor
with each other. A unit of the CP domain consists of one binuclear unit. To convert
pcp < 0 into pcp > 0, only one electron needs to be transferred to the nearest-
neighbor site within the binuclear unit, as shown in Fig. 12.13. Meanwhile, a unit of
the CDW domain consists of two binuclear units. To convert pcpw < 0 into
pcpw > 0, two electrons need to be transferred to the next-nearest neighbor site
beyond the halogen site. Therefore, a wrong phase is easily corrected in the CP
phase, helping the growth of a single-phase CP domain. The coherence of the
charge—lattice order is easily recovered in the CP phase. In other words, it is
much easier for the CP order to become long ranged than for the CDW order.
Here, the tunneling amplitude connecting the anti-phase domains is important. The
barrier between the CP domains is much lower than that between the CDW
domains. The tunneling process is assisted by large transfer integrals. In fact,
when we reduce the interunit transfer integral fyxn, We can easily suppress the
transition from the CDW to CP phases also.
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12.13 Comparison with Experimental Results

In summary, the transition from the metastable CDW phase to the stable CP phase,
which is experimentally realized by photoirradiation under pressure, is reproduced
by exciting a sufficient density of electrons. The threshold increases as the energy
difference between the two phases becomes small. This is explained by drawing
their diabatic potentials. On the other hand, a reverse transition from the CP phase
to the CDW phase is hardly realized. Here are two key factors (1) the characters of
the low-energy charge-transfer excitations in the respective phases and (2) how
easily the respective order becomes long ranged. The difficulty of the CP-to-CDW
transition is due to the fact that the low-energy charge transfer occurs within the
binuclear unit in the CP phase and the fact that the coherence length of the CDW
order is very short.

In iodine-bridged binuclear platinum complexes, R4[Pt,(pop)41]nH,O with cat-
ion R, phase transitions are indeed observed after the photoirradiation for a long
time, 8 ms (for CDW-to-CP) and 30 s (for CP-to-CDW) [7]. To clarify whether the
transitions are induced by an optical process or a laser heating, the dependence of
the converted fraction on the excitation photon density is investigated for two
excitation energies E., of 1.96 eV and 2.41 eV [43].

At 0.25 GPa where the CDW phase is metastable, the CDW-to-CP transition
efficiency exhibits a clear threshold in the photon density per pulse Ny,, which strongly
depends on E.,: Ny, ~ 1.4 X 10 cm 2 at Eo, = 1.96 eV and ~ 3 x 10** cm ™ at
2.41 eV. The magnitude of Ny, is large, but the irradiated power of the lights is very
small and the pulse duration is very long. The threshold behavior demonstrates that
the observed transitions are driven not by a laser heating but by an optical process.
At 0.45 GPa where the CP phase is metastable, the CP-to-CDW transition could not
be driven by the irradiation of 1.96-eV or 2.41-eV (nearly equal to the optical gap
energy) light, even if the intensity and duration of the light were changed. However,
irradiation with 2.71-eV light for 30 s did result in a CP-to-CDW transition.
Therefore, the efficiency of the photoinduced CP-to-CDW transition is much
lower than that of the CDW-to-CP transition. The former is observed near the
edge of the hysteresis loop [43]. Thus, all these experimental facts are consistent
with the present theoretical findings and arguments.
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pop-family, 153
Pt and Ni MMX-chain compounds, 156
One-dimensional (1D) halogen bridged mixed-
valence diplatimum complex
K4[Pty(pop)4Br].3H,0, 168
magnetic susceptibility, 182
[Pty (EtCS; )4 1]0(2), 175-180, 183-185
[Pt; MeCS; )4 I1oo(1), 182-183
[Pty (n-BuCS, )4 I].(4), 180-181
[Pt (n-PenCS,), 1],(5), 181-182
[Pty (n-PrCS,)4 I1(3), 179-180, 183
[Pt2(EtCS2)41]co (2), 158, 163, 167,
169-171
[Pt,(MeCS5)4l] o (1), 158
[Pt2(MeCS2)41], (1), 163, 168—169
[Pt,(MeCS,)4l], 155, 157
[Pty(n-BuCS,)4l], (4), 165, 171-173
[Pty(n-PenCS,)41] (5), 173-175
[Pty(n-PrCS,)41] (3), 171-173
[Pt2(RCS,)4l] (R = Et (2), n-Pr (3), n-Bu
(4), n-Pen (5), and n-Hex(6)), 156
[Pto(RCS,)4l] o (R =n-Pr (3), n-Bu (4), and
n-Pen (5)), 160-163, 166
[Pt2(RCS5)4l]o (R= Et (2),n-Pr (3), n-Bu
(4), and n-Pen (5)), 157
[P(RCS2)al]oc(Me (1), Et (2), n-Pr (3),
n-Bu (4), and n-Pen (5)), 158
One-dimensionality, 201
One-dimensional (1D) mixed-valence
platimum complex
KCP(Br), 170
K5[Pt(CN),4]Br0.3.3H,0 (KCP(Br)), 168
On-site Coulomb repulsion, 3, 11, 16, 24,
154, 202
Open aperture, 106
Optical conductivity spectrum, 35, 215, 216,
219-221

Index

Optical modulation, 108
Optical switching, 107-108

P
PA. See Photoinduced absorption (PA)
Paddle-wheel structure, 207
Pauli paramagnetism, 183, 186
itinerant-electron (Pauli) paramagnetism,
183
Pauli temperature-independent
paramagnetism, 182
[Pd(chxn),Br]Br,, 67
Peierls-Hubbard model, 112, 114, 115,
224,236
Peierls insulators, 101
Perturbation theory, 247, 258, 260
PESR. See Photoinduced electron spin
resonance (PESR)
Phase diagram, 115-116, 138, 143
Phase transition, 40, 155, 158, 160
entropy gain, 155
first-order phase transition, 165, 171, 190,
192, 195
first-order RT-LT phase transition,
185, 186
HT-RT phase transition, 173
monotropic, 173
order—disorder type phase transition,
157, 169
RT-HT phase transition, 163, 164, 171
RT-LT phase transition, 173, 181
structural phase transition, 159, 202
transition temperature, 155, 160
Phonon vibration, 176
Photocarriers, 61, 62, 64, 66
Photoinduced absorption (PA), 11,
18-24, 99
Photoinduced CDW to metal transition, 73
Photoinduced CDW to MH transition, 70, 72
Photoinduced charge-density-wave
(CDW), 56
Photoinduced electron spin resonance (PESR),
18, 19, 21, 22
Photoinduced insulator—metal transition, 56,
57, 59, 62, 66
Photoinduced Mott transition, 56, 57, 64,
65,79
Photoinduced phase transitions (PIPTs), 55-57,
64, 65,79, 146, 231, 238, 240-242
Photoinduced transition, 67, 69, 73
Photoluminescence (PL), 11, 13, 16, 17, 24, 25,
27,28
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PIPTs. See Photoinduced phase transitions
(PIPTs)

PL. See Photoluminescence (PL)

3P MAS NMR spectrum, 221

PMMA, 105

Polarized Raman spectroscopy (spectrum), 211

Polarons, 1, 9-11, 16-28, 125-131, 136-138

Pop, 243, 246-250, 253, 254, 256-258, 263

Pressure-induced phase transition
pressure-induced transition, 238

Pump—probe, 97-98

Pyrophosphite (pop), 209

R

Raman scattering, 16

Raman spectrum, 42

Random phase approximation (RPA), 115
RCS,, 244, 250, 257

Regular electronic Peierls transition., 185, 201
Rehydration, 217, 219, 224, 225, 227, 228
Resonant X-ray scattering, 177

Robin-Day classification, 209

RPA. See Random phase approximation (RPA)

S
Scanning tunneling microscopy (STM), 49
S = 1/2 1D Heisenberg AF chain model,
153, 195

Bonner—Fisher equation, 198
Self-trapped exciton (STE), 126-130
Semiconducting state, 170

activation energy, 195

optical band gap, 195

semiconducting behavior, 171, 194
Single-crystal-to-single-crystal transformation,

221-224

Solitons, 1, 117, 125-131, 145, 223, 224, 228

charged-soliton, 22, 23, 26

spin-soliton, 16, 22-28
Spin degrees of freedom, 182, 183, 185
Spinon, 132
Spin-Peierls, 250

distortion, 212

materials, 196, 198

transition, 34, 185, 196, 200, 201
Spin-Peierls materials, 196, 198

CuGeOs, 196

OCI-NHVZ 05, 196

TTF-CuBDT, 196
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Spin-Peierls transition, 34, 185, 196, 200, 201
spin—lattice coupling constant, 198
spin-Peierls system, 199

Spin susceptibility (y), 139, 142, 223

S-shape, 86

STE. See Self-trapped exciton (STE)

Steric hindrance, 213, 218, 227

Stokes shift, 16, 17

Strong-coupling limit, 245, 247, 249, 250, 254,

255, 258, 261
Strong electron—electron correlation, 153,
156, 200

Strong electron—lattice interactions, 175

Strongly correlated electron systems, 61, 79

Superlattice
superlattice reflections, 170, 178, 199, 200
superstructure, 178, 199, 200

Syntheses, 157, 186—-187

T

The elongation of the alkyl chains, 160

Thermoelectric power, 169, 171

Third-harmonic generation, 96-97, 102-105

Third-order nonlinear susceptibility, 94, 95

Threefold periodic structure, 191

Three-level model, 99

Threshold, 257, 259, 263

Time-dependent Hartree—Fock equation, 257

Timedependent Schrodinger equation, 258

Time-independent Hartree—Fock (HF)
approximation, 245, 258

Transfer energy, 12, 13, 22

Transport Properties, 168—175, 186

Two-dimensional (2D) interaction, 159,
190, 200

Two-photon absorption (TPA), 106

U
Unitary countercation, 209, 216, 217

\'%
Valence fluctuation, 154, 156, 162, 176, 181,
199, 201
valence-fluctuating state, 180, 185
Valence-ordered states, 154, 161, 162, 166,
188, 191, 192, 200
ACP state, 154, 162, 166, 178, 185, 186,
200, 201
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Valence-ordered states (cont.)
averaged-valence (AV) state, 154, 162,
166, 175, 185, 186, 189, 191, 192
CDW state, 154, 162, 180, 185, 200
charge polarization (CP) states, 154,
188, 192
dynamic valence-ordering models, 176, 177
dynamic valence-ordering state, 201
3D static valence-ordering, 181, 182
twofold periodic valence ordering,
170, 200
valence-localized state, 162, 171, 180
Valence-ordering structures, 185
Valence state
Class III-A averaged-valence state,
153, 156
Class II mixed-valence state, 153

Index

peierls instability, 153
Vapochromism, 207-228

X
XPS. See X-ray photoelectron
spectra (XPS)
X-Ray diffuse scattering, 45, 175-182
diffuse scatterings, 170, 176, 177, 180, 181,
186, 201
diffuse streaks, 162, 179-181
X-Ray Photoelectron Spectra, 166, 192-193
XRD pattern, 224, 225

Z
Z-scan, 97-98, 105-107
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