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I want to climb this ladder up to the stars
1 feel no fear, from this height

Though there’s no rescue in sight

A hollow yearning, and nothing learning
An ancient look at the watch on my wrist
My life has just been dismissed

I'm about to die, and I think I will
Have nothing left to loose, as I never had any skill



Preface

At some point earlier I would probably have named this book f-electron methods
applied to nanoscale systems, which is a formally correct statement, however, it
feels less relevant nowadays. Why? Because, although it is appealing to make the
connection to the tradition of strongly correlated electron system and related issues,
there are many questions traditionally considered in a textbook on strong electron
correlations, that will not be covered within the present text. The intention with this
book is not give an account of strongly correlated systems as such. Rather, the inten-
tion is to present a formulation of the non-equilibrium physics in nanoscale systems
in terms of many-body states and operators and, in addition, discuss a diagrammatic
approach to Green functions expressed by many-body states. Thus, the issues fo-
cused on in this book are results of typical questions that arise when addressing
nanoscale systems from a practical point of view, e.g. current-voltage asymmetries,
negative differential conductance, spin-dependent tunneling, local vibrations, and
coupling to superconducting leads.

The use of many-body states and operators constructed of such states was pre-
viously introduced by, e.g. Hubbard 1963, but others have preceded him and many
more will doubtlessly pick up ides along those lines. It is my aim to give a reason-
able introduction to a formalism of non-equilibrium Green functions (NEGFs) ex-
pressed in terms of many-body operators. It is, however, more interesting to provide
meaningful reasons for considering and using many-body states and many-body op-
erator Green functions (MBGFs) in studies of localized electrons interacting with a
de-localized environment. The strengths of any method based on many-body states
becomes best visualized in systems where the localized electrons interact via e.g.
Coulomb repulsion, hopping/tunneling, and exchange, and where the energy scales
of these interactions are comparable. In other words, in systems where it does not
make sense to pick out a single energy scale and consider it large in comparison with
the others, it is often preferable to transform the localized subsystem into, e.g. its
many-body eigenstates. Such a formulation gives a freedom in varying the energy
scales of the localized subsystem without worrying about their mutual relationship.
In short, the focus will be on nanoscale systems constituted of complexes of sub-
systems interacting with one another, under non-equilibrium conditions, in which
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viii Preface

the local properties of the subsystems are preferably being described in terms of its
(many-body) eigenstates.

Although the content of this book is discussed from the perspective of the
physics, the book may still be considered as a book on a technique, or combina-
tions of techniques. The discussion above mentions the many-body operator Green
functions, which will be introduced and discussed at length. The discussion will,
however, be focused on non-equilibrium conditions, which means that only little
space will be spent on special techniques that may be used under strict equilibrium
conditions. For those interested in strongly correlated electrons in the equilibrium
case I refer to the excellent book by Ovchinnikov and Val’kov. Here, the technique
will, thus, be set in the framework of non-equilibrium Green functions (NEGFs) and
the formalism developed by Kadanoff and Baym, and Keldysh.

In order to develop a systematic approach that we can both apply to non-
equilibrium conditions while still being efficient in the treatment of correlated states,
one should be working with imaginary time contour ordered averages of operators.
This enables a systematic diagrammatic expansion of our averages, expansions that
usually are necessary to conduct in the class of systems under considerations. The
diagrammatic expansions discussed here, are outlined by means of functional dif-
ferentiations of averages.

My aim is that this book can be read by graduate students that have some expe-
rience in quantum mechanical field theory, Dirac formalism, second quantization,
and quantum statistical methods. I certainly hope that experienced researcher will
take up this book as well. Much of the content will be presented in a basic language,
such as equation of motion and expansions, and I will not go into the deeper aspects
given in a path integral approach. With this said, I thus hope that the present text
will be accessible to many more readers that only to those who have a very deep
fundamental understanding of the intricate world of quantum field theory.

The organization of this book is thought of as a bit evolutionary, in the sense that
it begins with a class of problems where one encounters problems when working
with conventional field theoretical methods. Then, the concept of many-body states
and many-body operators is introduced and the Green functions are constructed
and discussed. Only after this, the systems are being simplified in order to better
illustrate the technique itself. This is meant to turn focus on the technique rather than
on the complexity of the physical system. As the concepts are becoming familiar we
can again add complexity

Finally, it is with a great pleasure I thank I. Sandalov for teaching me about non-
equilibrium, Green functions, many-body operators, and strongly correlated elec-
tron systems. I would also like to thank A.V. Balatsky and J.-X. Zhu for introducing
me into STM techniques and spin dynamics in non-equilibrium. Further, I am grate-
ful to M. Galperin for sharing his views on extensions of the Hubbard operator
scheme to include electron-vibron coupled systems. My Ph.D. student P. Berggren
has done a good job in proof reading parts of the text, for which I thank him. I am
indebted to O. Eriksson and L. Nordstrom for being understanding and patient with
my questions, discussions, and ideas concerning correlated electron systems and the
use of Hubbard operators in various possible and impossible instances. Last but not



Preface ix
least, I want to express my gratitude towards my wife Johanna, and my children

Eugenia, Elmer, Wilbur, and Werner, which have been and still are tremendously
patient with me.

Uppsala Jonas Fransson
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Chapter 1
Many-Body Representation of Physical Systems

Abstract We begin the discussion with a consideration of the type of nanoscale
systems that we are interested in. Using those we introduce the concept of many-
body operators through and discuss some reasons for taking this route.

1.1 Many-Body States

In a nanoscale system, e.g. quantum dot or molecule coupled to leads, or atomic
cluster on surface, one often has to simultaneously deal with different energy and
length scales. That these different scales meet at the same playground can be re-
garded as one of the hallmarks of nanoscale science, since it gives the opportunity
to, atom by atom, engineer structures with properties that would never occur natu-
rally. It is, however, one of the obstacles with nanoscale systems, which also leads
to the great challenges and possibilities. Here, we will not dwell on the possibilities
with nanoscience, but rather discuss a technique and ways to theoretically treat some
problems that arise in non-equilibrium nanoscale systems from a physical point of
view.

Suppose that we are interested in the electronic and magnetic properties of a
cluster of Mn atoms lying on a Cu surface, and suppose that we want to make
a systematic study with respect to the number of Mn atoms in the cluster. Such
issues were addressed experimentally by, e.g. Hirjibehedin et al. [1]. One of the
major challenges in giving a theoretical description of such a system is the mod-
eling of the cluster of Mn atoms itself. But also, this cluster is interacting with
the substrate surface, in the present case a metallic Cu surface. In the experiment
[1], there was also a layer of insulating CuN in between the cluster and surface.
These additional interactions provide further complications to the description, nev-
ertheless, the question still remains, i.e. how do we model the cluster on the sur-
face?

Another example is found by considering quantum dots being coupled to one an-
other by electrostatic forces, tunneling, and spin interactions. Here, we have already
given a view point of how the model will appear. However, we need to go to more
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2 1 Many-Body Representation of Physical Systems

detail when actually writing down the model used for calculations. We assume, for
instance, that the quantum dot creates a quantum well which carries a number of
electron levels. Will the electrons in the different levels interact through Coulomb
forces, tunneling and exchange? Which interactions between the quantum dots shall
we consider. In the end, all comes down to which properties we are interested in
describing.

Therefore, let us do it more tangible. Suppose that the quantum dots each carry a
set of localized levels, labeled ¢,;,, where v is the quantum dot label, i some state
label, and o a spin label. Also, assume that we include the Coulomb and tunneling
interactions within the quantum dots. We can thus model one of the quantum dots
as

Hy, = ngiadjigduia + Z Uvinyignyi, — 22 JvijSvi * Svj
io i i

+ Z(Uvij — Dij /2 (nvip + 1)) (yjp +1y5)
ij

+ Y (ijod); dyjo + Hoc.). (1.1)
vijo

Hlere, d:l. » (dyis) creates (annihilates) an electron at the energy level €4, Ryic =

d:i »vic 1s the number operator, U,; (U,;;) is the intra-level (inter-level) Coulomb

interaction, and J,;; and t,;j, is the exchange and tunneling interaction, respec-
il

tively. The spin operators s,; =)/ d,; Tso'dyis’, Where T is the vector of Pauli
matrices.

One can see that already at this level, where we only consider electronic inter-
actions within a single quantum dot, that the model becomes quite involved. How
about joining the quantum dots together? Which interactions will be relevant to
include between the quantum dots? Then, in the end we would also like to con-
nect the ensemble of quantum dots to some external bath, perhaps through leads,
in order to establish a non-equilibrium situation. In a realistic system, we should
also have to worry about electrons interacting with local vibrational modes, or other
sources of inelastic scattering. In short, the systems we want to study grow in com-
plexity each time we add another (fermionic or bosonic) degree of freedom to the
system.

The way that will be pursued in this text is through diagonalization, i.e. finding
the many-body eigenstates, of the subsystem under main interest. The diagonaliza-
tion of the subsystem leads to a many-body representation of the localized states in
which all internal parameters become implicit in the model, and only the interactions
with the environment appear explicitly. Thus, one benefit of this new representation
is that we can think of the subsystem as an effective unit in presence of external
fields.

Explicitly, the model given in (1.1) has an associated system of eigenenergies
E, N, and eigenstates [VNn) with N electron in the nth state. Thus, the intricate
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Hamiltonian can be replaced by the diagonal form

Hy =) Eyna|lvNn)(vNn|. (1.2)
Nn

One has to be aware that this is merely a change in representation and that there is
no simplification made going from the models in (1.1) and (1.2).

The system of eigenstates satisfy the closure relation )y, [VNn)(vNn| = 1.
Thus, the transformation between the two representations can expanded as

dyic = Z [VNn)(vNn|dyis |VN'n'Y(VN'H|. (1.3)
NN'nn’

The operator d;, removes one electron in the ith level with spin ¢ from the n’th
state in the N’ electron configuration. Hence, the above relation will only make
sense if N = N + 1 which admits us to write

dyic = Z (VNnl|dyig |[VN + 10")|[vNn) (vN + 14/ (1.4)
Nnn'

Note that the single annihilation Fermi operator d,;, is represented by the sum of
removing an electron from all states within the local subsystem. This is natural,
partly since we do not know a priori from which state the electron is removed,
hence we need to include all possibilities, but also since this is exactly one of the
strengths with the Fermi operator representation, one does not have to keep track of
the individual states.

In the diagonal representation, which henceforth will be referred to as the many-
body representation, the operators are the outer products (projection operators)
[vNn)(vN'n’|. In this representation we must keep track of the individual states,
which is a price we have to pay for the benefits of other advantages. Nevertheless,
sometimes it is desirable to keep track of the individual states and to have an ex-
plicit record of what is going on between the states. Therefore, the transition matrix
elements (VNn|d,;s|vN + 1n’) play a crucial role in the many-body operator rep-
resentation, which will become clear in Sect. 1.4.

The matrix element (VNn|d,;s|vN + 1n’) describes the single electron transition
between the states [vNn) and |[vN + 1n’) when removing an electron in the i th level
with spin o. This need not be possible at all, of course, but then this matrix element
vanishes. For instance, the logics that led to (1.4), i.e. trowing away all the matrix
elements that do not represent a single electron transition from an N + 1 to an N
electron state, is the result of not writing lots of vanishing matrix elements, which
vanish due to impossible transitions. Any matrix element that is non-zero, however,
represents a physical single electron transition that can and will occur within the
subsystem. The probability for this process to take place may be large or small, a
real number between 0 and 1, and is given by the square of the probability amplitude
[{(vNnldyig|VN + 1n)[2.

In this section, we have used the quantum dot term in a rather non-precise manner
and we will continue in this way. Henceforth, we shall, thus, discuss correlated
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(sub-) systems in terms of a general abstract quantum dot concept when we want to
avoid any reference to specific types and classes of systems. This is a quite common
approach in literature, here we might bend the concept a little further.

1.2 Two-Level System

For the sake of being explicit, we consider a concrete example constituted of a dou-
ble quantum dot system coupled to external leads. We assume that the level sepa-
ration in the quantum dots is sufficiently large in order to neglect influences from
all levels but one in each quantum dot. Thus, we have a two level system where the
levels are spatially separated and located in different quantum dots. We assume that
electrons in the two levels are interact through tunneling and charging interactions.
We may also assume that the electrons interact through direct spin-spin interactions.

We realize that the above physics is very well captured by the model given
in (1.1), however, reduced to

H= ZSAndZUdAa +Uanasna) + ZSBad;;UdBa + Upnpynp,
o o

+ U — J/2)(nar +na))(npy +npy) —2Jss-sp

+1) (d},dps + H.c). (1.5)

Our goal is to transform this Hamiltonian model into a diagonal form H =
> Nn ENn|Nn){Nn|, where the states |Nn) are eigenstates of the Hamiltonian. By
including spin into the treatment, we find that there are 16 eigenstates of the model;
one state with no electrons (N =0, n = 1), four states with one electron (N =1,
n=1,...,4),andsoon,i.e. (N=2,n=1,...,6),(N=3,n=1,...,4),(N =4,
n=1).

We can find the eigenstates through different means. The present model is suf-
ficiently small to be reasonable for analytical calculations. The empty and the four
electron states are trivial to find, and we can write them as |01) = |0)4|0)p and
|41) = |11 )al1{) B in terms of the Fock states |p)alq)s, p,g =0, 1, |, 1, of the
quantum dot.

Throughout this book we will use the following conventions for the Fock
states:

IP)alg)s = dj,d} 10), (1.62)

MY a®) =d) gy, dh a1 10), (1.6b)

where |0) denotes the vacuum state. Hence, [ )41l ) = dgid;TdeZT |0)
etc.
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The energies for these states are Eg; =0 and E4; = ZU (eac +€Bs) + U +
Up +4(U’ — J/2), respectively.

The one-electron states | 1n) are found by acting with the one-electron Fock states
onto the Hamiltonian, e.g.

HI1)al0)p = €a111)al0) B +110)al 1) B,
HI0)alT) B = €B410)alT) B +111)4l0) B,

and analogously for the spin down states. These equations lead to the one-electron
states

1n) = an[1)al0)8 + Bul0)alt)B, n=1,3, (1.7)
n) = an[1)al0)B + Bal0)all)B, n=2,4. (1.8)

These states are clearly seen to be superpositions of the available states for each
spin projection. Such states are also known as coherent states, although such a ter-
minology is not quite correct in Fermi systems. By also allowing for spin-flip in
the tunneling between the levels, these superpositions would consist of all four one-
electron Fock states.

The expansion coefficients are subject to normalization of the eigenstates, and
here given by

gl &
"214824 /1 +E2signAe’
n=1,2, (1.9a)
,82—1 (l+\/1+€3signA£)2
"21482 4+ /1 +EsignAe’
gl &
"21482— /1+EsignAs
n=3,4, (1.9b)

,_1a — /14 &2sign Ag)?
" 21482 —/1+&2signAs’

where &, = 2t/Ae, whereas Ae = €4, — €ps, Which difference is assumed to be
spin-independent. The corresponding eigenenergies are given by

B

1
Eur =5 (ear +emr —f(ear —epp)? +412), (1.10a)

1
E;3= E(sm +¢eBy +\/(8A¢ —epp)? +4t2), (1.10b)

and analogously for n =2, 4 (spin-|,).
Before continuing, it is worth to briefly discuss the physical interpretation of the
eigenstates. In the case when the dimensionless parameters |£,| — oo, the energy
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levels |ea6 — €Bo| — 0, or + — o0. Both situations lead to that «,, B, — 1/2,
which is a mathematical representation of resonant conditions of the quantum dot,
although the first may be more reasonable to think of in realistic nanoscale systems.
Physically, resonance of the quantum dot means that the electron (wavefunction) is
more or less equally distributed throughout the whole structure, i.e. the eigenstates
are being equally weighted in both quantum dots (equally weighted on both Fock
states constituting the eigenstate). In the other limit, i.e. |£,| — 0 and Ae > 0, we
find that 12y — 0 and B1(2) — 1, while @34y — 1 and B3(4) — 0. The ground state
of the quantum dot becomes localized on the level ep,, whereas the first excited
state is localized on ¢4, . Reversing the conditions to Ae < 0 switches the order of
the ground state and the first excited state.

The three electron states are found to have analogous characteristics as the one-
electron states, which is expected by symmetry. We thus write the three electron
states as [3n) = yu| M) altd)B + €nltd)alt) B, n = 1,3 and similarly for n = 2,4
(spin-| ). The three-electron energy eigenvalues are given by

Ey = > Qeiytei +UD+AU —T/2)
31 2\ ~ it il i
1=A,

—\/(8A¢+UA—83¢—UB)2+4IZ>, (1.11a)

E _! Z Qeir +eiy +UD) +4U' = J)2)
33 2\ — it il i
1=A,

+\/(8A¢+UA—8B¢—UB)2+4I2>, (1.11b)

and similarly for n =2, 4.

The two electron states, finally are separated into three states with spin S = 0 and
three states with spin S = 1. The § = 1 states are in the spin-degenerate case, i.e.
€40 = €4 and ep, = €p, easily found as

121) = 1) alt) s, (1.12a)
122) = [{)all) B, (1.12b)
23) = [N all) s + 14)al1) p1/V2. (1.12¢)

These states are known as the triplet states since their energies coincide, and are
given by

Eyy=En=Ex=cs+ep+U —J. (1.13)

This triplet configuration will, on the other hand, separate as soon as the quantum dot
is subject to, e.g. magnetic fields which lift the spin degeneracy of the single elec-
tron levels. It may be noted that the triplet states are always uniformly distributed
between the two quantum dots, independently of the tunneling. This may be re-
garded as a consequence of the Pauli exclusion principle, since for example two
electrons with spin 1 cannot simultaneously rest in one of the quantum dots, but
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have to be located at different sites. This is to say, that a single level cannot acquire
the total spin S = 1.

The S = 0 states must, in the spin-degenerate case, be written as a superpo-
sition of the three Fock states [®25)) = [|1)all)p — [L)alM)Bl/V2, |@4 ) =
[14)410)p, and |q§f=0) =10)4l1{)B. The eigenenergy equation becomes cubic,
but although it is analytically solvable, the solutions are non-transparent and are
therefore not displayed here. It is, nonetheless, worth mentioning that the state
with the lowest energy is often referred to as the singlet state. The energy of
this state is in the present model lower than the triplet state energy under the
assumption that the spin-spin interaction parameter J < 0, giving rise to anti-
ferromagnetic coupling between the quantum dots. Whenever the charging energy
Ua) > €AB)r + £a(B)| - the singlet state is mainly weighted on the combination
|q§§‘£0) =M all) — |4)al1) 8]1+v/2, which extends evenly on both quantum dots.

The energies E»1, E2; can be found analytically within the present model, as well
as the corresponding states. The other two-electron energies and their corresponding
eigenstates are generally given by solving the system

E-w I - ' N)all)s

12 E—yp -t ‘ Walths |

i i E—yp 0 a0y | =2 (1.14)
—t t 0 E—w 0)al1d)B

where y1 =41 — €3} -U', v =&4| —EBt U, 3 =capr—ea, —Us,and yy =
ept — epy — Up. Here, we allow for spin-dependent levels achieved for instance by
magnetic fields.

We now have a full many-body description of the two level system represented
by the quantum dot, and we can write the resulting Hamiltonian as

H:ZENH|Nn)(Nn|. (1.15)
Nn

We have also seen that there are many lessons to learn about the system just by ex-
tracting the electronic structure of the quantum dot through the procedure of finding
the many-body states. This is, of course, not surprising since the problem of finding
the electronic structure for a given system, is perhaps one the most challenging prob-
lems in materials science, which has led to the invention of e.g. density functional
theory.

1.3 Many-Body Operators

The notation of the many-body states in terms of kets is sometimes inconvenient,
e.g. when making algebraic manipulations, or when one introduces Green functions
in terms of the many-body states. It is therefore motivated to introduce another no-
tation of the projection operators in, e.g. (1.4). Following the Hubbard [2, 3], we
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introduce the X-operators

= |Nn)(N'n'|, (1.16)

also known as Hubbard operators. We will, however, introduce some more nota-
tion. The usage of the X-operators will mainly be restricted to represent transitions
between states differing by and odd number of electrons. We shall refer to such
transitions as Fermi-like. The expansion in (1.4) is made strictly out of Fermionic
transitions. Transitions between states differing by an even number of electrons will
be referred to as Bose-like and denoted by Z, e.g. Z;’v”];,ﬁ = |Nn){N = 2n’|. Finally,
one often encounters | Nn)(Nn|, which can be regarded as a transition from one state
to the state itself. Such diagonal transitions are certainly Bose-like, but since they
are frequently occurring we reserve the notation h'y, = [Nn)(Nn| (= Z}/) for the
diagonal cases. In cases when the change in the number of electrons is not known,
we will only use the X-operators.

There is an algebra emerging around the introduced operators and, while every-
thing resides on the properties and consequences of the eigenstates used for the
construction of the projection operators, we summarize a few important properties
here for convenience.

First, we have multiplication and commutator relations, i.e.

N Xih = SnwmOna X g (1.17a)
[ X/nN” Xﬁrxl/]j: = (Sn’mSN’MXnNn&/ &= Snm/SNM/ %r;v/, (1.17b)

and the closure relation

D k=1l (1.17¢)
Nn

As a consequence, one finds that multiplication of a Fermi-like and Bose-like
transitions always results in a Fermi-like transition. Likewise, multiplication
of two Fermi-like, or two Bose-like, transitions results in a Bose-like transi-
tion. We shall take as convention to always have anti-commutation between
two Fermi-like operators while using commutation for all other possible com-
binations, that is, between two Bose-like operators and between one Fermi-
and one Bose-like operator.

1.4 Transition Matrix Elements

From the expansion (1.4) we see that the Fermi operator, e.g. d4, is given in terms
of the Hubbard operators X'\, 41 With expansion coefficients (Nn|daq|N + 1n').
These matrix elements are important quantities that have to be treated with some

care. For example, we cannot assume that they can be replaced by a single value,
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since some matrix elements are identically zero, while all the others are real numbers
between 0 and 1. On the other hand, if we gain knowledge about all matrix elements,
we will be able to provide a closer description of the physics in that we can decide
which transitions that contribute to the processes of interest.

What we need is a systematic way to calculate the matrix elements. We can
certainly always make direct calculations. Borrowing the states and notation from
Sect. 1.2 we have, for example

(I1ldat]21) = [Otl B(0la(t]+ B B(T|A(O|:|dAT|T>A|T)B =—p1. (1.18)

This procedure works well whenever the eigenstates are sufficiently simple to
handle. A more involved example is (11|ds|24), where |24) = A4|<15§‘=BO) 4
B4|® ?:0) 4 C4|D §=0>' The operator d4 | acting on |® g:o) gives zero contribution.
The non-zero contribution is calculated through

(11|day 121) =[e1 501 + B1 5{11a(0l]da, [As|PEE)) + Bal®d_y)]
=B1As B4 (0lday | PEE) + a1 By 504 (1 day |1 DE_g)
=p1 A4 + ) By. (1.19)

Obviously, we have to consider the transition matrix element between each of the
Fock states in order to acquire information about the matrix elements between the
eigenstates. We want to avoid unnecessary repetition of our calculations, hence, we
should make the calculations more systematic.

Thus, consider the set of eigenstates {| Nn)} expressed in terms of the Fock states
{la)}, where n denotes the state in the N electron configuration, whereas a are dif-
ferent states possible on the level ¢ 4. Any given matrix element (Nn|d,|N’'n’) can
be expressed through

(Nnlda|N'n'y =" (Nnla')(@'|dala") (@"|N'n) . (1.20)

a/a//

This expression provides a systematic approach to calculating the matrix elements
between the eigenstates, since the matrix elements {(a’|d,|a”) between the Fock
states can be calculated once and for all, since we do not change the Fock basis that
has been introduced. The overlap integrals (a|Nn) establish projections of the eigen-
states onto the Fock basis, and these are also needed to be calculated only once. No-
tice that the overlap integrals (a|Nn) equal the weight, or expansion, coefficient of
the eigenstate | Nn) in terms of the Fock state |a). To see this, let [Nn) =), Canla),
for some coefficients C,;, in the Fock basis of N-electron states. Hence,

(alNn)=(al Y Cuarla’y =) Cyalala’) =) Cpodaw =Cpa-  (1.21)
a a’ a’

As an example, we have the transitions between the one-electron and two-
electrons states when an electron in quantum dot B is removed. Using the one and
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two electron bases previously defined, we have (omitting the subscripts A, B)

(1n|dps|2m)
M\ [ (I
r B W
:B:g; Egml RIS HEAE
=nloym | | erior |92 [IT)Ii)ﬁMIM (i\(T\ﬁTI(iI [2m)
2 2
0Y) ) A0l 114)10) (O]
[0)[ 1) (M O]
8y 3
o1 0 A 0 0
%9t  _ %01
Z(Olim any Bny ﬂrw) 0 8oy V2 V2 0 0
0 0 0 0 0 &,
0 0 0 0 0 —85
(Sml
5m2
% 8m3
Zn=4,5,68nmAm
>_n=4,5,6 Snm Bm
> n=4,5,6 OnmCm
= 0;48510m1 + An 85 Sm2 + w&ns
n 86 - Un 60
+ > amm/(%f\mﬂﬂmsw—ﬁnwgucm). (122)

m'=4,5,6

The calculation may look somewhat elaborate, however, all these steps are in prin-
ciple necessary for the calculations of the matrix elements.

More generally, we can calculate the matrix element e.g. (Nn|day|N + 1m) ac-
cording to the following consideration. Let {|a)} and {|b)} be Fock bases for the N-
and N + l-electron configurations such that |[Nn) = )", Cpela) and [N + 1m) =
> Dmplb), for some coefficients C,, and D,,p, which we allow to be complex
for the sake of generality. The matrix element (Nn|das|N + 1m) can, thus, be ex-
panded according to

(Nn|dao|N + lm) Zc Dup{aldas|b), (1.23)

where (a|das|b) is the a x b-matrix of the transitions between the N + 1- and
N -electron Fock states that occur by removing a spin o electron in quantum dot A.

We have, thus, seen how we, after defining the properties of the quantum dot sys-
tem, can evaluate the eigenstates and eigenenergies and transition matrix elements.
Those are calculated once and for all, under the given conditions, and can now be
considered as being know through the remainder of this text.
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Chapter 2
Occupation Number Formalism

Abstract We introduce our systems into a perturbing environment and study the
equations for properties of the local subsystems. An occupation number formalism
for the localized states is discussed.

2.1 Perturbing the Local Levels

The perturbations we have in mind here, are perturbations that enable transport of
e.g. charge carriers, spin, thermal energy, etc., through a single quantum dot or a
network or quantum dots. Typically, we will consider charge transport. The pertur-
bations may then be called leads, however, they would have the character of thermal
baths coupled to the quantum dots. In either case, the important effects on the trans-
port that we are interested in arise in the quantum dots when coupled to the leads.
Hence, the leads typically have non-interesting features and are described in a free
electron-like model like

Hy = Ze/wczackg, ko € yx, 2.1)
ko

where y labels the lead, however any degree of complicated structure may be as-
cribed to the leads. The operators CZ » (cko) denotes creation (destruction) of an
electron in the lead at the energy &, with spin o. In what follows and when appro-
priate, we will usually discuss in terms of left and right leads and use the symbols
L and R to denote the left and right lead, respectively, with chemical potentials p,
and pg. The electron energy &, is given relative to the chemical potential in the
corresponding lead.

The leads are meant to be coupled to the quantum dots such that a transport may
be conducted between the leads. While the coupling is taken to be rather simple
minded here, there is no limit to the possible complexity that may be present. As-
suming that we have a network of quantum dots, each of which may be described by
the model in (1.1) or (1.2). The coupling between the quantum dot v and a number
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of x leads may be modeled by

X
My =YD viiociydvie + Hec. 2.2)

ioc r=1key,

Converting the d operators in the tunneling term into Hubbard operators, us-
ing (1.4), the tunneling Hamiltonian becomes

X
H;" = Z |:ZZ Z Ukiﬂcza(dviﬂ)%}v+1i|XnNW;\/+l + H.C., (23)

NnmL io r=1key,

where (d,;os 'I'V"]’VH = (Nnl|dyis|N + 1m). Again, we see that the Hubbard operator
does not care about from which level in the quantum dot the electron is removed,
or added, and that all such information is taken care of in the transition matrix el-
ements. Also, notice that each Hubbard operator couples to all leads, which illus-
trates the fact that the many-body states are extended throughout the quantum dot
and hence are influenced by the perturbations of all levels, irrespective of whether
some of the levels are not connected to all leads.

2.2 Occupations Numbers

The occupation and occupation numbers of electron levels, or particle levels in gen-
eral, is an important notion within quantum physics. Through the occupation num-
bers we can determine the state of the system. The state of the system can be ex-
pressed in terms of the eigenstates, which in the present formulation is the most
convenient. Using this information about the quantum dot, we can for instance cal-
culate the charge current through the quantum dot, when the quantum dot is coupled
to leads, or to deduce the spin state of the quantum dot.

The occupation numbers Ny, = (hy) is the average of the diagonal Hubbard
operators. The occupation numbers can be determined through the equation of mo-
tion with respect to the Hamiltonian system we consider. For instance, suppose that
the quantum dot is coupled to leads as discussed above, but to no other external
perturbations. Let the system be described by the Hamiltonian H = Zle Hy, +
Y nn Ennh% 4+ >, Hy, with HJ. as in (2.3). Then, the occupation number Ny,
satisfies the equation

. 8 n n
ihaNyw = (U, HD) =D Uy, Hr D), (2.4)

v

since [h" ,h"AfI] =0 for all Nn, Mm. The dynamics of the occupation numbers is
determined by the tunneling between the quantum dot and the leads. This equation
expresses the dynamics of the occupation under influence of the perturbative baths
in the leads, and since an electron being in the state | Nn) may tunnel in to the leads,
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we realize that this state is coupled to all the states |N — 1n’). On the other hand,
an electron may certainly also tunnel into the quantum dot from the baths, thus also
coupling the state | Nn) to all the states |N + 1n’). Hence, all the configurations with
N electrons couple to all N &£ 1-electron configurations through the baths, and we
find that the dynamics of the occupation numbers is solved through a coupled system
which dimensions scale as 22V, where N is the number of levels in the quantum dot
(considering the possibility of 2 electrons per level, spin 1 or spin |,). In order to be
concrete and to start build our intuition, we consider two simple examples.

2.3 Single-Level System

Assume a single quantum dot with a single level. This can be described with Hgp =
Y € didy, +U nqny, where &, is the energy for the spin-projection o, whereas U
is the charging energy. We rewrite the quantum dot in terms of Hubbard operators,
ie. Hop = Zp=0,a,2 E,h?, where Ey =0, E; = ¢&,,and Ey =s4 + ¢ + U. Cou-
pling the quantum dot to left and right leads, we can write the total system as

H= Y eoclycho+ Y Eph? + ) [vkocl, (X +0 XD + Hel, (2.5)
koeLUR p ko

since dy, = X% 4+ X2, where the factor o = +1. This model is the so-called
Anderson model [1], here extended to include two electron baths (the left and right
leads).

The equation for the occupation number Ny is, thus, given by

0
i No(t) = D [vker e, [h°, XO10) + v (11, XNt (1))

ko
= ko (el VXY (1) —c.o.=i2Im Y o (], (DX (1)),
ko ko

(2.6a)
where c.c. denotes complex conjugate. Similarly, we have the equations for the
numbers N, and N; given by

d .. "
ih N (1) = =2i Im;[vkg (clo (VX% (D) = Gvis (cf5 (X2 (1)], (2.6b)

3 . _
ihENz(t) = —i2Im kZkag (e} X% (1)). (2.6¢)

As we expected from the previous general discussion, the dynamics of the occu-
pation number N, depends on all transitions to and from the state |p). The next
step is to derive suitable equations for the averages on the right hand sides of
the equations. Using the equation of motion for the averages to linear order in
the tunneling, along with the rate of change of the Hubbard operator id, X4 =
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[XP9, H] = AypXP? + [XP9, H7], where Ayp = E; — E, is the energy for the
transition |q) — |p), we find

.0
(zhg — Ago + akn) (cig X°7) = =0f, (1) + ) [—wis ef,ci5 2%

k'o’

Vg (e (08510 + 27 Do), @)

The second term on the right hand side of this equation contains the two electron
process describing tunneling of two electrons from the quantum dot to the leads.
Such processes are typically important when the leads are superconducting, how-
ever, considering normal metallic leads these processes are negligible. The last term
accounts for spin-flip tunneling (¢’ = &) and since such processes are not contained
in the Hamiltonian, this contribution vanishes exactly in the linear order approxima-
tion. Hence, the equation for the average becomes

.0
(lha — 400 +€ko)<CZGX°"> = =0, () + ) v leiy (1 + h)crg). (28)
k

Approximating the last average by (No + Ny){(nks) = (No + Ny) f (€ks), Where
f(eko) = [ePEo=10 4 117! is the Fermi distribution function with g~! = kT
(see Sect. 3.5 for a derivation), we find that

t
Lf (ko) No — {1 = [ (exo)}No le ™ Ao0=e) =0y,
o
(2.9)
Assuming, further, that we are considering stationary conditions only, we can apply
the Markovian approximation (neglecting memory effects) giving

(el X" (1) = —ivf, /

t w0y, s+ J(Eka)No — {1 — f(eko)} No
(Cng ) (@) = Vi oro — Auo £ 10

, (2.10)

where 6 > 0 has been added for convergence. Putting this expression into (2.6a), we
obtain

0 2
ENO = —% %: ko |2 (f (ko )No — [1 = f(exo)INs )8 (eko — Ago).  (2.11)

Making the analogous derivations for the other averages in (2.6a)—(2.6c), defin-
ing Iy, =27 34 |0k |8 ek — Ago) /R and TJy =21 3y [vis 128 (x5 — A20) /i,
(@) = f(o = puy) and f (o) =1 — f}(w), and using that 3 N, = 0 under
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stationary conditions, we write the equation for the occupation numbers as

—NO‘O Z £ [INof;F (A00) = No f (Ae0)], 2.122)

5 U=O=Z[r0’§,zvof;mgo>—{ fy (Do0) + T £ (A2g)}No
+ N2 T fr (A20)], (2.12b)

—NZ‘O Z [N f3f (D20) + Na fi (A20)]. 2.120)

Within the given approximation, those four equations completely describe the dy-
namics of the electron occupation in the quantum dot in terms of the electron flow
between the leads and the quantum dot. The solution can be written in analytical
form (left to the reader) which can be used for calculation of e.g. the charge current
through the system under non-equilibrium conditions.

Both N, and the Fermi function describe the occupation in the corresponding
subsystem, whereas the couplings FOX and I'* /> account for the transfer of electrons
between the subsystems. Hence, physically the above rate equations describes the
electron (im-)balance between the leads as being coupled through the quantum dot.
By increasing the chemical potential in, say, the left lead relative to the right (which
corresponds to a bias voltage applied between the leads), electrons begin to flow
from the left to the right. The presence of the quantum dot makes this flow more
complicated than it would be in e.g. a simple metal-insulator-metal junction, since
not only the occupation in the leads but also the occupation in the quantum dot has to
be calculated. In particular only one electron at the time can be transferred between
the left lead and the quantum dot, and between the quantum dot and the right lead.
By varying the bias voltage we obtain a variation of the quantum dot occupation.
The quantum dot occupation also depends on the position of the level relative to the
chemical potentials of the leads. Shifting the position of the level or the chemical
potentials of the leads correspond to experimentally applying a gate voltage over the
quantum dot.

2.4 Two-Level System in the Pauli Spin Blockade

We take the procedure from the previous discussion to the two-level system intro-
duced in Sect. 1.2, that is, two quantum dots coupled in series, where each of the
quantum dots is coupled to one lead. The coupling may be modeled by

Hy = Z Vpo Chodas + Z VgoChodpo + H.c., (2.13)
po qo

where vj(4)s 1s the tunneling (or hybridization, or hopping) between the left (right)
lead, and where we have taken indices p (g) in the left (right) lead.
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Converting the d operators in the tunneling term into Hubbard operators, us-
ing (1.4), the tunneling Hamiltonian becomes

HT = Z I:Z UPUCPU(dAU)NN+1 + qugcqa(dBG)NN+1:|XnNr’/l\/+1 + H.C.,

Nnm po
(2.14)
where (dA(B)U)NN+1 (NnldaByo|N + 1m). We again see that the Hubbard op-
erator does not care about in which quantum dot the electron is removed, or added,
and that all such information is taken care of by the transition matrix elements.
Considering the occupation numbers Ny, to the same level of approximation as
in the single-level system, we obtain the following set of equations (owing to the
condition 0; Ny, =0)

ho;No1 = Z o1 1L (A1non)Not — fr (A1n0D)Nial, (2.15a)

ho; Nnn = Z(F[i/( 1, Nn[f;_(ANn,Nfln/)NNfln/ - fX_(ANn,Nfln/)NNn]

xn'
F]i/(n N+1n/, f;_(ANJrln/,Nn)NNn - fx_(ANJrln’,Nn)NNJrln/])s
N=1,23, (2.15b)
hoiNay =Y I3t 41 [f; (A41.30) Naw — f (a1 30)Natl, (2.15¢)
xn

where Flil(n N—1n’ =2m Zkg’ |Uk(r(dA(B)0)N 1N| 3(ANn,N—1n' — Eko)-

We make a brief analysis of the occupation numbers under conditions studied
experimentally by Ono et al. [2], for a particularly interesting case from a physical
point of view, namely the Pauli spin-blockade phenomenon.

Following the experimental estimates we take €4y = €4(p) and Uy = Up =
U =2U"=2A¢, where Ae = ¢4 — ep > 0, assume weakly coupled quantum dots,
i.e. 2t K Ag, and that the direct Heisenberg exchange J &~ 0. We further assume
that e4 — u = —U/2, where u is the equilibrium chemical potential in the system.
The one-electron transition energies for this set-up are depicted in Fig. 2.1. Under
the given conditions we find that only Ay, 1,y — | K U/2 forn=1,...,5, and
n' =1,2, and |As, 26 — 1| K U/2 for n = 3, 4. For all other transitions we have
|ANn N—12' — p| 3> U/2. Those estimates allow for a reasonably simple analytical
analysis of the occupation numbers.

By letting the bias voltage eV = ur — ug € [0.1, 1]U adjust the left and right
chemical potentials symmetrically around p, it is easily found that

iAoy =1, v, (2.16a)

fi Ay i) =1 and fF(Az1w)=0, n=1,...,5 n" =12, (2.16b)
Qo) =1, n=1,...,5 n =34, (2.16¢)
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[ (Dag1w) =0, V¥, (2.16d)
[ (Dawon) =0, n'=1,...,4, n=1,...,5, (2.16¢)
f;r(ASn’,%) =1, n'=1,2, (2.16f)
fi (A3 26) = fr(Aswae) =1, n'=34, (2.16g)
[y (A4130) =0, Vn'. (2.16h)

Using these observations we directly deduce that No; = N4 = 0, as expected since
the transition energies Ay, 01 and A4y 3, lie far from resonance, that is, outside the
window between the left and right chemical potentials opened by the bias voltage.
It also follows that Ny vanishes, since Ayg 1,7 — i 2 U/2. Therefore, there cannot
occur any transition between the state |2, 6) and any of the three-electron states, al-
though the transition energies A3,y 26 € [4r, 1Ll 7’ = 3, 4. Taking this observation
along with the fact that A,y 5, 2 U/2,n=1,...,5,n" =1,...,4,itis clear that the
occupation numbers N3, = O for all n’. This, further, implies that the one-electron
occupation numbers Ny, = 0, n’ = 3, 4. Hence, the only non-vanishing occupation
numbers are Ny,/, n’ =1,2,and Np,, n =1, ..., 5, which leads to the equations

5 R
I, ., N>
Nyy = My n=1,2, (2.17a)

5 L
Zm:l Fln’,2m

0= Y [ 0yNiw =T 5 Nl n=1.....5. (2.17b)
n'=1,2

Under spin-degenerate conditions the triplet configurations |2,n), n = 1,2, 3,
have to have equal probability, hence, N>, = N7 /3, for n = 1, 2, 3. For the same

A N=t 2 3 4

Fig. 2.1 Equilibrium
distribution of the
one-electron transition
energies Ayy y—1n iD terms

of Ag, fores =—-U/2, 1 Agg 13 - [ Ay
Ae=U/2=U"2/0e K 1, / T,
and J = 0. In absence of O =Tl — { Ano 11
magnetic fields we have Appiy T izav“
degenerate transitions . Atz 01 n=ts \ 24
A,01 = A11,01, A1

A14,01 = A13,01, A n=1,..5

Ag6,12 = Age,11, and 2 {1

Ane,14 = Ang,13. [From [3]]
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Table 2.1 Matrix elements for the transitions X' ;’,2" given in terms of the eigenstates of the model,
where o, = and B, = B, n =1, 2, and where |2, n) = A,|9458)) + B,|®¢_) + Cu|PE)

ldap) i3 I(da)) B B*

I dap) 3P ldapil? 0

[(dan)i3l? I(dapBI? B*/2

Idap)ial? ldap)Tsl? (BAL/N2 +aBy)?, n=4,5
Idpp)lhl? I(dp )3 o?

I dpp) 3P [Crn5E 0

l(dsp) 31 I(dp) B3I a?/2

I(dsp)i51? ()T (@An/N2+ BCy)?, n=45

reason, the non-vanishing one-electron occupation numbers have to be equal as
well, i.e. N11 = N12 = N;/2, which can also be deduced from the matrix elements
(dA(B)U)'l',Z", see Table 2.1, when putting «; = oy = « and B; = f, = 8. We thus
find that N1 and N,,, n =4, 5 are related to N7 through the equations

N =2l (e 2N (2.182)
_z bt , .18a
Ny — L(Ln @ 2N =45 (2.18b)
2}1_3 Rn IB T5 n= b ) .

where ' =27y, |v|*8(w — ko), While L, = BA,/~2 + @B, and R, =
a A, /~/2+ BC, which are bounded and finite for all £ = 21/ Ae, and slowly varying
functions of £. Thus, by the normalization condition (closure relation), here reduced
to 1 = Ny + N7 + Ny4 + Njs, we obtain

S T 2T

n=4,5

The probability for occupying the two-electron triplet in the restricted bias voltage
interval can, thus, be given in terms of the internal parameters of the quantum dot
and the couplings to the leads. Especially, we observe that N7 approaches 1 for
£ < 1, since then o = £2/[(1 + /1 4+ £2)2 + 2]~ 0 and B2 = (1 + /1 +£2)?/
[(A+V1+ 52)2 + 52] ~ 1. This is consistent with N, — 0, n =4, 5, in the same
limit. The important conclusion then is that the occupation of the two-electron triplet
state strongly depends on the ratio between the interdot tunneling ¢ and the relative
level separation Ae, and that the probability of a fully occupied two-electron triplet
is approached as & — 0.

The above analysis of the Pauli spin blockade achieved in the serial weakly cou-
pled quantum dot can be interpreted in terms of transition matrix elements. Namely,
when the quantum dot has a one electron it can host a second electron in several
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different configurations, and in the considered bias regime it is most likely that the
second electron enters the quantum dot from the left lead. The quantum dot may
make a transition into any of the triplet or singlet states, all transitions occur with a
rather high probability. Transitions between the singlet and the one-electron states
may, however, occur with finite, and reasonably large, probability by letting one
electron out to the right lead. The occupation of the singlet states therefore become
small, since once any such state is occupied, it immediately leaks electron density
to the right lead. In contrast, transitions between the triplet and one-electron states
by letting one electron out to the right lead has a small probability. Therefore, the
electron density tends to accumulate in the triplet states, for which the occupation
eventually approach unity. As the triplet has become fully occupied, no more trans-
port of electrons from or to either the left or right lead can occur—the system has
entered the Pauli spin blockade.

We learn an important lesson from this analysis. In the quantum dot, the lowest
two-electron singlet state has an energy which is lower than the triplet state energy.
Using equilibrium arguments, one would then have concluded that this singlet state
had become occupied since its energy is the lowest among the two-electron energies.
Under non-equilibrium conditions, however, one cannot use simple ground state
arguments. The reasons is that, if there are states that can mediate electron density
from one state to another, these states will be, at least fractionally, occupied by
electrons.
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Chapter 3
Many-Body Operator Green Functions

Abstract The formalism is extended to propagators, Green functions, in equilib-
rium and non-equilibrium. The contoured ordered Green functions, used in non-
equilibrium, are introduced and we discuss the analytical continuation to real time
correlation functions.

3.1 Basic Definitions

In general we shall be interested in describing the behavior of many-electron sys-
tems at finite temperatures. For an open system in thermodynamic equilibrium the
expectation value of an operator ¥ is computed using the grand canonical ensemble
of statistical mechanics. We have

Zﬂ <n|l/f |n>ef/3(En*/LN) o trg_ﬁ(H—,uN)l//

(V)= S e PEND T e BOHiN)

(3.1)

where {|n), E,} represents an ortho-normal eigensystem of the many-electron sys-
tem, and N, the number of particles in state |n), whereas u is the chemical potential.
In the expression to the far right, X =), E,h" is the Hamiltonian of the system
with N electrons.

The Green functions, which from now on shall form the basic tool in our discus-
sions of many-electron systems, are thermodynamic averages of products of oper-
ators. Usually, the one-electron Green function is defined as the propagation of an
electron created at position r’ and time #’, denoted ¥ (r', #'), and annihilated at r
and 1, denoted ¥ (r, 1), e.g. G(r,x'; 1,1') = (—i)(Ty (r, )Y (', 1)), where T is the
time-ordering operator. The time-ordering operator acts on the other operators in the
average such that

(=)@, 1), >t

G(r,v';t,t')= ,
FOW @, Oy, ), t<t,

(3.2)
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where the plus (minus) sign in the second row refers to Fermionic (Bosonic) opera-
tors.

When working in terms of Hubbard operators, we will have to regard the cre-
ation of an electron as a transition |N + 1,n')(N,n| to a state |[N + 1,n’) with
one more electron than the initial state |N, n). The annihilation is thus regarded
as the transition to a state with one electron less. Moreover, due to the identity
in (1.4), any one-electron Green function written in terms of Fermi operators, e.g.
G (t, 1)) = (=i )(Tda(t)d:l,(t/ )), has to be expanded in the whole set of Hubbard
operator, i.e.

G (t,1') = (—i){Tdy (1)d], (1))

= Y @) (—iNTXPIOXIP (). (33)
ppr'aq’

As we know from the earlier sections, the transition matrix elements (d, )P4 take
care of the amplitude/importance of each of the propagators (—i)(TX?9(¢r) X q'p' ).

From time to time it will be inconvenient to use the four index notation. We
therefore define the Latin multi-indices a, b, c, ..., such that X4 = XP49, and the
conjugate indices a, b,¢, ..., such that X4 = X% = (XP4)". Then, we can write
the Hubbard operator Green functions as G ;(t,1") = (—i)(TX* () X"(t")), such
that the above identity becomes

Gaw (1,1) =Y (do)*(d])? G (1, 1"). (3.4)
ab

We shall, however, not be so strict with the notation, but rather use any notation that
is convenient for the moment. Nonetheless, whenever we are to discuss generali-
ties or whenever there is no desire to refer to specific states, we will resort to this
auxiliary notation.

We have omitted all explicit r dependence in the Green functions above. We have
done this in order to keep notation to its minimal. Whenever we will be interested
in spatial dependence of some quantity we will include this into the description,
however, the main interest lie at the moment on the time dependence of the propa-
gators.

We finally notice that the time-ordering acts on the Hubbard operators according
to the scheme

(=) (X)X ()), 11,

(= TX“OXPan=1" """
FXPAX W), 1<t

(3.5)

where, again, the plus (minus) sign in the second row refers to Fermi-like (Bose-
like) transitions.



3.2 Equilibrium 25
3.2 Equilibrium

Although most of the content in this book is devoted to non-equilibrium conditions,
it will be useful to briefly consider the equilibrium case. For concreteness, we take
a single localized level interacting with a conduction channel, e.g.

M=) exoiycko+ Y. Eph” +Y [koc), (X +0X%) + Hel. (3.6)
ko p=002 ko

The conduction channel is described by the Hamiltonian ) ) eks clig Cko » Where the
energy €. is related to the momentum k by some dispersion relation.

We are to study the evolution of the localized electron, and therefore we are
interested in the Green functions G ,;(t, t'), with a, b = {0, 32}. The equation of
motion for Goy5(t,t’) becomes

i0:Gooa(t, 1) =8(t — ') {{X", XT}0) + (—=iN(TIX", HIO X (). (37

Here and henceforth, we will use units such that 7 = 1. We introduce the nota-
tion Pyy5(t) = ({X 0o x ‘_l}(t)), the end-factor, which provides the amplitude of the
Green function. In case of a = ¢0, it simply provides the sum of the occupation
numbers in the states |0) and |o). This interpretation becomes slightly awkward in
all other cases, since it might be strange to talk about transitions, like e.g. 7%9 as
states. In the present case, averages of all such off-diagonal transitions, or coher-
ences, vanish. There may, however, be situations when the averages of those transi-
tions are finite, e.g. when such transitions are explicitly present in the Hamiltonian.

By performing the commutator X%, ] the resulting equation of motion be-
comes

(id; — Eo + E0)Gooal(t. 1)
=58t — 1) Poga(t) = »_ 6ok (—i) (T3 2" ()X (1))
k

+ D [vko (=) (T’ + h*) (Hewo (VX (1))

k

+ ks (=i (T(Z7% ez ) (1) X)), (3.8)

Here, the second and third terms on the left hand side of the above equation provides
the transition energy between the states |0) and |o'). The second term on the left hand
side is negligible unless the conduction channel is in the superconducting state. The
third term, i.e.

D ko (=T + h) (ko (X)) %Y vko Poooo(t) Fiwalt. ), (3.9)
k k
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by simple de-coupling. Here, Fisq(t, t') = (—i)(Tcks (£) X 4(t")) describes the trans-
fer, or tunneling, of an electron between the localized state and the conduction chan-
nel. The last term in the equation of motion vanishes to this order of approximation,
ie. (—i)(T(Z%%cks) () XA (1)) &~ Poyso(t) Fxsa(t,t’) = 0. In terms of this approxi-
mation, we thus have the two equations

(0 — Ao0)Gooa(t, 1) = 8(t — ') Posa(t) + Phoo0 Y Vko Fioa(t, 1), (3.10a)
k

(i0r — A25)Giaat, 1) = 8(t — ') Para(t) + 0 Psnas ) Vo Fioa(t,1'), (3.10b)
k

where A,, = E; — E is the transition energy for the process |g) — |p), and where
we used the same approach for the Green function Gg25(f,t"). The equation of
motion for the transfer Green function Fiqz(f,t’) is given by

(id — eko) Froa(t, 1) = vko [Gooa(t, 1) + 0 G52a(t, 1')]. (3.11)

We Fourier transform the above equation of motions, i.e. we use

—ip i ,
Gliwy) = / G(t,t)e =1y,
0

i%”n +u,  Bose-like,

wp = (3.122)
iznﬁ%ln + w, Fermi-like,n € Z,
i ; / O0<ir<p
Git.th=—Y GG —iwn (=) ’ 3.12b
Gt ﬁz,,: feone o<ir<p, O

which is allowed since the propagators only depend on the time difference ¢ — ¢’ in
equilibrium. It should be noticed that the time-integration is taken along the contour
that begins and terminates at 0 and —i 8, respectively, and circumventing the positive
real axis. We, thus, obtain

Froa(io) = vko[Gosa +0Gs2al/(iw — eke)- (3.13)

Keeping in mind that the Fourier frequency w, here is an odd integer of iz /8, we
shall omit the subscript n. Using this result in the aligns for the localized states, we
arrive at the solvable set of aligns

(i = Ag0 — Pooo0 Vo (i®))Gooali®) = Poga + 0 Pogo0 Ve (iw)Gsaa(iw), (3.14a)
(iw = Az — P5225 Vo (i®)) G523 (iw) = Ps2a + 0 Ps22s Vo (iw)Gooa(iw). (3.14b)
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Here, the propagator Vi (iw) = D ) |vke 12/(iw — exo) provides a broadening to the
localized state due to the interaction between electrons in the localized state and the
conduction channel. In order to make the notation shorter, we put G p; = G pgqp and
Ppq = Ppgqp-

We are now in position to solve for the diagonal Green functions. It is evident,
in the equations above, that we also need to find the equations for the off-diagonal
Green functions Gos25 and Gsa50. Although they describe mysterious sequences
of transitions, these propagators are non-zero, and are given by

. Poo Vo (iw) .
Goors (i) = Gsalio), 3.15
0025 (iw) = 0 —— Ao~ Pos Vo) 52(iw) (3.15a)
. P52V (iw) .
Gs = G : 3.15b
5200(iw) =0 iw— Mg — ParV, (io) 0o (i) ( )
We thus have
Pos
Goo (iw) = - ' —_ —,  (3.169)
i0 = Ag) — Pog Vo (i0) — e lelim v, (iw)
Gsaliw) Fo (3.16b)
s2(Iw) = - - .
’ i©— D25 — P52V (i) — g Vo (i)

iw—A50—Poo Vo (i)

If we were to solve for the localized level using Fermi operator notation, we
would have been interested in the Green function G, (¢, t") = (—i)(Td, (t)d; ).
Expanding this Green function in terms of Hubbard operators, i.e. G, = Go, +
0[Goo2s + G5200] + G52, we find that the Green function for the localized level is
given by

[iw — Axs1Pos + [iw — Asol P52
liw — Ago — Poo Vo (iw)liw — Azs] — [iw — Ago] P52 Vo (iw)

Go(iw) = (3.17)
This expression is complicated and not very appealing. However, we shall remember
that, cf. Sect. 2.3, Ago = E; —Eg=¢s and Ays = Er —Es =) o +U —&5 =
&5 + U . Furthermore, the end-factors Py, = (hO + h%) = No+ N, and, analogously,
P52 = N5 + N;. By the closure relation, (1.17c), we have 1 = Zp(hp) = Zp Np,
hence, Pp, + P52 = 1. The expansion n, = d;dg = h® + h? also suggests that
P52 = (ngs), giving Py = 1 — (ns). We can thus rewrite the expression above as

iw— Ago— U Pyy
liw— Ao — Vo (io)lliw — Azz] — Pear Vo (i)U
ivw—¢es —(1—(nz)U

== ; ; ; ) (3.18)
liw—e; — Vo(io)]lio —ex — U] — (n5) Vo (i0)U

ga (w)=

where the expression on the second line is the usual self-consistent Hartree-Fock
approximation found in literature. Finally, the end-factors may be calculated using
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the spectral theorem, noting that

o

N, = (/’l”) — <X00X0U> + (X02X2(1>

- _% /[f(“’) Im G, (@) +[1 = f(@)]Im Gy (w)ldo, (3.19b)
— 2y — 20 y o2 __l/ .
Ny = (h >—;<X X7 =~ f(a));ImGaz(w)da). (3.19¢)

In this way we obtain the self-consistent aligns for the localized level. The sum-
mations appear since the occupation numbers are coupled to the other states in the
system through the transitions in the Green functions. We must simply account for
all density of electrons that couple to each occupation number.

Using Hubbard operators for this model up to the mean field approximation may
seem as making the mathematics only more complicated. On the other hand, the
derivation was performed in order to illustrate some important questions that may
arise when working in terms of Hubbard operators, namely interpretation of the
transition energies Ay, = E; — E), and the end-factors Ppgg/p.

3.3 Contour Ordered Green Functions

We are now entering the non-equilibrium formalism of the many-body operator
Green functions. We generalize the single-electron Green function to the complex
contour [fy, to — i8], where fg is arbitrary, through

(TSy (r,ny’ (', 1))

G, v';t,t';U) = (=i Ty, Dy (), 1))y = (i)

(TS) ’
(3.20)
where T means imaginary time, or contour, ordering and the action operator S is
given by
to—ip
S= exp(—i / H(ﬂ)dr’), (3.21)
fo

where H'(¢') is a disturbance potential defined on the space and times on the contour
[t0,t0 — iB].

There is a major difference between the non-definitions of the propagators, ac-
tions, Hamiltonians, etc. in equilibrium and non-equilibrium. In the former case,
there is always a ground state defined with respect to which we can perform all
our calculations. This ground state is defined for all times ¢, which implies that we
may define the complex time contour [f, o — i8] arbitrarily. Especially, we may put
to =0.
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The situation is very different under non-equilibrium conditions, however, since
there is no ground state defined with respect to which we can undertake our calcula-
tions. It is, therefore, important that we include some arbitrary time f in the defini-
tion of the complex time contour [#g, fp — i8], in order not to restrict our treatment
to equilibrium. On the other hand, in all our considerations of non-equilibrium, we
shall assume that there was a ground state defined at fo — —o0. By taking this math-
ematical construction for granted, we can refer all our calculations to the ground
state at fo — —oo, simply by extending the complex time contour to both begin and
terminate at —oo and circumventing the positive real axis.

The exact form of the disturbance potential ' (¢') may vary from case to case.
Generally, this potential will be of the form H'(¢') = ZE Ue (t/ )Z&, where & is a
Bose-like transition index, and where Ug (¢') is an external source field acting on the
system. In the following, we shall denote the integration over the imaginary time
interval [#g, o — i8], or some equally appropriately defined imaginary time contour,
by the subscript C, e.g. S =exp{—i [ H'(t')dt’}.

The single-electron Green functions defined for equilibrium and non-equilibrium
conditions satisfy the boundary conditions G (¢, t'; U) 1=, = —ePrG (1,1, U)ji=ty—ip
[1]. This is easily derived under equilibrium conditions using the definition of the
average, since

G(t,t'; U)o = i (¥ (1) (0))

e PPNy T (g 0) g (0)e PPNy (1)
trelg(H_MN) B trelg(H_N-N)

. tre—BH—uN) [eﬂ(H—uN)w(o)e—ﬁ(H—uN)]wT(l«/)

! tr eBCH—1iN) ’

= (3.22)
where we have used that the trace is invariant under even permutations of the op-
erators. The number operator N = Ww commutes with the Hamiltonian, hence,
ePH=1N) — PH p—PuN Moreover, due to the fact that [, N] = i, it is a straight
forward exercise to show that e AN/ (0)ePHN = Py (0). By finally using the
property that ¥ (1) = ey (0)e ", we arrive at the relation

tre PNy —ip)y T _
tr eﬁ('H*MN) -

G(t,1")=0 = —eP*(—i) —ePHG (1, 1) j=ip.
(3.23)
This derivation can be straight forwardly generalized to non-equilibrium, where we

have
Gt, 1 U) =gy = —PPG (1,1 U)jr=y—ip- (3.24)

In terms of Hubbard operators, however, these boundary conditions become
slightly altered in that the exponent ¢f* is replaced by e?f* = 1. The transi-
tion X? = X99 commutes with the number operator N = ) ph? according to

[X9 N1 =3 (X9 hP] =3 [8pq X9 — 8,gXP7] = 0, which leads to that
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e PN xa PN — X4 Tt is then easy to derive
G5t Uiz = H (X" (1) X(0)) = (=) (X (=iB)X" (1))
=—G (1, 1", U)i=ty—ip- (3.25)

Our generalized non-equilibrium Green functions satisfy similar equations of
motion as the corresponding equilibrium Green functions. Taking the single level
system, for instance, we have the equations of motion (dropping the reference U to
the disturbance potential in the Green functions G 44/ ,/)

(0 — Aso — AU0(1))Gooa(t, ') — Uss (1) Goza(t, 1)

=8(t — 1) Poga(t) + Y v (—=D{T(1° + hJewg )V X7 (1) y
k

+ ) ke (—(T(Z7% ) (X () v, (3.26a)
k

(0 — Azs — AUz (1)) G52a(t, 1) + Uss (1) Go2a(t, 1)

=8(t =) Ps2a(t) + 0 ) Vo (—=D)(T([h° + h*Jexo ) () X (1))
k

+6 ) ok (—(T(Z° ) (DX (), (3.26b)
k

where AU, (t) = Uy (t) — U (t). We derive those equation exactly in the same way
as in the previous discussion. The new features that appear are the source fields
Ut (t), which are generated by the time-derivative of the Green functions, and here
using the disturbance potential H'(t') = Uo(t')h° + > o Us (R + Uys () Z°.
This is most easily seen on the time contour [fy, o — i8] by noting that

. rto=iB A / st 1 (4! /
TSXa(t) — T{e—[ fto H (¢")dt x4 (t)e lft()H tHdt }’ (327)
which, upon time differentiation, gives
.9 a —i [Pt [ g ya
1ETSX (t)=Tqe "/ [—H ()X ()
8 a0t o /
i X + XOH (1)]e iy P @t }
=TS[X*(®), H+H )] (3.28)
Then, for instance, the commutator [X%, H'] = (Uy — Up) X% + U5 X%, which
explains the presence of the Green function Gz in the equation for Gosg.

We did introduce the auxiliary source fields Ug (¢) for a reason, which we shall
discuss in more detail below. Further consequences of introducing these fields will
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also be discussed in Chap. 5. We notice in (3.26a), (3.26b) the presence of three-
operator Green functions, e.g. (—i) (T([h° + h%ewe ) () X () . We may deal with
those according to the decoupling procedure applied in Sect. 3.2, or by the Wick’s
theorem following the approach described in detail in [2]. The latter of those proce-
dures, however, is inappropriate to use in non-equilibrium situations. Therefore, we
will follow another approach that provides a diagrammatic expansion of the propa-
gators.
Consider a general propagator with two Hubbard operators, e.g.

(TSX(t)XP (1))

TS) , (3.29)

G, ;1) =(=i)

where the transitions a, b are arbitrary. Varying this Green function with respect to
the sources Ug () in the action S = exp{—i [, ZS Us (t)Z8dt'}, we obtain

%’ " a }; 7
(SGaE(t,t/):—i/ ZaUE(t//){(—i) (TSZ5 ()X (1) X" (1))
C
&

(TS)

— (=)

(TSX“()XP (1)) (TSZE (")) } g (3.30)

(TS) (TS)

Here, we recognize the first factor in the second term as G ;(¢, t). By rearranging
the above expression, we, thus, find that the propagator containing three Hubbard
operators can be expressed in terms of the one-electron Green function and func-
tional derivatives thereof, according to

(—iNTZEA X XP () = ((Tzs(t”»u +i Gt t).  (3.31)

1)
SUg (1)
Keeping in mind that all averages (TZ¢(r))y naturally appearing in the aligns
of motion for the Green functions G ;(¢, t’), are results of anti-commutators as

e.g. P;(t) = (T{X“, XE}(I))U = (T(SqquW/ + rSpp/Z‘f/‘f)(t))U, for transitions a =
pq, b= p'q’. In analogy with this, we introduce the notation

8 8
R ;) =i|6,y 8 . 3.32
ab( ) l( qq (SUpp’(t) + pp 8Uq/q(t)> ( )

Using all the notation thus introduced, we can write the equation of motion for
a the Green function G ;(t,t) in the Hamiltonian system H = )",  ekoliko +

Y Eph? + Y yoalvko (do)c), X + H.c] as

[i0; — AalG (1. 1) = > U (1)l G (1. 1)
Ec

=8(t —1)P(1) + Y [Paz(t™) + Rae(th)] / Vea(t,1")G (1" 1)dt",
cd ¢
(3.33)
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where £% is a tensor defined such that [X*, Z5] =", e X, while Vay(t, ') =
Y, Vo (1, 8)(df)¥ (do)?.

The structure of the equation of motion suggests that we can write the matrix
equation

[[3; — A—=U®IGt, 1) =80 —tHPE) + [P + R )] / Vi, "G, tdt".
c

(3.34)
Then, we should in principle, obtain the equation

G(t,t/)zd(t,t/)P(t/)+/ d(t, 1)[P) + ROV, 02)G (1, 1) dtrd
c

(3.35)
where d(z, ') satisfying the equation [id;, — A — U()]d(z,t") = 8(¢r — t') is called
the bare locator. The Green function clearly has the structure of a product of the
locator function d, or more generally the dressed locator D, and the end-factor P,
according to G = DP. Hence, multiplying (3.35) from the right by P~! (') we obtain
the equation for the locator D, that is

D(t,t’):d(t,t/)+/d(t,tl)[P(t;“)+R(t1+)]V(t1,t2)D(tg,t’)dtgdtl. (3.36)
c

Further, is we multiply this equation from the left by d~!(z, 7) and from the right
by D~!(¢/, 7), and integrate the equation over ¢ and ¢’, we obtain

D l(r,7)=d""(z,7) — / ([PzT) + REHIV(z, n)D(t2, )D (7, T)dtrdrt’.
C

(3.37)
The parenthesis has been introduced in the integral as a reminder that the functional
differentiation operator R acts on the locator D(#;, t"), however, not on the inverse
locator D~!(#’, /). Hence, the product {R(z )V (t1, t2)D(t2, t)}D~ (¢, ') cannot
be further simplified since D! is the inverse of D, and not of RVD. We can, how-
ever, write the expression in (3.37) as

D '(r,7)=d"(r,7) =P ")V(z, 7))
— / REHV(T, )D(t2, D™, T))dndt . (3.38)
C

Either this expression or the one in (3.37) suggests that one can introduce a self-
energy, or rather, a self-energy operator S, by putting

S, ) =PEHV(r, ) + / (R HV(z,)D(t2, )D' (', T )drrdt’, (3.39)
C

which reduces the equation for the locator to

D', y=d ', 1) — S, 1). (3.40)
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Finally, we can also write the equation for the Green function in terms of the self-
energy operator as

G(t, 1)y =g(,1) —1—/ d(t, v)S(z, )G, t')drdT’, (3.41)
C

where g = dP is the bare Green function.

We will explore the framework provided by the self-energy operator in Chap. 5
for a diagrammatic expansion of the Green function. Here, we notice, however, that
the simplest approximation of the Green function is obtained by omitting the func-
tional differentiation, i.e. simply letting S &~ PV. Then, by letting the external source
fields Ug (1) — 0, in which limit we can extract the physical content of the derived
equations. We obtain the Dyson-like equation

G(t,t/)zg(t,t/)+f g(t,11)V(t1, )G, tdtrdt . (3.42)
c

3.4 Non-Equilibrium Green Functions

So far, we have been working with all propagators defined on the complex time
contour e.g. [7o, to — i8], which provides a convenient environment to generate the
appropriate equation s of motion, and perturbational or diagrammatic expansions of
the propagators. The complex contour environment is, nevertheless, inappropriate
when physical information is to be acquired from the work we have done. We need
to convert our propagators into the real time domain. The fundament for this con-
version was laid out by Kadanoff and Baym [1], and Keldysh [3], while Langreth
[4] provided simple rules that allows simple mechanical manipulations of the real
time Green functions. Here, we will make a somewhat thorough discussion of the
procedures to convert the contour ordered Green functions into the corresponding
real time propagators. The author also refers to [5] for an analogous discussion.
There are two basic propagators in the framework of non-equilibrium Green
functions, namely the lesser and greater Green functions, here defined by

G;Z(t’ t) = —i(Xa(t)XE(t’)), t>t, (3.43a)

G=(t.1) =i(XP@)X (), <1 (3.43b)

‘We have taken the case when the transitions are Fermi-like. We also have reasons to
define lesser and greater Green functions with Bose-like transitions e.g.
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K;c (t, 1) =—i(Z¢ (t)ZZ @), t>t, (3.44a)

K;; t,t) = —i(ZE(t’)Zg @), t<t. (3.44b)

The negative sign appearing on the lesser Green function K = (z,1) is related to
the use of commutator when dealing with Bose-like transitions, instead of the anti-
commutator as is the case in case of Fermi-like transitions, cf. G:E(t’ th.

The lesser (greater) superscript is used as a reminder that the time ¢ is less (larger)
than ¢’ on the time contour. The time contour [#g, g — i8] for instance, begins at the
time #(, goes, slightly above the real time axis, to co (whatever it means) where it
circumvents the real time axis, continues slightly below the real time axis and ends
at o — if3, see Fig. 3.1. Hence, we must understand the meaning of ¢ < ¢’ on the
contour. In fact, we can regard ¢ as being less than " as long as ¢’ lies closer to the
end point of the contour, e.g. fo — i, than ¢. Sometimes, however, it is meaningful
to also regard the time contour C as constituted of two disjoint parts, the upper and
lower contours, C,, and Cy, respectively. The upper contour begins at the beginning
of C and ends at oo, where it is joint with the beginning of the lower contour C;
which, in turn, ends at the end of C. Finally, in order to obtain the real time Green
functions, we must let the start and end points of the contour approach —oo (in the
particular case of [#g, fo — i8] we have to require that 75 — —o0).

Some care has to be taken when our propagator is a convolution of two, or
more, Green functions on the time contour. Assuming that the propagator A(z, ") =
Je B, t")D(t",t")dt", where B and D are some propagators. The lesser propaga-

Y

-0
|

Y38

t,-if

Fig. 3.1 Two examples of the complex time contour. In panel (a) the contour [fg, 7o — if] as
suggested by Kadanoff and Baym is depicted, whereas panel (b) illustrates the Keldysh contour
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tor A< is then extracted by the following consideration:

t t
A<(t, t/) :/ B>(l‘, l‘//)D<(Z‘U, l‘/)dt” +f B<(t, t”)D<(l‘”, t/)dl‘”
t

—0o0

—0o0
+/ B=(t,t"YD> (", t"dt". (3.45)
t/

In the first integral, the time t” < < ¢/, while in the second we have r < t” < ¢/,
whereas the times t < t’ < t” in the last. Here, we have to think contour-wise and
not in the usual sense. On the upper contour this introduces no problem, while in
the lower contour this leads to something that might look counter-intuitive. Keep-
ing in mind the rule given above, times closer to the end-point of the contour are
later/greater than times closer to the starting point, such problems should not arise.
Now, the expression given above for A<(z,t’) is not satisfactory and we need to
shape it up. We can do the following: let the second integral be given as two, i.e.

t —00
/ B=<(, "YD=(", t/)dt// :/ B=<(1, l”)D<(t”, Ydt"
t t

t/
+ / B=(t,tYD=(t",t)dt". (3.46)

—00

We can, then, write the lesser propagator according to

A=(t,1) =/9(t —t"H[B~(t,t") = B=(t,t"ID=(", t)dt"

+ / B=(t,t"0(—t +t[D=({",t")— D~ (", t)]dt", (3.47)
where the integration is taken on the whole real time axis. The combinations of the

correlation functions between the brackets are commonly known as the retarded and
advanced Green functions, generally

AT, t) =60 —1t)[A~ (1) — A=, 1)], (3.48a)
A%t 1) = —0(—t +1)H[A”(t,1) — A=(t,1)]. (3.48b)

Using these definitions, we find for instance that
G/l (1. 1') = (F)O(E F ) UXP(W). X (D)), (3.492)
K;éa(h ") = (Fi)0 (e ?t/)([ZE(t/), AIGIIE (3.49b)

in agreement with the usual definitions for equilibrium Green functions.
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Substituting the definitions given in (3.48a), (3.48b) into to (3.47), we finally find
that this expression can be rewritten as

A<(t,t) = /[B’(t,t”)D<(t”, t"Y+ B=(t,t"YD(¢",t)]dt", (3.50)

which is most commonly found in literature.
Another interesting identity to consider is A(z,t") = B(t,t')D(t, t'), which gives

A<">(t,/'y =B~ (t,))D</> (1, 1), (3.51)

since r < ¢/, ort > ¢, in both propagators B and D. Thus, when finding the retarded
propagator A’ (¢,t"), where A(z,t') = fC B(t,t"YD(”,t")dt”, we use the defini-
tions in (3.48a), (3.48b), and find that

A'(t,1)=6( —1)[B”(t,1)D” (t,1) — B<(t,1)D=(t,1)]. (3.52)
Adding zero (!),i.e. 0= B~ (¢t,t)D=(t,t') — B~ (¢, t) D=(¢,1’), gives

A"(t,1) =0 —1)[B~(t,0){D”(t,t) — D=(1,1)}
+{B7(t,1') = B=(t,1)}D~(t,1))]
=B~ (t,t")D"(t,t') + B"(t,t)YD= (¢, ). (3.53)
This conversion, as well as the expression in (3.50), clearly illustrates that con-
tinuation to the real time axis is not always trivial. However, relying on the basic
correlation functions, the lesser and greater, always admits finding a more or less

convenient final expression.
In summary, the following identifications will be useful later in the book, namely,

A(t,t) = / B(t,t"YD(t",t)dt", (3.54a)
c

A<=,y = [[B"(t,t")D~/> (", )
+ B~/> (¢, YD (¢", )]dt",
AT1e(t, 1"y = [ B%(t,t)D"/%(t, ")dt",
A(t,t") = B(t,t)D(t,1), (3.54b)
A</>(@t,t")=B</>(@t,t")D</> (1,1,
A1t 1"y = B> (t,t") D" (t,t") + B"/%(t,t')D=<(t, ).
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3.5 Basic Building Blocks for Non-Equilibrium Studies

Above, we have investigated the conversion of the contour ordered Green func-
tions to real times, defining the lesser and greater Green functions (or correlation
functions), and studied the structure of the propagators when they are products or
convolution of two other propagators. We also defined the retarded and advanced
Green functions in terms of the lesser and greater ones. This is all fine, however,
when doing actual calculations we need to have explicit expressions for the basic
Green functions, such as the Green function for a non-interacting electron. After all,
no matter how intricate the final Green function may be in terms of expansions and
diagrams, at some point we will have to insert the Green function for non-interacting
electrons in order to carry out the calculations. Therefore, we spend some effort in
deriving the lesser and greater Green functions for a free electron in the system
Ho =D ko 8kgc£(rckg. We also consider the bare Green functions g,; (¢, t") and
ke (1, t') in the isolated system Hioe = Yy, ENnl'y,.

We begin with the free electrons described by the Hamiltonian H, and we define
the Green function ggs (¢, t') = (—i)(Tcke (t)clt ,(t"). This Green function satisfies
the align

(0 — eko)8ko (1, 1) = 8(t — 1), (3.55)
which leads to that
ko (1, 1)) = (—i)Te ok (=1, (3.56)

where T is the time-ordering operator on the contour C, as usual. How shall we
find the lesser and greater counterparts of this Green function? Taking for instance
8y (1. 1) = (=) (ko (I)CL; (t")), we know that > ¢’ on the contour C, while ¢ < ¢’
for glfa (¢,1"). To be specific, let C = [1y, fp — i8]. Using the boundary conditions of
the Green functions on the contour C (discussed in the first paragraph in Sect. 3.3),
we find that

g (to 1) = —e"P gl (10— iB,1). (3.57)

Due to the time-independence of the Hamiltonian My, we have g, (¢,1') =
gko (t — 1), and Fourier transforming the above equation we find

8y (@) = —e P @M gl (w). (3.58)

Taking into account that ck, removes an electron from the system with momentum
k and spin o, it must remove the energy ¢k, from the system, hence

Sy (@) = / i(cf (O)cko ()€’ dt = i / (nko e @) g
=127 (nky )8 (w — Eky ). (3.59)

In the same way we find that g (®) = —i27 (1 — (nks))8(w — eks ). Using these
expressions along with (3.58), we arrive at the equation

(ko )8 (® — £x0) = € PO (1 — (N, )8 (@ — eko). (3.60)



38 3 Many-Body Operator Green Functions

We thus deduce that {(nx,) = f (ko) = [ePEko—1) 4 117! the Fermi function, which
is expected from e.g. equilibrium theory. Going back to time space, we find that the
lesser and greater Green functions are given by

81 (8. 1) = if (g )e W =1, (3.61a)
gl?o (t, t/) = (—)[1 - f(gko*)]e_i‘gka(t_t/)7 (361b)
gl (1, 1) = (F)O(Ft F 1)e oo =1 (3.61¢)

where we have used the definitions in (3.48a), (3.48b) to find the retarded and ad-
vanced Green functions.

We now turn our attention to the isolated system Hjoc and consider the propaga-
tors g, (t, t') and ké 7 (¢, t’). The equations of motion for these propagators are given
by

(10 — Az)g,5(t, 1) =8t — 1) P (1), (3.62a)

(10, — Ag)kgz (1, )y =8@t-— t/)QEE(t)’ (3.62b)
where QSE(I) = ([Z¢, z¢ 1(#)). Following the previous discussion about the bound-
ary conditions for Hubbard operator Green functions, it is clear that we have the
boundary conditions g;E(to, 1) = —g:];(to —ip,t) and k;E (fo, 1) = k;Z (to —iB, 1).

In order to find the lesser and greater counterparts of these Green functions we
study the Fourier transforms g:E/ ”(w) and k; 5/ ~ (w), under the assumption that the

propagators depend only on the time difference ¢ — ¢'. We have, for example,
g5 () = / i((XP0) X% (1))e! ™ dt = / i(XP X%l @A gy
= i2m (X" X)8 (e — Ag). (3.63a)
G = [0z Oz @nedr = [ iz ze 4 ar
= (=)27(Z° Z8)8(w — Ap). (3.63b)

Here, we have used that the transition X% (Z%) changes the energy in the system
by Az (Ag). In the same way, we find that g = (w) = (—)27 (X9 XP)8(w — Ag) and
k;E (w) = (—i)2m (Z8 z¢ Y8 (w — Aé). Then, turning back to time space, we can write
the lesser, greater, retarded, and advanced Green functions as
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g5 (1) = i2m (XPX%)e A=), (3.642)
g5t 1) = (—)2m (X XP)e =i 4a=1), (3.64b)
g4, 1) = (F)O (&t F 1) P ge  4a0=1), (3.64¢)
and
k(@) = (—i)2m (28 Z8)e 20, (3.65a)
k(@) = (—i)2m (25 Z8)e e, (3.65b)
K72, 1) = (FDO (Gt F 1) Qe 45071, (3.65¢)

Thus far, we have only considered open systems in equilibrium for which there is
no real reason for introducing the non-equilibrium Green functions. In the remain-
der of the book, however, we shall discuss open systems under non-equilibrium
conditions. We will often consider the influence of a source-drain voltage, or bias
voltage, which generates a charge current through the system. There are, on the
other hand, systems which may be considered as being in equilibrium from certain
aspects, while being in non-equilibrium from other aspects. Under such circum-
stances, there are also reasons to make the analysis of the physical processes within
a non-equilibrium approach. Hence, from hereon the description will be based upon
the conception of non-equilibrium. Therefore, let us move ahead to the next chapter.
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Chapter 4
Non-Equilibrium Formalism

Abstract We go deeper into the general description of non-equilibrium physics,
both within the occupation number approach and by means of non-equilibrium
Green function. We derive expressions for the tunneling current through complexes
of interacting systems coupled to thermal baths, or leads. We discuss concepts of
time-dependent and stationary processes.

4.1 Occupation Number Approach

We have already seen, in Sect. 2.2, how the occupation numbers of a system can be
related to each other through the conduction channels, or leads. Actually, without
mentioning it, we derived the equations for the occupation numbers in a form which
is prepared for non-equilibrium conditions. We obtain equilibrium by requiring that
the chemical potentials 1y = fteq in all leads x, such that there is no potential
energy imbalance anywhere in the system. In this sense, equilibrium is just a special
case of non-equilibrium.

When thinking of non-equilibrium, one often considers transport of some quan-
tity, or quantities, due to the imbalance in potential energy in the system. The trans-
ported quantity may be charge, spin, or just energy in e.g. heat transport. We shall
very often consider charge and spin transport in this book, although much of the
content discussed here will be valid from other aspects.

In order consider the charge transport through a specific system, we take the
Hamiltonian H = Y"*_, H,, + > yn ENnlt’y + X, Hy, with H,, as given in (2.1)
and ‘Hj. as given in (2.3). We are interested in the charge that flows from lead, say
X0, to the rest of the system. We are aware that the charge may actually flow from
the rest of the system into this lead, but within the given approach such a charge flow
will manifest itself as a negative flow. Therefore, there is no loss of generality in our
approach. Charge flow, or charge current, is the charge rate of change and is, hence,
described by the temporal derivative of the charge N, , i.e. we put the charge current
Ly (t) = —€d Ny, = —€0: D _yye, (ko). The current may be time-dependent as a
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result of possible time-dependent variations in the potential energy imbalance in the
system. Applying the methods of Chap. 2, we find that we can write the current as

Lo =ie Y Y [Vkonmm{cly XaN11) = Vponum (X nt iy Cko)]  (4.12)

Nnm ko
=—2eIm Y Y Vo nmm el Xih1)- (4.1b)
Nnm ko

where vk ypm = Ziv Ukio (dvia)’;\?}v+1-

Before we proceed, we notice the two different ways to write the current in (4.1a),
(4.1b). The former description, (4.1a), is written as the average of the current density
operator j (1) =i Y num 2 ko kaNnmc;QJ X\'v41+H.c.,suchthat I, (1) = e{j(1)).
This form presents a very intuitive formulation of the current as the net of the trans-
fer of electrons from the quantum dot to the lead and the transfer of electrons from
the lead to the quantum dot. While the latter formulation, (4.1b), is less intuitive, it
has the benefits of being mathematically convenient.

The averages (clta XNvar) and (XT yoko) = (clta X\nv41)" can be approxi-
mated by

feka)NNn — f(—€ko ) NN41m
Eko — AN+1m,Nn + 18

<CltaX7Vr7V+l )(t) = vltnNnm ’ (4-2)
since f(—x) =1 — f(x). Substituting back into (4.1a), (4.1b), we find that the
charge current flowing from lead yq is expressed by

Iy, =2me Z Z |vaNilm|2[f(8kU)NNn - f(_gkU)NN+lm]8(8ko — AN+1m,Nn)-
Nnm ko
4.3)

This expression is very general since we do not make any assumptions of the band
structure in the leads, we have not replaced the k summation with energy integration
over the density of states. If we do this, i.e. letting Y ) — [ py,(@)dw, where py,
is the local density of states in the lead y(, we can rewrite the current as

Iy,=e Z Z FGXI(\)/nm (AN—Hm,Nn)[f)(o (AN+1m,Nn)Nnn

Nnm ©

— fro(=AN+1m N0) NN +1m] 4.4

where F;X,nm (&) =27 |vyyo Num (8)|2,0X0. Here, vy o num (€) is a function of energy
& which equals vks yum Whenever the ¢ equals ek, -

Whatever approach we use in actually calculating the current, i.e. using either
of (4.3) and (4.4), it is clear that the current flowing from (to) the lead xo is de-
termined by the occupations Ny, and Ny41,, in the states |N, n) and |N + 1, m),
respectively, and the transition energy An.y1, N, between those states. It is also
clear that current depends on the density of occupied and unoccupied electron states
in the lead xo, here signified by f,(w) and f,,(—w), respectively, particularly at
the transition energy Ax+1m, Nn-
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4.2 Green Function Approach

Now, we want to take the discussion of the charge current further, and we do this
by deriving an expression for the current in terms of Green functions. Such an ex-
pression has the advantage that it opens a possibility to make a deeper analysis of
the interacting region, e.g. quantum dots. Moreover, although the occupation num-
bers corresponding to the localized levels, in general can be calculated through a
density matrix approach, as discussed in Chap. 2, these are often obtained through
calculations of the Green functions for the localized levels. Therefore, this is reason
enough to establish the current in terms of the Green functions directly. Some of
the derivation may be thought of as repetitive, but the reason to go over the steps
once more is to thoroughly describe the method using Green functions. This will
also give an opportunity to make a qualitative assessment of the two different meth-
ods.

We take the same Hamiltonian as in Sect. 4.1, and calculate the charge current
flowing from the lead yq out to the remainder of the system, i.e.

L@ =—ed Y (nio) =ie Y [vkoblefy X0) = vy (XPcio)].  (4.5)
ko ko b

In order to proceed in terms of Green functions, we identify the correlation function
(Xb(1)ery (1)) with FZ 1) = i(X%(t)ewy (1)). This is the lesser Green function
for the process that describes the transfer of electrons between the localized lev-
els and the lead. Here, also vkysp = Zi Vko (di(,)b. It is then sensible to rewrite the
current as

Ly (t) = —2eRe Y " vj,, FiZ (1, 1), (4.6)
kob

where we have made use of that the two terms are complex conjugates of one an-
other. The expression given in (4.5) explicitly displays that the current consists of
two types of transfers of electrons. One transfer goes from the lead to the localized
levels, whereas the other goes in the opposite direction. The net current then, is the
sum of those. The advantage with the expression in (4.6) is that it explicitly shows
that we really only have to deal with one Green function at the moment, making the
treatment somewhat shorter.
We define the transfer Green function

Fr(t.1) = (=i){Tes ) XP (). 4.7)

The propagator is found to satisfy the equation

(0 — ko) Fipp (1) = Y Ukoa G 51, 1"). (4.8)
a
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Here, the lead Green function gk, (¢, t’) is the one introduced in (3.55), with which
we rewrite (4.8) as

Fags 1) =Y /C Sko (11" ko (1) G 50 1)t 4.9)
a

Here, we let the hybridization coefficient vk,, remain under the integration sign
since, for all we know, it may be time-dependent. Using the rules in (3.54), we thus
have

Fo 0= Z f Vkoa (") [8ko (1. 1) G 51", 1) + gig, (1, 1) Gix (1", 1))dt”
= (i) Z / Ukoa(t)G 5", 1) = f(exg) G5 (", 1)l 0 ar”

=1 Z/ vkaa(t//)[f(gkU)G:E(l‘//’ l)

+ f(—ek)G 5" D] " Dar”. (4.10)

The last equality is obtained by using (3.48). The final line is also very appealing
since it displays the transfer of electrons between the lead and the localized region,
as an electron flow between occupied states in the lead (localized region), signified
by f(w) (G:E)’ and unoccupied states in the localized region (lead), signified by
G;E (f(—w)). Hence, the first term can be interpreted as, if there are electrons oc-
cupying the states in the leads and simultaneously there are unoccupied localized
states, there is a possibility that electrons will flow from the lead to these localized
states. The second term can be interpreted as a flow of electrons in the opposite
direction.
Substituting (4.10) into (4.6), we find the current in the form

L, (t) = —2elm Z vkob(t)/ Vkoa (1)

koab
< [fexa) Gt 1) + f(—exe) G5 (' )] Dar’ . 411

Analogous to our interpretation of the transfer Green function in (4.10), we interpret
the current as a flow between occupied and unoccupied states in the lead (localized
region) and localized region (lead). Especially, if the localized region constitutes a
geometrically confined part of the system, we can think in terms of electron flow in
to and out from this confined space. The net current is, as always, the sum of the
inflow and outflow of electrons.

We obtain a parameter expression for the tunneling current by introducing the
coupling parameter

2 (11" ) =270 41, (D000 1)y (@), (4.12)
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see Sect. 4.1 for definitions, integrating over the density of states p,,, and noticing
the obvious matrix product structure in the summation, that is

'
Ly, (1) :iZeZtr // rXaert;w)
o —00
dw
T

X [fXO(w)G> (t/, t) + fXO(_w)G< (t/, [)]Eiw(t/_t)dt/_

> (4.13)

Here, we have introduced the matrices G = {G z}ap and I’ L—qr fga}ab. The trace
runs over the transitions a.

Equivalent expressions are obtained for the current flowing from any other lead
into the remainder of the system. Depending on the situation and circumstances that
is subject to the investigation, we can make further streamlining in the formulas
for the current which is convenient in the particular case. For now, however, we
note that if all external forces/fields applied on the system are time-independent,
the local Green functions G</>(¢',t) = G</>(t' — t) and I} (¢, t'; w) = I} (w),
which leads to a simplified formula for the current reading

Iy, = % dou / TJ(0)[ fro (@G (@) + [y (—0)G=(w)]dw. (4.14)

The current given in this expression is very similar to the one provided in (4.4),
however, there is a significant difference. Here, the matrix Green functions G con-
tains much more than only the diagonal transitions which are accounted for in (4.4).
All off-diagonal transitions included in G are physical and, hence, possible, and
as such they will contribute to the current. The questions is only with how much?
These are questions that will be partly discussed in later chapters.

The theory introduced in this section is further discussed in [1-4].

4.3 Single-Level Quantum Dot

Let us go back to the system with a single localized level interacting with conduc-
tion channels, described in term of the Anderson model as discussed in Sect. 3.2.
There, we derived the equations for the equilibrium situation, and now can do the
same thing under non-equilibrium conditions. We have to introduce, at least, a sec-
ond lead in order to enable a charge current to flow through the single localized
level. We could of course imagine that the localized level was interacting with a
single conduction channel, see Sect. 7.2.2, but for now we will think in terms of
the geometrically appealing system with, at least, two leads and localized level in a
quantum dot of some kind.

It is worth to mention that we are using this example in order to develop a gen-
eral structure of the formalism. In the diagonal formalism, it matters less, as we
have seen, whether the quantum dot contain one or more single electron levels. We
have to be aware, nevertheless, that there are some simplifications appearing when



46 4 Non-Equilibrium Formalism
using the single-level quantum dot, especially concerning the notation since we are
making use of the fact that all transition matrix elements are ==1. When we write the
equations in matrix form, however, this fact does not make any difference for the

structure of the equations.

Our system can be described by the Hamiltonian H = H; + Hr + Hop + Hr,
where Hp(g) = Zp(q)g Sp(q)acl',(q)o—cp(q)ﬂ’ and ‘Hr = Y yoerur vaC]LU (X% 4
0 X?2] 4+ H.c. Here and in the following, will associate the momentum p (q) with
the left (right) lead. Formally, we can follow the procedure in Sect. 3.2, and write
the equations for the Green functions G,z and G52z, to the same approximation,
according to

Gooa(t.t') = gooa(t. 1) + Y / 800 (t,11) Vi, (11, 12)Gpa (12, t)dtadty,  (4.152)
C
b

Gora(t.t) = gooa(t. 1)+ / 852(t, 1) Vs, (11, ) Gpa(ta, t)dtadty. (4.15b)
5 JC
We rewrite this equation in matrix form

G(t,t’):g(t,t’)+/ g(t, 1)V (t1, )G, t')dtrdt . (4.16)
C

Thus, according to the rules in (3.54) we can write the lesser and greater Green
function as

G/>(t,!y =g, 1)+ / [g (1, 1)V (t1, )G~/ (12, 1)

+ ¢ (1, 1)V/> (11, )G (12, 1)
+ g7 (t, 1) V411, )G (12, ) 1dt1 d1y. (4.17)

We collect the terms with G=</> to the left hand side, and make use of the fact that
[ g, t1)g=/> (11, 1")dt; = 0. We, thus, obtain

/[gr’_l(t, 1) = V(t, )G~ (11, 1)dt = / V=/>(t,1)G (11, )dty.  (4.18)
Making the identification g"~! — V = G”~!, finally results in
G</>@t,1)= f G (t,)V="" (11, )G (12, tdt2d1;. (4.19)
Using (3.54) we also find the retarded and advanced Green functions

G/, 1)y =g, 1) + / g/, 1)V (11, )G (1, t)dnadry.  (4.20)
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We note that we have not made any use of the particular Hamiltonian system in
which the Green functions were derived and, indeed, these formulas are valid when-
ever the Green function is obtained in a Dyson-like equation form as in (4.16), where
V is associated with the self-energy.

In the present particular case, the interaction potential, or self-energy, V reduces
to a 4 x 4 matrix

Vi.t) oV, t/)) 4.21)

/ J—
V(t’t ) - (O’ZV/(I,I/) V/(t,t/)
where V'(z,1') is a diagonal 2 x 2 matrix with entries Vi, (t,1') = Y ), v (1) vko (1)

X gko (t,1). Here, the summation runs over all states in the left and right leads.
Using our basic building blocks in (3.61) we find that e.g.

Vil () = (D) Y v, (Dvks (1) fy (oo )e =0 (4.22)
ko
VI ) = (F)0EE F 1)) v, (D vkg (t)e 10 (4.23)
ko

In order to proceed with the analytical treatment, we convert the k-summation to
energy integration over the density of states p, (w), which enables writing the lesser
Green matrix function according to

; d
G=(r.i) =iy / F @G (1 )T (11,13 0)G (12, )™~ "Ly iy,
p 2

(4.24)
The structure of the lesser Green function in this form suggests an interpretation of
the quantum dot as a sum of contributions, each of which being in local equilibrium.
This interpretation is sound, since in equilibrium the lesser Green function provides
exactly the local density of occupied states, which may be displayed through the
total density of states multiplied by a filling factor. Because of the non-equilibrium
conditions in the system as whole, the best we can expect about the quantum dot is
that it is piecewise in local equilibrium with the leads. The greater Green function
G~ is obtained by the replacement i fy (w) — —ify (—w) = —i[l — f,(w)].
Using the explicit forms of the lesser and greater Green functions we can write
the current /7 flowing from the left lead as

t
IL(t):2etr/ /FL(t,t/;w)G’(t/,tl)FR(tl,tz;a/)G”(tz,t)
—00

—iw(t—t")—io (tj—1) d_“) d_a/

dtidndt’. (4.25)
7 21w

x [f(@) = fr(@)]e
Expressing the current like this is very appealing since it suggests an interpretation
of two leads being in non-equilibrium with one another. The two leads, further, has
a barrier in between through which the transmission is governed by the transmission
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coefficient
t
T(I;w,w/)=[ /FL(t,t/;w)Gr(t/,tl)FR(tl,tz;w/)Ga(tz,t)
—00
x et =1=10'(1=1) gy 4ty ' (4.26)

giving the current simply as

wdo

d
I1(t) zzetr/T(z;w,w/)[fL(w) —fR(w’)]Eg. 4.27)

Thus, no matter how complicated the structure is between the leads, it is only the
probability for an electron in one lead to be transmitted into the other that matters.
This is the general way we may look at our problems. On the other hand, since this
probability is the quantity to be found, by one or another means, this simple formula
is of no help if we cannot find the probability. Regardless of this, we have gained
general knowledge about non-equilibrium and transport by bringing the microscopic
and macroscopic pictures together.

4.3.1 Calculating the End-Factors

The above discussion has been rather general and we have made no or little reference
to the Green functions being constructed of Hubbard operators. Taking this aspect
into account we remember from Sect. 3.2, that the occupation numbers Ny, Ny, and
N, were calculated using the spectral theorem. In non-equilibrium we cannot use
this approach since quantum dot Green function is not given in a single equilibrium
form, cf. (4.19) and (4.24). We therefore have to come up with new formulas for the
occupation numbers that is commensurate with the non-equilibrium conditions.
By straight forward calculations we find that e.g.

No(t) = (R°(1)) =Y (XP ()X°°t)) =i ) Gg, (¢, 1). (4.28)

o

The summation over spin is, as we discussed in Sect. 3.2, present because the empty
state couples to the singly occupied states through the transitions |0)(c’| and we
cannot know a priori to which state it couples. Therefore we have to sum over all
possibilities. This way of thinking becomes even more adequate in non-equilibrium
since available transitions will be used although they may not couple to the ground
state.

Using the above equation we find that the occupation number Ny can be calcu-
lated through

No= é f ; G (w)dow, (4.29)
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while the occupation numbers N, and N, are analogously found and can be written

No =5 [ 165 @ - Goa(o}do. (430

Ny = —é/;sz(w)dw. 4.31)

These formulas are easy to extend to the general situation, i.e. in other systems than
the single level case.

It is interesting to compare those non-equilibrium formulas to the equilibrium
ones given in Sect. 3.2. Taking for instance the lesser and greater Green functions
as formulated in (4.24), and assuming that spin-flip transitions do occur anywhere
in the system. The occupation number Ny would then take the form

No=Y_ / ({1 = fL@} (s ) + {1 = fR@)ITR (1, 2 @) Je ™ @07

x [Glo (1, 11) + 0 Glpos (1, 11)]
a a da)
x [ og(fz,l)+GG0025(t2,t)]Zdt1dt2. (4.32)

The non-equilibrium conditions are explicit by the presence of the left and right
Fermi functions at their corresponding chemical potentials @y and wgr. Now, as-
suming equilibrium conditions implies that p; = (g = peq, Which leads to that
fL(w) = fr(w) = f(w). Hence, the first factor in the above equation can be fac-
torized into {1 — f(@HTL (11, 12 @) + TR (11, 13 0)) = (1 = f@) (11, 125 ),
where I, = I’k + IF. Moreover, in equilibrium we cannot have any time-
dependence in the system, expect for possible random redistributions of the elec-
trons which cancel on average. Hence, the coupling I, (t1,; w) = I, (w) and
G'/a(t,1") = G719t —t'), so that we can write

2

No = ;/{1 - f(w)}Fa(w)’/[ Pt — 1)+ oGl (1 — )] dr 521;0
d

=3 [t s@N @G @ + oG @ 5 @3

The expressions for the retarded Green functions in the present approximation
are given in Sect. 3.2, and using these it is a straight forward calculation showing
that |GG, +0Gi, 05 |*(Iy/2) = —Im Gy, - hence, we find that

1 ,
No=-— [~ F@1im Y G, @i (4.34)

We thus recover the formula obtained from the spectral theorem, and working
through steps for the numbers N, and N,, we recover the other two expressions
as well.
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We know from the definition, that e.g. Pp, = Ng + N,. Using this informa-
tion we can establish an important relation concerning the total occupation. We
would like to require that the total occupation naturally satisfies the conservation
law Py, + P50 =1, since P5> = (nz) and Py, = 1 — (nz) = (ny). It would, on the
other hand, be nice if we can prove this relation rather than postulating it. Since we
now know how to related the occupation numbers to the lesser and greater Green
functions, we can make a direct calculation as follows

Pos + P52 =No+ Ny + N5 + N>

i > <
:EZ/[GSJ_G&T_’_G&Z_ 62]dw
o
i
== ¥ [ 165, - G, + G5~ Gl
o
1
:—;ImZ/[ o + G ldw
g

1
=——tr Im/Grda) =1. (4.35)
bid

In the last equality we have used the fact that the trace of the integrated density
of states is one. The imaginary part of the retarded Green function plays the role
of a probability density, and using this interpretation we should know that the last
equality follows.

4.3.2 Approximations for the Retarded Green Function

The above equations are somewhat general and we need to make further assump-
tions about our system in order to proceed the analytical treatment. The transmission
coefficient 7 is now given in terms of the retarded and advanced Green functions
and the coupling matrices. In (4.20) we see that the retarded and advanced Green
functions are being expressed in term of themselves, self-consistently, hence, there
is one instance in which we can make approximations.

4.3.2.1 T-matrix

For instance, replacing G'/¢ by g’/ in (4.20) gives a description of the quantum
dot as being weakly disturbed by the presence of the leads. The levels would still
have infinite life-time, as in the atomic limit, however, the disturbance from the
leads allow one scattering inside the quantum dot. In this case, the retarded Green
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function becomes

. d
G'(t.t)=gt.1)+) / g(t. )X (11, 12 )g(t2. 1 )e 0= L gy,
p 2

(4.36)
which illustrates the idea that the population in the quantum dot (first term) is dis-
turbed by the interaction with the leads (second term). The multiplication of two
bare Green functions g in the second term indicates scattering between different
states, where the scattering is mediated by the lead yx through the coupling I"X.

We can, however, do better than only include one scattering inside the quantum
dot. We shall for simplicity do this in the Markovian approximation, which means
that the propagators have no memory and only depend on the time difference. This
is typically applicable in the stationary, or time-independent, regime, but may also
be thought of under other circumstances, e.g. Brownian motion. Under those con-
ditions, we can Fourier transform all quantities to energy space. Using the original
form of the retarded Green function in (4.20) and replacing the dressed Green func-
tion G on the right hand side by the whole expression to the right of the equality
sign, we arrive at

G (@) =g (0) + g (V' (0)g (@) + g (@) V (@)g (0)V (0)G" (w). (4.37)

We do not have to terminate the expansion at this step, but rather continue to arbi-
trary order. By continuing the procedure to infinite order we find that the dressed
Green function can be algebraically written as

G =g +gVg+gVgVg+gVgVgvVvg ...
=g +gTy¢, (4.38)
where we have introduced the T -matrix
T =V +VgV 4+VgVegV +...=V[1-g V] (4.39)

Here, we require that ||g"V"|| < 1 in order to obtain a convergent series. The above
expansion becomes quite involved when writing it in terms of the time-integrals.
We can simplify the resulting expressions by assuming that the tunneling matrix
elements vk, are time-independent, which then leads to

Vi
V(w) = ., §>0, 4.40
ko
where
_ Vk O’ZVk _ (SO'T 0 2
Vk—<ank Vk), vk—<0 5, ) I (4.41)

Our T -matrix thus becomes

Vi Vi -1
T (w) = Z 7[60— A —PZ a)—i] [w—A]l.  (4.42)

o © ko +1i6 o ko’ + 16
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Parameterizing the interaction matrix defining A =), - Vi/(w — €ks) and I'* =
27 Y koey VKS(@ — ko), suchthat I'=3" I'* and V' = A —iI"/2, we write the
T -matrix according to

. . -1
T () = [A— %F][a)—A—PA—i—%PF} [ — Al (4.43)

The middle factor tells at which energies resonances are to be expected and we
see, for instance, that the level in the quantum dot is responsible for a resonance
at A. This resonance is, however, shifted by the amount of PA, which is small, or
even negligible, in case of metallic leads. The multiple scattering does not gener-
ate new resonances in this system. The multiple scattering do, nonetheless, cause a
broadening to the existing resonances, which is seen by the presence of the imag-
inary part I'/2 in the middle factor. Such broadening did not appear in our first
approximation with a single scattering event inside the quantum dot. The broaden-
ing is physical and reasonable from the point of view that the quantum dot is no
longer isolated from the environment, but its electrons are interacting with the elec-
trons in the leads due to the tunneling between the leads and the quantum dot. The
presence of the end-factor factoring the level broadening signifies the fact that the
quantum dot level are subject to internal many-body interactions (here, Coulomb
repulsion), which tend to narrow the level broadening.

The resulting Green function in the T-matrix approach becomes in this case

. . 1
G’ (w) =g’(w){1 n |:A _ %r} |:a)— A—PA+ %PF] P}

. -1
- |:a) —A—PA+ %PF} P. (4.44)

4.3.2.2 Dyson Equation

Staying in the Markovian limit, we can also make an approximation directly from
the equation for the retarded Green function in (4.20), written as

G (0) =g () + g (@)V ()G (w). (4.45)

Gathering the terms proportional to G” on the left hand side of the equation we find
the result

. —1
G @=[1-¢g@V©®] '¢gw= |:a) —A-PA+ %PF] P, (4.46)

Clearly, this result equals the one from the T -matrix approach, cf. (4.44). The reason
if, of course, that we started from the same equation and made the same assumptions
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in both cases, thus, the result should be equal. Sometimes it is, however, more ap-
pealing from a physical point of view to use the 7T -matrix approach, while in other
situations it is better employ the Dyson equation.

Both the result from the 7-matrix approach as well as the one resulting from
the Dyson equation, are here expressed in the mean field approximation. This is
limit to which we will return many times, and is therefore important to give some
physical interpretation about. First, and most importantly, is that the mean field the-
ory neglects all kinds of fluctuations that may occur in the system. This implies
that anything unusual that may happen in the quantum dot, is averaged out from
the description. Secondly, however, since this approximation is always available in
one or another form, it is very often used in literature and in research in general.
It is often easy to understand some of the basic properties of a system in terms of
mean field theory. On the other hand, due to the lack of precision, one immediately
has to go beyond mean field theory in order to say anything about something more
interesting properties. Therefore, in the next chapter we will develop a technique
for many-body operator Green functions with which we can make very systematic
higher order approximations beyond mean field theory.

4.4 How to Include the Bias Voltage

Up to now we have tacitly included the bias voltage via the Fermi functions for the
left and right leads through f, (w) = f(w — ). Doing like this is reasonable if
we imagine that the energies ¢k, in the leads are given relative to their respective
chemical potentials, and assuming that the leads are in (quasi-) equilibrium. Hence,
the Hamiltonian for the lead y may be written

Ky=Hy —txNy =  ekoCpocho — hyNy = [eko — hylefyChor  (4.47)
ko ko

where Ny, =), ci ~Cko 18 the number of electrons. Here, we use the notation K
for the Hamiltonian which includes the chemical potential. Then, the Green function

8ko (1, 1) = (—i)(Tcky (t)c;ig (")) satisfies the equation of motion
(iar — [eko — Hy))8ko (2, 1)) = 8(1 — 1), (4.48)

which leads to the retarded/advanced and lesser/greater forms

8o (1.1) = if (kg — e o == (3.61a')
g, (1,1) = —i[l — f(eko — py)]e  Cho RO =) (3.611)

gl (1,1) = (F)0 (1 F 1)e ™ Cro 01 (3.61¢")
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Alternatively, we can transform the Hamiltonian such that the chemical potentials
Iy goes directly into the tunneling part of the model. Using that e.g.
ko (1) = €T ey e Tt (4.49)
we perform the transformation H(z) = e Mot He= Mot | where Hy contains all the
subsystems of the total structure, however, without the mutual interactions between
them. The number operators commute with Hy which allows us to write Hy = Co +
Zx ty Ny . If we, for instance, have H = Ho + Hr, with Ho =H; +Hr +Hobp,
and Hr =) ., vk(,clgdg + H.c., we find that H, (t) = H, and Hop(t) = Hop.
The interaction term, on the other hand, has to be treated with some care. We obtain

Hy(t) = eiHotHTefiHot — ei(IC()HLLNL+/tRNR)tHTe*i(/C0+ILLNL+MRNR)’
_ eilC()tei(lLLNL"FlLRNR)tHTe_i(MLNL+HRNR)te_iIC0t
— Kot Z(vkgcrwdaei(uﬁugu)t + H_c.)e_”CO’. (4.50)
ko

Using this description, we can again use the Green functions for the leads as for-
mulated in (3.61) and the reference to the bias, or chemical potentials of the various
subsystems, appears very explicitly in the formulation of the current.
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Chapter 5
Diagram Technique

Abstract A systematic diagram technique for expanding the Green function con-
structed of many-body operators is developed. The general approach is outlined and
a few specific examples are described in detail.

We shall do some of the treatment in this chapter quite hands on and, therefore, use
a model which is simple but quite general. Occasionally we will go to e.g. the single
level model we have been looking at earlier in order to more explicitly exemplify
some issues. We take a model with two leads since it corresponds well to experi-
mentally realistic systems although there may be more leads attached to the central
region as well. The techniques apply for more general physical systems, however,
we choose here to outline different methods in terms of something more concrete.
Also, we will not go to deep into the details of the foundation of the theory for all
introduced concepts but we will rather take the attitude of how to do it. Anyone that
is interested in the more formal theory connected to the different expansion schemes
may consult e.g. [1-3].

5.1 Equation of Motion and Decoupling

In this first section, we shall discuss a more conventional method for performing
expansions of propagators. We start with the equation of motion technique. The
benefits with this method is that it permits a very hands on approach to the Green
functions and expansions. It is also very easy to employ in simple systems, and when
we want to study physical properties in the mean field approximation. We can, of
course, go beyond mean field theory even with the equation of motion method but,
as we shall see, the structure of the equations may become somewhat involved when
higher order scattering processes are to be included.

We begin with a simple model in order to gain some feeling for the method and
then we go to more complicated cases.

J. Fransson, Non-Equilibrium Nano-Physics, 55
Lecture Notes in Physics 809,
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5.1.1 Non-Interacting Resonant Level

We take a single level quantum dot without internal interactions, coupled to two
leads and model this system by

H=> tkoClychko + Y codids + Y [Vkocl,ds + H.c]. (5.1
ko o ko

For simplicity, we shall assume time-independent tunneling coefficients vk, al-
though a generalization to the time-dependent case is straight forward. We will
be interested in the physics of the quantum dot, and we therefore approach the
Green function G,/ (t,t") = (—i)(Td, (t)di, (t")). The equation of motion for G,
is given by

(0 — ) Goor(1,1) = 8(t — N300 + Y Uiy (=) (Teko (N, (1), (5.2)
k

We continue by looking at the equation of motion for the propagator Fi, o (¢, 1) =
(—i)(Teke (t)di,(t’)), which becomes

(9 — exo) Froo' (1. 1) = vko (=) (Tdy (1), (1)) = Vo G (1. 1). (5.3)

Hence, solving for Fys,/ and putting the result back into (5.2) we find that we can
close the equation for G, i.e.

(18 — £0)Goo (1.1') = 8(t — 1800 + Y . |0ks fc Sko (1. 1) G oo (11, 1)1,
k

(5.4)
or alternatively

Goo'(1,1") =85680 (1, 1) + / 8o (t, 1) Vo (11,12) G oo (12, ')d1) . (5.5)
C

Here, g, and gk, satisfy the equations (i9; — &5)go (,1) = 8(t —t') and (id; —
&ko)8ko (t, 1) = 8(t — 1), respectively, whereas Vi (¢,1') = D ) |Vko 1>gko (2, 1)).

Suppose that we are seeking the retarded quantum dot Green function. Then, we
know from our earlier discussions that

Gl (t,1)=85080(t,1") + / go(t, 1)V (t1, )G (12, 1)dirdty.  (5.6)
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Using what we know about gk, from (3.61), noticing that

(=)0 (11 — 1) Z I

/ Z |ng| —la)(l[—tz) d_w
— &ko + 18 2

/ (A () — —r (w)) —’w(’l—’ﬁ;l—: (5.7)

and assuming that A, and I'; are slowly varying functions of the energy so they
be replaced by constants, we have ) "y |vko [2e ko (=12 5 §(t) — 1)) [Ag — i Ty /2]
Going back to the differential equation, we then find

[iB, — & — Ao + %I}:|G(’m/(t, 1) =855:8(1 — 1), (5.8)
from which we finally obtain
G" (1,1)) = (=)0 (t — 1')8ygre ™ CaTAa—ITo/D0=1) (5.9)
The advanced form is found analogously.
Using the same assumptions for V= as for V!, we can then go on to find e.g. the

lesser Green function

G;,r(l,t/)=/G;gn(l,fl)V;/(tl,lz)GZ//J/(tz,t/)dlldtz
t
ziagg/Z/fX(w)FX/ e*i(é‘g+A07i1}/2)(17t1)7l’w11dtl
(o2
X —o0

oo . . N dC()
y / o=t Ao tils /2=t it gy 4
t/ 27'[

rf . nd
:iégo’Z/ L) = 0= (5 1)
p o — &5 — Ag +iTy /22 27

We see from those last two expressions that we could have made a Fourier trans-
form of the equation of motion of e.g. (5.8), such that

i
(a)—sg — Ao + 5n,)cgg,(w) =80 (5.11)

which is easily solved and gives

Ot
G- (iw) = 79 . 5.12
orlio) = (5.12)
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We recognize this expression in (5.10). Indeed, by recalling that V= (w) =
iy X Sy (o) I X we find that the lesser Green function can be written as

fr(@)E + fr(@) IR
lw — &6 — Ag +irﬂ/2|2

G /(@) =850
X
=3 @(—nmm;m(wnz). (5.13)
X o

We could, of course, gone directly to the Fourier transformed solution by notic-
ing that the Hamiltonian in (5.1) is translational invariant in time (and space). This
implies that the Green functions actually are functions of the time-difference t — ¢/,
as was confirmed in our temporal Green functions. We took the opportunity to de-
rive the Green functions in time-space since we will often use this approach later in
the book.

The occupation number (n,) is given by

(ng) = —L/G;J(w)da) (5.14)
2

and for low temperatures we have

1l I —&g— A DX —g; — A
(ng)z—Z—g arctan “X 27~ 20 aretan — 20 2 ,  (5.15)
T Iy Fg/2 Fa/z

X

where DX > 0 is the band width in the lead x. From this we can see that (ny) =
(n) = 1/2 whenever the parameters A)T( = Ai(, FTX = le, and ¢4 = ¢, that is,
when the system is spin-degenerate. For any type of disturbance of this symmetry
there will be a spin-polarization induced on the local electrons.

Inserting (5.13), and the analogous one for the greater Green function, into the
current in (4.14), using the stationary regime requirement /g = —I;, such that I =
(I, — IR)/2, we can write the current through the resonant level as

=2 ryrf . ‘16
_E;/Iw—aa—Aa+in,/z|2[fL(‘”)_fR(‘“)] . (5.16)

This current was discussed by Larkin and Matveev [4] in connection with resonant
tunneling of electrons via impurity states in short semiconducting contacts.

The solution for the Green function expressed in e.g. (5.8), as well as all other
expressions displayed in this section, is the expected one for the localized level inter-
acting through tunneling, or hybridization, with one or several conduction channels.
The model given in (5.1) is called the Fano-Anderson model and can, for example,
be used as an example of solvable models. Physically it describes, as mentioned, the
interactions between localized and de-localized electrons through tunneling. The
absence of charging interaction term for the localized electrons may be viewed as
unphysical and therefore the Fano-Anderson model may be poor in the description



5.1 Equation of Motion and Decoupling 59

of transport properties in nanoscale systems, where the charging energy often is
larger than the couplings to the leads. It serves, however, an excellent purpose for
exercises in Green function formalism. Moreover, the solutions presented here will
be called for as bare solutions in other, more complicated, situations.

5.1.2 Coulomb Island

In order to make the modeling more physically sound, we introduce the first compli-
cation to our model and discuss how we should approach the physics of the localized
electrons in

H= ekotiyco + Y eodids +Unyny + 3 [vkoCy,do + Hel.  (5.17)

ko o ko

The new term, Un4n accounts for the charging energy in the quantum dot, or,
localized level. It is more physical than the Fano-Anderson model since it properly
describes what will happen in the quantum dot when there are two electrons present.
We would expect that the two electrons want to repel each other since they have the
same charge and sign, which is the Coulomb repulsion, or interaction. Although we
have introduced the strength of the interaction merely through a parameter U, the
model clearly describes that the state with two electrons, in the atomic limit, must
have the energy ¢4 +¢, + U.

Approaching local electrons with the equation of motion for the Green function
G,o’ We have

(0 — £6)Goor(1,1) = 8508(t —1') + U(—i)(Tng (1)dy (1)d., ()

+ D Vi Froor (1,1). (5.18)
k

The new obstacle to our description is the two electron Green function G,/ (f,1") =
(—=i)(Tns(t)dy (t)d;,(t’)), about which we have to do something. The question is,
of course, what can we do? First, we look at the equation of motion for this two-
electron Green function. We find

(0 — &6 = U)Goq/(1,1) = 856/ (n5 (1))8(t — 1)

+ > (=) (TIngdy . cf ds1()d}, (),
ks

+ 3 v (—)(Tinsde. di e )(Od] (1)), (5.19)
ks

where we have used that the product nyn, = ny, giving the U on the left hand side
of the equation. Clearly, the right hand side becomes even more complicated under
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this operation. The propagator in the first summand can be rewritten

(—=i)(Tlngdy, cf d)(O)d), (1)) = =855 (i) (T(e} - dzds) () (1)), (5.20)

and, similarly, the propagator in the second summand becomes

(—i)(T[ngdy, d e ) ()] (1)) = 856 (i) (T(n5cx0) ()], (1))
— 855 (=)(T(dldycxs) (1)) (1)), (5.21)

Let us, for the moment, stop at this point and see what we can do. We decouple
the propagators on the right hand side, such that

(—){T(efsdade) (D)) (1)) = (el ()ds (1)) Goor(2,1)

— {5 (Ddo (1)) G (1. 1)

+(d5 (1)dy (D) (—i)(Tef; (D], (1)), (5.22a)

(—=)(T(nscxe) (] (1) = (15 (1)) Faoor (1. 1')

— (dL (ko (1) G0 (1, 1)

+ (ds (ke (D) (—)(TdL ()], (1)), (5.22b)
(=Tl dycr)(O)d) (1)) = (dL (1)do (1)) Fio (. 1)

— (dL (ks (1) Goor (1, 1)

+ (do (Newa (D) (—)(TdL ()d] (). (5.22¢)

First, under the assumption that neither the leads nor the quantum dot have any
superconducting properties we can safely use that any propagator, or average, with
two creation or annihilation operators is negligible, if not vanishing. Second, if we
wish to obtain a second order approximation in the tunneling rate, we assert that the
averages of operators with equal time can be taken in the atomic limit, so that e.g.
(clL-, (t)ds (t)) = 0. We then arrive at the mean field equation for the two-electron

Green function

(0 — &5 = U)Goor (1,1) =850/ (n (D)8 (t — 1)+ D v, (150} Ficgor (1, 1).
* (5.23)

The sum over k on the right hand side describes the transfer of electrons with spin
o between the quantum dot and the leads in presence of a spin o electron in the
quantum dot.

Now, in order to proceed in a lighter manner, we assume stationary conditions
on the system such that we can Fourier transform our equations. We have the set of
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equations

(iw = €5)Goo/ (i®) = 8567 + UGse (i) + Z vl)‘;o' Fyoo (iw), (5.24a)

k
(iw—e5 —U)Ggo(iw) =860/ {n5) + Z v;(kg' (ng) Froo' (io), (5.24b)
k
(iw — &ko) Froo' (i®) = Vko Goo (iw). (5.24¢)

Solving for the single-electron Green function G,/ we arrive at
Goo (i) = 25 (1) (1 + 8o (i — U)(15)U) (350" + Vo (i) Ggor (i) (5.25)

We now redefine our bare Green function for the localized electrons by Go, (iw) =
8o (iw)[1 + g5 (iw — U)(nz)U], which permits us to write

Goo'(iw) =864/ Goo (iw) + Gog (i) Vo (iw) Gogor (iw). (5.26)

Thus, we can obtain the retarded (advanced) and lesser (greater) Green functions
using the same procedure as previously, that is

G (@) = 8,0' Gl (@) + Gl (@) VI ()G (o), (5.27a)
GZl7 (@) =G (@)V5 (@G, (). (5.27b)

The retarded (advanced) bare Green function is given by

(ng) 1—(ns)

s _ i 5.28
0o = s T e —UTis 029

and we thus obtain

G"/a (Cl)) ES 800’[0)_80 B <1 —I’l&)U]

P [w_ga—Aa‘i‘lFo'/z][w_Sa'_U]_<n5'>U(AU—lF‘7/2)(529)

The lesser Green function is, again, found to be the squared modulus of the retarded
Green function, |G, |2, times the lesser interaction propagator V~. However, we
also have a reference to the occupation numbers (n,) which are calculated by (5.14)
requiring that > _(n,) = 1. In this way we have constructed a self-consistent solu-
tion of the Green function for the localized electrons in the quantum dot.

We can check that the obtained solution is consistent with the solution in the
previous section by letting the charging energy U — 0. The retarded Green function
then reduces to the one given in (5.12), as we expect. In the opposite limit, i.e.
U — oo, we find the solution

1 —(nz)
— &6 — (1l —n5)(As +iFG/2)'

. /
Ull_r)noo G (®) =854 - (5.30)
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The infinite U limit corresponds to the case where there cannot be two electrons
present simultaneously in the quantum dot, or island. This condition is made sure
to hold by the presence of the occupation number 1 — (n5) in the numerator. The
effective width of the level is also reduced by this same factor. In this limit and for
low temperatures the occupation number (n,) can be determined from the equation

_ DX + &
—_— = Z (arctan _HMx T o + arctan i) (5.31)
1— (ng) (1 —ns)I5/2 (1 —ns)I/2

where DX is the band width in the lead x, whereas €, = &, 4+ (1 —ng) Ay is the
effective position of the localized level. Again, in the spin-degenerate case we must
recover that (n,) = 1/2 although the island cannot host two electrons at the same
time. We regard, however, the Green functions to be probability densities such that
—Im tr f G " (w)dw/m = 1. With this interpretation the occupation number (n )
give the probability for the level to be occupied with a spin o electron, rather than
the number of electrons.

The mean field theory for the local levels in the quantum dot provide the inter-
action with the electrons in the conduction channel. This interaction generates the
level width I'; which changes the discrete level into a Lorentzian shaped continu-
ous distribution for the energy in the quantum dot, centered near the positions of
the discrete levels from the atomic limit. The level broadening is, however, con-
stant in energy and does not depend on any kinds of many-body interactions that do
occur inside the quantum dot when coupled to leads. Therefore, we move on to a
description which accounts for higher order scattering processes.

5.1.3 Beyond Mean Field Theory

Let us again look at the two-electron Green function, for which we found the equa-
tion
(0 — &6 — U)Goo/ (1,1') = 850/ (n5 (1))8(t —1')
- Z v (=) (T(dsdocis) (D), (1) (5.32a)

+ Z Vi, (=) (T eko) (), () (5.32b)
- Z vis ()Tl dyexs) (1)d, (1)), (5.32¢)
k

This equation holds the main difficulties in the treatment of the single level Coulomb
island, because the equation of motion for each and every propagator in this equa-
tion, generates new propagators accounting for even more scattering processes. We
dealt with this problem in the previous section by accepting the mean field equation.
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As we discussed previously, the mean field theory excludes all fluctuations in e.g.
the localized level that are caused by the interaction between the conduction chan-
nels and the local quantum dot level. Would fluctuations be expected? Of course
there are reasons to believe that the couplings between the conduction channels and
the local level would be able to mediate fluctuations like e.g. the local electron hop-
ping of the quantum dot and into one of the lead, whereby another electron hops
from one lead into the quantum dot and thereby replacing the first electron. The
processes could occur one after the other or simultaneously. The replacing electron
may have the same or opposite spin as the replaced electron. Such processes may
happen even in equilibrium, but then those processes cause no net current through
the system. In non-equilibrium those processes may give rise to peaks or dips in the
differential conductance that cannot be ascribed to the known resonances. Hence,
the higher order scattering processes may cause a build up of new resonances be-
tween the leads which may contribute to the conductance. From a fundamental
point of view it is interesting to study the excitation spectrum in the quantum dot,
especially if there are excitations generated through higher order scattering pro-
cesses.

Here, we will proceed by making one additional step in the expansion of the
two-electron Green function and also study the propagator on the right hand side
in (5.32a)—(5.32c). In this way we will obtain an energy dependent self-energy to
the final single electron Green function.

Considering the contributions one by one, we have for the term (5.32a) the equa-
tion

(i — e5 — €0 + ex5) (=) (T(dsdyc ) (D, (1))
= 850/8(1 — 1')(d5 (et (1)) + U(—=i)(T(ngdsdyct ) (0)d, (1))
+ U (=) (T(nedsdycps ) (0)d), (1))

+ > e (—(T(ef5 cwods) (D, ()
k/

— v [ (T(efs cwado) ()] (1))

— (=i)(T(dLdzde) (1)d], ()]}, (5.33)

where we have assumed that the spin-flip average (d, (t)clt& (1)) = 0. Here, we
decouple the propagators under the same assumptions as we made in the mean
field approach. We, further, take the approach to convert all propagators into
their bare counterparts, expect for the ones resulting in the single electron Green
function G,,/. Then, we also see that the average (ds (t)clt(} (1)) = 0. The sec-
ond and third terms on the right hand side of the equation reduce to contribution
U{(ns +ns)(t)) = U in the parentheses on the left hand side. Under those assump-
tions, we find that the first term in the summand vanishes, while the second and
third give the contributions —v}; (nks (1)) Goo (f,1") and —v; Goor, Tespectively.
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We thus have reduced the equation to the simpler form
(10— 65 — 85 — U + 1) (=) (T(d do i) (D, (1)
= Vi [(nks (1)) Goor (1. 1)) — Goor (1,1)]. (5.34)

Analogously, we find the equation for (5.32b)

(@0 — Eko)(_i)(T(nc'rcka)(t)d;r(t/)) = Vko (16 (1)) G oo/ (1, 1), (5.35)
and for (5.32c¢)

(8 + 5 — &0 — Uns — ng) — exo) (=) (T(dLdycrs) (0)d] ()
= 0k [ (k5 () G (1, 1) = Goror (1, 1)), (5.36)

It may seem inconsistent not to expressing (5.35) in terms of the two-electron Green
function. We choose to make this approximation, however, in order to capture the
correct result in the atomic limit.
We go over to energy space by assuming stationary conditions, and substitute
(5.34)—(5.36) into (5.32a)—(5.32¢). We obtain
[iw—é5 —UlGgo (iw) =850/ (n5) + 26 (iw)Ggo (iw)

+ [(n6) Vo (iw) + Zi6 (i) ]Goor(iw).  (5.37)
Here, we have introduced the self-energy

1
Saoliw) =) A |vk—|2(.
@ ; aiTRe iw—¢e5 —& — U+ éeks

1
), (5.38)

ivo+ées —&x —Ulng —ng) — ks

where A = f(exs) and Ay = 1.

We stop here and conclude that the structure of the equation for the single-
electron Green function begins to become rather involved. We note, however, by
using (5.37) in the equation (iw — &5)G o’ = 85’ + UGso' + Vo G4y, that we find
the solution

Gl (i) = 8608, (i) — Zgor (i), (5.39)
where we have defined the self-energy [5, 6]

S . (ng)(io—é5) — Yo (iw)
Yoo (iw) = 80(,/(Vo(1a)) + in T p— Z‘za(ia)))' (5.40)

The retarded and advanced single-electron Green function can be found by a straight
forward analytical continuation iw — @ + i, § > 0. The lesser and greater forms
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are, however, not so simple to find to this order of approximation, and it is, in fact,
still an open question to find suitable expressions for these quantities.

In equilibrium we can resort to the retarded and advanced form of G,,/, and
the solutions given by (5.39) and (5.40) provide an additional resonance near the
Fermi level, Kondo resonance, in case of a nearly spin-degenerate quantum dot, i.e.
&4 ~ ¢ . The appearance of this resonance is due to screening of the local magnetic
moment that arise in the quantum dot in equilibrium. If the quantum dot level is
far below the equilibrium chemical potential, it will be hosted by an electron with a
definite spin. This spin yields an effective magnetic moment locally in the system.
The de-localized electrons in the conduction channels tend to screen this moment in
order to equilibrate any spin-imbalance that arise, and this screening generates the
additional resonance.

We shall not dwell on this type of approximation. We learn that the equation of
motion technique has its benefits, that it is straight forward and easy to employ in
almost any situation. In going to higher order approximations the drawbacks are
obvious, that it takes quite some bookkeeping in order to perform each step of the
derivations. There are other ways to proceed with a systematic approach to approxi-
mations, i.e. using Wick’s theorem. We refer the reader to the excellent introductions
to this subject given in e.g. [1-3].

5.2 Expanding the Hubbard Operator Green Functions

From now on we shall assume that we have a model of the type H = Hy +
Hr + Hc + Hr, where Hy g are as usual, whereas Hc = )y, Ennh}y and
Hr =) ko a vk(mcli7 X% 4+ H.c., where a is an arbitrary single-electron transition.
We will also need a source potential H'(r) = Ug (1)Z%, where we sum over repeated
indices. The source fields which are necessary in the present context, correspond to
the possible Bose-like transitions that arise in the system due to multiplications of
Fermi-like transitions.

We start off as before and consider the equation of motion for the Green function
G 5t t") = (—i)(TX (1)Xb(t"))y. The equation of motion is written

(18 — A)G g5 (t.1) = 8(t — 1) P (1) + 8 [Hvkac (—)(TZE (e, (OXP (1))

+ U (T ZE (Do X (1)) v ]. (5.41)

Recall that the tensor 8?" is defined from the anti-commutation relation {X¢, X} =
sgc VAS

One approach to study this equation would be using conventional perturbation
theory, expanding the propagators according to
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(—=i)(TA@)B(t")

= (=" /C /C (TAM)B(YHr (1) - Hr (t))odty - dn. (5.42)

n=0

Each of those propagators inside the integrals have to be decoupled to enable cal-
culations of the propagator on the left hand side. Here, we shall not further discuss
this method and instead refer the reader to [7], in which a Wick’s theorem approach
is extensively discussed. A fundamental reason for not taking this discussion is that
Wick’s theorem for Hubbard operators is inapplicable under non-equilibrium con-
ditions.

Instead, we shall approach the problem with a technique that is reminiscent of the
method introduced by Kadanoff and Baym [8] using functional derivatives. The idea
was introduced already in (3.31), for a propagator with three Hubbard operators. We
can, of course, do the same thing with the mixed propagators we have in the equation
of motion above. Using the same approach that was employed in deriving (3.31), we
find

(=iNTZE (e, XD () = ((Tzs )y +i )Fljab(r, 1), (543)

8
8U(1)

b, . 8 /
(—iNTZ5 () eko (X2 (1)) y = ((Tzé ") +zm)Fkgg(t,r ), (5.43b)

where we have defined F;UE(Z, = (—i)(Tc:w (1)X°('))y. Unless we are consid-

ering the lead or the central region to be in the superconducting state, this propagator

is negligible. It is therefore omitted in the following, since we are focusing our ef-

forts on metallic leads and central regions not being in the superconducting state.
Substituting the above expressions into (5.41) gives

(i — A3)G gt 1)) =8(t — 1Py (") + v [ Pac(tt) + Rc (I Fy (2, 1),

(5.44)
where P,z(t) = sg%TzE ())y = (T{X?, X}(1))y and Ruz(t) = ief°8/8Us (1), as
defined in Chap. 3. Using (4.8) for the propagator F, ; we finally arrive at the
equation

(10 — Aa)G 3 (1, ty=35(t— t/)PaE(t/)

F[Pat™) + Raet)] / Vaa(t. )G (11,1, (5.45)
C

where Vzq(t, 1) =)\ Uk Vkod ko (T, 1).
In Chap. 3 we saw how we can write the equation for the matrix Green function
G = {G 5}ap according to

G(t,t’):d(t,t’)P(t’)Jr/ d(t, 1)S(t1, )G, t)dtrdty, (5.46)
C
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where the self-energy operators S is defined through
S, 1) =PVt 1) + f RNV, 1)D(1, 2)ID ™ (12, )dnidra,  (5.47)
C

and the inverse of the locator as
D¢, ty=d""¢, 1) =S, 1). (5.48)

It is important to note that the functional derivative in the integrand only acts on the
propagators in the braces. The way in which we have constructed our framework
implies that the propagator V is unaffected by the functional derivative, however,
the matrices R and V are non-commuting. Further developments are, thus, most
conveniently performed for the components of the equation, i.e.

S5t 1) = Pac(t ") Vap(1,1") + / {Rac(tT)Vza(t, 11) Dyg (11, tz)}D;,;I (12, t")dtydry.
C
(5.49)
Here, we use that DD~! = I = D~'D giving 0 = §(DD~!) = (sD)D~! + DD 1),
hence, (SD)D~! = —D(SD!). The self-energy operators can thus be written as

Saz(t,f/)=Pa5(t+)V5b(t,t')—/ VEd(t,tl)Ddé(tl,fZ){RaE(tJr)D;;l(IZ,t/)}dtldtz-
c

(5.50)
We are now in position to begin discussing approximation schemes.

5.2.1 Hubbard-I-Approximation

The Hubbard-I-approximation is the simplest approximation in the model and is
given when omitting the second term in the self-energy operator, i.e. letting S = PV.
The resulting equation then becomes

G(t,t’):g(t,t’)+f g(t, 1)V (t1, 2)G(tr, t')dtdty, (5.51)
c

as was discussed in Chap. 3. This is a mean-field approximation and, as such, it
neglects any type of fluctuation in the system. Hence, it is typically a good approxi-
mation under conditions where the influence of fluctuations is suppressed, e.g. under
influence of strong external fields or at high temperatures.

Graphically we write this equation according to

where the single and double lines denote the bare and dressed locators d and D, re-
spectively, whereas the dots mark the end-factors P, and the wiggles denote the in-
teraction propagator V. This graphical representation explicitly illustrate the Green
function being a product between the locator and the end-factor.
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5.2.2 One-Loop-Approximation

The first step beyond the Hubbard-I-approximation is given by performing one func-
tional differentiation in the self-energy operator. We, thus, have to consider the quan-
tity Ra;(t+)D;E] (t2,1"). In order to only perform one functional differentiation, we

see that the inverse locator D~! has to be approximated by d~! — PV, i.e. letting
S~PV + {RVD}[d~! — PV], hence,

Rzt T)D (12, 1) % Rae (1) (12, 1) = Rig (NP7 () V12, 1). (5.52)
The inverse of the bare locator is given by
de%] (12, 1) =8(t2 — t')[8ep (i 0y, — Az) — 8;5 Us (1)1, (5.53)

hence, acting with the functional differentiation operator results in

V-1 A N pac 123 8U§(l2)
R.z(t )dez (1, ') =—id(tr t)eg &, 7&];(#)

= —i8(t — 1)8(1 — )86’ . (5.54)

The self-energy resulting from this contribution acquires the form

Z‘a(ll;a)(t,t’):(—i)(S(t—t/)/ £ Vea (1, 11) Daz(t1, 1)e} d1n, (5.55)
C

or
(5.55)

where the bottom straight lines denote where the bubble should be connected to the
incoming and outgoing propagators. This contribution arise due to electrons residing
in different states in the central region and interacting with one another through the
conduction channel. The appearance of this self-energy is due to proper many-body
interactions between electrons in the central region which has a tendency to increase
the energy separation between the singly and doubly occupied states. The real part
of this contributions provides a non-negligible shift of the local levels which, in
general, varies with time ¢. The shift also depends on the chemical potentials in the
leads and, hence, on the bias voltage applied over the system, as we shall see in the
next section.

Here we can, however, perform a general calculation of the self-energy by
the following observation. The time variable #; is integrated along the contour C
which we divide into the two pieces C< = (—00, ) and C~ = (¢, —00) on which
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11 <t and 1 > t, respectively. Assuming time-independent conditions we have e.g.
VSt 1) =1 ) 1o Vs Vkod f (ko) €Xp [—ieks (t — t')], which leads to

(la) /
2000, 1)

f(—éks)D}; 00)-+.f(8ka)l) (@) dw
— &ko 2

_(—080—4)5 §:vhnvmd[

- %{f(—ska)DZ;(ska) + f(Ska)ng(Ska)}}f. (5.56)

Approx1mat1ng the locator by its bare counterpart, e.g. D (w) ~ dj;(w), where
d;(w) =i27w84.6(w — Aj), we obtain

Aa),. s 1—2f (ko)
2@ ) =80 — 1)t Zukmvkgd< A tws
—in[l = 2f (A1 (eko — A[;))egé. (5.57)

The same result is obtained using frequency summation methods [9]. Note that this
self-energy is purely real, which means that is only provides a shift to the transition
energy A; in the Green function G ;. We thus write the dressed transition energy

as A* = Az + 6 Az, where we 1dent1fy the shift §A; = ZJ(]“)

We can proceed further by assuming low temperatures ‘and large band-widths W
in the leads. Then, by replacing the k-summation with an integration weighted by
the density of state, we obtain

|
8A-~—8 Z Iy — Adl jae (5.58)

This shift to the transition energy is small unless the transition energy Aj; lies in
the proximity of the chemical potential w,. Hence, for varying bias voltages the
distance |y — A;| may very well become small which leads to a significant shift
of the transition energy. Effectively, the conduction electrons screens the localized
electrons which results in that the dressed transition energy is pushed away from be-
ing in resonance with the chemical potentials of the leads. The apparent divergence
of the shift is non-physical and should be viewed as an artifact of the approximation.
Recall that we replaced the locator by its bare counterpart. It is this replacement
which leads to the undesired divergence. The kinematic shift § Az can, therefore,
not become arbitrarily large and there is a cross-over value of the chemical potential
iy where the dressed transition energy goes from being below to above w,, for
decreasing values of 1.

In the following discussion we will let the kinematic shift to the transition ener-
gies be absorbed in the transition energy itself, i.e. letting A; — Az + 8 A;. Since
the kinematic shift depends on the bias voltage, it will be become time-dependent
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for time-varying biases. Although the shift is important under many stationary con-
ditions, which will be discussed in detail later, it is only under time-varying external
conditions we need to be slightly more explicit about the presence of the kinematic
shift. Hence, we can safely let the shift be part of the definition of the transition
energy.

The second term in (5.52) contains the factor R,z(:7)P, f(t ) which is calcu-
lated through

: 5 (TS{xe, X1ya))
=ieg" SU:(r) (TS)

Rac(t™) P (1)
= 160 ((—N(TSZE )X, XNt
— (=)l (TS ZE () (TS{X, XY (1))

_ lsgt ef( l)(TZS(l+)Z§(t;_)>U _ ac(t+)P f(tz )

=ieg’e ;st;0+ ) — ac(t+)Pf(t2) (5.59)

where we have introduced the propagator K £7 (t,t)=(=i)(TZ VA ¢ (t"))y for the

Bose-like transitions Z¢ and Z¢, cf. definitions in (3.44). The resulting self-energy
from this contribution is

b
E;ll; )(l,t/) :/;Vzd(l,ll)Ddg(tl,tz)[lgS {fKég(t 1)
Paz(t) P7(12) | V5, (12, 1)dad 1y
= | [Vaa(t, 1) Daz (11, n)ieg e, Kz (1)
c

— Pae()Vea(t, 1) G g7 (11, 12) | Vg, (02, )diadty - (5.60)

since removing the superscript “+”-signs does not change the value of the integral.
Graphically this self-energy can be written

: (5.60))
el avaV—— aVaV
7 {j\‘\/W\;

where the dashed line signifies K. The labels have been omitted to the benefit of
the graphical appearance of the diagrams, and the reader is encouraged to insert the
labels.

The two self-energies we derived for in the one-loop-approximation are gener-
ated by effecting the functional differentiation to the locator. However, when ex-
amining the expression in (5.46), one realizes that the functional derivative actually
should act on the Green function G rather than on only the locator D. The Green
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function G = DP and therefore the variation §G = (§D)P + D(5P). Hence, in or-
der to obtain the full equation of motion for the Green function in the one-loop-
approximation, we have to insert the expression given in (5.59) into the equation.
Effectively, this amounts to adding the contribution

5P p(1.1) = /C Vea(t, 1) Daetn, 1) (158 Keg (1,166 = Pg@*)P () )dn

(5.61)
and graphically
] "f/\/\’\ — N NANA—D 5.61
AN ) (5.61)
N - -
Examining this result, in the equation of motion we find the term
- / 8,7t 1) V5,(11,12)G (2, 1 )dtrd1y (5.62)
c

which exactly cancels the self-energy provided by the first contribution to the dia-
grammatic expansion, i.e. the result given in the Hubbard-I-approximation. Hence,
the mean-field contribution to the Green function is replaced by the term

i / daz (6, 1)e¢ Vi, (11, ) D712, VK (11, el Ay, (5.63)
; |

In this expression the propagator K gz (11, t') replaces the end-factors on the locators.
The propagator Kz (11, t') provides a correlation between the occupation numbers
calculated at different times rather than only the product between them. This gen-
eralization is important under conditions when we cannot consider the occupation
numbers at the different times as being independent of one another, i.e. whenever
there is a memory in the system one has to calculate the correlation function. On
the other hand, when the memory can be neglected, e.g. stationary conditions, we
can employ the Markovian approximation which results in the decoupling of the
propagator isgds‘;f ngz(tl, t') into simply ch(tl)Pfg(t’ ) from which we recover
the mean-field contribution to the equation. This is the same as to say that the end-
factors at different times are independent of one another.
The one-loop equation of motion for the Green function G 3 is given by

. - ‘b
Gt 1) =gzt 1) +i / daz(t,tl)sg"vge(n,tz)Dg(tz,t’)Kgg(tl,t’)e{ dndt
C

, h
+l/daz(t,ll)8§e o1 (1, 2)D (12, 3) K (1, 13)e,
c .

X Vga(13,14)G g (14, td1sdtzdirdty
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—/ az(t, 1) Vee (1, 12) G 7 (12, 13) V4 (13, 14)
c . .

X GdE(M’ t/)dt4dt3dt2dt1 , (5.64)

that is,

Here, the first and second diagrams on the right hand side provides the bare Green
function, however, with a dressed end-factor. Here we also see quite clearly that
the approximation K — —i P P turns the second diagram into the mean-field dia-
gram as shown in the Hubbard-I-approximation, cf. (5.51’). Simultaneously, in this
approximation the third diagram equals the fourth which leads to that the two dia-
grams cancel exactly. This is expected since we cannot allow the mean-field theory
to be described by different sets of diagrams. It is noticeable, however, that (5.64)
already describes the physics of the quantum dot to the fourth order in the tunneling
rate vkq, which illustrates the power, or, efficiency of the approach using functional
derivatives.

We can obtain a more general Dyson equation by making use of the diagrams
that cancel each other. First we define the dressed end-factor

Then, we can rewrite the (5.64") according to

—) - —Q + — & — (5.66)

This compact notation suggests that we have considered the end-factor to its full
extent in the sense that no higher order contributions will be added to the total end-
factor P = P + § P. The end-factor depends, however, on the Bose-like propagator
Kz and the complexity of the processes involved into this is arbitrary. Below, we
study the first order appearance of this propagator.

Up to now we have not discussed anything about the Bose-like propagator K 0
and how it should be treated. However, the equation of motion for the operator Z §



5.2 Expanding the Hubbard Operator Green Functions 73
appears to be

(0 — A Z5 = (vkoaCly (25, X1+ 5,125, X eko)
ko

= Z sga (vkgbclt(7 xb + vﬁUbXbckg). (5.67)
ko

Notice that we are using the commutator, instead of the anti-commutator, between
the Z- and X-operators. For Bose-like operators one should use commutator, which
is motivated by e.g. [1P, h9] = §,. On the other hand, since the X - and Z-operators
are neither Fermi- nor Bose-operators we may employ anyone (of [, ] and {, }) be-
ing most convenient. In this book we have chosen the commutator between Bose-
and Fermi-like operators, e.g. [X, Z] and [c, Z]. Equation (5.67) can be compared
with the equations for the occupation numbers discussed in Chap. 2. Here we are
interested in the equation for the propagator Kz, however, which becomes

(0 — A K1, 1) =8t — 1) 0z + Y 5 (tkoa(—)(T(efy XY () ZE (1)
ko

+ U (—D(T(XP ko) (D ZE (1)) ).
(5.68)
In order to be consistent within the approach we have developed for the Green
functions G, we rewrite this equation by again using the relation in (3.31). We need
to consider first, however, which Green function we would like to operate on with
the functional differentiation. We may, of course, rewrite the second propagator in
the summand according to

- - - 6 -
(—iNT(XP ko) ZE (1)) = ((Txb(r»u + iw)(—ixmg GYAIGI2
5(0)
(5.69)

Then, on the other hand, we encounter some problems, since the Green function
(—i){Teke (1) Z% (t'))y cannot be rewritten in a form that closes neither of the equa-
tions for K and G. Moreover, the averages (TX b(t))U would describe the proba-
bility amplitude for an electron being in the transition b, which is not well defined.
Therefore, it does not make any sense to calculate this average. Thus, we have to
employ some other strategy. In (5.43a), (5.43b), we have already worked out how
we should treat propagators of the kind being present in the equation for K, let be
that order of the operators is nor the same here. Utilizing that the c- and X -operators
anti-commute, we can write

. b 7 Fo .9 _
(_l)(T(XbCka)(t)ZZ(t))U:_<<TZ{(I)>U+1W)Fkob(Zst ). (5.70)

We know that F, 7(#,¢7) can be rewritten according to vksagko G35, hence, the
equation for G can be closed by taking this approach. Furthermore, we do not fall
into any weird discussions on whether we can calculate the averages (TX%)y, we



74 5 Diagram Technique

just do not have to consider them at all. As a result, we obtain the equation for K
according to

(10 — A Kz (1.1)

- 8
=38(t —1) Q7 — ((TZC ") + W)
x ) e f (Gre(t. 1) Vea 0" 17) + Va1, 1) G (" 17). (571)
C

koa

Here, we do not discard the first term in the summand since it constitutes a sensible
sequence of transitions even in the case of normal metallic leads.

The simplest approximation, beyond the atomic limit, is given by the Hubbard-
[-approximation, corresponding to omitting the functional differentiation, for which
we obtain

(0 — A Kz (t.1) =8t — 1) Qi — (TZE (W)uY &5 /C (Gr(t.1")Vaa " 17)

koa

+ Vac(t,1")G (1", 17)). (5.72)

Graphically, this equation is written as

EE STt T @ - O (5.72)
L7 '.. L’ '-.

Here, the dotted lines have been added to remind that the last dots are connected to
the corresponding diagrams. Note that the two last diagrams account for different
processes that couple to the Bose-like transition Z£.

Finally, whenever the right hand side is zero, or approximately zero, K is a con-
stant of motion. This is the same as to say that the operators Z¢ and Z¢ are un-
correlated in time, i.e. independent of one another. This, therefore, motivates us to
replace the Green function K (¢, ') by the product —i P (t) P(¢').

We have now seen how we should act with the functional derivatives appearing
in the equation of motion. On the other hand, the discussion so far has been made on
an abstract system and it is therefore desirable to now turn our heads to something
more concrete and hands on. Hence, we will not go any further into the details of
the diagrammatic expansion in general terms. Instead, we will being analyzing some
of the effects from the various contributions derived thus far in a simple example,
while more examples are provides in Chap. 6.
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5.3 Single-Level Quantum Dot

We again look at the single-level quantum dot, since it serves as a simple example
from where we can pick up some intuition, and here we will learn more about the
diagrammatic technique itself. We will repeat some of the technical issues already
discussed in the previous sections, in order to clarify some details that might have
been hidden while making the theory as general as possible. Thus, here we take
the Coulomb island model, i.e. H ="Hy + Hg + Y, Eph? + ¥y, (vkocf, [X%7 +
oX g 1+ H.c.), and begin our analysis in the usual manner, that is, through the equa-
tion of motion. As we now by know, this can be written as

(id; — Ay — AUs0(1))Gooa(t, 1) — Ugs (1) Gosalt, 1)

=38(t — 1) Pooa(t) + (Pyyp (1) + Ryy5(t1)) /C V5 (8, 11)Geg(t, t)dty,
(5.73a)
(i3, — A% — AUss (1)) G2a(t, 1) + Uss (1) Gora(t, 1)

=68t — 1) Psoa(t) + (Pso5(t") + Ryp5tT)) fc Vi (t, 11)G g1, 1)dty.
(5.73b)

The corresponding matrix equation then becomes
(i3, — A" —U®))G(, 1)

:5(t—t’)P(t)+(P(t+)+R(t+))/ Vi, )G, thdt,  (5.74)
c

where A0 = diag{A?O, A(jo, Ag . AgT} contains the bare transition energies Ago =
E; — Eg and Aga = E, — E,. The interaction matrix V was introduced in Chap. 4.
The source fields are contained in the matrix U = diag{U;, U,}, where U;, i =1, 2,

are 2 x 2-matrices defined by

AUro  Upy Alz, —Upy
U = N U = . 5.75
1 ( Upip AUy PT\-Up AUy G7)

In this model the end-factor P = diag{Poy, Poy, P2, Py2}, where Py, =
Ppyqp = Ppypg, since there is no term in the Hamiltonian that supports direct spin-
flip transitions. There might be higher order processes, however, that involve spin-
flip scattering, but those will not cause the off-diagonal end-factors like e.g. Poy o
to become finite.

The functional differentiation matrix operator R = diag{R, R} is defined by

R, =( For Roro R,=( F R (5.76)
Royto  Roy )7 Riny Ry )7
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with the elements

R (5.77)

3 3
paq’'p’ (1) =i <8(1q/ 8Upp’ (1) + 8])[7/ SUq’q (1) ) ’
where we also use the convention R,y = Rpqqp-

Although the matrix representation provides a very nice appearance of the equa-
tion of motion we cannot perform the diagrammatic expansion in terms of matrix
algebra, since the matrices R and V do not commute. Hence, we need to study the
components one by one. The second term in the integrand of (5.73a) is then rewrit-
ten as (omitting the integrals for simplicity)

Ryo3 )V (1, 11) G ealt1, 1)
=—V5.(t,11) D 5(t1, tz){Ro(,g(t"L)D;gl (t2,13)}Gea(13, 1)
+ V5. (¢, 1) D (11, l/){Rogz(t+)PdE(t/)}- (5.78)

First, we replace the dressed inverse locator D;E] by dd}l — PV, in order

or obtain the one-loop-approximation, and we use that RaE(z‘*)d’1 (tr,13) =
—8(th —13)8(tT —13)R 5 U- It is then straight forward to see that

Soo' — 801801t —85 1 8grt 0 0
| ety Seor — 801801, 0 0
ROCTCT/OU - l O 0 80¢80’L 50‘¢8@~’T ) (579a)
0 0 Sotdary  otdary

851801t B18ory 0 0

A Sei8orr 861807, 0 0
Rgzzq/U =1 0 0 500/ _ 5a¢801¢ —5GT85/¢ (579b)

0 0 851851 Soor — 8518011

This is an efficient way of keeping book of our calculations. We also see that writing
out the first (last) two diagonal elements in (5.79a (b)) is not superfluous, since those
elements are not always zero, e.g. Ry U = —i diag{1 0 1 0}.

The second term in the integrand of (5.73a) can now be calculated, using (5.79a),
according to

Ryt V5. (t,11)Geoo(t1, 1)
=iVz0c(t,11) Deso(t1, 1) Goo(t, 1)
+ Vooe(t, 1) Deoo(t1, 1) Roo (t7) Pog (1)
+ iV50c(t, 11) Deag (11, 1) G200, 1)
+ Vz0c(t. 1) Deso (1, 1) Ros50(t ) Pog o0 (). (5.80)
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Here, we recall that the self-energy § Ayo(t) = i Vz0:(t, t1) Dego(t1, t) is real and,
thus, only provides a shift to the position of the pole of the Green function. As this
shift depends on one time only (remember the integration over #1), we can simply
move this term to the left hand side of the equation. We do the same with the shift
8A25 () =iVz0:(t, 1) Deoo (11, t). Summing up for all elements of the matrix equa-
tion, we can write our effective equation of motion in the one-loop-approximation
according to (letting the external sources Ug — 0)

(i, — AD))G(t, 1) =P(t,1") +[ P(t, 1))V (t1, )G(ta, tdt dt, (5.81)
c

where A(r) = A° + 5 A(r), and

(8419 84y
8A = <8A10 5A21)’ (5.82)

with § A1g = diag{d Ao dA 0}, and § Ay = diag{d Ay §Az4}, whereas the matrix
P(t, ") =8 —t")P(t") + 8P, with §P(z, ¢’) defined through

SP(1,1) = /C Vza(t, 11) Dag(t1, ") Rae (1) P g (1'). (5.83)

5.3.1 Excluding Fluctuations in P

First, we omit the correction §P to the end-factor and study the resulting expres-
sion for the Green function. Since the bare end-factor is diagonal, it is possible to
solve (5.81) analytically by taking advantage of its block-diagonal structure, at least
in the time-independent domain. Therefore, by Fourier transforming the equation
we find [9]

iw— Ay — PsaVs(iow)

Gos(iw) = Py, 5.84
0o (iw) Ho o) 0o (5.84a)
i — Ayo — Poo V(i
Gsa(iw) = 0 29 - 0o Vo (12) P52, (5.84b)
H; (iw)
P5,V, (i 58 A
Ganpoliw) = ZFo2Va Q) £00A00 (i ) (5.840)

iw— Ay — P55V (iw)

. 0 Py Vs (iw) +08A% .
Gs06 = Gs s 5.84d
o052 (w) iw— Ago — Pog Vo (ie) s2(iw) ( )

where o (i) = [iw— A% — Vy (io)]liw— A% —8 Agol — UL Ps2 Vi (i) — 8 Agoll.
Recalling that d, = X% 4+ 0 X°2, we find for the single-electron Green function
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Gy (t,1") = (—i)(Tdy (t)d} (1)), the solution

Gy (iw) = Goo (iw) + 0[Gos2s (iw) + Gsa00(iw)] + Gaa(iw)
B iw— Ay — 84050 — 8425 — UPos
lio =AYy = Vo (io)]lio — AY; = 8As0] = U[ P52 Vs (i®) — 8Aq0]
(5.85)

Here, we have been using that Py, + P52 =1, 62=1,and that oG = —1.

We see the resemblance with the Hubbard-I-approximation by letting 6A; — 0,
and recalling that Pp, = 1 — (ny) and Ps» = (ns), cf. (5.29). More importantly,
is that we from this approximation again capture the correct results in the non-
interacting (U — 0) and atomic limits (vk, — 0), of which only the former is non-
trivial. However, for U — 0, the denominator

Hy(iw) =[io— A2y — Vs (io)lio — A% ) — 8 Ago — 8 Ass ] (5.86)
from which we deduce
iw— A% —8As0 — A2
liw— A% — Vo (io)lio — A%y — 8 Ago — 8A25]
1

- , 5.87
iw— A% - Vy(iw) 87

Goliw) =

as expected.

Here, it is justified to ask what happens with the corrections §A; in the non-
interacting limit. We may have the attitude that is does not matter since these cor-
rections do not enter the expressions for the Green functions, hence, we do not need
to know anything about them. On the other hand, from a physical point of view it
would be quite unsatisfactory if the corrections diverge in this limit, since it would
suggest some violent fluctuations in the system which, nonetheless, would not make
any contribution to the local properties of the quantum dot. Fortunately, the sum
8As0 + 8425 — 0 as U — 0, as would be expected for weakly correlated elec-
trons. Using (5.56), we find (recalling that the imaginary part vanishes) that

0 0
A&O B AZO’ —Im U
HI () HI ()

§Ago + 8 A2 ~ —Im (5.88)

which clearly approaches zero as the correlation U vanishes.

Finally, we approach the last limit, that is, U — oo. In the present case we can-
not expect to reproduce the result from the Hubbard-I-approximation, since here
we also have to handle the renormalization. The form of the final Green function
should be similar as in the Hubbard-I-approximation, though, since the energy of
the doubly occupied state tends to infinity whereas its corresponding population
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number N> — 0. Indeed, dividing the Green function in (5.85) by U, the resulting
numerator becomes

iw— A% —8As0 — 842

U — Poo, (5.89)
whereas the corresponding denominator equals
iw— A% — Vo) (io— A —8As0— 8425
( o0 o)( 5 o0 25) — P52V, — 8Ay0. (5.90)

U

From (5.56) it follows that § A; is finite for all U. Moreover, since § A5 /U — 1 as
U — o0, the final result becomes
POO' P()a

lim G, (iw)= 5 = - . (591
U—o0 io—A)y— 8050 — Poo Vo  i®— Ago— Poo Vo

From the last expression, we see that this result is reminiscent of the corresponding
result in the Hubbard-I-approximation. Here, also the corrected transition energy is
given by

2f(eks) — 1

: (5.92)
eke — As0

1
0 2
Ago =AYy + Zik:'”"é'
where we have used the approximation of the locator introduced below (5.56). In
this limit it also fairly simple to find an analytical expression for the population
number (n,), since N — 0 leaves (n,) = Py2 — N,. Using N, = Imf(Ggg —
G_,)dw /2w we then obtain, at zero temperature, the non-linear equation

Pos 1 My — A0 1
=— r’*y—arctan ———— + — t. 5.93
Vo) =T, XZXL:R o {nare N P To2 2 6:93)

Letting pt, — —00, or As9 — 00, the right hand side of the equation vanishes giv-
ing (ny) = 0, which is expected for an unoccupied quantum dot. In the opposite
limit, i.e. py — 00, or Ay9 — —00, the sum equals I, hence, the resulting equa-
tion to solve is simply

No = (ng) = Poo = No + No, (5.94)

which can only be satisfied by requiring that Ng =0, that is > Ny = 1. There is
exactly one electron in the QD. This electron may, however, be distributed in some
way among the two spin-projections.

5.3.2 Including Fluctuations in P

Now, we include the fluctuations of the population numbers, i.e. §P. Consid-
ering e.g. (5.80), the two contributions Vyo.(, 1) Deoo (1, 1) Ros () Posa (t') and
Vzoc(t, 11) Dego(f1, ') Ros50(t) Posa(t') appear in the equation for Goz. Operating
with R on the end-factor P results in the Bose-like Green function K. Let us re-
main within the simplest order of approximation for this Green function. Then, only
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the propagators K, 5 and the end-factors Py, are non-vanishing in general. We then
have for, say, a = 0o

SPOU(I,I/)=1'K&«(I,I/)[ > Vs0a(t, 1) Dago(t1, 1')dy
c a

+ ((T(h° + 1) () (h° + h7) (1)) — Poo (1) Poo (1))

x / > Vooa(t. 1) Dago(t1. 1)dt1, (5.95)
C a

where Kz, (t,1") = (—i)(TZ°° (1) Z°° (t'))y. To the lowest order of approximation
Koo (1,1) = (=) (N5 — No)Te™ 407071 = (=) (Po; — Pog)Te 420~ where
the last equality is clear since Pyp, = No + N, by definition. Clearly, in this approx-
imation the fluctuations in the populations of the different spin states may provide
some effect to the properties of the quantum dot only in the case of a spin-polarized
quantum dot such that N, # N;.

The last contribution is proportional to [8(r — t') — Py (t)]1Pos (t') under
conditions for which the diagonal operators hP are constant, while it vanishes
if those operators are independent, since then (T(h() + K% (@) (h° +h)())y =
Poo (1) Pos (). In either case, this contribution is negligible at this stage. Later we
will encounter situations when the finiteness of this contributions, although small,
is essential for the description of correlation effects.

It is instructive to study the graphical appearance of this dressing to the end-

factor, here given by
o
i ((fﬁ\, (5.95)

\ —
~_ 00 7
<~
o

We can, thus, interpret the first term in § Py, as spin o electrons in the leads (wiggle)
that tunnel into the quantum dot (double line), a process which is assisted by a spin-
flip transition in the quantum dot (dashed line).

Also using the simplification D ;(z,1") = (—i)84pTe™4a(=1) e can find the
lesser form of 6 P according to

8Py, (1,1 =i f (VEo(t, 1)) D35 (11, 1)) + Vi (t, 1) D (11, 1))t K5, (¢, 1)

- / (V2o @, 1) D, (1, 1) + V5 (t, 1) DG, (t1, 1)) d iy Pog (1) Poo (')
t

=N, Z [vks |2</ e—i8k5(f—l|)—iA&o(ll—l’)dtl
k

—00

_ ' _\p—leks (t—11)—i Ago(t1—1') —iAgg(1—1")
fexa)e dt |e
—00

. f(erg)e kit Aea) 1=1') _ g=idgo(t—1")
=iNy ) |vks|*— : : (5.96)
" ks — A0 — 16
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where we have used that A, 5 + Az9 = Ay — As0+ As0 = Ayo, Which is true also
in the one-loop-approximation. We notice that the first term accounts for spin-flips
of the electrons on the quantum dot, in presence of the spin & (remember that we
are considering the spin o-channel) electrons in the leads.

We obtain the greater correction § P analogously, i.e.

1— —i(eks+A05)1—1") _ iAaO(t_l/)
8P (1.1 = —iNg Y g P L O]
m &ks — A0 — i6
(5.97)
With the help of these expressions we can finally find the retarded/advanced form

of 8 Pyo, using A7/ (¢, 1) = +0(kt Ft)[A™(t,1') — A=<(z,1')], that is,

rla N . / |Uk6|2 _ _ _
5Pqy (t,r)—@z)e(ﬂcrzpr);—gk&_A&O_m({Na f(exs) (N5 — No)J

« e~ (EkaHAg5) (1—1) _ (N5 +Na)e—iAao(t—t’))_ (5.98)

In the stationary regime we go over to energy space, for which we obtain the
lesser correction

E fexs)8(w — ekg — Ass) — 8(@w — Aso)
gk — Ago — i

8Py (@) =i2T Ny Y _ |vis
k

NZN(,ZFXU"(‘” 2o7) _; [l—fX(A&o)]S(w—Aao)), (5.99)

w— Ay

whereas the greater correction becomes

8P5, (@)~ —iNs Y T (M —inf, (As0)8(w— A00)>. (5.100)

w—A
X o0

Finally, we also have the retarded/advanced correction given by

Pos — P r — iy — Aos
SP()ro(w): (Ve 0o Z_U{log‘a)'u:ux oo

w— Agp 2 x — As0
. i Ns + N,
_ l?T[fx(AEfO) — fx(w— Aa&)]} - Er&m, (5.101)

where we have used that N3 — Ny = Pos — Poo -

The derivations, so far, have been made for the Green function G, . The deriva-
tions for G5, are very analogous and are left as an exercise for the reader.

At this stage we have everything we need in order to obtain the non-equilibrium
Green functions for the single-level quantum dot. We only need to find the expres-
sion for the lesser and greater Green functions, which would have been easy if it
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were not for the additional contribution in the end-factor. Recall that the equation to
the Green function reads

(i3, — AD))G(t, 1) =P(t, 1) + / P(t, 11)V(t1, )G(12, t')dtydrr.  (R5.81)
C

Algebraically, we thus have the equation
G, 1) =d@, 1)P(t, 1) +d(t, 1)P(t1, )V (12, 13)G (13, 1'). (5.102)

Applying the rules for analytical continuation we obtain the equation for the lesser
Green function according to

G-=dP-4+d"P'+dPVG +dP V-G +dP-V‘G* +d~PV*G“.
(5.103)
Due to the increased complexity in the end-factor, it depends on two times instead
of a single, we do not get away as easy as we did previously in the derivation of G=.
Collecting the G=-terms on the left hand side and using that d"~'d< = 0 identi-
cally, we have

G=(t,1) = f G (t,t)V=(11, )G (12, t')dt1dtr + / Dr(t7tl)|:P<(tlyt/)

+ / P=(t1, )V (12, 13)G* (13, t/)dtzdt3]dt1, (5.104)

and analogously for the greater Green function.

The first term (formally) remains the same as in mean-field theory, although
the (retarded/advanced) Green functions themselves are given beyond mean-field.
The increased complexity in the end-factor, however, gives rise to a correction term
which accounts for fluctuations in the occupation on the quantum dot, which would
not be present in any mean-field type of theory.

5.3.3 Higher Order Approximations

The basic equations for the single level quantum dot is given by (5.73a), (5.73b),
where the diagrammatic expansion of the Green function is generated in the second
term of the integrand of each equation. For e.g. (5.73a), the starting point for higher
order approximations can be written as in (5.78), and analogously for (5.73b). In
order to obtain higher order approximations compared to the ones that we already
studied, we go back to (5.78), here given again for convenience,

Ryo5t V. (2, 11)Gea(t1, 1)

= —Vz.(t,11) D z(t1, tz){Rogg(lJr)D;gl (t2,13)}Gea(13,1")
+ V5. (6, 11) D (11, )Ry, 5 7) Pag (1)) (R5.78)
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Let us concentrate our efforts to the first term. Although we could dwell on the
various approximations of § P, the second term is in principle dealt with to full
extent, and can thus be left without further considerations. Also, in order not to
make the following discussion to cumbersome in terms of notation, we assume infi-
nite Coulomb repulsion in the quantum dot, i.e. U — oo. Our discussion is straight
forwardly generalized to finite correlation strength, although the algebraic manipu-
lations may become slightly more involved.
The inverse of the locator

D (1, 13) =d )} (2. 13) — Sge(ta, 13), (R5.48")
with the self-energy operator
Saz(tr, 13) = Pya(t2) Ve (12, 13)

- /; Ve (2, t4) D (ta, ts){Rdé(tz)D;El (15, 13)}d14dts. (R5.50)
We recall that the one-loop approximation was obtained by omitting the second
term in Syz. Thus, we obtain the next order of approximation by keeping this term,
however, replacing the inverse locator inside the integral by its corresponding bare
locator. Putting b = 0c and using that V, D, and G all are diagonal in the limit
U — o0, we find for the first term in (R5.78)

—/ Vi (t, 1) Dos (t1, 12){Roos0(t 1Y D2 o (12, 13)}Goo (13, £ )dt1 drd 13
c
= —f Va(t,h)Doa(tl,tz){Rotr&o(ﬁ)[d&—,lgo(tz, 13) — Pogo0(t2) Vo (12, 13)
c

+/ Vs(fz,t4)Doss'0(t4,ts){R05so(t2)d0_S/1(,0(l5,t3)}dt4dt5]}
c
x Gog (13, t)dt1dtrdt3
~ —/ Vs (t,11) Dos (11, tz){—i[S(lJr +10)8(ty — 13) + Koo (1. 12) Vo (12, 13)]
c
- / Vo (t2. 14) Doy 1. 16) [ Rooso )y 1 (6. 7)) Doy (17, 15)
c
x {Roos0(t2)dyy o (15, t3)}dl4dl5dl6dt7}G00 (13, t)dt1dnrdrs

=06400()Goo (1,1) + / (267 1)+ 22 (1,1)]Goo (11, £)d1, (5.105)
C

where the first and second terms are given according to the previous discussion,
whereas the last contribution is of higher order and given by

Py = / Vs (t,11)Dos (t1, ") V5 (t', 13) Do (13, 1) Doo (1, £ )dt1dt3. (5.106)
C
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Instead letting b = Oo in (R5.78) we obtain
- fc Vo (6.11) Do (11, 12){Rooo0 () D)o (2. 13))Goaro (13, £ )dtrdiad
=8,y /C S8, 1)Goo (12, 1), (5.107)
where
S04, 1) = /C V., (t, 1)) Doo (11, ') Vi (', 13) Dos (3, 1) Dog (¢, t )dt1dt3. (5.108)

Graphically those contributions can be drawn as

(5.108")

nE = (5.106")

which illustrate the propagation of a quantum dot electron from left to the right in
the presence of electrons tunneling between the leads and quantum dot. Be reminded
that there should be quantum dot electron lines with spin o attached to the left and
right hand sides of each self-energy. Then, the first self-energy, Z’O(ia), represents
that an incoming electron flips its spin at the left vertex, and propagates to the right
vertex where it flips its spin back to o. This propagation from the left to the right
vertex takes place under influence of an spin o electron propagating in the lead
which tunnels into the quantum dot, flips its spin at the right vertex while it tunnels
back into the lead and then again into the quantum dot. The second self-energy,
Z‘(gih), represents propagation from the left to the right vertex of a spin o electron in
the quantum dot, which scatters off spin ¢ electrons at the vertices, electrons which
tunnel back and forth between the leads and the quantum dot.

Making use of that the expressions for the self-energies, cf. (5.108) and (5.106),
are given as two separate integrals, we convert the self-energy, e.g. X%, into its
lesser counterpart according to

Eéi")‘<(t, t") = Dg; (t, t’)/(VU’(t, "D, (1", 1) + V= (2, 1) D5 (1", 1)) dt”

X /(Vg(t’,t”)Dg(-,(t”,t)JrV;(t’,t”)Dg&(t”,t))dt”. (5.109)
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Using the previous approximations for V and D, we obtain the lesser self-energy

2f(Eko)e—igkf,(t—t’) _ e~ iAo (1)

Eko — Ago — i

2a), . _iAso(i—t'
Z‘(gaa)<(t,t/)=le iAgo(t I)Z|Uko|

k

1= f(gns ieps (t—t") _ LiAso(t—t")

x Z|vp6|2[ S (epo)le ¢ . (5.110)
)

eps — Ago — 16

Going back in the derivation of the self-energies ¥ ?® and ¥?, we simpli-
fied the inverse of the locators by its bare counterparts. Therefore, we proceed by
reinserting the dressed locators inside the functional differentiations. The we find
that we first have a product of first order derivatives, similar to what we have in the
self-energies ¥~ (2a) and X @Y In addition, we also have to account for a second
order derivative appearing due to the product structure of the self-energy opera-
tor. Consider the derivative R0050(t+)D()7-T]GO(t2, 13), expand the inverse locator, and
consider the last term in the first order expansion, i.e.

Roo50(t ) [{ Rozs0(12) Vi (22, 14) Dogyro (14, ts)}DO_S}(,O(tsa 1)]
= —Ro050(t ") Vi (t2, t4) Dogyro (14, IS){RO&SO(Q)D&}J()(I& 13)}]
= V;(t2, 1) Dos (t4, t6){ Roos0(t 1) Db (26, 1))
x Doy (17, 15){ Rogs0(12) Dy (15, 13) )
— Vi(t2,14) Dos (1a, 15) { Roo50(t ) Rog s0(12) Dg g (85, £3) ). (5.111)

Expanding the inverse locator once more, i.e. D '=d7'— PV —[RVDID!,
however, omitting the last term, give the self-energy contribution

— V5 (1, 11) Dog (11, 12) Ros50(t ) [{ Ross0(22) Vi (12, 14) Doy (14, ts)}DO}}GO(ts, 1)]
= Eéia)(t, 3) + Eéib)(t, 13) + Vi (1, 11) Dog (11, 12) (Vs (12, t4) Do (14, t6)
x [{Roszo(tT)dy. b0 (ts, 1) }{ Roa50(t2) Pos'o0 (t5) Vi (85, 13) }
+{Roos0(t™) Posyo(te) Vi (16, 17) }{ Roaso(12)dy (15, 13)}
— {Roo50(t™) Possro(te) Vi (6. 17) }
x {Rogs50(12) Pog'o0(t5) Vo (15, 13) } | Doy (17, 15)
— Vi (12, 14) Doy (14, 15) { Roo50(t ) Roz 50(22) Pog'o0(t5) Vo (15, 13) }), - (5.112)

where we have used that the second derivative of the bare locator identically van-
ishes. Here, there are four third order contributions with respect to the interaction
potential V. We study them one by one. First consider

Eéia)(t, 13) = Vi (t, 1) Dos (11, 12) Vs (12, 13) Doy (14, 16) | Rosso(t )dy, Lo (16, 17) )
x Doy (17, 5){ Ros50(t2) Pog'o0(t5) Vi (15, 13) }. (5.113)



86 5 Diagram Technique

From (5.79a) we find the requirement that s = & and s’ = o, which yields
ROU&O(I"’)dO_Sl,O(t@,m) = 6560550 (t — t6)8(ts — t7). This leads to that the sec-
ond factor, Roz50(2) Pos'o0(t5) Vi (15, 13) = — Pos (12) Pos (t5) Vs (I5, 13) . Hence, us-
ing that G = D P, we obtain

E(gf,a)(t, 13) = —V5(t, 11)Gos (11, 12) Vs (12, t4) Dog (14, 1) G oo (2, 15) Vs (15, 13)
(5.114)
or

(5.114)

o = -

which is basically a dressing of Z‘éia). The second new contribution in (5.112) also
dresses a lower order diagram, since

E(()f,b)(t, 13) = Vs (1, 11) Dog (11, 12) Vs (t2, 14) Dos (14, 1)
x {Roo50(t™) Posgo(te) Vi (16, 17) }
x Doy (17, 15){ Rogs0(2)dy) (15, 13) }
= V5 (t,11) Dos (11, 12) Vi (12, 14) Dos (14, 16)i K. (1, 16) Vi (16, 17)
X Doy (17, 15)[ =855 85158 (12 — 15)8 (15 — 13) ]
= V5 (t,11) Dos (11, 13) V5 (13, 14) Dos (14, 16) K55 (1, 1)
x Vo (16, t7) Doo (17, 13) (5.115)

which has the graphical appearance

(5.11%5)

The third new contribution in (5.112) gives
3
251, 13) = —V5(t,11) Dos (11, 12) Vs (12, 14) Dos (14, 1)

X {R0060(t+) Possro(te) Vy (16, 17) }
x Doy (17, t5) { Rog50(2) Pos'o0(15) Vs (15, 13) }
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=iV5(t,11)Gos (11, 12) V5 (12, t4) Dos (14, t6) K5 (2, t6) Vi (L6, t7)

x Goo (t7,15) Vs (15, 13) (5.116)
or
g g
nB) = <_ P
-~ o
oo
(5.116")

which is of fourth order with respect to the interaction potential V.

All the three above contributions provide a dressing to lower order diagram and
do not introduce anything significantly new to our description. The last contribution
in (5.112) does, however, bring forward pieces of physics which is not contained in
the lower order diagrams. The second order derivative acting on the end-factor takes
a higher order moment of the fluctuations in the quantum dot occupation. We have

Eéid)(t, 13) = = V& (t,11) Do (11, 12) Vs (12, t4) Dos (14, 15)
x {Roo50(tT) Ross0(t2) Pogio0(ts) Vo (15, 13) ). (5.117)

We assume that the order of the functional differentiation is of no importance (one
arrives at the same result when this assumption is relaxed so this is no serious
simplification). Then, we consider as the “first” derivative Roy50(t) Poso0(t5) =
i85 K54 (t,t5). The equation of motion for K5, (¢, t5) can to the simplest order
be written

({0 — Aos — AUos (1)) K50 (1, 15) = 8(t — 15)(Pos — Pos)- (5.118)

We here note two things which are crucial in order to proceed with the self-
energy X34 First, the propagator K5, can be written as a product of a locator
and end-factor analogously to G. We, thus, write K55 = Lss[Pos — Pos], Where
L5 is the locator. In principle, the product L P is a matrix product and should in-
volve more terms, terms which we do not have to consider here since those vanish.
Second, the left hand side of the equation for K also contains the source fields Ug
which is also in analogy with the equation for G.

Making use of those observations, and making the simplest possible expansion
of K, we now act with the second derivative, i.e.

Ros50(12)i8y5 Koo (t,15) = —i Lo (1, 13)[Rogs0(t2) L ) (15, 19)1K .6 (29, 15)
+iLso (1, 15)Ross0(t2)[ Pos (t5) — Poo (15)]. (5.119)
A quick look at (5.118) gives at hand that the first term in the expression for RK

vanishes unless s = ¢. This requirement is also necessary for the second contribu-
tion since an off-diagonal functional derivative acting on the diagonal end-factors
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vanishes, in the present model. Hence, we find the following expression for the sec-
ond order derivative:
Ro550(2)idy5 K55 (2, 15)
= Lo (t. 1) Koo (12, 15) + i Lo (¢, t5)[(T(R + h7) (1) (h° + 1) (15))u
— Po5 (12) Pog (t5) — (T(h® + h%)(t2) (h° + h7) (t5)) v + Pos (12) Poo (t5)].
(5.120)
Assuming that the diagonal operators h” have a slow time-dependence, we
can approximate the last term by iLs4(f,15)[8(t2 — t5)N5(t2) — {Pos(t5) —
Pys (15)} Pos (12)]. Finally, we then have the self-energy
Eé?,d) (t,13) = — V5 (1, 11) Do; (1, 12) Vi (12, 14) Dog (4. 15) [ Lo o (1, 12) K5 5 (12, 15)
+iLso (1, 15){8(12 — 15)N5 (12) — { Pos (15) — Poo (15)} Pos (12) }]

X Vi (15, 13) (5.121)
and graphically
o o
o %
.. » .. ~ ‘>, -
oo oo
oo
-
o o

..»,.
oo
W\W\/\/
o
+1 -_ _ -
55‘_‘»_'_,/
oo (5.121)

where the dotted line denotes L5, whereas the empty circle in the second diagram
stands for N5 . It should also be noticed in the second diagram, that the small loop
to the right is actually contracted to a single time due to 6(t; — #5).

It is interesting to see that, despite all other diagram involving a functional deriva-
tive of the end-factor vanish in the spin-degenerate case, this last self-energy con-
tributes for all conditions of spin-polarization. While the first and last diagrams are
finite whenever the spin-degeneracy is broken, due to the presence of Py, — Pos, the
second diagram is finite also under spin-degenerate conditions, due to the absence
of Py — Pos. We also note, that there is a set of diagrams also when considering
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the derivative Rg, (t+)D0_ Ul, which are reminiscent of those discussed here and the
derivation of those are left as an exercise.

The middle diagram in the self-energy X,
degenerate conditions. Specifically, we have

(3d) contributes even under spin-

(—i)/ Vs (t, t1) Dos (t1, 12) V5 (2, t4) Dog (14, 12) L o (2, 12)
c
X Nz (82) Vs (12, t3)dt1dtrd14

=(—i)/D&(t,t2)776(t2,tz)Léa(t,tz)N&(tz)Va(tz,%)dtz, (5.122)
fo

where D; (t, 1) = fC Vs (t,t1)Dos (11, t2)dt;. It is now a bit simpler to convert this
contribution into the real time domain. In particular, by assuming that r < 3, we
obtain

(=) /c D5 (1, 12)Ds (12) Lo (1, 12) N5 (12) Vi (22, 13)d12
= (—i)/_tc>o (DZ (t, 1) L7, (t,12) — D5 (t, 1) L5, (1, 12))
x Di (12, 12) N (12) V5~ (12, 13)d 12
i [ OO D (1.)LE, (1.1 (12,1)
x N5 (02)(V,; (12, 13) — V] (12, 13))d12, (5.123)
where

DI/ (1,1) = f(Vr(t 1Dyl (11, )dny + V™ (1, 1) D (11, 1)) d1y

—iAs0(1=12) _ f(4gy=)e itk (1—12)
=+ Y o P J(Eeks)e . (5.124a)
k Azo — éks +18

n
D5 (12, 12) = / (V5 (12, 1) D5 (11, 12) — VZ (12, 11) D5 (11, 12))d 1y

—; Z vk U|2 2/ (exs) — (5.124b)

As0 — Eks +18

Here, we have assumed, for simplicity, that V,/” (¢, 1) = (i) Yy f(Feko) X
e~ies (=1) "and we have replaced the dressed locators by their bare counterparts

</>(t 1') = (i)e~ 140001 We, also, replace the locators Lz, by l</> (t,t) =
(—i)e i Aos 1=t ") and assume that the occupation numbers N; are time-independent.
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We then obtain e.g.

t
(—i)/ Dz (t, 1)Lz, (1, 0)V, (1, 3)dt>
—0o0

rxry 218(w — &) 1
~ —7 g _- /
l%;%[ 27 fX(w)A50—8+i8(w—Ago+i5
_ fx (—¢) : dgds/e—iw(tftg)d_w. (5.125)
w—&— Ay +1i6 2w

The first term gives a contribution of roughly —(1/4m) Y xx’ I &X FGX/ fr (@) /(@ —
Ag0 4 i6), whereas the second term provides the logarithmic correction

i

N _Mx—4s0
(2m)?

w_MX_AU(_T

(5.126)

Y LErY fr(@)in
xx'

to the self-energy. This contribution gives rise to a so-called Kondo peak around the
chemical potential 1, for small spin-flip energies Ass. More contributions of this
sort are obtained by carry out the calculations for the remaining part of the lesser,
and greater, forms of the middle diagram of the self-energy Z‘égd).

We have now discussed most of the issues when it comes to expand the Hub-
bard operator Green functions in terms of diagrams. We have not, however, taken
a deeper discussion about e.g. vertex corrections and vertex equation, and other
highly non-trivial matters. Those discussions will be left untouched for the benefit
of considering more examples from physics in the following chapters.
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Chapter 6
Tunneling Current in a Single Level System

Abstract We study the local properties and the tunneling current in a single level
quantum dot system employing the different approximation schemes developed in
the previous chapters. The impact of the one-loop approximation cause variations
in the broadening of the local level and an additional explicit contribution to the
current. We proceed by discussing the behavior under spin-dependent conditions.

6.1 Single Level Quantum Dot

From the simplest theory we know that the single level in the quantum dot is in-
finitely sharp if there is no environment coupled to it. Upon coupling the quantum
dot to external bath(s), the level broadens and one cannot any longer speak of a dis-
crete level in a strict sense. It is, nonetheless, simpler to think of the system as still
being separated into pieces consisting of the quantum dot level and the delocalized
environment, especially when we go to higher order approximation.

In Sects. 5.3.1 and 5.3.2 we studied the diagrammatic expansion of the single
level quantum dot Green function up to the first order beyond mean-field theory, in
the sense that we included fluctuations in the occupation numbers. These fluctua-
tions result in a self-energy which is energy dependent. Moreover, including these
fluctuations also resulted in an increased complexity in the lesser and greater Green
functions, as we saw in (5.104).

In this section we will study the single level quantum dot in some more detail,
however, we will not go into the Kondo physics since this theory is not developed at
the moment in terms of Hubbard operators. We will take the full one-loop approx-
imation and analyze the physics of the single level system under spin-degenerate
as well as under spin-dependent conditions, in order to acquire as complete picture
as possible. For simplicity and since we are mainly seeking a qualitative picture,
however, we perform most of the analysis in the large Hubbard U limit, so that the
doubly occupied state can be ignored.

The local density of states in the quantum dot is given by —tr InG” /7, in equi-
librium, where we trace over the many-body states included in G. In the present
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Fig. 6.1 Local equilibrium properties of the single level quantum dot system under spin-degener-
ate conditions. (a) Local density of states (LDOS) as function of the energy w, where the line at
the origin marks the location of the equilibrium chemical potential 19, and (b) population numbers
for varying position of the bare local level relative to 19, (¢) schematic sketch of the system, and
(d) current at eV = 0.011". Here, we have taken kg7 =0.51", and 9 = —5I" /7

case, we can decouple the equations for spin 1 and |, in the stationary regime lead-
ing to

Pos + 8P} (»)
w— Ago +il5[Poo + 8P} (w)]/2

1 1
——ImGj, (w) =——1Im 6.1)
T T

where 6 Py_(w) is given in (5.101). In Fig. 6.1(a) we plot the total local den-
sity of states (—Im ) G /) in three different approximations, i.e. Hubbard-
[-approximation (solid), re-normalized levels (faint), and one-loop-approximation
(dotted). In the Hubbard-I-approximation, we have

_Is P,
27 (0 — A2 )2 + (I'y Po /2)*

1
——Im G (o) (6.2)
T
which is a typical Lorentzian of width I, Py, /2, see Fig. 6.1(a) (solid). Adding
the level renormalization does not change the functional appearance of the density

of state, only the peak position is changed from Ago to Ago. This is also clearly
illustrated in Fig. 6.1(a) (faint).
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Adding the fluctuating contribution, § P, we find

1
——Im GO ()
T
T, [Pos +Re8P; 1>+ [Im8 P 1
T 27 [@ — Ago — Im8 P Ty /212 + [(Pos +Re 8Py )5 /2]2
1 (@ — Ag0) ImS P}

—— . (63
7 [0 — Ago — I8P} T, /21> + [(Pos +Red P} ) /2]2 ¢

The first term has a functional appearance which is similar to the simpler approxi-
mations, i.e. a Lorentzian. One should bear in mind, though, that § P (w) depends
on the energy w. The overall behavior is, thus, much more complex than a sim-
ple Lorentzian function. We note that there is an additional shift to the local en-
ergy level, Imé Py_ I, /2. This shift is small except for w &~ Aso, where it diverges,
cf. (5.101). The width of the level, (Pos + Red Py )15 /2 is increased, which is
physically reasonable since the inclusion of more electron movements back and
forth should lead to a decreased lifetime of the state. This additional broadening of
the local level is also seen in Fig. 6.1(a) (dotted).

The second term provides only minor modifications to the overall picture, which
is seen by e.g. taking the ratio between the first and the second contribution in the
above expression. We then obtain

2 (0 — Ago) Imé Py,
I's [Poc +RedPJ 1>+ [Imé8 P} 1>
2 w(w—=A450)[f(A50) — f(@— As5)]+[N5 + No1l5/2

= , (6.4
Iy [Pos +Red P 1% + [Im8 P, 12 ©4)

since Imé8 Py, (w) = —7[f(As0) — f(w — Ao5)] — (I5/2)[Ns + No1/(@0 — Aso).
The divergence in Imé§ Py leads to that the ratio above approaches zero, and apart
from this case, the ratio is smoothly behaving.

In equilibrium the population numbers N, are given by simply No =1 —
Ny — Ny and Ny =— Imf f ()G, (w)dw/m, and these are plotted in Fig. 6.1(b).
Here, the quantum dot is empty (No — 1) when uo < E, = &g, that is, when the
electron level is far above the chemical potential pg, while it is filled by half an elec-
tron of each spin (N, — 1/2, such that ) Ny — 1) in average at the opposite end.
We also see that there are kinks in the population numbers in the two approximations
beyond the Hubbard-I-approximation, which are related to logarithmic divergence
of the level renormalization when © — Ax¢. This behavior is, as we previously dis-
cussed, caused by replacing the dressed locator with its bare counterpart in the level
renormalization and is smoothened out when the level renormalization is calculated
in a bit more sophisticated manner, see e.g. [1, 2].

In Fig. 6.1(d) we plot the near equilibrium current (we discuss in the succeeding
section how the current is calculated) for varying positions of the quantum dot level
relative to Lo, using a small bias voltage. In this way we mimic the linear response
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measurements for the conductance of system. We find that there are no significant
differences between the three approximation schemes under spin-degenerate condi-
tions, which is not surprising since the contribution § P has very little impact in this
case.

The above relations are written with explicit references to the spin degree of
freedom. Let us, therefore, study what will happen with the quantum dot when there
is a spin-dependence imposed on the system. We assume that the spin-polarization
in the leads can be parametrized through the couplings using the relation p, =
FTX — QX, and we set I = I (1 +0py)/2.

The transition energy A is coupled to Azo through the renormalization equa-
tion, e.g.

Iy gy — Asol
_ A0 o X 4
Aso=Ayo+ EX o In ———.

Hence, Ay = A?O in the limit I'* = 0. In this limit, however, FTX = I'X which
leads to that Ao — A(jo ~ ), TXInfluy — Aqol/WY/m < 0, since |uy, —
Ag0l/ W < 1. Physically, this means that the degeneracy of the quantum dot level
is broken, and that the spin level with the least coupling to the leads becomes
the ground state. The equilibrium local density of states therefore should acquire
a double peak structure, which is also seen in Fig. 6.2(a). In the full one-loop-
approximation, the increased broadening tends to smear out the double peak struc-
ture.

The occupations of the spin-split levels become significantly altered from the
Hubbard-I-approximation-picture, see Fig. 6.2(b), where the occupations for the 1
and |, levels differ throughout the whole range in the one-loop-approximation, while
there is a difference only in a limited range for the simpler approximations. Also,
the linear response current displays some information about the spin-dependence in
the quantum dot, see Fig. 6.2(c) and (d).

6.2 Spin-Dependent Transport in Quantum Dot Systems

We have now studied the local properties of the single level system under spin-
dependent conditions in equilibrium. Here, we proceed by looking at the transport
properties for these conditions and link the behavior of the differential conductance
to the local density of states.

We already know what the current looks like in mean field theory. Hence, let
us look at what happens with the current in the next order of approximation, when
using the formula in (4.14), here rewritten to suit the present situation to read

i

Ip = Z;tr/FL[fL(a))G>(a))+[1 _fL(w)]G<(w)]dw, (414/)

in the stationary regime for constant coupling I"*. For simplicity, we also let the
Coulomb repulsion U — oo, so that we only have to consider the Green func-
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Fig. 6.2 Local equilibrium properties of the single level quantum dot system under spin-dependent
conditions (p;, = 0.5 and pr = 0). (a) Local density of states (LDOS) as function of the energy
w, where the line at the origin marks the location of the equilibrium chemical potential 110, and
(b) population numbers, (¢) schematic sketch of the system, and (d) current at eV = 0.011". Here,
we have taken kg7 = 0.5I", and g9 = —5I" /7

tion Go,. In this case, the matrices in the formula above are diagonal. We re-
call thate.g. G= =G"V=G* + D'P=(1 4+ V*G“) in the one-loop-approximation,
which reduces to G= = G'’'V=G* in the simpler approximations. Let us derive
the current for the one-loop-approximation, in order to be slightly more general.
Using that the matrices are diagonal, we find that the second term in the ex-
pression for the lesser Green function has the entries Pg D (1 + ViGG,) =
Py, (0 — Ago — VEPS + VEPS )IDG 1> =Pg, (0 — Ago)|Dfy, 1. The lesser, and

greater, form of the end-factor is found in Sect. 5.3.2 and, moreover, using that
V;/> (w) =%ifL (Fw) FUL +ifr(fw) FUR, we can write the current in the form

I=o- Z / LI (f(@) = fr(@)|Gh, @)
+ D TH{Ns fL@)l = (@ = Ags)]
X

— N[l = fL(@)]fy (@ — Ass)} | DG, (@) ]do. (6.5)

Formally, the first term in (6.5) appears the same as in the mean field approxi-
mation whereas the second term is a direct consequence of the fluctuations between
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Fig. 6.3 Non-equilibrium properties of the single level quantum dot system under spin-degenerate
conditions. (a) Total charge current through the single level quantum dot, (b) differential conduc-
tance, (c¢) potential diagram of the system, and (d) bias dependent population numbers. Here, we
have taken kg7 = 0.5I", and g = —5I" /7

the two spin states, spin-flip fluctuations. Hence, the fluctuations in the quantum
dot occupation does not only enter indirectly through the Green functions, but also
directly as additional terms in the current.

The second term in the current, arises due to inelastic spin-flip transitions in the
quantum dot between the states 1) and || ). Here, it is reasonable to use the termi-
nology of inelastic transitions even when E4 = E |, since the state of the electron in
the quantum dot is changing during the transition from one spin state to the other.
In the spin-degenerate limit, e.g. E4 = E|, and Ny = N, = Ny, the second term
goes like (N1/2)>", f[fL — fR]|D60|2da), which leads to that the total current
is approximately proportional to [1 — (1 — N1/2)N1/21Y_, [[fL — fR]|D60|2da).
This should be compared to the current in the Hubbard-I-approximation, which is
approximately proportional to (1 — Ny /2)? Yo JUfL — frRIID}, |>dw. The ratio be-
tween the two expressions gives

1—(1—1\71/2)N1/2_(1—N1/2)2+N1/2_1 N1/2

(1-N1/2)2 (=N/22 (1= N/2)Y 66

Thus, the current in the Hubbard-I-approximation is slightly less than the current in
the one-loop-approximation, meaning that the fluctuations of the quantum dot occu-
pation leads to a slight increase in the total current. This observation is confirmed in
the plots of the current and differential conductance in Fig. 6.3(a) and (b), although
the differences are small. Note that one has to compare the one-loop-approximation
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(dotted) with the current which includes the re-normalized level (faint), which be-
haves like the Hubbard-I-approximation in all respect except for the transition en-
ergy, and henceforth referred to as the re-normalized Hubbard-I-approximation. We
should also note this approximate result only holds for low biases. For higher biases
we need to account for the self-consistent variations in the population numbers,
which is non-trivial.

The self-consistently calculated population numbers are plotted in Fig. 6.3(d),
illustrating the slightly increased width of the quantum dot states through the in-
creased population in the empty state, No. Hence, the smearing of the localized
states due to the fluctuations results in a higher probability that the quantum dot is
unoccupied in equilibrium.

Considering the spin-dependent currents in case of the left lead being ferro-
magnetic and the right non-magnetic changes the behavior of the system rather sub-
stantially. The spin-imbalance generates a net flow of electrons through the spin-flip
channel supported by the bias voltage applied across the junction. More understand-
ing about the current described by the expression above is given by studying its
corresponding differential conductance. Some caution has to taken when doing this,
for instance, the Green functions should be calculated self-consistently with respect
to the occupation numbers. The occupation numbers are, in turn, expected to vary
with the bias voltage which means that the derivative e.g. (3/9V )Gy, # 0, in gen-
eral. For an analytical qualitative analysis, albeit not entirely correct, we omit this
dependence.

Then, for low temperatures, the differential conductance is approximated by

I 2
2_‘5 = :_n Z/r;w&,(w)ﬁ[rf(sw —eV/2) +8(w+eV/2)) [P, (w)|?

! X {(N5[1 Ags N, Ag5))8 V/2
+E{XX: 5{( Eal _fx(w_ o)+ afx(w_ o5)}8(w—eV/2)
—{TE8(w — Ags — eV )2) = TRS(w — A + eV /2)}

x {Ns fL(®) + No[1 —fL(w)]}”dw- (6.7)

The interpretation of the various terms is straight forward. The first term provides
the usual elastic peaks at biases corresponding to the transition energy. The second
term, in braces, gives a redistribution of the current at the spin-flip energy A, 5, such
that the current passing through the state N, (N3 ) is increased (decreased). In the
plots given in Fig. 6.4(b) and (d), which show the total and spin-resolved differential
conductance, respectively, the spin-flip energies A4 (1) ~ £1. The effect on the
current is small and therefore not visible in the plots. The differential conductance
does, however, show several narrow peaks in the region of the transition energies.
These are, as before, related to the renormalization of the transition energies, but
should in a more sophisticated calculation be less pronounced.



98 6 Tunneling Current in a Single Level System

(@) 6 (b) |
3
3 °

_3 .‘.'. — HlA
LJ renormed levels
N one-loop approx.

—
(2]
<

pop. numbers

© © o o o ©
- M w0 O

bias voltage (I'/e) bias voltage (I'/e)

Fig. 6.4 Non-equilibrium properties of the single level quantum dot system under spin-depen-
dent conditions (py, = 0.5 and pr = 0). (a) Total charge current through the single level quantum
dot, (b) differential conductance, (c) bias dependent population numbers, and (d) spin-resolved
differential conductance. Here, we have taken kg T =0.51", and 9 = —5I" /7

The question is whether we can tune the parameters Iy in such a way that
the second contribution to the differential conductance becomes important, or al-
ternatively put, is there a way to enhance the significance of the contribution
D'P</>(1 + V4G?) in the expression for G</>. First, we need to separate the
quantum dot levels, which can be done by an external magnetic field B directly
applied across the system, or by using ferromagnetic leads. We use the latter ap-
proach here, since we know from above that the spin-polarization in the leads in-
duce a spin-splitting of the quantum dot levels. The spin-splitting naturally leads
to a spin-polarization of the quantum dot, i.e. Ny # N . Moreover, we saw above
that application of a single ferromagnetic lead, while the other being non-magnetic,
generates an asymmetry in the populations. This asymmetry becomes apparent in
the spin-resolved differential conductance, while the asymmetry in the total current
is not as dramatic.

We can provide an asymmetry in the total current by attaching the leads asym-
metrically in the sense that the quantum dot is stronger coupled to one of the leads,
which can be expressed through the ratio I'%/I"'®. Assume, for definiteness, that
't /r® > 1. Then, electrons coming into the quantum dot from the left lead have a
hard time exiting the quantum dot to the right lead. Hence, biasing the system from
the left to the right, leads to an accumulation of electron density in the quantum
dot, see Fig. 6.5(b). This is also true in all three approximation schemes. In simple
mean field theory, e.g. Landauer picture [3-5], however, the differential conduc-
tance, Fig. 6.5(a), is almost symmetric which can be explained by the fact that the
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Fig. 6.5 Non-equilibrium properties of the single level quantum dot system under spin-degen-
erate conditions and asymmetric couplings to the leads. (a) Total differential conductance and
(b) bias dependent population numbers. Here, we have taken kpT = 0.5I", g9 = —51" /7, and
rt/rk =10

transmission in this approximation is given by 7 ~ Y It F(,R|G60|2. Irrespec-
tive of whether the electron is entering the quantum dot from the left or the right
lead, it “sees” an available level weighted by the population numbers, which is pro-
portional to the total coupling I.FIX. The mean field according to the Hubbard-1-
approximation is also almost symmetric, for the same reasons. The Green function,
which is included in the transmission matrix, may carry some asymmetries which
is brought into the current and differential conductance, see Fig. 6.5(a). It is clearly
seen in Fig. 6.5(a) that the more advanced approximation schemes provide further
signatures of asymmetry in the differential conductance.

Combining the asymmetric couplings with the ferromagnetic leads introduce an
enhanced spin-polarization of the quantum dot in one bias direction compared to
the case with symmetric couplings. In view of the previous discussion this is un-
derstandable since the accumulation of charge in the quantum dot due to the weak
coupling to one lead must also be spin-polarized if couplings to the leads are spin-
dependent as well. Thus, assuming e.g. 't > I'® and I'* > I'’*, we would expect
the accumulated charge to have a | majority spin, which indeed is verified in the
computations, see Fig. 6.6. It is also clear that the asymmetry is expected in both the
re-normalized Hubbard-I-approximation and one-loop-approximation.

The main difference between the two approximation schemes is that the latter
changes the functional dependence on the bias from the usual mean field appear-
ance. This added contribution to the current tends to enhance the effect from the
asymmetric couplings as well as from the spin-dependence. The result is that one
spin-projections of the current becomes further suppressed in comparison to the
mean field current, see Fig. 6.7. Panel (d) shows the spin-polarization of the current,
ie. (Jy —J))/ Y 5 Jo for the two asymmetric cases, which gives an illustration
of that it is possible to almost completely suppress on spin-channel in the current
simply by configuring the system in an asymmetric way in combination with spin-
dependent couplings between the leads and the quantum dot.
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Fig. 6.6 Non-equilibrium population numbers of the single level quantum dot system under
spin-dependent conditions (p;, = pg = p) in the one-loop-approximation (bold grey) and re-nor-
malized Hubbard-I-approximation (solid). (a) Empty state, (b) spin 1, and (¢) spin | .. Here, we
have taken kg7 = 0.5I", and g = —5I" /7
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Fig. 6.7 Current under spin-dependent conditions (p; = pg = p) in the one-loop-approximation
(bold grey) and re-normalized Hubbard-I-approximation (solid). (a) Total current, (b) spin 1, and
(c) spin | . Here, we have taken kg7 = 0.5I", and &g = —5I" /7. The plots are off-set for clarity

6.3 Non-Collinearly Aligned Ferromagnetic Leads

Ferromagnetic leads is a way to generate a spin-polarized current in the system, a
spin-polarization that might be enhanced or reduced by a quantum dot in between.
The magnetic moment of the lead may be aligned in a parallel or anti-parallel fash-
ion, as in the previous cases. The magnetic moments may also be non-collinearly
aligned.

We continue to consider a single level quantum dot. Although the magnetization
directions in the two leads are noncollinear, it is useful to introduce a global refer-
ence frame, where the x-direction lies along the direction of the charge current, see
Fig. 6.8. As the global z direction is arbitrary around the x axis, there is no restric-
tion in choosing it along the magnetization direction of the left reservoir, since its
magnetic moment is assumed to be fixed. The magnetization of the right reservoir
is rotated by the angle ¢ in the global xz plane.
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Fig. 6.8 The quantum dot coupled to noncollinearly oriented ferromagnetic leads. The global
reference frame and the magnetization My, of the left reservoir coincide, while the magnetization
Mg of the right reservoir is rotated by the angle ¢

We assume that the bare quantum dot level is spin-degenerate at the energy &g
and that the on-site Coulomb repulsion is U. Here, the level spacing of the quantum
dot is assumed to exceed the thermal broadening. In this spirit then, the energy of
the quantum dot is given by Hop = Y, eod)dy + Unyny = > p=0.0.2 Eph?.

The energies of the reservoirs are, for simplicity, given by Hr/r D yser /g eks X
clt Cks- The ferromagnetism in the leads is modeled in the spirit of the Stoner theory
in the sense that a strong spin asymmetry in the density of states is assumed. The
density of states is, moreover, approximated to be energy independent. The tunnel-
ing interaction between the left lead and the quantum dot is given by

Hro= Y vko(ds)cj, X+ Hec., (6.8)
koeL,a

since the local reference frame coincides with the global. Here, Do de) X =
(0ldy o) X% + (5|dy|2) X2, The corresponding the energy for the interaction be-
tween the quantum dot and the right reservoir if given by

Hrr = kEXR: ([vk+ci£+ cos % - vk,clto_ sin §i| (dp)”
a

+ |:vk+c;:+ sin% + Uk—cl-tO— cos §:| (d@“)X” + H.c., (6.9)

where the rotation of the magnetization direction is included. Here, the spin indices
s = % have been used in order to distinguish between the global and local reference
frames. The expression given in (6.9) can be conveniently rewritten by introducing
the rotated quantum dot operators

di\ dy _ [ cos(¢p/2) sin(¢/2)
(d_> =R (d¢) . R= (— sin(¢/2) cos(¢/2)) ) (6.10)

Hence, (6.9) becomes simply Hrg = ZkSGR,a Uks (ds)“clisX“ + H.c.



102 6 Tunneling Current in a Single Level System

The local properties in the quantum dot is determined from the Green function
Goor (t.1) = (do)*(d] )P G 5 (2.1). (6.11)

In the stationary regimes it is sufficient to study the Fourier transformed Green
functions G,z (iw). The equation of motion for the Green functions Gosz(iw) and
Gs2g(iw) are in the re-normalized Hubbard-I-approximation given by [6, 7]

(ia) — Aso — POUEVEJO)GO(Tﬁ(iw) = Pyoa + U(POJEVEUO + 5A25)G525(ia))

+ X0050G05a(iw) + X526 Gorz(iw),
(6.122)

(iw — Ay — szl_,vl_,zg) sra(iw) = Psog + U( (72be2(7 + USAUO)GOJQ (iw)
+ 20060G05a(iw) + Y5206 Gora(iw).
(6.12b)

The structure of these equations suggests that we can write the equation of motion
on terms as a 4 x 4 matrix equation

[[w— A — Y(iw)G(iw) =P, (6.13)
where A? = dlag{ATO, iO’Agi’AgT} contains the bare transition energies,

whereas the self-energy matrix X' (iw) = PV(iw) + §A. In this form the interac-
tion matrix is given by

vV otV
V=Vi4vR=vl 4 <sz, i ) , (6.14a)
354 0 354 0
vi=3" L e (6.14b)
S io — e L S Y SR R
7€ 0 -8, 0 8
|vks |* 0
vR=3" = sl 27y (8 5. | R@). (6.14c)
lw— Eks s —
kseR
where ¢ is the z component of the Pauli spin vector. We define the coupling matrix
r'“/R = _21mVE/R (0 +i0%), where the coupling constants I’y L/R i parametrized
in terms of py g = (FTL/R L/R)/I"o, where Iy = FTL/R + FL/R such that we

can write FGL/ R _ I'n(1 +opr/r)/2. Here, Fg/ defines the coupling constant
between the spin o channel in the left/right lead and the quantum dot. By this pro-
cedure no essential physics is lost. In terms of the spin-dependent parameters p, the
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coupling matrices to the left and right leads become

1+ prL 0 14+ pr 0
Iy 0 1— 0 -1+
L_*0 PL PL
F=>li4p 0  14p. o | (6.152)
0 -1+ pr 0 1—pL

R s.,R I 1 :
r_( V" o r_To (1+prcos¢  prsing
r —(O_ZVR R ) yh = 2( orsing 1 preosg) (615

Finally, it is important to note that the end-factor P is block diagonal P =
diag{P, P>}, where

No+ Ny Ny Ny+N> Ny
P = ., Py= ,  (6.16a
1 ( Nyy No+ N, ? Ny N+ N2 (o160

explicitly in terms of the population numbers of the involved transitions.
Consider the renormalization energy §A,o = AL, + §AR| for the transition
X% where [2]

GO___Z| P [ L) IO e ()45 DL s (@)]dw, (6.172)

Ekg — W
keL ko

whereas 8AR) = 854845, 1 + 85848, | with [6,7]

UOT———Zf{([wa)—f() Ll g )

keR

2
L ) = @] i |w" s2(¢/2)> Im[ Dj (@) — D}y (@)]

2 2
+T([f<sk+> Fan | "*' [ — f@] (V| )
+_CU
% Im[ Dy (@) + D}, (@)] }da) (6.17b)

and

goi___Z/{<[f(8k+)—f( N—— "‘*' cos”(9/2)

keR

2
+[f(ek-) — flw )] o

— sin’(¢ /2)) Im[ Dj, (@) + D4 (w)]

sm ¢

2
([f(em Fa v "*' ~Lf (o) = flo B (| )

-

x Im[Df 1(@) — D40()] }da). (6.17¢)
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Note that those expressions were derived using frequency summation over the
loop diagram in the expansion of the Green functions, resulting in slightly different
expressions compared to using the non-equilibrium techniques discussed previously
in this book. Except for some minor details, the above formulas are equivalent to the
ones derived using non-equilibrium techniques.

Analogous expressions are, of course, present for the other shifts. In fact, the
re-normalizaton term A in the self-energy is a full 4 x 4 matrix, in general,
and reduces to the case discussed previously only for collinear configurations
of the magnetic leads, including non-magnetic leads. Hence, the spin-flip transi-
tion energies are also subject to the renormalization due to the magnetism in the
leads.

More important in the present context is the strong dependence of the shifts on the
magnetic properties in the reservoirs. This is clearly displayed in (6.17a)—(6.17c¢),
which shows an explicit dependence on the couplings between the leads and the
quantum dot. The induced shift of the quantum dot transition energies are (exactly)
equal only when the couplings to the leads are equal. In other words are the induced
shift distinct whenever the couplings differ. This is simplest illustrated in e.g. the left
shift, SAgo. Assume that the magnetization directions in the two leads are collinear,
so that all off-diagonal locators vanish, and assume that U — oo, for simplicity.
The latter assumption leads to that all propagators involving transitions between
one- and two-particle states can be neglected. Putting Dy (w) = (0 — Ago +i0h),
where A(%O = A(io (= A?O) by construction, (6.17a) reduces to

rt o up— A%
sAL = p—— 100 6.18
a0 T n D ( )
where 2D is the width of the conduction band in the lead. For sufficiently large
D ~ 1 eV, which is reasonable for normal metals, the ratio in the logarithm lies
between 0 and 1, hence, SAgo < 0. Therefore, the difference
rt-rkt

/,LL—A?O { T

D (6.19)

1
SAL —SAL = —In
10 W=7

vanishes only if '} = Ff‘, whereas the difference is negative (positive) whenever
FTL < Ff‘ (FTL > Ff), which means that A9 < A} (Ago > A o). Consequently,
a spin-splitting is induced in the quantum dot when it is contacted by a magnetic
lead to the left. The same argument holds for the right contribution and is valid for
arbitrary U, and non-equilibrium conditions.

The spin-polarizing shifts of the transition energies induced by the left and right
leads provide a combined effect, such that it becomes maximal when the reservoirs
are magnetically parallel, whereas the spin-split becomes minimal for anti-parallel
alignment of magnetizations in the leads, see Fig. 6.9(a). A continuous rotation of
the magnetic direction in e.g. the right lead (0 < ¢ < ), yields a continuous vari-
ation of the induced spin split from its maximum to its minimum. In particular, the
minimum split in equilibrium (black) is zero for I'F = IR, whereas the finite bias
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Fig. 6.9 (a) Dressed transition energies in equilibrium (black) and non-equilibrium (grey) at
eV /Ih =5 as function of the rotation angle ¢ and (b) conductance G(¢)/Go (Go = ez/h) as
function ¢ and equilibrium chemical potential . In (a), the bare transition energies ASO and A(z) -
are included for reference. Here ¢g = 0, U = 2, and = 0 in units of I, whereas the spin-asym-
metry pr/r = 0.85atkpT /I =0.08

in non-equilibrium (grey) yields an unequal shift from the left and right leads which
causes a difference between the state energies even in the anti-parallel configuration
which is illustrates in Fig. 6.9(a).

The equilibrium conductance G(¢)/Go (Go = 82/ h) as function of the rotation
angle ¢ and chemical potential u for a typical set-up is displayed in Fig. 6.9(b).
For ¢ = 7, which corresponds to parallel magnetic configuration, it is readily seen
that the system is resonant at four different energies due to the spin-splitting of the
quantum dot level. For increasing angle, the difference between the transition ener-
gies Ayp (Azy) and A o (Azy) decreases which is in agreement with the behavior
illustrated in Fig. 6.9(a).

A striking feature of the conductance is that it is not a monotonic function of
¢ whenever the u is in the vicinity of any of the transition energies. From any
linear response mean-field theory it is expected that the conductance varies with
the local current density j(w, ¢) ~ tr Imn ' G (w, ) T'RG*(w, ¢), at the chemical
potential. This picture is not altered here. However, the varying positions of the
transition energies as function of ¢ provide and additional feature, namely, that the
conductance is not necessarily maximal for parallel or anti-parallel alignment of the
magnetic leads. It is also clear that the conductance is a strict monotonic function of
¢ whenever p lies either below of above the transitions energies Ay and A, or
in the gap between them. The non-monotonic characteristics of the conductance is
predicted to be a feature of the strongly coupled regime, i.e. |Azo — p|/1o < 1 or
|Aze — | < 1. In the weakly coupled regime, i.e. Coulomb blockade, the system
returns to a normal spin-valve behavior.
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Chapter 7
Coupling to Vibrational Mode

Abstract A higher degree of complexity is added by including coupling between
electrons and local vibrational modes. Here, we begin by considering the theory for
electronic transport through molecular quantum dots in which bosonic modes, e.g.
vibrations, are present. We finally show a procedure which allows to also include
the bosonic degrees of freedom into the many-body operators, thereby putting the
electronic and bosonic degrees of freedom on the same level.

7.1 Introduction

In the 1960s, measurements were made on tunnel junctions that were exposed to e.g.
propionic acid [CH3(CH;)COOH] and acetic acid [CH3COOH] [1]. When com-
pared to the tunnel junctions that were not exposed to the acid treatment, it became
obvious that the molecules added in the tunnel junctions, generated additional signa-
tures in the conductance spectrum. The additional features in the spectrum could not
be explained by the usual elastic theory for the conductance, i.e. the normal electron
levels that are due to level quantization. It was necessary to add electron levels that
are caused by interactions between electronic and bosonic degrees of freedom in the
tunnel junction, that is, inelastic modes.

Since the first measurements on nanoscale structures in the 1960s, e.g. tunnel
junctions, there are innumerably many reports of phenomenon where couplings
between electronic and bosonic degrees of freedom are pertinent. Particularly on
molecular systems, where a molecular structure, e.g. Cgo [2], Hy [3], SCgH6S [4],
or molecule comprising a single transition metal ion (Co”*) [5], have been placed
between electrodes, additional conductance peaks have been measured, conductance
peaks that cannot be explained solely by the electronic structure of the molecu-
lar systems. Moreover, scanning tunneling microscopy (STM) measurements, per-
formed on e.g. single O, molecule chemisorbed on Ag(110) [6] and directly on
Au(111) and Cu(111) surfaces [7], reveal features in the conductance that are gen-
erated by the coupling between electrons and vibrations (vibrons).
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Fig. 7.1 Alternative a b c
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Theoretically, many of these experimental evidences have been modeled within
one or another framework. Persson and Baratoff [8] assumed the vibrational (vi-
bronic) mode to be inherent in the resonant level of the adsorbate molecule in
the STM set-up. One can think of the vibronic mode as a mechanical motion of
the molecule, e.g. as a rotational oscillation, see Fig. 7.1(a), or translational os-
cillation, Fig. 7.1(b) and (c). Other types of mechanical oscillations are of course
possible, e.g. breathing mode. Irrespective of the nature of the generation of the
vibronic mode, by suggesting that ¢(Q) is the resonant level for a fixed dis-
placement Q, and expanding to first order in Q one obtains the resonant energy
e(Q)~eo+5,0 =¢g0 + 86(51* +a)h/v2m*$2, where m* and £2 /A is the reduced
mass and frequency of the vibrational mode, respectively, whereas at (a) creates
(annihilates) the vibrational mode. This treatment leads to the effective model for
the resonant level as e(Q)d d ~ eod’d + rdTd(a’ + a), where A = 8671/\/2”1*!2
defines the coupling energy between the electronic and vibronic modes.

This type of model for the vibrational mode included in the structure defines the
starting point for many studies of the vibronic contributions to the current, e.g. in
connection with STM [9, 10], and in molecular quantum dots studies of the tem-
perature dependence of the transport [11, 12], current and shot noise [12, 13], level
broadening [14], and hysteresis, switching, and negative differential conductance
[15], and electron spin resonance (ESR) [16].

7.2 Local Electron Coupled to Vibrational Mode

Here we simply adopt the simple concept for the coupling between the electronic
and vibronic degrees of freedom, and we model the single level molecular quantum
dot coupled to leads with the Hamiltonian

H = Z 8kgc£ocka + Zegd;d(, +Unsny + woa'a
koeL,R o

+2) dids (@’ +a)+ ) (ol ds + Hoc), (7.1)
o ko

where wy is the frequency of the vibration. In principle, there is nothing that hinders
us from including more vibrational modes, however, for simplicity we make our
following analysis for a single one.
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7.2.1 Weak Electron-Vibron Coupling

The first approach to this new type of problem is to consider a canonical transfor-
mation of the molecular subsystem

Humol = Zegdj,dg +Unqny + a)oaTa + A X:d;d(r (aJr + a). (7.2)
o (o2

In our first attempt, we also omit the charging energy U and the spin degree of
freedom, hence our (over) simplified molecule can be written

Humol = €0d'd + woa’a + rd'd (@’ + a). (7.3)

This model can be diagonalized through the following procedure. We wish to
find a transformation I/ such that

M Home! =Edd + apa'a, (7.4)

that is, the molecular model becomes diagonal, possibly at the cost of redefining the
energies for the electronic and vibronic modes. The operator transformation

eSAe™S = A4S, Al + %[S, (S, Al] + %[S, [S,[S, ANl +---, (7.5)

using

A
S="d'd@" —a), (7.6)
o

giving ST =—8, such that 5 = (e_S )T, does the job. We, then, obtain the commu-
tators

A . §
[S, Himoll = _w_(w()[a +al+ Zk)d d,
0

Y
[S7 [S’ Hmo]]] = za)_od'da [Sa [Sa [Sa Hmo]]]] =0.

Hence, the new Hamiltonian Hp,o = eSHe ™S

resulting in

contains two new terms, effectively

Humol = 8d'd 4 woa’a, (7.7)

where & =& — A% /wy.
The method is now easy to generalize to the situation we interested in, namely,
the Hamiltonian given in (7.2). We take the operator

A
S=—-S"dld, (" —a), 7.8
wo; Tdy(a" —a) (7.8)
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and we obtain the transformed Hamiltonian

Hinol = Zégd;'d(, + ljnTm +woa'a, (7.9)
o

where we now have &, = &, — A% /wo and U=U — 2202 /wy.

It is, thus, clear that the canonical transformation provides a decoupling of the
electronic and vibronic degrees of freedom, at least in the atomic limit model. The
question that arise is what happens with the electron and vibron operators. This
is something we need to figure out since we want to couple our molecule to the
electrodes, or leads. Therefore, in applying the canonical transformation to the indi-
vidual operators, we obtain

. s
dy =dyX, X=e M@0 goq 2Nl
w( >

J; _ d;X#’ xt= e(k/wo)(aT—a)’ al=gt = A Zd;da,
wo 4

which operators satisfy 7, = atc?(, = d;XTd(,X =n, XX =n,, and @'a =
ata — (1 /wp) Y ne(a” + a) + (A Jwp)? Y oo’ oo . Inserting these new opera-
tors into (7.2), of course, also results in (7.9).

Thinking in terms of the Green function for the levels in the molecule, we find
from the definition that the Green function G4/ (f,t) = (—i){(Td, (t)dj,(t/ )) be-
comes

Goo'(1,1) = (=i)(Tdy ()d] (1)) = (=) (Td, (1)d (e ~5¢5)

= (=i)(TeSdy (1)) (t)e™S) = (=) (Td, (1)d] (1))

= (—){Tdy (VX (1)d] (1) XT (1))

= (=)(Tdy ()}, (¢ Nt (X (O XT ()b

= Goo ()X OXT(1))vip (7.10)

where the subscripts refer to averaging over the electronic and vibronic degrees of
freedom, respectively. The meaning of the above equalities is that we can calcu-
late the properties of the resonant level in the molecule as we have done before,
but in the Hamiltonian system (7.9), and then finally multiply it by the average
(X()XT(t'))vib, where X (1) = ei®0d at ye—io0a'at This average can, on the other
hand, be exactly calculated. We have to be a bit cautious when using the introduced
procedure though, since this procedure works very well when the coupling between
the electrons and vibrons is weak. There will be an influence from the electron-
vibron coupling on the tunneling, which we cannot neglect in general. However,
doing first things first, we will return to these issues later.
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For a calculation of the average (X (1)X'('))yip, we introduce the function

3% (nleP0a'a () X (1) n)

F(t,t) = (XOXT ()b = -
(1, 1) = (X @O X" ({))vib N

, (7.11)

where |n) = (a")"]0) /\/H denotes the bosonic state with n excitations. Here,
the denominator equals ), e #0" = (1 — e7P20)~1 = ePON, where N, =
(eP®0 — 1)~!. The time-development of the operators X’ can be rewritten from its
fundamental expression to read

iwnal —iwnat _ 2 ionatat —xat —iwna’
X(I) — plwoa atXe iwpa'at —e (A wo) /2€lw0a ate ra /woeka/woe iwpa at’ (712)

where we have used Feynman’s theorem for disentangling of operators, i.e. A8 =
eAeBe~1A-B1/2 if hoth A and B commutes with [A, B] [17]. Then, between the third

. . i i o .
and fourth exponential we insert ¢ ~!€04 a4 gl®0a al and moreover, using that

i far — —iwnat
iwpa ate Aa/woe iwpa'at

e
o0
_—yy n
= Z %{a” +iwotlata,a™ + - }
n=0 ’
o0
A n . A .
-y @) i picons =exp<——ae_’“’°’>, (7.13)
= n! wo

we find

wo (2]
— ¢~ *e0)? exp(—i |: Telwol _ aeiwoti|>. (7.14)
o))
The average F(¢,t") can now be written
—Bwy
Faiy="" X:e—f“”()"e‘(’\/‘“o)2
Np
n=0
X (peale"" e ghaeT an ghal et fan y—hae ™0 fon ) (7 15)

The next step is to arrange the operators such that all destruction operators stand to
the right in the average. We begin by considering the product
ekae’in’/woeka*e’i“’O’,/wo _ e)»cﬁe’i“’()’,/wo [ef)na“e”‘“’o’//woe)»ae’i“’o’/woe)»fe’i“’()’//wo ]

(7.16)
The expression in brackets is straightforwardly calculated using the expansions in-
troduced above. The result is

rae~0 g atem @0t Jay —(A/wo)ze_in(’_’/) AaTe_"“’O’//wo rae~ 0! [y
e e =e e e N VRY)
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Hence, the average can be written as

2 pw
)\, . / e 0
F(t,t) = exp {—(—) [1—efonli= )]}_
w( N,
> iwnt’ i S ,
x 3 e Pomn | ral 10 e on p—rale 0"~V ey (7 1)

n=0

The final step in the calculation of the average is taken by acting with the expo-
nential e~?"4 on the states |n). Here, it is advisable to notice that

aln) = /nln — 1), a2|n) =vnn—Dn-2),...,a"n)= ni!m —m),

(n —m)!

such that [n — m) = 0 for all m > n. Summing up the series results in

m! (n —m)!

N S P 05 )
(n|e¢ a’ _ (n—m X_E) (¢ rflt‘)] (nfm)' (7.19b)

By orthogonality of the states we, thus, obtain

0y = 3 S0 Ty .00
m=0

(n|eka1[e""’0’/7ei“0’]/wgefka[e’i"’0’/7e”'“’0’]/w0 In)

2
_ Z =b" _ n! <i|el-w0ﬂ _e,-wo,|> "
m=0

m! m!(n —m)!' \ wo

A o . 2
= £n<[—|e—lwof —e—'wofq ) (7.20)
o

where £, (x) = ﬁg (x) is the Laguerre polynomial. In e.g. [18] one finds that the
sum Y 0% 1 £, (x)y" = (1 — y)~Lexp[(xy)/(y — D]. By identifying y by e #“0 we
can write (1 — y)~lexp[(xy)/(y — )] = Npeﬁ“’o”‘NP, which leads to that we can
finally write the average F(z,t’) according to

2
F(t,t)= exp{—(a)i) [1 — e_i(UO(t_t/) + |1 _ e—iwg(t—t’)’sz]}
0

2
—exp{ () 1= e Ny + (1=
(7.21)
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The Green function for the resonant level in the molecular quantum dot coupled
to the vibrational mode wy, thus, becomes

2
~ A . ’
Goo (2, t/) = Goo (1, t/) eXp {_<w—0> [(1 — eile(tit ))(1 + Np)

+(1- e"wo('—f’>)N,,]}. (7.22)

Let us now assume stationary conditions, so that we can Fourier transform into
frequency space. Doing this for the retarded Green function and assuming that
Goo' (@) = [ Goo (1, 1)e'Tdt’, where Tt =1 — 1, give

2
G . (w) =/G;U/(t,t’)exp{—<wio> [(1 _e—iwof)(l +N,)
(1=, ]}

2
A
— o~ /TH2Np /) ZI" <2|:w_i| /N,(1+ N,,))
0
n

x e"P2Gr (0 — nay), (7.23)

where I, (x) is the modified Bessel function. Hence, if the electronic Green function
is givenby e.g. G/ (@) =350/ /(@ — &5 +18), 8 > 0, the full Green function which
includes both the electronic and vibronic degrees of freedom becomes

A 2\/7
G’ (@) = 8ygre s JTF2N, Jwp)? 3 L2l 517 /Np(1 + Np))enﬂwo/Z

- ,  (7.24)
w— (85 +nwpy) +i8

n

which clearly illustrates the full effect of the coupling between the resonant elec-
tronic level and the vibrational mode in that there appear a series of side-peaks
(n # 0) around the resonant level (n = 0). This transformation of the single reso-
nant level into a multitude of levels is illustrated in Fig. 7.2.

vibrating single multilevel
level molecule molecule

Fig. 7.2 Before and after the
canonical transformation,

where the molecule before the €
canonical transformation is
represented by a single level

structure which is moving
back and forth, whereas the
molecule has turned into a
multilevel structure after the
transformation

canonical
transformation
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Recall that the molecular quantum dot is supposed to be coupled to electrodes, or
leads, and therefore we include these into the picture at this moment, cf. (7.1). The
canonical transformation that we applied to the molecular part of the Hamiltonian
also has to be applied to the remainder of the model, giving

H= Z 8kgcltackg + Zégd;dd + ljnTm +woa'a

koeL,R o
+ ) (kocp,ds X + Hoc). (7.25)
ko

Thus, the diagonalization of the molecular part of the model simply transferred the
complexity of the coupling between the electronic and vibronic degrees of free-
dom into the tunneling term. The problem is only that we wanted to avoid the cou-
pling between the electrons and vibron at all, which is possible under certain con-
ditions. Hewson and Newns [19] investigated this issue for equilibrium situations
and found that the electron-vibron coupling becomes important to include when-
ever

A2 A2
2— > T, wo > &g — — |, (7.26a)
wo wo
r 2
e < <i> , (7.26b)
2w wo

where I' =27 ) ) |Uko |28(a) — &ko ). The first inequality means that the electron-
vibron coupling is strong in comparison with the tunneling, whereas the second
inequality says that the vibron frequency should be large compared to the electronic
energy (relative to the Fermi level). The two last inequalities mean that vibronic
satellite peaks are separated from one another and the number of vibrons involved
in the processes is appreciable, respectively. Thus, if these conditions are not met
in the system under investigation, one can neglect the influence from the electron-
vibron coupling in the tunneling Hamiltonian.

In non-equilibrium the situation may be different since, e.g. the electron level
might be close to the chemical potential of the left lead but not of the right. If this is
the case, then the total tunneling coupling strength [11]

r=rt+ kol pRe=0/oo)(42N,) (7.27)

i.e. there is a narrowing of the coupling to the right lead.
Considering the case in complete absence of the narrowing effect one can, in
mean field theory, take the electron Green function to be

w—3s — (1 —nz)0
(=85 +ily/2)(w—3s —U)+ilng)Uly/2

G /(@) =854

and put it into the Green function given in e.g. (7.23). We obtain
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G (@) = 8gre™ TR0 5 ) v
n

» w—8y —nwy— (1 —nz)U
(w—8; —nwo+il,/2)(w—E; —nwy — 0)+i(n5)l~][},/2’
(7.28)

with z = Z(A/wo)zﬁ/Np(l + Np). In the limit U /I'; > 1 we have approximately

Gga’(w) ~ 800’( =g + s) >,

w—8+il,/4 w—5,—U+il,/4

i.e. one resonance at &, and one at &, + U, both with a width of roughly I’ /2,
which in the vibrating molecular quantum dot results in

1 —n-
GE o0 (©0) = Bygre™ /TP /00 S (Z)e"ﬁw0/2< =)
n

w—E; —nwy+ily/4

po (me) ) (7.29)
w—8; —nwg—U+ily/4

In this expression one clearly sees that there appear vibrational side-peaks around
both resonant levels, as one would expect.

In the above discussion we have completely neglected the influence of the
electron-vibron coupling on the Green function self-energy. Later in this chapter,
we will return to this issue and also address a way to include such effects in the
Green function.

7.2.2 Electron Spin Resonance

We consider an example of an application of the small polaron formation model in
connection to the ESR set-up for tunnel current systems. In this set-up, the spin of a
local defect is measured by variations in the charge, or spin, current as the frequency
of a time-dependent magnetic field is varied.

Here, one may think of a resonator which is oscillating with the frequency wp and
where the mechanical oscillations are weakly coupled to the molecular electrons—
we denote the coupling strength by L. We have in mind a single molecular level g
coupled to external baths, or leads. The level is spin-split by the external magnetic
field By, such that &, — &4 = @, = gup By, where g and up is the gyromagnetic
ratio and Bohr magneton, respectively. In addition, the spins are coupled to each
other by a rotating magnetic field By (cos wit, sinwit) which is applied perpendicu-
lar to Bg. We assume that 2gu g B is much less than both wy and w,. In principle,
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we employ the model H =H, + Hg + Hr [16], where

U L
Ha = Z[eg +ra" +a)+ Enzf]na —gupBi[dd,r'" +d|dyr ™" |+ wpa'a,
o

(7.30)
He=D ko Ekcll,cka, and Hr =) ), UkClL,da + H .c., describe the electrons in the
molecule, the reservoir, and their mutual tunneling interactions, respectively.

The second term in Hy is non-diagonal in terms of the Fermi operators and,
moreover, it is time-dependent. First, we remove the time-dependence in the model
by transforming the system into the rotating reference frame of the magnetic field.
This can be achieved through the unitary transformation

9
Hyp = ST He ™S + <5esff)e_sff, (7.31a)
t
Srf:i‘%[m —nT—i-Xk:(nM —nm)] (7.31b)

Again using the expansion eSAe S = A4S, Al+ %[S, [S, A]] + --- we obtain,
for instance,

eSdld e e” (d d, +i [m —nt.dld)]

2
11?1 4
+ [1%] ol —nt.lny —np.didy]] + - -)e”"”

_ gt ! (_2)2 iw
dd¢<1+l—( 2)+|: 2} 5t )e i

=d{dje " =dld,. (7.32)
The overall effect of the transformation results in

Hes = Zsffgnk(, + woa'a +Hr
ko

U
+y (e;f+x(a7 +a)+ En;,)ng —gusBi(dld, + Hc), (7.33)
o

where 8rf =¢; +ow;/2 and slrfg =gk +owi/2.

Clearly, removing the time-dependence in the model comes with the cost that
we introduce a spin-splitting of the electronic energies. The spin-splitting of the
electrons in the reservoir originates from the magnetic pumping field acting on the
localized electrons which, in turn, hybridize with the de-localized electrons in the
reservoir. The magnetic pumping propagates energy from the molecule to the reser-
voir and generates the spin chemical potentials ;1 = —o w1 /2 in the reservoir (re-
member that all energies are given relative to the equilibrium chemical potential w).
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In this sense, the frequency w; of the oscillating field can be viewed as a (spin) bias
applied to the system. Despite this imbalance between the spin channels the charge
chemical potential is, nevertheless, u = (4 +uy)/2 =0.

Although the system as a whole remains in equilibrium, the one-photon imbal-
ance between the spin-channels generates a non-equilibrium condition for the two
spin projections of the electrons. A spin | electron the in the reservoir at the energy
sf(fi can tunnel into the local molecular level Sif. The rotating magnetic field does, in

turn, flip the spin of the electron and puts it into the level srTf, from which it may tun-

nel into the reservoir state SET Repeated occurrence of such tunneling and spin-flip
events build up a stationary current between the two spin-channels in the reservoir.

The next step is to decouple the vibronic and electronic degrees of freedom,
for which we employ the procedure of previous section, i.e. introducing H =
eSohH pe~Sen Sph = (A/ wo)(a" —a) >, ne. We then obtain the transformed energy
levels &, = e(r,f — A2 /wo and charging energy U = U — 212 /wy, while the tunnel-
ing Hamiltonian is shifted into 7:[T = Zkg vkcliadg)( + H.c. Here, we make use
of the assumptions of small currents and weak coupling between the vibronic and
electronic levels and, thus, neglect the effect of the vibrons on the tunneling, i.e. let
X — (X)ph and let vk (X)pp — vk in the tunneling Hamiltonian.

In the atomic limit (U = 0) and in absence of the vibron-electron coupling
(A = 0), the molecule is reduced to a simple driven two-level system, which is
characterized by a coherent weight transfer between the two spin states, i.e. Rabi
oscillations. This weight transfer has the resonance frequency | = w,. Further, the
Rabi frequency of the spin oscillations is given by £2 = /A2 + 4(gup B1)?, where
A = w] — w, denotes the detuning from the resonance.

We notice that the electronic states of the molecule still are represented in a non-
diagonal fashion, both in that there is a spin-flip term and there is a charging term in
the Hamiltonian. This can be taken care of by different means, and first we approach
the problem by a semi-diagonalization of the molecular electron states through the
transformation [20]

dr\ _ (cy __(cos¢p —sing
(di) _u<c¢>’ u= (sinqb cos¢ )’ (7.34)
where tan¢ =2gup B1/(£2 — A). In this new basis for the molecular electron states
the molecular Hamiltonian becomes

Hy= Z Eqclco + UdCTCICL’ (7.35)
o

with Eg = (81 + &, —0R)/2 =80 — A*/wy — 0 £2/2.

The current we are to consider is the flow of electrons of a given spin projection o
in the reservoir, through the molecule and back into the reservoir in a different spin
state. Thus, we cannot simply study the full charge current [ = —ed; Y ., (ks ),
since this current must vanish. The current we are looking for is, however, the spin
current I, = —ed; Y ) (ko ), and following the procedure introduce in Chap. 4, we
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find that this current can be written as
1, = %tr / Fg{fg (0)G” (w) +[1 — fo (a))]G<(w)}da). (7.36)

Here, the coupling matrix I'; =u, ", with ' =27 ) lvk |28 (w — ex), and

. 2 .
sinf®¢  sing cos qb) ' (737)

— a0 -
ur=otmen, w (sin¢cosq§ cos? ¢

The y-component of the Pauli matrix vector is represented by oY, whereas f; (w) =
f(w — wg) is the Fermi function for the spin o channel. The Green function matrix
is defined by G</> = {G;{ 7)o, and is calculated using G</> = G" X </>G¢,
where e.g. the retarded Green function G7 ,(t,1") = (=i)8(t —t')({co (1), ci,(l’)}).
The canonical electron-vibron decoupling procedure casts the Green function into
the form G”,_,(t,1') = G/, (t, ' )(X ()X (")) ph.

Calculating the electronic Green function in the mean field approximation, we
find that G” - (w) = 0 and G, (®) = G', () with

w—Ey—(1—ns)U
(w—Eys+il/2)(w—Ey —U)+i(ns)UT/2’

GQ (w) = (7.38)

and (ny,) = (—i) f G 5 (w)dw/(2m). Consequently, we have our total Green function
as given in (7.28), or

G (0) = e—()u/1+2Np/wo)2 Z In(Z)enﬁwo/z
n

y w—EU—na)o—(l—n&)f]
(—Ey —nwy+ily/2)(w—Ey —nwy—U) +i{ns)Ul /2
(7.28))
Under the assumption that the electron-vibron coupling is weak it is justified
to neglect the contributions to the self-energy arising due to the electron-vibron
interactions. The lesser and greater self-energies can, therefore, be approximated as

T =ify @)y +if), (@), (7.392)
27 () = —i[l = 1]y —i[l = fL@]T. (7.39b)

One should be aware that those forms of the lesser and greater self-energies are
somewhat simplified, since the self-energy which is related to the electron correla-
tions have been omitted. Qualitatively though, the effect we are studying here does
not depend on the particular form of the self-energy, but rather on the coupling be-
tween different states. Hence, the introduced approximation is justified. Inserting
these self-energies into the spin ¢ current, we obtain
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lo=Sr2 / T fo @) — f3(@)]do, (7.400)
Ti(@) = |G (@) — G (w) |2 sin’ ¢ cos” ¢. (7.40Db)

Here, we notice that the transmission 7 is spin-independent which, of course, is
expected in the stationary regime. The total spin current is then Iy =) 0%, I, =
214, since 1), = —1Ij.

The form of the transmission coefficient suggests an interpretation of the spin
current as interference between the wave functions that propagate back and forth
between the reservoir and the molecule. In the present context of electron-vibron
coupled system, such an interpretation is especially appealing. In order to make
a simple argument of this interpretation we make things as simple as possible and
consider the case of vanishing effective charging energy, i.e. U =0 < U =242 /wy.
The first factor in the transmission can be written

6@ = G @

Q1,(z)e"Pe0/? 2
; (w — a)g —nwy)(w — wi — nwo)
2 21,(2)e"P0/? 2
(w — a)T)(w — a)l) s (w — W) — nwo)(w — o) — nwo)
where a)f,/ “=E, F iI'/2. The transmission, and hence the current, peaks at the

resonance frequency w = w,, giving rise to the ESR peak. At resonance we also
have 2 =2gupB; and E, = g9 — kz/wo —ogup By, which means that |[Ey — E | |
is minimal with respect to the rotating frequency, see Fig. 7.3(a). In the present
form of the spin current, the ESR peak is generated by the first term (n = 0) in the
expansion of 7, which is also the only term that remains in absence of the electron-
vibron coupling.

The sum over n # 0 arises because of the electron-vibron coupling and from
this sum we pick up additional features in the spin current, which consequently
is an effect from presence of the many conductance channels. The schemati-
cally drawn electronic structure for the molecule in this set-up is displayed in
Fig. 7.3(b), from which we see that something interesting may occur at frequen-
cies w1 = wr + nwy, n # 0. Then, the assumption 2gup B1 K |n|wo leads to that
2 = /(nw0)? + 4(gpus B~ In|wo(1 + 2[g s B1/ (o) ).

We proceed by studying the first two terms in the expansion |G’T — G1 |2, that is,
terms withn =0, 1,

2°[17@1G} (@) G (@) + I} )]G (0 — @) G} (@ — wp) PP

+2Re () 11(2) G (@) G (@) G (@ — 00) G| (0 — wp)eP/?].  (7.42)
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Fig. 7.3 Schematic
electronic structure of the
molecule in (a) absence and
in (b) presence of
electron-vibron coupling. At
vanishing time-dependent
magnetic field, the electron
levels are separated by w,,
while at finite By and
resonance frequency

w| = w,, the levels are
separated by 2gup B| < wy.
and the levels diverge for
increasing frequencies .
(a) There is only one
frequency at which the levels
converge. (b) There are
additional frequencies where
the molecular levels
converge, or, cross. At those
crossings, levels with
different vibrational
excitations are degenerate

7 Coupling to Vibrational Mode
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The first terms add positively to the transmission and they peak at w = E,; and w =
E, + wy, respectively. The last term is more interesting though. It is proportional to

2

1

€ ;
wo~+iI”

(

(w—Er—wo—il/2)(w—E,+il/2)

1

C(w-E, —a)o—iF/Z)(a)—ET—i-iF/Z))’

(7.43)

and it is negligible at pumping frequencies w; = w, since then Ey ~ E |, which
leads to that the two contributions cancel. At pumping frequencies w; — o, +

wo, however, we have that 2 — ,/a)(z) +4(gupB1)? ~ wy, which leads to that
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E4 + wo ~ E . Consequently, the above expression reduces to approximately

1 1
1+ (T Ja)? (w— E )2+ (I')2)2

(7.44)

since the second term is negligible. This expression peaks at w = E| ~ E4 + ay
and adds negatively to the total transmission 7;. We can estimate the impact of this
negative contribution to the transmission through the ratios between the third and
first terms, and third and second terms, in (7.42) at the frequency w1 & w, + wy. We
obtain

21y(2)

respectively, where £(wo) = @3 /[1 + (wo/I")*] = I'?/[1 + (I'/wp)?]. This shows
that the transmission is significantly reduced when the detuning A equals the first
vibrational side band. By including all remaining contributions to the transmission,
i.e. summing over all n, we obtain analogous reductions in the transmission at the
pumping frequencies w1 = w, +nwp. The argument is certainly also true in presence
of a finite effective charging energy, hence, the result is quite general.

When calculating the physical properties of the system we have to perform self-
consistent calculations of (7.38) with respect to the occupation numbers (n. ). Here,
for instance, we are interested in the (equilibrium) spin current flowing through the
molecular level. In Fig. 7.4(a) we plot the spin current as function of the pumping
frequency wi, and the result clearly illustrates the main ESR peak at w; = w, as
well as the vibrational anti-resonances at w; = w, + nwog, n # 0.

A peculiar feature in the spin current is that it decreases for increasing coupling A
at U = 0. This can understood as an effect of that the electron density is distributed
among an increasing number of vibrational side-bands for increasing A. Hence, for
a given spin bias w; there is less electron density available for conductance within
the bias window as the coupling XA increases. Analogously, there is an increasing
spin current for increasing correlation charging energy, which is a result of focusing
the electron density in the spin bias window as U grows.

‘ 11 (2)
211(2)

I
P2 L (wy), ‘ e e PO L(wp), (7.45)

(a) (b)
R Hoq=070 Uing=0 Mwy=0.35 Ufwy=0 5
R 1 ’1, ,,,,,,,,, Mwy=0.85 Ufw,=0
< int s 0
3 Il #w=0.35 Uiwy=10 25 4
5 0.6]  Jf-mm Mo=035 Diny=100] S g 3
:w F -25 2
0.2 e -5 1
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1 2 3 4 1.2 3 4
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Fig. 7.4 (a) Dependence of the equilibrium spin current on the electron-vibron coupling A
and effective charging energy U. Local molecular DOS for A/wo = 0.35, and U = 0 (b) and
U/wo =10 (c). Here, w, =2, gupB; =0.2315, I =4«/§/25, and kg T = 10, in units of wy
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7.2.2.1 Two-Terminal System and Non-Equilibrium Conditions

The above framework is straightforwardly generalized to systems with two leads
and non-equilibrium conditions. We define the bias voltage V = (u; — g)/e and
in each lead we have the spin imbalance such that pty, = (ty1 + py)/2, where
x = L, R. Using the same procedure as above, we derive the current I, for the
spin o current flowing from the left lead into the molecule, which results in

Io = % f T I T(0) (fro (@) — fre (@) + T T (@) (fLo (@) — fLe (@)

+ I T () (fro (@) — fre (@) }do. (7.46)

Here, we have defined the transmission coefficient 7, = |G? cos? ¢ + G’l sin” |2,
whereas fys = f(w — 11y5). The expression for the current 1s obtained by noticing
that

r<=i fo(,rj, X7 =—i Z(l — fro) X (7.47)
X0 X0

The first contribution in (7.46) can be identified as the usual charge current
through molecule in analogy to the result in [21], the second contribution is analo-
gous to the one discussed above, whereas the third contribution describes the spin
current between the leads.

The total charge current flowing through the molecule is defined as I. =) 1.5,
for which we obtain

fe= % Z/ I r(Ti) + T@) (fo @) = fro (@))do, (7.48)

which is just the sum of the different transmissions between the leads. We notice
here that

T + 1. = |G| cos* ¢ + |G |*sin* ¢ + 2Re(G, G| + G, G}) cos” p sin® ¢
+ (1G4 +1G'|> = 2Re(G}, G + G’ G¢)) cos” ¢ sin” ¢
= |G’|cos” ¢ + |G’} [’ sin* ¢, (7.49)

hence, the total charge current lacks the interference effect that occurs in the spin-
current. This is to be expected since the charge current consists of current compo-
nents that are merely added upon one another.

The spin current is defined through Iy =) o 0&5 1o from which we obtain

e

h
+ IRT(frr(@) — fry(@) + fri(@) = fLi(@))
+ TRT(frr (@) — fri(@) + fry (@) — fry(@)))dw. (7.50)

I / LIV (fur@) — f14(@))
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The first of the contributions to the spin-current, i.e. proportional to I"%7;, has the
same origin as the spin-current discussed in the single terminal case, and describes
the spin-current between the spin-channels within one lead. The second contribu-
tion has an analogous origin but with the difference that this spin-current flows be-
tween the spin-channels in different leads. The last contribution arise due to the
spin-imbalance in the charge current which is caused by the spin-bias acting on the
leads. In contrast to the first two contributions, this last one may vanish under equi-
librium conditions such that 7 — g = 0 although there might be a spin-bias ap-
plied on the system. If the spin-bias acts on the leads such that w| = 4,4 — 1y, then
Urs — URre = 0 which leads to that f;, — fre = 0 and, hence, the spin-current van-
ishes. If the spin-bias, on the other hand, is such that wy = 4 — L) = R — RY,
then there would be a spin-1 current flowing between the leads, say, from the left
to the right lead. Simultaneously, there is a spin-|, current flowing from the right to
the left lead. Summing up those two current, this leads to a finite contribution to the
total spin-current.

Typical examples of the non-equilibrium spin-current is plotted in Fig. 7.5 for a
few different values of the bias voltage. The characteristics of the spin-current can
be explained by the following: For low pumping frequencies w1, the transport that
is assisted by spin-flips in the molecular structure dominates the spin-current, c.f.
first and second contributions to I in (7.50). Thus, the main ESR peak is visible as
well as are the vibrational anti-resonances in analogy to the equilibrium case. For
increasing frequencies w; ones sees that the spin-current drifts off from the equi-
librium value. This characteristics is expected since for increasing w1, the potential
barrier for spin-flips increases which leads to that the transport that is assisted by
the ac magnetic field becomes suppressed. The current that is not assisted by the
spin-flips, i.e. the last contribution in (7.50), increase for increasing w; due to the
non-equilibrium conditions. As w; grows, the distance between the spin-chemical
potentials 11,4+ and | increases, as well as the distance between the molecular
level spin-projections E4 and E | . The spin-1 current flowing between the leads via
the molecular energy E4 grows since the loss due to spin-flips decreases. The same
arguments holds for the spin-| channel. Eventually, the current from the last con-
tribution in (7.50) saturates in accordance with usual transport through a molecular
level.

---- eV/w,="-5
N -2
£ 0
- [\ 2 -1
© 05 5 _--~
e e T T e
1 T
o | T
Fig.7.5 Biasvoltage | | | | | T~~~ -
dependence of the
spin-current for A/wp = 0.35 !
1 2 3 4

and U = 0. Other parameters
are as in Fig. 7.4 1
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As we have seen in the previous discussion, the lesser and greater self-energies
of the molecular Green function have been incorrectly treated. Although it is not
impossible to improve on the description of the present picture, such that the lesser
and greater self-energies are appropriately accounted for within the given approxi-
mation, it is found not to be straight forward. Therefore, if we are to improve on the
electronic side of the problem, one choice is to describe the electronic degrees of
freedom through Hubbard operators. This is our task in the succeeding section.

7.2.3 Converting the Electronic Operators to Many-Body
Operators

The lesser and greater self-energies for the Green function given in (7.28’) are sim-
plified since they do not include effects from the electron-electron interactions oc-
curring within the molecular quantum dot. This unsatisfactory property can be reme-
died e.g. by transforming the electronic operators into Hubbard operators, i.e. letting
the operators ¢, which are diagonal in spin space be expanded as ¢, = X% 40 X°2.
We then have the transformed Hamiltonians

Ha= Y. E,h?, (7.51a)
p=0,0,2

Hr = Z vkclta ([XO" +0X°?cos¢
ko
—o[X% +5X%]sing)X + H.c., (7.51b)

where E, € {0, E5, Y, Eo + U} = {0, 80 — A2 Jwo — 0§2/2, 260 + U — 422 Ja}.
We introduce the coupling vectors
Vkp = vk(cos ¢, —sing, cos ¢, sing), (7.52a)
vk = vk (sing, cos @, sing, cos @), (7.52b)

by means of which we can write the tunneling Hamiltonian

Hr =Y viocp, (X1, X0 X2 X)X + Hee. (7.53)
ko

With this formulation, we can employ the framework that we introduced in Sect. 6.3.
We treat the Green function for the molecular level in the Hubbard-I-approximation
omitting the level renormalization, in which approximation we have the equa-
tion

(iw—A—PV)G =P, (7.54)
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with

k2
v=> Vv, = U, (7.55a)
o k.

LW — €k
o

usy o < _ u uo <
Uy = <O’ZUT ofuyot > U= (azu¢ azuioz> ’ (7.550)
where the matrices u, are defined in (7.37). Using this description, we find that the
lesser and greater forms can be written as G=</> =G'V</ >G”, where the correct
forms of V</> (w) = (i) > s I'us fo (£w) are obtained even in presence of finite
Coulomb interactions, c.f. the lesser and greater self-energies for the Green function
given in (7.28"). Thanks to the product of P and V in the self-energy, the effects from
the electronic correlations are included into the full form of the Green function. For
more elaborate forms of the self-energy we can, of course, consult the theoretical
formalism in Chap. 5.
The retarded and advanced forms of the Green functions can be readily obtained
by inverting the equation for G above. We find

P,

Gyl (w) = . T (7.56a)

rja nm mn

D VU by
Er/a
G (@) = ———"" G/, (7.56b)
w—A,— X,

where G, = G,;,, whereas the self-energies X /n are given by
,%f_ZP VI m#En, nm=1,2, (7.56¢)
e = g (7.56d)

where we have used that the equation of motion can be turned into a block structure
in which the blocks are 2 x 2-matrices.

Having solved the Green function for the molecular level and, in addition, pro-
vided the corresponding non-equilibrium Green functions with the correct self-
energies, we can transform the problem back into the framework of the previous sec-
tion, by the transformation G, (¢, ") = Goy (¢, 1) +0[Goo2s (t, ') + G002, )]+
G52(t,1"). Nevertheless, while we have solved the non-equilibrium physics of the
electronic level more appropriately, there is still no improvement on the influence
from the electron-vibron coupling.

7.3 Beyond Weak Electron-Vibron Coupling

In all of the previous discussions, we have assumed that the coupling between the
electronic and vibronic degrees of freedom is weak, and that the effects of the cou-
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pling does not influence the self-energy of the electronic Green function. It has been
shown by several authors, however, that even in the weak coupling limit one cannot
neglect the influence from the vibronic modes on the electronic structure, see e.g.
[12, 22]. Here, we will address a more generalized situation in which the polaron
effects are also taken into account for in the description of the molecular levels.

7.3.1 Intermediate and Strong Electron-Vibron Coupling Regime

We begin by a simple extension of the previous discussion, see Sect. 7.2.1, in which
we consider the Green functions G o4/ (¢, ') = (—i)(Tdy (t)d;,(t/)) and K (¢,t) =
(TX()XT(@")), such that Gyo (2, 1) = Gy (1, 1)K (2, 1'). We here, follow the line-
out proposed in [22], which provides a self-consistent set of equations for G and K
and is valid in the intermediate to strong electron-vibron coupling regimes. The ap-
proach can, furthermore, be viewed as a strong coupling analog of the self-consistent
Born approximation.

The Green functions are calculated in the Hamiltonian system (7.25). For sim-
plicity, however, we omit the correlation term Unqn such that the two-electron
Green function does not have to be considered.

We have the equation of motion for G given by

(18— E)Goor (1.1) = 8508(t — 1) + Y vy (D) (T(X o), (1)), (7.57)
k

which leads to
Goo (t,1) = 85085 (1,1)

+ / 2o (1. D) Y v, (—D(T(X o) (D)d], (t))dT,  (1.58)
¢ k

where (i9; — €5)g5 (t,1') = 8(t — t'). Acting from the right on G with the operator
—id, — &4, which satisfies g, (¢, 1) (—idy — &5) = 8(t — t’), we obtain

Goor (1.1 =3m/§a(t7t’)+5m// 8o (1, 1) 26 (1,78 (7', )drdr’, (7.592)
c
where the self-energy

ot )= lvko Pgko (1, 1)K (1, 1), (7.59b)
k

Obviously, the presence of the vibronic modes also gives an influence on the Green
function G, and not only on G as in the weakly coupled regime.
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The vibron Green function K is treated somewhat differently. Consider the ex-
pansion

(Zin)” M<TP”(:)P”’(/)>, (7.60)
n! m!

(TXOXT ()= )

n,m=0

where the vibron momentum operator P = (—i)(a — a™). It is convenient to intro-
duce the cumulant ¢, (¢, t') of order p, in terms of which, the vibron Green function
can be rewritten into

(TXOXT (1))
0 AP
=exXp Z —‘d)p(t, t/)
p=1 p:
AP 1 APt
=14+ ) —op( )+ 5 ) — b))+ (T61)
=17 pg P4

Retaining terms up to second order in A and equating same orders in A in the two
above expressions, we obtain the relations

$1(1,1") =i(P(t)) —i(P(1), (7.62a)

Go(t. 1) + 7 (1.1) =2TP@)P () — (P*(1)) — (P*(t).  (7.62b)

In the stationary regime, the averages (P"(¢)) = (P"(t')) = (P"), which leads to
that ¢ (¢, ") = 0, whereas

¢a(t, 1) =2(TP (1) P(t))) — 2(P?). (7.63)
Making use of those results in the cumulant expansion of K, yields the following
form:

K(t, 1"y =exp{irA*[D(1, 1) +i(PH]}, (7.64)

where D(t,t") = (—i)(TP@)P(¢")) is the phonon momentum Green function,
whereas (P2(t)) =iD<(t,t) =i D> (t,1).
The next step is to consider the equation of motion for D, that is,

i D(t,1) = (=)o (=i(TQM) P(1)), (7.65)

where Q =a + a' is the phonon displacement operator. Here, we have used that
[P,a"a]l = —i Q and that P commutes with X'. This operator obeys the equation of
motion

i0,0(t) =iwgP(1) =20 Y (vkolydo X — H.c), (7.66)
ko
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since [Q, ata) =i P. We moreover have that [0, P"] =nP"! which implies that

[0.X]1=)" s [0, P"]=---=-2)X. (7.67)

n!
n=0

Putting together the two equations for D and (—i){(TQ(¢) P(¢)) leads to that we
can write

1
o (((9)* —w})D(t, 1)) = 8(t — ')+ i Z(de(—i)(T(cfmng)(z)P(t’»
ko
— vf, (—IT(X d ko) (O P (1)), (7.68)

where we have neglected contributions that mix different processes, using the so-
called non-crossing approximation (NCA) [23]. Applying the differentiation op-
erator Dy = [(19,)% — a)(z)] /(2wp) from the right, analogously as the case of the
electronic Green function, we obtain the equation

D(t,t")= Dy(t, 1) + / Do(t, D)1 (7, t")Do(t’, tdtdT, (7.69a)
c

where the self-energy

@, )y ==id® ) |vko > (ko (¢, DG o (1, 1)K (2,
ko

+ 8o (1.1)Go (1, DK (', 1)). (7.69b)

In order to improve on the description of the electronic structure, we replace
the rightmost (bare) propagators in both (7.59a) and (7.69a), by their dressed coun-
terparts. In this way we obtain Dyson-like equations for both the electronic and
vibronic Green functions, which have to be self-consistently solved.

The next step is to determine the lesser and greater forms of G and K. In order
to do this calculation, we assume time-independent conditions, such that all propa-
gators depend on the time-difference t — ¢". Thanks to that both G and D are given
in terms of Dyson-like equations, we find that

GI” () = G (0) 257 (0) G4 (w), (7.70a)
D</*(w) = D" (w)[T<"* (0) D*(w), (7.70b)

where the electronic lesser and greater self-energies are expressed as

57 (w) = VP (@)K < (w) = (j:i)ZfX (o)[J K< (w),  (1.71a)
X
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whereas the corresponding vibronic self-energies are written according to
/=@, ¢y =—=in Y (V7 (. 0G5 (t.1) + V(. )G (1. 1)) K=/ (1, 1),
o

(7.71b)
Here, we have used the tunneling propagator V,(iw) = > ) |vk(,|2gk(, (iw), and
ko (iw) = 1/(iw — €ko ). Finally, from the definition of K we obtain

K™ (t,t) = (XX (t)) =exp{iA’[D” (t,¢) = D™ (¢, )]},  (7.72a)

K=(t,t) = (X7t X (1)) =exp{iA’[D=(t,¢') = D=(t,0)]}.  (7.72b)

Before the description is complete, we also need to find expressions for the re-
tarded and advanced Green functions. In principle, those can be obtained through
the definitions e.g. G™/%(t, ") = £0 (&t Ft')[G™ (t,1) — G=(t,1’)]. We may, on the

other hand, just well make use of the equations for the Green functions, which in
the time-independent regime give

3 1
rlag,y —
G,/ (w) = i) (7.73a)
W =8 — L, F LS
2wy

D" (w) = , 7.73b

(@) a)z—a)(z)—Za)oH’/“(w) ( )
where e.g.

o' (t,t") =0 — )T~ (t,t') — I=(t,1)]
=—ir0@ — 1)V, DG (t, 1)+ V=(t', )G (t,1))
x (K= @, 1) — K=(,1)). (7.74)

Using this procedure, we obtain a self-consistent scheme for solving the elec-
tronic structure of the vibrating molecule. In this scheme, it is obvious that the
coupling between the electronic and vibronic degrees of freedom are affecting the
properties of both the electronic and vibronic Green functions, such that the vibronic
modes are also influencing the electron level broadening.

7.4 Transforming It All to Many-Body Operators

We saw in Sect. 7.2.1 that there are reasons to consider other ways to deal with
the electron-vibron coupled system, and an important reason is that we want to be
able to handle the strongly coupled cases. In the literature there is a huge number
of approaches, especially within non-equilibrium theory since most methods have
proven useful in different regimes and for different purposes. Here, the aim is to
connect to the many-body operator formalism and elucidate its abilities within this
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part of the theoretical formalism. The method as such, is based on the previous ideas
of using the many-body states of the central unit, e.g. molecular quantum dot. These
ideas have subsequently been extended by Galperin et al. [24] to also include the
vibronic side-levels into the many-body states.

The idea is straightforward from the previous introduction of the many-body
operators. As an example, we again take the model introduced in (7.1), here repeated
for convenience

H= Z skdckgck0+280d ds +UnTn¢+a)oaa
koeL,R

+,\Zd dy(a’ +a)+Z(vkgckgd +H.c), (7.1)
ko

which is canonically transformed into the form

Z Elmckaclﬂ7 + Zaad dy + UnTnL —i—a)oa a
koeL,R

+ > (ko€y,do X + H.c.). (7.25)
ko

In absence of the coupling to the vibrational mode, the local electronic states are
Ip), p €{0,1,],2}. These eigenstates are now extended to the set |p, ), where
u denotes the vibronic excitation of the electronic state labeled by p. The local
electron operators are, in this basis, given by the expansion

do =) ) (. ldolq, v) XV, (7.75)

pq v

The electron operators act only on the electron degree of freedom in the state | p, n),
hence Zq dyslq,v) =ds[|o,v) +|2,v)]=|0,v) + o|o, v), which leads to

do = 10, 1[0, v) X¥ 40 (5, ]G, v) XTHH] = Y [XVH 4o XTI,

uv w
(7.76)

The vibron operators, on the other hand, only act on the bosonic degree of freedom,
and due to the expansion

=D  =(p.ula"lg, v) XV

pg v
—ZZ L (p.ulg. v —m) XPHAY

pqg v m)
:Z (/’L+m)!Xp/,L,p[L+m’ (1.77)

!
P K
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we obtain the combination

Z M+m) (AT N Omoptm o xou2utmy, (7.78)

Further, by making use of the identity %@ ~@/@0 — p=(-/0)*/2p=2a' jwg gha/wy
we find the matrix elements

A\ r P
<p,u|d096|q,v>=e—W‘”°>2/2<—) e cw([ }) (7.79)
wo v! wQ

where we, without loss of generality, have assumed that & < v. The tunneling
Hamiltonian accordingly becomes

Hy = Z vkﬂci{;gd(7 +Hc. = Z vk(,acltaX“ + H.c., (7.80a)
ko koa
Vkoa = (ps M|d0X|Q7v>’ a:(p, M)(C],U), (780b)

where the transition index a carries both the electronic and vibronic degrees of free-
dom.

The many-body eigenstates were introduced in order to make the molecular part
of the Hamiltonian diagonal, i.e.

Hmol = ngd dy +Uniny +woa’a =" Eph?" = ZEghs (7.81)
i

where E,, = E, + jwo, with Eg =0, E; = &,, and E> = & + &, + U. Here,
also the transition index & = (p, i) denotes the diagonal transition. We, thus, have
control of the full Hamiltonian for the vibrating molecular system in the eigenstate
representation and we can, therefore, also use the framework developed in Chap. 5.
It is interesting to notice that the many-body representation very clearly describes
the vibrating molecular structure through an infinite set of eigenstates |£) = |p, u),
and that the tunneling current through the molecule is mediated by transitions be-
tween those (infinitely many) eigenstates. In this sense, the concept of opening con-
duction channels due to the vibrations in the structure becomes even more conceiv-
able. Through the eigenstate description we also avoid the discussion of inelastic
processes since, strictly speaking, there can only be elastic (direct) processes be-
tween different eigenstates. There can, however, occur indirect inelastic transitions
between the eigenstates if those are assisted by some corresponding inelastic pro-
cess in the lead-molecule system.

In principle, we can perform as high order diagrammatic expansion of the Green
function defined in terms of the many-body operators X¢ as we would find neces-
sary, using the technique introduced in Chap. 5. It is, however, interesting to notice
that already at the level of the Hubbard-I-approximation, the resulting molecular
electronic structure is largely influenced by the vibronic modes. In particular, this
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manifest through non-uniform widths of the vibronic side-peaks, i.e. different vi-
bronic side-peaks acquire different width due to the different transition matrix ele-
ments, or Franck-Condon factors. This is in sharp contrast to the picture obtained
in the small polaron picture. From a physical point of view, this latter scenario is
expected to be the most sensible one, since there is no principle mechanism that
supports a uniform broadening of the vibronic side-peaks. Such a negative statement
cannot be taken as a proof of principle. It is, on the other hand, easy to see that one
would expect a larger probability for transitions between nearby states, than between
states that largely differ in energy. From other symmetry reasons, it would also be
quite obvious that transitions between states with more alike symmetry should be
more likely, than between states with less symmetry in common.
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Chapter 8
Nanomechanical Oscillator

Abstract Coupling of electronic and vibrational degrees of freedom in systems
with superconducting leads further enriches the physics in tunneling systems. We
consider back-action effects of the current on the mechanical motion of a subsys-
tem and show that the mechanical oscillations can be externally excited by the su-
percurrent. On the other hand, the nanomechanical motion leaves off-prints in the
supercurrent which may lead to e.g. additional Shapiro steps in the /-V charac-
teristics. We finally investigate the dynamics of a vibrating quantum dot embedded
in a Josephson junction, and we find that new time-scales emerge. These emergent
time-scales are intimately related to the energies of the single-electron transitions
occurring in the quantum dot. We derive a phase diagram for the dynamics of the
quantum dot occupation. In particular, we find one regime in which the occupation
numbers are constants of the motion and in which the mechanical dynamics is, thus,
set by the Josephson frequency.

8.1 Introduction

Coupling between electronic and vibronic degrees of freedom introduces, as we saw
in the previous chapter, additional complexity to the characteristics of the nanoscale
system. Unlike static defects, vibrational modes posses internal degrees of freedom
which may give rise to additional peaks and dips in the differential conductance
of molecular systems. Incorporating superconducting electronics in combination
within nanomechanical set-up, inevitably enrichess both e.g. Josephson currents as
well as the nanomechanical motion. A prominent example of superconducting elec-
tronics in combination with nanomechanics is a Cooper pair shuttle [1], in which
a superconducting grain, or island, has an oscillating motion inside a Josephson
junction. By varying the superconducting phases in the superconducting leads and
island, the magnitude of the dc current can be controlled. Superconducting transport
through a vibrating molecular structure in the subgap regime can be interpreted in
terms of a ladder picture of inelastic multiple Andreev reflection processes [2]. Yet
other studies of the Josephson effect in superconducting junctions coupled to me-
chanical oscillators show the possibility to introduce additional Shapiro steps in the
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IV characteristics whose positions are determined by the frequency of the vibra-
tions [3, 4].

In this chapter we discuss a few non-equilibrium characteristic of the Josephson
effect in superconducting junctions coupled to mechanical degrees of freedom. For
single and double Josephson junctions, we derive the time-dependent supercurrent
from which we define a Hamiltonian which is inserted into the model of the nanome-
chanical motion. The resulting motion is put back into the supercurrent. Through
this procedure we can study both the current driven nanomechanical motion as well
as the effects of the electron-vibron coupling on the supercurrent. As a final step,
we also discuss these ideas in a vibrating single level quantum dot embedded in a
Josephson junction.

8.2 Vibrating Josephson Junction

The physical system we will discuss in this part, comprise a superconducting elec-
trode (SCR) of mass m, attached to a cantilever with a spring constant k., see
Fig. 8.1, cf. [3]. The movable electrode is located at some distance from an in-
finitely massive counterelectrode (SCL). The Hamiltonian describing this system is
given by

‘H=Hr+Hr+Hr, (8.1a)
Hy =Zekc;iackg+Z[Axc£Tcikl+H.c.], x=L,R, (8.1b)
ko k
Hr =Y TpqCpyCqo + Hc., PEL. qeR. (8.1c)
pPqo

Here, the leads are described by the BCS Hamiltonians H,, where g is the
single-particle energies of the conduction electrons, whereas A, is the supercon-
ducting pair potential, or gap function, in the leads. We assume that the supercon-
ductors are of a spin-singlet s-wave pairing symmetry, and we consider the Joseph-
son junction at zero temperature. The latter assumption implies that the derived the-
ory is applicable for temperatures much lower than the relevant energy scales related

ke

\A
scL e
L®J \mc

Fig. 8.1 Schematic view of the electromechanically coupled superconducting tunnel junction.
The superconducting electrode attached to the cantilever (SCR) is modeled as a harmonic oscil-
lator with spring constant k. and mass m., located at some distance from an infinitely massive
superconducting counterelectrode (SCL). The device is biased with a voltage V
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to the nanomechanical motion, wg, and Josephson frequency, wy, i.e. T <K wp, ®;.
Specifically, typical frequencies for the nanomechanical oscillations can be in the
range wo ~ 103-10° Hz, which requires that 7 ~ 10-100 mK.

The tunneling between the superconductors is given at the rate Tpq. The nanome-
chanical motion of the oscillating electrode is included in this tunneling rate through

Tpq = Tpq [1 + g, (8.2)

where o describes the coupling between the electronic tunneling and vibrational
motion. The quantity ¢ is the displacement operator for the oscillator, such that the
equilibrium point (¢ = 0) of the oscillating electrode is located within the junction
at a position that does not correspond to a special point of symmetry between the
leads. This linear approximation of the motion captures the modulation of the tunnel
barrier triggered by the oscillations.

The energy associated with the frequency of the nanomechanical oscillations,

[k
wo=.[—<~107%-10"" eV, (8.3)
me

is much smaller than the typical electronic energy on the order of 1 eV. Hence, the
mechanical oscillations is very slow compared to the time scale of the electronic
processes which allows us to apply the Born-Oppenheimer approximation to treat
the electronic degrees of freedom. In this approximation, the moving island is re-
garded to be static at every instantaneous location. Under those conditions we study
the dynamics of the mechanical oscillator as affected by the tunneling electrons.

8.2.1 The Supercurrent

As usual, we consider the number of electrons Ny, in the left lead and study the rate
of change of electrons within the model. We have the total current (A = 1)

t
I(t):2eRe/ (TA@), ATV = 4 ([A@), AV FD)ar', (8.4)

—00

where A(t) = qu qu(t)c;f,a (t)cqo (), whereas the time-dependent operators

Cko (1) = eKxt Ckoe ! Kx'. The first term is associated with conventional single-
electron tunneling which does not contribute to the supercurrent. In the following
we shall only be concerned with the supercurrent, which is described by the second
term, i.e.
t
Is(t) = 2e Re/ (LA(D), A@HDe VD ay . (8.5)
—0o0

The average contains two creation (destruction) operators from the left (right) lead,
that is, it describes the tunneling of two electrons from the right to the left lead which
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is the transfer of a Cooper pair through the junction. The current thus, includes the
anomalous averages e.g. f;;p/a,(t, )= (—i)(clT,(, (t)c:,,g,(t’)) and f;gq/a,(t, )=
(=i){cgo (Degor ().

We proceed by making a Bogoliubov-Valatin transformation cx, = Ukyke —
letVlZ&’ where the subscripts o =1, |, whereas the factor o = 1. Using this
transformation we have introduced the quasi-particle energies Ex =

\/(sp — jiy)? + A, |2, and the coherence factors

1 ek — My 1 €k — Uy
= - 1 _— = — 1—— .
Hk \/2( TR ) vk \/2( A (8.6)

such that |ux|® + |vk|?> =1 and Ugvg = |Ax|ei¢X/(2Ek), where ¢, is the phase
associated with the superconductor . In terms of those new operators, ¥po , ypTg, we

will pair the operators y and y * with one another to form a quasi-particle description
of the transport. We obtain e.g.

Frowe t,1) = (—i){cko (D)o (')
= (=) Vkor = O VYR (D) (i Vo — 0 VY5 ) (1)
e Ie * i ’ P il ’
=10 Saa’ukvk/(yka (t)yk/a-/(l )+ lo‘soa’vkuk%yk& Do (1))
= 8100 850V [ f(E)e B — f(—Ey)e  B=0] 1 (8.7)

where the last line is obtained by observing that ()71:6 Oy (1)) = f(Ek) X
expli Ex(t — t')] defines the occupation number for the quasi-particle at the energy
Ex and momentum K. For short, we use the notation Fx, o = Skk’ Fkok's’- IN SUM-
mary, we have the four different anomalous Green functions

FEQeT B — f(—Ee ], (8.8a)

Froor (1) = i85150urcvg
k , (8.8b)

‘7:k>aa’(t’ 1) =i8sr50UKV

FI= 1,1 = i8psoutvi[ f (= Ex)e B0 — f(Ey)e  Ekl=1)

[

[f(Ek)eiEk(t_[’) _ f(_Ek)e_iEk([_t/)
[ , (8.8¢)
[

]
]
]
]

FiZ .) = idpzoufv] f(—Ee B0 — f(Epel 0] (8.8d)

koo

At zero temperature, which is assumed here, the Fermi function f(Ek) = 0. The
current can, thus, be reformulated into (t =7 —t/, wy =2eV, and ¢ = ¢, — Pg)

t
Is(t) =2eReZ/ qu(t)qu(t/)(f;;5(t,t/)f;&a(t/,t)
pqo ¥~

_ 7T< (t, t/)jL—> (t/, t))e—ieVrdt/eint

poo qoo
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— 2eRe Z|AL||AR|
4EpEq

t
x / Tpq (1) Tpq (1) (e 7/ ErTEQT _ ol (EpTEQ)T) o mieVT gy/ pi @11 40) (8 9)
—0o0

Were it not for the unknown time-dependence in the tunneling parameter, this
time-integral would be solvable. However, thanks to the discussion above, we are
allowed to use the Born-Oppenheimer approximation and treat the nanomechanical
motion as very slow in comparison with the electronic processes, i.e. Ex > wy, @p.
Hence, we can make the approximation ¢ (t") ~ ¢ (t) — 4 (t). By introducing the
parameters

A 1 1
Jsevy =e Y roplaLl R'( — ) (8.10)
- EpEq \eV+Ep+Eq eV —Ep—Eq

which describes the amplitude of the supercurrent in absence of the vibrational
mode, and

|ALI| AR 1 1
[seV)y=e) |TYP? ( - )
Pq

EpyEq \(eV+Ep+Eq? (eV —Ep— Eg)?
(8.11)

which reflects the modified amplitude of the supercurrent due to the vibrational
mode, we can finally write the Josephson current according to

Is(t) = Js[1 + aq)Psin(wyt + ¢) — Is[1 +aglagcos(wst +¢),  (8.12)

where ¢ = d;q. Making an order of magnitude estimate of those parameters one
finds for small bias voltages that

Ts (VY «1 (8.13)
wj— —_— . .
15 \a

8.2.2 Motion of the Oscillating Electrode

It is clear from (8.12) that the current very strongly depends on the position of
the oscillating electrode. Hence, in order to achieve a comprehensive picture of the
effects from the movable electrode on the supercurrent we need a model for the
nanomechanical motion. We can achieve this picture by constructing a Hamiltonian
‘H; for the Josephson junction using the requirement that 2edH /¢ = Is. We,
thus, find

r
Hy = E;[1 +aqP[1 —cos(wst +¢)] — 2—2[1 +aglagsin(wst +¢), (8.14)
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where E; = Js/(2¢). This Hamiltonian captures the Josephson back-action effect,
or in other words, the influence from the electronic degrees of freedom on the
nanomechanical motion. The entire mechanical motion will now be modeled by
the classical Hamiltonian

2 2
14 keq

Hose = ——
osc 2m. + >

+Hy. (8.15)

Using the Hamilton equations of motion, ¢ = dHsc/dp and p = —0Hsc/dq, We
find the equation of motion for the coordinate variable g according to

meq +[yn +vs(®)g +keqg = F(1). (8.16)

Evidently, the nanomechanical motion of the movable electrode describes a driven
and damped harmonic oscillation, here with the time-dependent damping

2 I's .
vs) = —a — sin(wyt + ¢), (8.17)
while the damping yy is related to e.g. the mechanical friction, and driving force

F(t) = —20E; (1 +aq) (1 - [1 + (‘”FS} cos(wyt + ¢)). (8.18)
4€EJ

The net effect of the Josephson back-action on the nanomechanical dynamics is
found to be two-fold. First, the coupling to the Josephson current generates a mod-
ification of the mechanical stiffness—the quantity 2o E; can be removed from the
driving force and added to the spring constant, hence, adding a so-called Joseph-
son stiffness to the effective spring constant. Second, the oscillatory contribution
to the driving force and the time-dependent part of the damping lead to a coherent
back-action.

It is an important fact to observe that the damping ys originates from the cou-
pling between the tunneling electrons and the mechanical motion of the system,
and one can separate out two particular aspects. One of those aspects is that yg de-
pends on the bias voltage and vanishes for vanishing bias voltage, since I's — 0 as
eV — 0. The second important aspect is that yg is a periodic function of time, with
the Josephson frequency, for finite bias voltages. There is no analogous effect in a
normal metal junction due to the absence of a quasi-particle energy gap, hence, the
time-dependent damping is unique for the Josephson system.

We study the mechanical motion under low bias voltages, such that I's is much
smaller than Jg. By also assuming weak electron-vibron coupling «, the main
physics is captured by neglecting terms that are proportional to I's, aI's and a2,
in the equation of motion for ¢. The movable electrode, then, obeys the motion

N E
q(t) = qosin(@ot + 8o)e ™2 — 22 (1 _ H(t: 005, ). (8.19)

c
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Here, wy = ,/w(z) — (yn/2m)? is the eigenfrequency of the damped oscillations,

whereas the function

1 — (w/wp)?
[1— (0/®0)2)? + (yyw/ ke)?

Ht;w,¢) =

N

w
X |:COS(a)l +¢)+ k. m

sin(wt + ¢):|

_ 1 — (0/wp)? \/1+<y_N w )2
T = (@/w0)?? + (yno/ ke)? ke 1 — (w/wp)?
x sin(wt + @), (8.20)

where ¢ = ¢ + arctan{(k./yn)[1 — (w/wp)%]/w}. Here also, the parameters g and
8o are to be determined by the initial conditions.

Tuning the Josephson frequency w; — wyg leads to that H(wy) — (k¢/yNwo) X
sin(wpt + ¢), and to the motion

aEy .
sin(wpt + @). (8.21)
YN WO

q(t) = go sin(@ot + 8g)e IN!/2Me 2

For a weakly damped system (yny — 0), the motion appears to occur with an un-
controlled amplitude at the frequency wyp, something which is a typical resonant
characteristics. In the strongly damped case, on the other hand, the oscillatory mo-
tion with frequency @y rapidly decays whereas the part oscillating at the frequency
o persists indefinitely with a small amplitude.

Substituting this motion into the expression for the current, (8.12), under the
same approximation regarding I's, however, retaining contributions up to o2, leads
to the Josephson current

Is() A o ,
2 = (1422 ) sin(wyt + @) + | 2a0 sin(@ot + 8g)eYV!/2Mme
Js K
aZ
+ a sin® (@ot + 8g)e YN/ Me 4 4?011@; wy, ¢)) sin(wyt +¢), (8.22)

where ap = goor and K = kcqg /E ;. The Josephson current is obviously not only
modulated by the Josephson frequency w; but also by the (effective) vibrational fre-
quency @p. In particular, for weakly damped oscillations (yx — 0), one finds con-
tributions to the Josephson current which are proportional to sin(wg? + 8¢) sin(w, f +
¢), from the second term in (8.22), which gives the frequencies w; + wp, and
sin?(@ot + 80) cos(wyt + @) ~ [1 — cos2(@ot + 8o)]sin(w,t + ¢), from the third
term in (8.22), giving the frequencies w; & 2wg. From the last term in (8.22) we fi-
nally find a contributions which is proportional to cos(w ¢ + ¢) sin(wf + ¢), which
gives a frequency 2w, .
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Thus, apart from the fundamental Josephson frequency w;, which is provided
by e.g. the first term in (8.22), the coupling between the tunneling electrons and
the mechanical motion provides modulations of the Josephson current by the dou-
bled Josephson frequency 2w; and, in addition, with the frequencies w; + @ and
oy % 2wy. Especially, tuning the bias voltage such that either w; = wgp or wj = 2wy
leads to dc components, Shapiro steps, in the current.

8.3 Vibrating Superconducting Island in a Josephson Junction

As we saw above, the coupling between the tunneling electrons and mechanical mo-
tion leads to additional complexity of both the mechanical motion and Josephson
current in the system. Without the electro-mechanical coupling, the Josephson cur-
rent is simply described by Is(t) = Js sin(w;t 4 ¢), and this contribution is retained
in the electro-mechanically coupled system, cf. (8.22). In the electro-mechanically
system, however, the Josephson current assumes the functional form Ig(t) =
Js () sin(wyt + @) + [s(t) cos(wyt + ¢), where the parameters Js and Iy depend
on the motion of the movable electrode in a non-trivial fashion, see e.g. (8.22). Here,
we proceed to build on our intuition by adding complexity to the set-up in that we
introduce a second Josephson junction. We, furthermore, let the island between the
two Josephson junctions be suspended on a spring, or cantilever, see Fig. 8.2.

In the spirit of the previous example, we model the present system with the
Hamiltonian

H=H;,+H;+Hr+Hr, (8.23a)
Hy = anc;fmcm + Z[AXClTCini + H.C.], x=L,I1,R, (8.23b)
no n
Hr =Y TokChotko + Y TqxClocko + Hc. peL, kel qeR, (8.23c)
pko qko
k
.,
SCL SCI SCR

Mc

Fig. 8.2 Schematic view of the electromechanically coupled superconducting island (SC I) to the
superconducting electrodes (SC L and SC R). The motion of the island, with mass m., which is
suspended on e.g. a cantilever and located between the infinitely massive superconducting leads,
is modeled as a harmonic oscillator with spring constant k.. The device is biased with a voltage V
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where Tk = Tp(l(z) (I4+oarq)and Tk = Tq(l?)(l +agq), with the couplings «;, and ag
to the left and right leads. Performing an analogous derivation as was done for the
single junction system, we obtain the supercurrent / ;5 (t) between thelead x =L, R
and the island according to

IX(0) = T (@[ +aygPsin(yt + ) — T @)L +ayqlagd cos(@yt +dy),

(8.24)
where the Josephson frequency wy, =2(uy — 147) and ¢, is the phase difference
between the lead x and the island. Moreover, the amplitude of the Josephson current
in absence of electromechanical coupling is given by

Ay llA] 1 1
Jmy=e Y ITQP - . (825
EnEx \py+ En+Ex Wy — En— Ex
ney .k

where A, and A; is the superconducting gap in lead x and the island, respec-

tively, whereas the quasi-particle energies Ep = \/ (6n— 4y)? + 1Ay | and Ex =

\/ (ex — i1)? + | A;)?. Here, also the second contribution to the current has the am-
plitude

My =e Y |T(0)2|A ||A1|( 1 _ 1 )
X nEx \(y + En+Ex)?  (y — En— Ex)?

ney .k
(8.26)
For stationary bias voltages we use that / f =—1 SL such that the total supercurrent
can be written Ig = I§‘ = (ISL — ISR)/Z.
The Hamiltonian for the nanomechanical motion in which the force arising
from the electro-mechanical coupling is included, is derived by requiring that
2edH /3¢, = I{. Itis then found that

1
Hy = > Z (E}([l +axq]2[l —cos(wyt + ¢y)]
x=L,R
1 -
_ grgh + oty qloty G sin(wyt +¢X)), (8.27)

where E ;( =J gf /(2e), and we find the equation of motion for the coordinate g
given by an equation which is formally equal to the one given in (8.17), here with
the driving force

w, 'Y
F@) = —X:ZL’RE}(aX[l —l—axq]{l - <1 + 42E§( )cos(a)xt —|—¢>X)}, (8.28)

whereas the time-dependent damping

1 .
ys()=—5- > ol sin(yt + ¢y). (8.29)
x=L,R
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In comparison with the single junction system, it appears as the only complexity
added in this case is the summation over two junctions. However, the motion of
the island is now affected by the supercurrent in two junctions, and the increased
degrees of freedom due to this summation, increases our possibilities to control and
manipulate the motion of the island and the resulting current. To begin our analysis
of this feature, we perform similar approximations as above, i.e. we neglect the
terms in the damping and driving force which are proportional to o, FSX and a)z(.
Then, the motion of the island is given by

EX
q(t) = qosin(@ot + 8p)e N/ — 3" “"k—’(l—H(t;wx,cﬁX)). (8.30)
x=L,R ¢

Using this motion in the expression for the Josephson current yields

15
X
JS

= <1 + 2, sin(@ot 4 8g)e "N!/2Mme 4 55)2( sin2(@ot + 8o)e~YN!/me

~28, Y. ;X’ [1—H(t;a)x/,¢x/)])sin(a)xt—i—qﬁx), (8.31)

!
x'=L,R X

with &, = qoor, and K, = kcqg /E j( . Despite this current appear as innocent as
the single junction current, we here have an expression with many more degrees of
freedom. For instance, the appearance of two phase factors ¢; and ¢ g demands that
we cannot neglect them. Instead, there is an interplay between them by which we
can control whether there flows a current through the junctions. The two Josephson
frequencies wy and wg may, moreover, also be different if the system is asymmetric
with respect to the bias voltage. Finally, the sum in the last term shows that the
Josephson current in one junction depends on the current in the other, hence, one
has to adjust the parameters with much more care in the double junction system.

In order to get a grasp of the richness the double junction system presents, we

tune the parameters into the following regime. Assuming that Tp(l(z) = Tq(g) and

|Ar| = |ARg|, it is seen that JSL = J§ = Js, hence, we can set E; = E; and
K }( = K. By, furthermore, assuming that «; = —agr = « we find that the Joseph-
son current can be written as

215(1)
Js

= [1 4 &*sin® @ot + 8p)e ""/>"|[sin(w,.t + ¢1) — sin(wrt + r)]

.~ _ @
+2a <s1n(a)ot + 8g)e YN/me 4 K—J[H(t; oL, ¢L) — H(t; wg, ¢R)]>

x [sin(wrt + ¢r) + sin(wrt + ¢r)]. (8.32)
From this expression it is clear that under zero phase differences ¢, =0 and
symmetrically biased system w; = —wg = wy, the Josephson current becomes
21s(t
S0 _ 2[1 + @ sin®(wot + 8)e” V'™ sinw,t. (8.33)

Js
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Fig. 8.3 Fourier transform of
the Josephson current

(logyg [215()/Js[?) as
function of the frequency w
and the phase difference ¢,
for undamped (yny = 0) and
symmetric bias (w; = —wg)
conditions, and fixed phase
difference ¢ = 0. Here, we
have taken @ = 0.1,

K; = 0.6, and frequency

wo = 1.3wy

1 '20)0/(1)J 1-(,00/(,0_] u)/u)J 1 +(1)0/(1)J 1+2(1)0/0)J

Hence, in the underdamped case (yy — 0), the Josephson current comprise a dc
component whenever the bias voltage matches the Shapiro step 2@y, analogous to
the single junction system. In contrast to the single junction, however, there is no
dc component at bias voltages equaling @p. The electro-mechanical coupling in the
system generates a dc component at each junction, but under the present conditions,
those cancel each other. The net effect, thus, is that there is no dc component at
@p. The Josephson current under those conditions corresponds to the dashed line
in Fig. 8.3, where it is readily seen that there are current components only at the
frequencies wy, and w; %+ 2wyp.

Another limiting case is to consider opposite phases, i.e. ¢ = ¢ + 7, and we
assume symmetrically biased and undamped system. Then, the Josephson current
can be simplified to

Is(t
% = [1 + @*sin*(wot + 80)] coswy singy, + 4 sin(wot + o) sinw,t cos Py,
S

+ 2 Gin2w;cos . (8.34)
K

Consequently, for general phase differences ¢ there are current components with
frequencies wy, 2wy, wy £ wo, and wy £ 2wy, see Fig. 8.3. However, at ¢;, = —m,
giving ¢ g = 0, the components at frequency w; and w; £ 2wp vanishes, something
which is also illustrated in Fig. 8.3 (dotted lines).

Finally, we consider the zero bias case, i.e. wy = 0. Then, the function
H(t; w, ¢) = cos ¢, and the Josephson current in (8.32) reduces to

215(1)
Js

=[1+ &> sin(@ot + 80)e_VN’/m][sin¢L — singg]

+2a <sin(50t + 8g)e YN2m Ki[cos ¢ — cos q)R])
J

X [sin ¢y + singr]. (8.35)
Hence, for general combinations of the phase differences ¢, , the zero bias Joseph-

son current has a non-vanishing dc components as well as ac components at the
frequencies g and 2wy.
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It is seen, however, that for phase differences ¢ = ¢g, only the contribution
proportional to sin(wyt + 8p) survives, that is, there is only one non-vanishing com-
ponent to the current, and this component is time-dependent with frequency @y.
Moreover, in the case of opposite phase differences ¢ = —¢@g, on the other hand,
there is one dc and one ac contribution to the current, of which the time-dependent
component has the frequency 2@y, that is, twice the eigenfrequency of the mechan-
ical oscillations.

Both the single and double Josephson junction systems are, in certain respect,
rather simple systems to handle. Treating the superconductors in the spirit of BCS
(Bardeen-Cooper-Schrieffer) theory [5], provides a very simple parametrization of
the amplitudes (Js, I's) associated with the time-independent and time-dependent
couplings between the superconductors. One can imagine to have very different
superconducting media, and asymmetric couplings in the different junction (in the
double junction system) in order to vary the circumstances. Nevertheless, we do not
obtain any additional time-dependence but those of frequencies that are associated
with the fundamental frequencies wg and w;. In order to obtain something that does
have other time-dependences involved, we consider in the succeeding section an
oscillating single level quantum dot embedded in a Josephson junction.

8.4 Vibrating Quantum Dot Island in a Josephson Junction

Here, we imagine that the superconducting island SC I is replaced by a single level
quantum dot, but we retain the mechanical degrees of freedom. Having this in mind
we, thus, consider the model

H= Y Hy+Hop+Hr. (8.36)
x=L,R

where H,, is as before, whereas the quantum dot is described by Hop =), [€0 +
Unz/2lng =) p=0,0,2 Eph?, and the tunneling between the leads and the quan-

tum dot by Hr = Y4y TaoChy do + H.c. = Y45 TaoChy (X% + 0 X72) + H.c. The
electro-mechanical coupling is, also here, taken into account through the tunneling
rates

Tio = T (1 +ayq), keyx=L,R. (8.37)

In what follows, we assume spin-degenerate conditions, such that Tk, = Tk, and we
also assume that the tunneling rates slowly depends on the momentum, hence, we
set Tx = Ty.

Just like we did in Sect. 8.2, we derive the supercurrent flowing between the left
(superconducting) lead and the quantum dot in order to obtain the formula

t
IE(t) = 2¢Re / (AL, AL ettt gy (8.38)

—00
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however, here

A=) Ty(cp, (Ve (1) =Y Ty (el O[X® (1) + o X7 (1)), (8.39)

ko ko
with
ko (1) = ™M arge ™ H Ky = Hy — iy Ny, (8.40a)
dy (1) = eKont g o=iKont (8.40b)
X (1) = efert xae=iRent  Kop =Hpp. (8.40¢c)

Here, we assume that the chemical potential of the quantum dot wgp equals the
equilibrium chemical potential peq = 0, and that it does not vary with the bias volt-
age.

The average inside the integration is taken care of by an analogous procedure as
in the previous cases, i.e.

([AL(®), AL(D])

=Y TLOTL(cf, 0o (D)c); ()ds (1) — el (Vs (e, (1)do (1)
po

==Y TLOTLU)[Firs (4 )V Fi (1) = Fhro (6,0 FZ, (1, 0] (8.41)
po
The anomalous Green functions for the lead, }';: (-f>
(8.8d). The new anomalous Green functions, F:U//> (t,t), provides the dynamics
of the quantum dot states, and are defined by

(t,1'), are given in (8.8a)—

Fy(t', 1) = i{ds (1)d5 (1)), Fs(t', 1) = —i{ds(t)ds (1)), (8.42a)
FIz(,0y=ildl0di)),  FiZ(',1)=—i(d.()d} (1)), (8.42b)

where, we for completeness, also have defined the anomalous Green functions
F!=/7(1,1). Since, for instance, dyds = [X* + 0 X72][X% + 5X°2] =522,
we approximate the anomalous quantum dot Green functions by (t =¢ — ')

F (t',1) = i6 Nppe' 47, FZ (', 1) = (—i)o Nope' 4907, (8.43a)

T - i A > = i Ay
Fég(l/,t) = io Nyge' 2907, F (t', 1) = (—i)o Nype' 22", (8.43b)
Generally, the averages No» = (Z°%) = (Z?)* is time-dependent, and below we
shall go into how this time-dependence is treated within this context. We notice,
however, that N, describes the rate at which transitions between the doubly occu-

pied and empty states occur within the quantum dot, that is, the coherent tunneling
of two electrons out of the quantum dot to one of the leads.
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Recalling that we are performing the study at zero temperature, we find that the
supercurrent can be written as

1E(r) = 2¢Re Z TL ()T (t")Noa (1)
po Ep

x (e EptAs0)r _ pmiEp=dan)t)y—iont/2gyloi@Li+90) (8 44)

where w, =2(uy —pop), X = L, R. When it comes to the time-dependence of the
tunneling rates, we can again employ the Born-Oppenheimer approximation, that is,
Tx(t) ~ Tx(t) — tTp(t). In doing so, we define the time-independent parameters

J (a)X,a))—eZ

1A, ||T‘°>|2

1 1
x( — ), (8.45)
w—wy/2+Ex+A50 ®—wy/2—Ex+ Ay

1A T
k

F (wx,w)—ez

ko

1 1
X - bl
((w—wx/2+Ek+A6o)2 (w—wx/2—Ek+Aza)2)
(8.46)

which allows us to write the Josephson current as
I§(1) = —Re f No2(t) (J§ (@1; @) (1 + a.q)? sin(wrt + 1)

- d
— FSL (wp; w)ap (1 +apqg)gcos(wpt + qﬁL))e_mdt’z—w. (8.47)
s

Notice that this expression is the quantum dot analogy to the one given in the super-
conducting island case, cf. (8.24). Also, notice that this expression includes a time-
dependence in the average Ngy, which cannot be neglected, in general. Nonetheless,
in situations when the time-dependence of Ny; is negligible, the time-integration
yields 278 (w), and the behavior of the quantum dot motion, as well as the Joseph-
son current, is described in very much the same way as the superconducting island.

Generally, the time-dependence of the average Ny; is very much governed by
the electronic processes between the leads and the quantum dot. Fortunately, we can
study its time-dependence through the equation of motion for Ngy within the model.
We find that

(9 — A20)Noa(t) = = Y 0Ty (IX" + 0 X Jeyg he"x' /2, (8.48)
ko
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The correlation function is treated by means of perturbation theory, e.g. using the
first order expansion (A(7)) ~ (—i) [ 6(t){[A(t), H(:")])dt'. To this order, we then
obtain

t

(X% + 60X es ) (1)) = i/ Ty (Y ([Goy (1. 1)) + G2, (1, 1) Fi s (' 1)

—[Gg, (1, 1) + G5, (1, 1) Fy 5 (1 )™ Ox" 2ar
(8.49)
where we have neglected terms proportional to Noy (and N»g) since such terms
leads to a higher order of approximation than we are interested in here. The lesser

and greater quantum dot Green functions are here approximated by

G, (t,1') = iNye 14007, Gg, (t,1') = (—i)Noe 4207 (8.50a)
G5, (t,1) =iNre 457 GZ,(t,1') = (—i)Nze "4%57.  (8.50b)

We, then, obtain the equation of motion
(9~ 2Noa) % = Y [ (14 07U 0531 0)
be

- iaX (l + leq)é VX (wx; t/, (x)))eilwr Z—dt/eil(waﬂpx) y
v/

(8.51)
where
02
|Ax||T)( | < N()(t)
U,(wy;t,w) =
x(x ) % 2Ex o+ wy /2 — Ex— Aqo
Ny (1) N5 (1)
O+ wy 24+ Ex—Asg @+ wy/2— Ex— Ay
No(t
2(1) ) (8.52a)
® 4wy /24 Ex — Azs
02
Ay ||T, No(t
Vx(wx;t,w)=zl X2||EX | (( + ZE(E) — A )2
- k o+ wy/ k — Ac0)
Ny (1) N5 (1)
(a)-}-a)x/z-i-Ek—Ago)2 (a)-i-a)X/Z—Ek—Az&)z
No(t
) 2). (8.52b)
(w+wy/2+ Ex — Azz)
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An order of magnitude estimate for the relative ratio between the parameters J g( ,
FSX, Uy, and V,, gives

2 Ve 1+leV/Ayl? U, eV
Wy — "~ ———————, — .
Uy, 1—leV/A,R2 JE Al

(8.53)

In the case that the quantum dot occupation numbers N,, p =0, 0, 2, are time-
independent, the equation for Ny, can be integrated and we obtain

Noa(t) & Y [((1 4+ ayq)? Ul (@) — oy [(1 + ey q)g + ey §1V (wy)
X

— 203G7U} (y)) cos(@yt + ¢y) — o g (1 + oy q) V, (wy)
+2(1 + ay Uy (wy) — ZaxéjV;’(wX)) sin(wy? + ¢y)] (8.54)

where we have introduced the notation U;( (wy) = Uy (wy) /(A2 — wy), U)’(/ (wy) =
Uy (wy)/ (A — a)x)z, and U)’(”(a)x) =Uy(wy) /(A — a)X)3, and analogously for
V)’(, V; , and V)’(” . Under those conditions, N, being constants of motion, the time-
dependence imposed on Ny, has a period which is directly determined by the
Josephson frequencies w,, x = L, R. Thus, there is no new time-dependence in-
troduced.

We describe the more general motion by also treating the occupation numbers
N, as time-dependent quantities, with rates of change

8 No=2Im Y Ty (cf, X")el ", (8.55a)
ko
8 No = —2Im Y T ({ef, X*) + o (¢, X72))e'r", (8.55b)
k
Ny =—2Im Yy T (cf X7%)e'r", (8.55¢)
ko

The correlation functions are expressed as

. t
(ef X07)elont = (—i)[ Ty (G (', DG (1,1

— G, (' GG, (2, 1)) at, (8.562)
_ . t
(b XTelont = (~i)o / T (G (1. )G 2 (1, 1)

—00

— G, (', G5, (1, 1)) < dr, (8.56b)

where the Green functions G=</> for the superconducting leads are given by
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G, (1, 1) = i |uk|* f(Ex)e BT + |vg|* f (— Ex)e Ex7], (8.57a)
Gy (', 1) = (=D)[ukl* f (= Ex)e' T + oy |* f (Ex)e ™ 7). (8.57b)
In terms of those Green functions and the ones for the QD, (8.50a)—(8.50b), we

write the correlation functions as (7T — 0)

X0t = i) [T (o P8 Mo — i PN, )

x ¢ H(Ao0=00)T gy (8.58a)
t
(e X72)e 1! = (=)o / Ty (Jvko e ™ 55 N — lukg P47 N)

—00

« oA —0)T gy (8.58b)

Inserting the former correlation function into the equation for e.g. Ny yields

8No=2Im» T, (t)/T (I (w)No—AéU(w)Ng)e_img—:dt/ (8.59)
X0

where we have introduced the parameters

okl Jux|®
't (w) = , A% () = ,
ra (@) Zw—A;‘p—Ek+i5 pa (@) Zw—AZI(,,—i—Ek—i—iS

k k

(8.60)

and where A,)I(p = qu Wy
The parameters F hq and A% »q can be evaluated by the following procedure. We
replace the k-summation by integration over the density of electron states N, in
the superconducting leads x, and we assume N, to vary slowly with momen-
tum/energy. Next, we notice that since FEx is an even functions of ek, the fraction
1/(w— A;(p + Ex +1i6) is also an even function of ¢k. Furthermore, by noticing that

ji? = [1+ex/ Exl/2 and [o? = [1—ex/ Exl/2, and Ex = /(e — 0,02 + |4, 2,

we can obtain and expression for the parameter e.g. ng through the following cal-
culation:

[1—¢/E]/2 o0 172
X (0) = fzv Xg/ 12 ds:zNX/ X/ _ds
—qu E+id 0 w—A; —E+id
1 E
=N, dE. (8.61)

\Ax|w—A§p—E+i8 /E2_|AX|2

Under the time-independent conditions, the equation for Ny Would only contain the
imaginary part of F,fq Although we notice that the real part of I q is by no means
small, the real part of the integrand diverges as E — |A, | which leads to a divergent
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integral, we only retain the imaginary part. We thus have,

O(E —|A
ry ~-mN, /5(60 — A, — E)(4|X|)EdE
JE2— 14,2
—_ AL
= 7N, - Zar 6w — AL, — 1Ay D). (8.62)
Jw— 4% 14,
In the same way we also obtain
w— A

A% () = -7 N, ar 0(—w+ AL, — Ay, (8.63)

J@— %) 14,
The two parameters Iy, and A}, are non-vanishing only when the energy

|w— A()I(pl > |Ay |, something that we shall make use of below.
In order to proceed, we notice that!

/ T, (the " Tdt’ ~ T;O) /(1 +ayq —Tayg)e Tdr

~ 21T (1 + ayq)8(w) =21 Ty (1)8(w).  (8.64)

By this approximation, we then obtain the equations of motion for the quantum dot
occupation numbers given by

X X X
Zo ‘/)1(00 XFOT . FO¢ 0)(
AN=Y (102 —Aop TG+ AR 0 I I
T x —AX 0 —I¥ + A% rk ’
X 0} . 0l ; 12 12 )
0 _ATZ _A¢2 - ZO’ FO'2
(8.65)

where N = {Np};=o,a 5.
There are several regimes in which the quantum dot population numbers will be-

have very differently. For instance, in case all transitions Afﬁo and Agg are located

within the superconducting gaps of the leads, all the parameters FPXq and Aéq van-
ish. Hence, all the occupation numbers N, are constants of motion, which leads to
that the time-dependence of Ny, given in (8.54) holds. This regime corresponds to
region Il in Fig. 8.4.

By symmetry, the cases for which A% < —|A,| and |A} | <|Ay[, and Af >
|Ay| and |A()§0| < |Ay]l, regions I and III in Fig. 8.4, respectively, give rise to the

"Here, we are not entirely careful since the Fourier transform of 7 is not defined. However, the
Fourier cosine transform of T must vanish since 7 cos wt is an odd function of 7, whereas 7 sinwt
is even. If we replace the latter function by 2719 sinwr, 8§ > small, and integrate over [0, 00),
one finds the Fourier sine transform 217 (1 — 8)w' =% sin([1 — 8]m/2) - 0,as § — 0, I'(x) is the
Gamma function.
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Fig. 8.4 Phase diagram for
the equation of motion for N @ AU

under the spin-degenerate

conditions. In regime I (III) 1' ZO N
Aio <X_|Ax (Aga > 14xD S 2 /4
and [A) | < |Ay| 1Al

(1A%l < 1Ay D). In regime II,

all transitions | A%, | < |4, . . @
while the transitions lie
outside the superconducting 4@ Al

gaps in the other regimes "

)

>

-3lAl -21Al -lAl 1Al

same time-dependence of the occupation numbers, provided that we interchange Ny
and N, with one another. Therefore, consider e.g. region I. In this region the pa-
rameters F;q = 0, for all transitions |p){g|, and also Agz =0 since A;U > —|Ayl,
whereas A())((7 # 0 since Ago < —|Ay]|. Then, the equation of motion assumes the
form

1 000
B 2rx | =81 0 0 0

AN=2"TII¥ _3; 0 0 o™ (8.66)
* 0 000

that is, N7 is a constant of motion. The time-dependence of Ny can be determined
by integrating and one finds that, up to a constant,

~ Xt pON2 77
Not) = No [ o Ju 704 (8.67a)
Xo
t
No()=—Y AL, f (TO)*No(dr', (8.67b)
X o

for some initial time ¢ at which 1\70 = No(tp). Under the local approximation of the
tunneling rate, Ng acquires the time-evolution

H oMo (TP a {1+ g1 =y (t—t0) 1+03 43 (t—10)? /3} (1—t0) (3.68)
X0

Here, the exponent changes sign periodically with the velocity ¢, and position g, of
the quantum dot, which provides an oscillatory behavior of the occupation numbers
No as well as for N,. The physics of this behavior is that the occupation in the
quantum dot periodically grows and wanes as the quantum dot moves. Such a feature
may, thus, enable loading and unloading electron density on the quantum dot at
different leads, or, single electron shuttling between the superconductors via the
quantum dot.
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The time-scale 7 for loading (unloading) electron density on the quantum dot
is related to the transition energy Ago (A;a), and it can be noticed that T — 0
as Ago — —|Ay] (A%(J — |A,]), while it is determined solely by the density of
electron states, T ~ 1/N,, in the leads of transition energies far below (above) the
superconducting gap. The dynamics of the occupation numbers introduce an addi-
tional time-scale to the ac Josephson current which is associated with the energies
of the quantum dot transitions, and which is markedly different from the ones intro-
duced through either the Josephson frequency or the fundamental frequency of the
vibrations.

In the case when all transitions lie below the lower edges of the superconduct-
ing gaps, that is A%, < —|Ay/| cf. region IV in Fig. 8.4, the parameters [, = 0
whereas all Aﬁq are finite. Under those conditions, the matrix in the equation for
N is lower triangular and can, therefore, be analytically solved. For instance, the
time-dependence of Ny is, up to a constant, given by (8.67a). By also integrating the
equations for N, and N, we find

4 1 " " /
No)=—]] / Ao Ji Tt D T AL No()dr',  (8.69)
X 0] X/

t
Nao(t) = — Z Ax, / Ny (t)dt'. (8.69b)
xo fo

Both the empty and one-electron states depend on the periodic motion and velocity
of the quantum dot, as in the previous case. In addition, the occupation of the two-
electron state acquires a time-dependence since it depends on the integrated time-
evolution of the occupation in the other states. The time-evolution of the electron
occupation in the quantum dot is, hence, related to the (four) time-scales that are
associated with the transition energies A,o and Ay, . The one-electron occupation
N, in particular, strongly depend on the rates of the transitions X*” and X?2. The
properties of regime VI are obtained by noticing that Flfq # 0 and all Af,q =0,
which leads to that the roles of Ny and N; are interchanged.

The last regime, in which A%, < —|A,| and A} > |A,], region V in Fig. 8.4,
provides the most complicated dynamics of the occupation numbers, since the pa-
rameters AJ <0, A%, =0, I;Y =0, and I')5, > 0. The occupation number Ny is,
thus, obtained from (8.67a), whereas N; is obtained from an analogous expression
which is found by replacing Ao, and 1\70 by I';2 and Nz, respectively. It is under-
stood that Ny increases while N> decreases, and the other way around, which is
expected from conservation of probability. The one-electron occupations depend on
the integrated time-evolutions of Ny and N, through the expression

t
Ny(t) = — Z / Tf(z/)[AgoNo(z/) — IYN2()]dt' . (8.70)
x 70

The occupation of the one-electron states can, thus, be viewed as resulting from the
imbalance between the occupation in the empty and two-electron states.
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In all of the cases discussed here, one has to recall, however, that we perform
the time-integrations under the assumption that T, (t') ~ T, (1) — t Tx (t). Moreover,
in order to acquire the entire time-dependence of the occupation numbers, we also
have to have information about the mechanical motion of the quantum dot itself, i.e.
we need to know ¢ (7).

We understand from the discussion of the oscillating quantum dot embedded in
the Josephson junction, that the new time, or energy, scale that can be introduced
stem from the quantum dot transition energies A ,,. We have seen that when these
transitions lie in within the superconducting gaps of the leads, the mechanical mo-
tion of the quantum dot is entirely determined by the Josephson frequencies w, .
If one or more transition energies lie outside the superconducting gaps, the me-
chanical motion is also strongly affected by the time-dependence of the occupation
numbers N, of the quantum dot.

References

Gorelik, L.Y., Isacsson, A., Galperin, Y.M., Shekter, R.I., Jonson, M.: Nature 411, 454 (2001)
Zazunov, A., Egger, R., Mora, C., Martin, T.: Phys. Rev. B 73, 214501 (2006)

Zhu, J.-X., Nussinov, Z., Balatsky, A.V.: Phys. Rev. B 73, 064513 (2006)

Fransson, J., Zhu, J.-X., Balatsky, A.V.: Phys. Rev. Lett. 101, 067202 (2008)

Bardeen, J., Cooper, L.N., Schrieffer, J.R.: Phys. Rev. 108, 1175 (1957)

RAIE ol e



Chapter 9
Current-Voltage Asymmetries in Two Level
Systems

Abstract We consider current-voltage asymmetries in double quantum dot systems.
Such effects are here described in terms of correlation effects and we use the one-
loop-approximation to find that asymmetric couplings to the left and right leads
which provide asymmetric response to the bias voltage. We discuss the results in
terms of the relative level spacing, detuning, and the hopping rate between the quan-
tum dots.

9.1 Introduction

Experimental /-V characteristics of e.g. quantum dot systems, carbon nanotubes,
and quantum wires, often show a degree of asymmetry with respect to the bias
voltage [1-3]. These observations are made on nano-devices where one part has
a complex electronic structure, which is coupled to two, or more, non-complex
regions, e.g. leads. The non-trivial /-V characteristics becomes particularly ap-
parent when the interacting region is asymmetrically coupled to the left and right
leads.

I-V asymmetries may be an effect of impurities introduced during the growth
process or differences in interface roughness of the oxide layers between the con-
tacts and the interacting region [4, 5]. Other mechanisms that may introduce asym-
metries in the /-V, or differential conductance (d1/d V'), characteristics are unin-
tentional background charges which additionally contribute a charging energy to the
interacting region [5], or higher collector barrier which enhances the charge storage
in the well substantially and leads to different current amplitudes for the back- and
forward biased device [6, 7].

Theoretically, it has been suggested that inelastic scattering gives different con-
tributions in the back- and forward bias direction, something that would especially
important for asymmetric structures [8, 9]. However, a full understanding of the
mechanisms responsible for the observed asymmetries in the /-V (d1/dV') charac-
teristics has not yet been put forward.
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Experiments on double quantum dots coupled to metallic leads have also shown
asymmetric negative differential conductance behavior in the /-V characteristics,
see e.g. [10]. Here, the I-V characteristics is asymmetric in the sense that the neg-
ative differential conductance appears only in one half of the bias voltage range
(—V, V). Features of negative differential conductance can normally be realized in
semi-conductor double- and multi-barrier structures [11, 12], which usually can be
referred to as band-edge effects [13, 14]. On the other hand, sharp resonant peaks
[15] related to vanishing energy distance between the levels in the two quantum
dots, creating a resonant state [16], have been recorded in transport experiments on
double quantum dots fabricated from semi-conductor hetero-structures. Alignment
of the levels in the two quantum dots are, however, expected to create symmetric
I-V characteristics with sharp resonant peaks and large peak-to-valley ratios. This
is in huge contrast to the observations in [10]. Asymmetries and negative differential
conductance in interacting regions coupled to metallic leads with a conduction band
width of the order of eV, cannot be explained in terms of band-edge effects. Nor-
mally, one would expect an increasing current with increasing bias voltage, possibly
with appearance of plateaux due to the zero-dimensional confined energy levels of
the interacting region.

Here, we will seek an explanation for the /—V asymmetries and negative differ-
ential conductance in terms of electron correlations. We understand from our pre-
vious formal studies of the Green function for the interacting region that we must
go to at least the one-loop-approximation in order to obtain a theory that is beyond
mean-field in order to capture correlation related asymmetries.

9.2 Setting Up the Model

We will study the problem in terms of an idealized double quantum dot, cf. Fig. 9.1,
each with a single level and a large intradot Coulomb repulsion U 4,p, and the quan-
tum dots interact through the interdot Coulomb repulsion U4 p and hopping ¢. Fur-
ther, the quantum dots are coupled to leads with tunneling rates vk, , k € L, R. The
energy for the system is modeled by the Hamiltonian X = H; +Hr+Hpop +Hr,
where, as usual H, = Zkﬂ ey Eko clio Cko» X = L, R, whereas

Fig. 9.1 Sketch of the double quantum dot system. The quantum dots interact through the interdot
Coulomb repulsion U and hopping #, and each quantum dot is coupled to a lead through I"%/R
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Hpop = ZSAdjmdAa +Usnatna + ZSBd;O_ng + Upnpsnp,

o [

+Uap(may +nay)(ngr +npy) + Zt(dj;adBa + H.c.)
o

=Y Enally. (9.1)
Nn

Finally, the tunneling Hamiltonian Hr = Zka’ 4 vkgaci X%+ H.c., where vgsq =
Vko (dy )%, and where d, = da, (dpy) fork € L (R).

Here, we have introduced the Hubbard operators in terms of the eigensystem
{Enn, |N,n)}, where N and n denote the number of electrons and state, respec-
tively. Reference to the electron spin is not necessary, but is included for complete-
ness. In Table 9.1 we summarize the eigenstates for the double quantum dot in the
atomic limit.

In the following, we focus on the case with bias voltages less than both Us,p
and the intradot level spacing. It is then sufficient to consider only the transitions
between the empty and singly occupied states, |0, 1) and |1,n), n =1,...,4, re-
spectively. The Hamiltonian for the double quantum dot then reduces to a sum-
mation over these states only. Hence, Hr = ) ., vkgnc;ioxé? + H.c., where
Vkon = Vko (dg)(l)'l'. In reality, there may be an unknown number N of electrons in
the interacting region. The conducting channels involve only one or a few of the cor-
responding many-body states, and therefore one can simplify the model and identify
the empty state of the model with the N — 1 configuration.

Table 9.1 Eigenstates of the double quantum dot system. Here, we use the convention |o)|o’) =
d;;g,dl‘om) and |1]) = dldT'|0). The two-electron states |@4) = [14)10), |@B) =10)|1]), and

|<1§AB) =[IM) — |¢)|T)]/«/§. The coefficients «,, By, An, Bn, Cp, kn, and X, depend on the
internal parameters €4/5, Ua/p, Uap, and ¢

N [N, n)
0 [0, 1) =0)
1 [1,n) = a,|1)]0) + B, 10)|1) n=13
[1,n) =, |{)10) + Bu10) V) n=24
2 2, 1) = 1)1
12,2) =) 1)
2,3) = [IMIL) + 1) ID1/V2
12,n) = A, |®4) + B, |®B) + C,|PAB) n=4,5,6
3 13, 7) = i [1)10) 4 A, 10)[ 1) n=13
13, 1) = ka[4)10) + 2,100 ) n=24

4 14, ) =11)1)
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The eigenenergies for the one-electron states are given by

g4+ €3 :I:«/A82+4t
Eyn= 2 9.2)

where n = 1,2 (3,4) correspond to the negative (positive) sign, whereas Ae =
g4 — €p 1s the inter-dot level off-set, or, detuning. The energy of the empty state
is Eg; = 0. The transition matrix elements

(dAo)(])rll = (0, l|ldaos |1, n) = au[ (81 + SVB)SUT + (Bn2 + 8n4)50¢]’ (9.3a)
(dBJ)Ol = (0, l|dBc7|1s n)= ,Bn[((snl + 8n3)80T + (Sn2 + 8114)50¢]a (93b)

where
Ag — / Ag2 + 442
d12) = . (9.4a)
\/ A0 — A/ Ag? + 41212 + 442
2t

B = , (9.4b)
\/[As —Ag? 4+ 41212 + 442

while 034 = —Bi12) and B3y = a1 Hence, |(dao)g; > 1? # [(dao)g; > and
|(dp 0)11(2)|2 # |(dp )13(4)|2 whenever €4 # €p, as can be seen in Table 9.2 where
the equilibrium properties of the double quantum dot and the transition matrix ele-
ments are listed. The properties of the matrix elements are also plotted in Fig. 9.2(a)
for various hopping strengths ¢, whereas the drawings in Fig. 9.2(b) and (c) illustrate
the system in the single-particle (b) and many-body (c) representations.

The above situation would hold in many realistic systems since the sizes of the
two quantum dots are different, in general. The difference of the transition matrix
elements influences the current through the system and, furthermore, one can control
the properties of the system through the transition matrix elements.

Table 9.2 Equilibrium

properties of the DQD given A B) ©

the inter-dot Coulomb

repulsion Uy g = 40 meV, €A (MeV) —3.25 —-2.5 —1.75

respectively, and the hopping ¢ (meV) —~1.75 -2.5 —3.25

t =0.75 meV. The

single-particle levels 64,5 are  Ej, (meV) -3.56 —3.25 —3.56

input parameters Ezy (meV) —1.44 ~1.75 ~1.44
(dao) @2 0.85 0.5 0.15
[(das)n 2 0.15 0.5 0.85
[(dpo)1 P12 0.15 0.5 0.85

[(dpo)gy P2 0.85 0.5 0.15
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Fig. 9.2 (a) Transition matrix elements |(dAa)11(2) |2 |(d30)1%(4)|2 (black) and |(dA(,)”(4)|2 =

|(d 30)11(2) |2 (grey) as function of the detuning Ae for various hopping strengths . (b) Sketch of
the energies in the serially coupled quantum dots. In quantum dot A (B), the bare single-electron
levels € 4(p). (¢) Schematic picture of the energies in the diagonal representation, where fi7 (g) is the
chemical potential in the left (right) lead. The energies of the transitions between the one-electron
states |1, n) and the empty state |0, 1) are denoted A,9. The arrows illustrate the strengths of the
transition probabilities between the one-electron states in the double quantum dot and the leads

The plots in Fig. 9.2(a) illustrate the dependence of |(d A,,)Ol @ |2 |(dp ,,)]3(4) |2

(black) and |(d,4(,)13(4)|2 |(d13(,)1 @ )|2 (grey) as function of the detuning Ae for
various hopping strengths . It is clear that the matrix elements are equal for van-
ishing detuning, for all hoppings ¢, which is naturally understood since then e.g.
a1 =2t/(2-2t) =1/(2t) = By. This is expected since the state in the two quantum
dots are resonant with one another in this case. In other wordings this means that
the one-electron states are equally distributed throughout the double quantum dot.

For finite detuning, one of the matrix elements approaches unity and the other
to zero, as £ =2t/ Ae — 0. This is easiest seen be rewriting the matrix elements in
terms of the parameter &, giving e.g.

o2 — (sign Ae — /1 + £2)? g2 = £?
"7 g2 4 (signAe — 1+ 822 ' g2 4 (sign Ae — 1+ £2)2

Hence, for Ae < 0 it is obvious that Ol%(2) — 1 and ,312(2) — 0, while o34 — 0
and B3(4) — 1. The physical meaning of these limits is that the state |1, 1(2)) has a
larger weight on quantum dot A than on B, while |1,3(4)) is heavier weighted on
quantum dot B. In the case Ag > 0, the limit values are interchanged, and |1, 1(2))
and |1, 3(4)) become more weighted on quantum dot B and A, respectively.

In the opposite limit, that is, |§| — oo, we have

ol = (1€ sign As — /1 + £-2)2

L g Tsign Ae — T+ E-2)2 ©6)
1

Pi = 1+ (€] sign Ae — /1 +£72)2

which leads to that o2 — 1/2 and B2 — 1/2, for all n, which is indicated in
Fig. 9.2(a), for increasing ¢. Hence, the one-electron states become more uniformly
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distributed throughout the double quantum dot structure for increasing hopping.
This is expected since a large hopping tends to de-localized the states in the sys-
tem.

9.3 Scattering Between the States

In this section we derive the non-equilibrium Green functions for the double quan-
tum dot, and we discuss it in terms of the scattering between the states in the double
quantum dot.

The charge current, 7, through the systems will be calculated using the, by now
well-known, formula

Z/ (fi T = fArR Gy () +(f TF — fRr [RYG) (w)do, 9.7)

where I} =27 Yy e ko P8 — e10), f;F = f(@), and f = fy(~0) =
1 — fy(w), whereas the Green function for the double quantum dot is de-
fined through G, (¢,t) = (—z)(TXl" (t)X (t ))u. We will need the action § =
exp[—i [ H'(t)dt] with

H (1) =UoOhy+ Y _(UnOhf + Unm @) Z}T). 9.8)
n
The equation of motion for the Green function is given by

<i3 - Ag - AUn(t)>Gnm(tat/) - Z Unn’(t)Gn’m(ta t,)

ot
n'#n
=80t = )P (1) + D (Puw (1) + Ry (1))
n’'m’
X f Vi (t,8") Gy (8, 1)d1”, (9.9)
C

where, we repeat that, Ry, (#) = i[8,,8/8Uo(t) + 6/8U,u,(¢)], and the interac-
tion propagator Vi, (t,t) = D ko vf;anvk(,mgkg (t,t"). Here, the Green function
gko (¢,1") denotes an electron in the leads, and satisfies the equation (i9/9r —
€ko)8ko (1, 1) =8(t —1').

In the present discussion it is obvious that Gy, (t,1") = Y, Dy (t,1") Py ('),
such that

8Gum (2, t/) = Z([SDnn’(tv t/)]Pn’m(t/) + Dy (2, t/)[SPn’m(t/)])- (9.10)

n
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Recalling that D~'D = 1 giving §D = D[sD~!]D, we find that

G (t,1") = Z(D,m/(r, )8 P ()]

n'

_Z/ Dyy (2, T)[8Dyy (7, T/)]Dv’n’(f/at/)Pn’m(t)dfdf/>- 9.11)
v/ ¢

In the limit of zero source fields, Uy, (t) — 0, all components of the double quantum
dot Green function matrix that do not conserve either the spin or orbital moments
vanish. Functional derivatives of these propagators may, as we have seen previously,
be finite and will be considered. Scattering between the one-electron states |n) and
|m), n # m, is included in the first order correction (first order in functional deriva-
tives). Having these observations in mind, we find that the last term in the equation
of motion can be written

Z Rnn’ (t+) / Vn’m’ (tv t”)Gm’m (t//v t/)dt”
C

n'm’

=i Z/ Vi (£, 7) (8mn Do (T, ) K (8,1)) + Dy (7, )Gy (2,1))d . (9.12)
C
n'#n

Here, K, ,(t,t) = (—i) (TZ?;" (t)Zﬂ’/(t/))U describes the scattering between
the one-electron states, and satisfies the equation (id/3f — Ap)Kyn(t, 1) =
8t — [Py (1) — Pu(D)].

The first term in (9.12) plays an important role for the understanding of the scat-
tering effects that influence the transport through the system. In particular, this term
is a key part for the explanation of the /-V asymmetries as well as the asymmetric
negative differential conductance, which will be discussed below. The second term
provides the dressing of the transition energy arising from the kinematic interactions
induced by the presence of the de-localized electrons in the leads. We, thus, identify
the dressed transition energy A, by

Ap=A0+i Y | V(. 1)Dy(z. t)dr, (9.13)
C
n'#n

and the dressed end-factor Py, (¢, t') by

]P’nm(t,t’)=5(t—t’)an(t)+i5ng/CVn/(t,f)Dn/(f, )dT Ky (t,1), (9.14)
n/

where K, (t,¢t") =0.

We have, thus, arrived at the one-loop-approximation, which was the goal of
this derivation. By restricting ourselves to the stationary regime, we can Fourier
transform our result and obtain the equation of motion

(iw—=2,)Gpliw) =Py(iw) + Pr(iw) V,(iw)G,(io). (9.15)
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Although this equation is diagonal, the dressed end-factor contains, as we have seen
above, scattering events between different states. Our purpose with this study is to
understand the effects of the electron correlation on the /—V characteristics. There-
fore, we do not include off-diagonal contributions to the Green function, although
these may provide additional features to the /—V characteristics.

9.4 Asymmetric Population Numbers

The shift in the dressed transition energy A,, (9.13), is caused by the kinematic
interactions between electrons residing in the states |n” # n) in the double quantum
dot. These interactions are possible because of the couplings to the leads, which
enable tunneling of electrons between the leads and double quantum dot. Due to
the fluctuating nature of the electrons, tunneling back and forth between the leads
and the double quantum dot, there may be electron density in any of the states |n),
and hence, there will be interactions between those densities. This is the physical
background for the kinematic interactions in this system.
Converting the integral into real times, i.e.

f V(t,t)D(z,t)dt = /[Vr(t, )D=(t,t) + V=(,1)D%x,1)]dr,
C

introduces the Fermi function f(eks), i.e. a restricted domain for the energy sum-
mation, which leads to an increased shift near the chemical potentials of the leads.
This is illustrated Fig. 9.3(a), which shows the dressed transition energies as func-
tion of the bias voltage for the case (A) in Table 9.2. We note that the cases listed in
Table 9.2 are reasonable for sizes of the quantum dots less than 10 to 100 nanome-
ters each. It may be seen from the figure that sharp dips in A, are found at specific
bias voltages. If the couplings to the left and the right contact are asymmetric, that
is, if the hybridization between the localized state in the double quantum dot and
the states in the left lead is different from that to the right lead, then shift of the

a) = (b) —— one loop approximation
-2.4 Z _/\ re-normalized HIA
26 A Em HIA
=)
-2.8 20 - 0
> g ———\\ ]
g (©)
g 44 015} .
-4.6 R
-4.8 lo 0.05
-10 0 10 -10 0 10
bias voltage (mV) bias voltage (mV)

Fig. 9.3 (a) Dressed transition energies as function of the bias voltage for the case (A) in Table 9.2,
with I'Y/R = 0.375 meV, and T = 5 K. (b) Dressed population numbers 2N} = Ny + N, and
2N3 = N3 + Ny, as function of the bias voltage for the case (A)
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transition energies becomes different when the bias voltage is applied in the for-
ward direction compared to the reverse biased system. In Fig. 9.3(a) the couplings
't = 'R, however, the couplings of each transition in the double quantum dot be-
comes asymmetric with respect to the left and right leads, i.e. FnL #* FnR , because of
the asymmetry of the transitions |0) (n| in the double quantum dot.

The expression for the end-factor, (9.14), can be used to understand the basic
mechanisms for the scattering between the one-electron states. First of all it should
be noticed that any contribution in the sum over the states |n) vanishes whenever
P, = P,,. This happens whenever the spectral weights of the transitions |0) (n| and
|0) (m| equal. Second, the leading contribution from the dressing of the end-factor
has an imaginary part which peaks around A,,. To illustrate this with a simple model,
we put D) (w) = (w — A, + i0t)~1 and D (w) =i2n8(w — A,). Then, we obtain
the retarded end-factor approximately as

X
1—;1/ Pn/_Pn log
2 w— A,

My —
®— Wy — Apy

P:Lm(w) R Pum — Smn Z
n'x

_i”fx(a)— Ann/)>~

(9.16)
The real part appear to be diverging for bias voltages such that u, ~ A,/ . If we
instead use the dressed locator D}, (w) in the above calculation, this apparent diver-
gence is removed, hence, it is of less importance.

The physical effect from the dressing of the end-factor is an increased or de-
creased spectral weight for the corresponding Green function, depending on the
sign of the difference P,; — P,. Hence, the ability for an electron to tunnel through
the double quantum dot via the transition |n)(0| is highly influenced by the scatter-
ing between the one-electron states. It should be emphasized, however, that this is a
dynamical process which strongly depends on the bias voltage and, in addition, on
the strength of the couplings to the left and the right leads.

The population numbers, calculated through the set of self-consistent equa-
tions such that N, = (—i)fG,f (w)dw/(2m) and Ng + Zn N, =1, are plotted
in Fig. 9.3(b) and (c), where panel (c) displays the sums Nj + Ny = 2N; and
N3 + N4 = 2 N3, for the one-electron states as function of the bias voltage for the
parameters used in case (A), cf. Table 9.2. The population numbers N; and N3,
are almost equal in the region around equilibrium. However, it may be seen from
Fig. 9.3(c) that N3 decreases while N remains more or less constant, as the bias
voltage increase in the forward direction (eV = up — g > 0). This behavior re-
flects the difference of the coupling strengths for the two transition |0) (1| and |0) (3.
The first of these two transitions couples weaker to the right lead that then other
does, and hence prohibits electrons to flow through the double quantum dot via this
transition. Therefore, the population remains constant around its maximum value
for a large range of bias voltages.

For reverse bias voltages (eV < 0), the case is quite the opposite, since the
first transition, |0) (1|, couples strong to the left lead whereas the second transition,
|0) (3|, couples weaker, cf. Fig. 9.1(c). Hence, a larger amount of electron density
can flow through |0) (1| which leads to a decreased population in the state |1)(1].
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The dip and hump in the plots for N; around —11 mV and 9 mV, respec-
tively, are both caused by the dressing of the end-factor. This fact is empha-
sized in Fig. 9.3(b), showing a comparison of the two mean field approxima-
tions, Hubbard-I-approximation (dashed), re-normalized Hubbard-I-approximation
(dotted), and one-loop-approximation (solid). The figure illustrates logarithmic
plots of the ratio N3/N; as function of the bias voltage in the three approx-
imation schemes. The dynamical effects from the dressed end-factor tend to
modify the population numbers of the transitions for biases around A,, as dis-
cussed above, and this modification leads to a further decrease of N; around
—11 mV since the difference P; — P; > 0, whereas this difference is nega-
tive for biases around 9 mV which leads to the hump in N;. In the mean
field theories, the electrons flow through the double quantum dot directly via
the transitions |0)(n|, which is expected since the transverse couplings through
|n)(n’| are not open in these approximations. The dynamical effects in the dressed
end-factor, which arise from scattering between the one-electron states, tends
to prevent the electrons in the leads to tunnel through the quantum dot via
10)(1].

As a result of this dynamical redistribution of the spectral weight, it is expected
that the current through the double quantum dot is less (larger) for biases in the range
~—11 mV (~9 mV) where the population number N is decreased (increased).
Moreover, since both transitions between the empty and one-electron states are res-
onant around —11 mV, whereas only |0)(3| is resonant around 9 mV, it is also ex-
pected that the influence of the dynamical redistribution on the resulting current
should be larger in the former case than in the latter. The asymmetry of the positions
of the hump and dip with respect to the bias voltage, is related to the asymmetric
renormalization of the transition energies.

9.5 Current-Voltage Characteristics

We now analyze the calculated current under a few different circumstances. The
important parameters in the present context are the detuning Ae = &4 — ¢p and the
tunneling ¢. These should be compared to the couplings I"* between the double
quantum dot and the leads. The intradot and interdot Coulomb repulsion are irrele-
vant as long as we restrict our discussion to bias voltages such that only transitions
between the empty and one-electron states are involved in the current.

As an example of the differences between the three approximation schemes we
have been considering, the /-V and d1/dV characteristics are shown in Fig. 9.4 for
the parameters in case (A), cf. Table 9.2. First, one can note that the two currents
in the mean-field approximations are shifted in the sense that the two transitions
become resonant at lower biases in the Hubbard-I-approximation than in the re-
normalized Hubbard-I-approximation. This is in agreement with the discussions in
the previous section. Naturally, then the d1/dV peaks appear at lower biases in
the Hubbard-I-approximation than in the re-normalized Hubbard-I-approximation.
The re-normalized Hubbard-I-approximation has a slight asymmetry inherent from
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the asymmetric shifts of the transition energies. The effect from this asymmetric
re-normalization of the transitions is, however, negligible and would most certainly
not be detectable in experiments.

In the one-loop-approximation, on the other hand, the asymmetry of the 7-V
and dI/dV characteristics is more apparent. Consider the reverse biased system,
eV < 0. The large increase of the current seen in the re-normalized Hubbard-I-
approximation in the range between —3 and —7 mV, remains in the one-loop-
approximation, since the spectral weights are almost equal down to about —7 mV in
the two cases. However, as the bias voltage approaches the range where the dynami-
cal effects of the dressed end-factor become important, the current does not increase
in a step-like fashion. The d1/dV shows a double peak with a small amplitude and
minimum around —11 mV, which is where the dressed population number Nj has
its corresponding minimum, cf. Fig. 9.3(c). Similarly for forward bias voltages, the
amplitude of the step around 5 mV is less in the one-loop-approximation than in
the re-normalized Hubbard-I-approximation, which is understood as an effect of the
scattering between the one-electron states causing a decreased probability for elec-
trons to undergo the transition |0) (3| in the double quantum dot. Hence, the resulting
currents in the three different approximation schemes, can be understood from the
discussion about the population numbers of the one-electron states. Thus, we now
proceed to investigate the resulting currents through the double quantum dot in the
one-loop-approximation.

The detuning of the discrete levels in the two quantum dots is of main impor-
tance in order to understand the asymmetry of the /—V characteristics of the system.
When the two levels are resonant, i.e. the detuning Ae = 0, the transition matrix
elements (d Ag)(l)’l’ and (d Bg)(l)'l’ are equal. For negative detuning, Ae < 0, the lower
orbital in the double quantum dot couples strong/weak to the left/right lead, whereas
the situation is diametrically opposite for the upper orbital. In case of positive detun-
ing, Ae > 0, the situation is reversed. It is thus expected that the /—V characteristics
would be mirror images of one another under the detuning, which is indeed the case,
cf. Fig. 8in [17, 18].
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9.5.1 Current-Voltage Asymmetry

We now consider varying (negative) detuning. As was previously discussed, the
transition matrix elements |(d Ag)(l)’l'|2 = | B(,)(l)’ﬂ2 when the levels are resonant,
which then leads to symmetric /-V curves since the couplings of the transitions
|0)(n]| to the left and right leads are equal. For finite detuning, the transition ma-
trix elements are distinct, for all values of the tunneling rate ¢ between the quan-
tum dots. Thus, the asymmetry imposed on the system will provide an asymmetric
I-V characteristics, which is clearly seen in Fig. 9.4(a). In Fig. 9.5(a) we plot the
I-V (d1/dV) characteristics in the upper (lower) panel for increasing magnitude
of the detuning and fixed interdot tunneling rate ¢, and the plots show the increas-
ing asymmetry as |Aeg| grows. The current is only slightly asymmetric for small
detuning. These plots clearly illustrate the importance of the scattering between the
one-electron states which is a result of the enlarged degree of asymmetric couplings
to the left and right lead and follows from the increased asymmetry internally in the
double quantum dot.

By instead letting the detuning be fixed and varying the interdot tunneling 7, we
find that the /—V characteristics follows the trends given for the transition matrix
elements for varying ¢, cf. Fig. 9.2(a). For small tunneling rates we expect the -V
asymmetry to be significant whereas it is expected to be less pronounced for large
tunneling rates. This is clear since all matrix elements tends to 1/2 as the tunnel-
ing rate grows large, for any detuning since Ag/t — O in this limit. One would,
thus, expect that the asymmetry of the /—V characteristics becomes small for large
tunneling rates between the quantum dots, which is also clearly seen in Fig. 9.5(b),
which displays the -V characteristics (upper panel) for varying ¢. One should note
that a large tunneling rate results in a large separation of the transition energies
Ay, which eventually leads to that A3y, cf. Fig. 9.2(c), becomes positive for in-
creasing ¢. This is the case for t/I" =5 (dash-dotted) in Fig. 9.5(b), showing that

= N
o

o O o
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Fig. 9.5 Asymmetric /-V characteristics (upper panel) and d1/dV (lower panel) for (a) differ-

ent detuning Ae = ¢4 — ¢p < 0 and fixed interdot tunneling ¢/I" =1, and (b) varying interdot
tunneling ¢ and fixed detuning Ae/I" = —2
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Az (4 lies in the vicinity of the equilibrium chemical potential ., which gives a high
conductance for low bias voltages. The plots in Fig. 9.5(b) suggest that the /-V
asymmetry increases (decreases) for decreasing (increasing) tunneling rate, which
is to be expected since the asymmetry internally in the double quantum dot increases
(decreases) in this limit.

The plots in Fig. 9.5 show that the amplitude of the current tends to increase as
the systems becomes more symmetric, i.e. Ag/t — 0 which leads to that |(d Ag)(l)’]’ 12,
|(d 13(,)(1)’1’|2 — 1/2. This behavior reflects the fact that equally strong couplings of
the transitions |0)(n| to the left and right leads means that the corresponding double
quantum dot orbital extends with a uniform probability amplitude throughout the
structure. As the double quantum dot become strongly asymmetric, in the sense
that the transition matrix elements approached 1 or 0, one finds a large probability
amplitude of the orbital in one of the quantum dots and a small in the other one. The
conductivity of the double quantum dot is closely related to this fact, since a strong
localization of a state in one of the quantum dot yields a weak tunneling probability
through the other. Hence, the overall current is reduced.

9.5.2 Negative Differential Conductance

Before concluding this chapter, we consider one of the more dramatic consequences
of the /-V asymmetries that we have been discussing so far. From the lower panel
of Fig. 9.5(a) it is clear that the separation of the peaks in the double peak structure
appearing for negative voltages, increases as the magnitude of the detuning grows.
Simultaneously, the conductance in the valley between the peaks approaches zero.
Hence, in this picture it appears as a negative differential conductance would pos-
sibly establish if the detuning is even further increased. It seems that this increase
should be accompanied with a small interdot tunneling rate ¢, cf. Fig. 9.5(b). Thus,
fixing the tunneling rate and increasing the detuning we find that this is indeed the
case, which is illustrated in Fig. 9.6(a) where the couplings 't /'R =1.

In the previous discussion we suggested that the /—V asymmetries arise due to
a significant decrease of the population number N1, which results in that the transi-
tion |0) (1| becomes less available for conduction. By the same token, the negative
differential conductance is the result of a further decreased availability, eventually
completely blocking any conduction through the double quantum dot via this tran-
sition. In the lower panel of Fig. 9.6(a) it is seen how the valley between the two
conductance peaks, for negative bias voltages, evolve from being positive to nega-
tive as the detuning increases. The transition |0) (1] begins to conduct for bias volt-
ages slightly below its corresponding resonance value, due to the finite width of the
transition. For increasingly negative values of the bias voltage, the conductance of
the transition drops and, eventually, becomes more or less unavailable for conduct-
ing electrons through the double quantum dot, hence, the current drops. A further
increased (negative) bias voltage results in a re-established conduction through the
double quantum dot via the transition, hence the current grows again. The small
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Fig. 9.6 Asymmetric /-V characteristics (upper panel) and d1/dV (lower panel) displaying neg-
ative differential conductance for (a) different detuning Ae =4 — ep < 0 and fixed interdot tun-
neling ¢t/I" =1, and (b) varying interdot tunneling ¢ and fixed detuning Ag/I" = —8/3

negative differential conductance around 5 mV is most likely due to numerical er-
rors in the numerical differentiation, since the current is vanishingly small in this
region.

Above we concluded that small interdot tunneling rates tends to preserve the
asymmetric properties of the double quantum dot whereas larger values of the ¢
forces the system in to a more symmetric performance. This fact is verified for the
current and is illustrates in Fig. 9.6(b), where it is seen that the negative differential
conductance vanishes for increasing ¢.

9.6 Summary

We have seen that in the one-loop-approximation theory, scattering between the
one-electron states generate regions of depleted and enhanced population of the or-
bital in the double quantum dot, which are asymmetrically located with respect to
the bias voltage. The asymmetric behavior is a response to that the scattering be-
tween the one-electron states gives rise to a dynamical redistribution of the spectral
weights. We concluded that increasing the separation between the levels in the two
quantum dots and/or decreasing the interdot tunneling rate cause an increased de-
gree of asymmetry of the /—V characteristics. For sufficiently large ratio between
the detuning and the interdot tunneling rate, the asymmetric behavior may give rise
to regions of negative differential conductance.
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Chapter 10
Spin-Blockade

Abstract We reconsider the serially coupled double quantum dot system in the
Pauli spin blockade regime and study the current and its dependence on internal
and external parameters, e.g. the interdot tunneling rate and couplings to the leads.
We proceed the study of the Pauli spin blockade regime by including ferromagnetic
leads, in which case we find that a pure spin one state can be formed at finite bias
voltages. We finally consider the prospect of obtaining an equivalent to the Pauli
spin blockade phenomenon in T-shaped double quantum dots.

10.1 Pauli Spin-Blockade in Double Quantum Dots

Let us repeat some of the details from Chaps. 1 and 2 before we embark on our final
analysis of the current characteristics in the Pauli spin blockade regime. The physics
of the double quantum dot is captured by the Hamiltonian

Hpop= Y (Z Siod;, dio + Uinmnu)

i=AB\ o
+ U = J/2)(nay +nay)(npy +npy)

—2Jsa-sp+1Y (d},dso + H.c)
o
= ZENnh';V, (10.1)
Nn

where the eigenstates | N, n) are essentially given in Table 9.1, however, now also
depending on the spin-spin interaction parameter J. The leads are described sim-
ply by Hi/r = D xper/r 8kgcltockg, and the tunneling interaction is provided by

HT =Y ko Num VkoNnmCiy Xy 11 + H.C.. Where Vg Num = Vko (dio) 41> With
i=A(B)ifkeL (R)
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In Chap. 2 we found that the equations of motion for the population numbers
Ny can be written according to

ho; No1 = Z o1 1nLfy (Atnon)Not = f (Atn01)Nial, (10.2a)

"oy Nnn = Z(FK,( i Nl Sy ANn N1 NN 1w = f (ANn.N—12) NN

xn'
- F]i/:_ln/’Nn[f;_(AN—Hn’,Nn)NNn — [y ANy NNy 41n])s
N=1,23, (10.2b)
ho; N = Z 3 a1l (Aa132)N3n — [ (a1 32)Nanl, (10.2¢)
owing to the conditions that d; N, = 0 in the stationary regime, and that Z Np,=1

by conservation of probability, or charge, whatever feels more convenlent Here,
ij](n Nt =27 Y koi [Vko (dm)]\,”NJrl 128 (AN 10", Nn — ko) gives the effective tun-
nehng rate between the double quantum dot and the leads in terms of transitions

between the many-body states.

10.1.1 The Pauli Spin Blockade Regime

By tuning the bias voltage into the regime eV =, — g €[0.1, 1]U and following
the arguments in Sect. 2.4 we have previously seen that

k. N
Nyy = M n=12, (10.3)
Z Fln’ 2n
0= Y [l 0y Niw =T 5 Nl n=1.....5. (10.4)
n'=1,2

Spin-degenerate conditions leads to that the triplet configurations |2, n), n =1, 2, 3,
are degenerate such that £, = Er and Ny, = N7/3, as are the one-electron states
|1,n), n=1,2, with E11 = E12 and Ny, = N1/2. From the above equations it is
then easy to see that

Ny = 21 (e 2N (10.5a)
'Tari\g) "l '
Ny, = L(Ln @ 2N =4,5 (10.5b)
2n 3 Rn ﬂ T n s~ .

where o? = £2/[(1+/1+ %)% +&2]and B2 = (1 +/1+ &) /[(1+ 1+ £2)>+

& 2], with & =2t/Ae, and where L,, and R, are bounded and finite for all £. By the
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Fig. 10.1 (a) Two-electron
population numbers N7
(solid), P4 (dotted), and P»s
(dashed), for £ = 0.1 (bold)
and & = 0.5 (faint), keeping
Ae constant, 1/ ~ U/10,
and U' = U/2. (b) The I-V
characteristics for the double
quantum dot system for
various values of &, keeping
Ag constant, and

I't =R =TI The inset
shows the current in the Pauli
spin blockade regime on a
logarithmic scale
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normalization condition Ni + N7 + N4 + Nos = 1 we obtained

O 2T

n=4,5

In this form, it is easy to see that Ny — 1 as £ — 0, since « — 0 and § — 1 in this
limit.

The spin triplet population number, N7 (solid), is plotted in Fig. 10.1(a) along
with the population numbers of the first and second spin singlet states, Np4 (dot-
ted) and N5 (dashed), respectively, for two different values of &. It is clear from
the plots that the spin triplet state is almost fully occupied in this regime of bias
voltages, eV = up — ug €[0.1, 1JU, for small &, while its population decrease for
increasing &. It is also clear that singlet populations N>4 and N»s are negligible in
the Pauli spin blockade regime.

We now proceed by studying the current characteristics of the system in this
regime. Writing the current according to basic relation

ie
I, = - Z /FNXn,N—Hn’[fX (@G Niiw (@) + fx(=0)GR, yi 1y (@)]do,
N /
(10.7)
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and identifying the lesser and greater Green functions by

Grnnsiw (@) = =27 NypS(@ — Ay 1w Nn), (10.82)

G 3py (@) = 2T Ny 18(0 — An g1 ), (10.8b)

we obtain

e
L= 7 Z Flén,NHn/{fL(AN+1n’,Nn)[NNn + Nytiw] — NN+1n’}- (10.9)
Nnn'

From the analysis of the population numbers we conclude that, in the Pauli spin
blockade regime, we only need to include the terms proportional to Nj; = Nijp =
N1/2, Na1 = N2p = Np3 = N7/3, and Ny, n = 4,5, which leads to that only the
couplings Flﬁ o withn=1,2and n’ = 1,..., 5 contribute to the current. More-
over, since we have managed to write all non-vanishing population numbers in terms
of the population number N7 for the spin triplet state, we can conclude that the cur-
rent is going to be directly proportional to N7. Hence, in the Pauli spin blockade
regime, we find, after some straightforward algebra and using the transition matrix
elements in Table 2.1, that the current reduces to [2]

2e 0123
Ip==—rR®=) (Z8*+ L3+ L% |Ns. 10.10
2V (e rn ) aoo

This expression shows that the current strongly depends on the ratio (e/8)%> =
£2/(1 + /1 4+ £2)? and, hence, that there is a strong suppression of the current
for weakly coupled quantum dots, i.e. for £ < 1. This property is clearly illustrated
in the bias voltage range eV /U € [0.1, 1] in Fig. 10.1(b), which shows the I-V
characteristics for the double quantum dot for different £, keeping Ae constant. In
particular, the blockade becomes roughly 3 orders of magnitude deeper when £ is
decreased from 0.1 to 0.005. This calculated current verifies the experimental ob-
servations in [1]. Bias voltage dependent transition matrix elements generated by a
10% voltage drop between the quantum dots do not qualitatively alter this picture.

We understand that the current I, in the Pauli spin blockade regime is not com-
pletely vanishing which is due to the finite interdot tunneling rate 7. A finite in-
terdot tunneling leads to that the population number for the spin triplet is slightly
less than unity. The remaining population, i.e. 1 — N, is distributed among the
one-electron states |1,n), n = 1,2 and the spin singlet states |2,n), n =4,5. In
particular, none of the population numbers Ny, Na4, and Ns, is identically zero
which implies that there occurs transitions between those states by letting elec-
trons in and out from the double quantum dot to the leads, i.e. there is a transport
of electrons between the leads which is another way to say that there is charge
current flowing in the system. It is, furthermore, clear that the leakage current
grows quadratically with £ since (a/B)? = £%/[1 + T+ E1?, while N decays
by [1 4 (a/B)*/317' = 1 = (¢/B)*/3.

The above analysis of the population numbers is made on the assumption that
w = 0. Shifting the position of & in experiments correspond to application of a gate
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Fig. 10.2 (a) Differential
conductance d1/dV for the
double quantum dot for
varying positions of the
chemical potential
ne[—1,2]U. (b) Contour
plot of the spin triplet
population number N7 as
function of the bias voltage
and the position . The
truncated diamond in the bias
voltage range [0, 1.5]U marks
the region with Ny ~ 1. Here,
& =0.05, while the other -1 0 1
parameters are as in Fig. 10.1 bias voltage (eV/U)

chemical potential (uw/U)

Fig. 10.3 Spin-triplet

T —7 - ~
population number N7 (bold) = === v(a/B)?=0.01 t';_ 4 \ )
for different asymmetries 08} 0.1 B/ EAS
y = I'R/I'E of the couplings - 1(1) i A
to the leads. The sum of the = T i B
one-electron population 8 o5l Nr l'i ||,
numbers N (faint) are 8 N4 lf 2
plotted as reference. Here, a T f : '-_,’
& = 0.05, whereas other 020\ li L
- . A\ N AT
parameters are as in Fig. 10.1 Vil 1 ’Q_-_ ........... -~

AT Y

-1/2 0 1/2

bias voltage (eV/U)

voltage across the system, by means of which the levels in the quantum dot can be
changed relative to u. By shifting u, we find that the Pauli spin blockade regime
extends over a range of gate voltages, where Ny & 1 and the current through the
double quantum dot is small. This is illustrated in Fig. 10.2, where the differential
conductance and N7 are plotted in panels (a) and (b), respectively, as functions of
the bias voltage and the chemical potential. In panel (b), the dark truncated diamond
readily shows the expected domain of the Pauli spin blockade regime. The corre-
sponding conductance in panel (a) displays regions of negative differential conduc-
tance shown through the dark ridges along the borders of the diamond.

The population number N7 strongly depends on the ratio (c/)? as we have seen
above. It also depends on the couplings "%/ to the leads through the ratio ' /'L
cf. (10.6). Hence, assuming proportional couplings such that I'% /'t =y >0, and
letting y ~ (B/a)? gives rise to a lifting of the Pauli spin blockade even for weakly
coupled quantum dots. Accordingly, & — O one finds that Ny — 3/5, see Fig. 10.3
where N7 (bold) and N; (faint) are plotted for varying degree of asymmetry y
between the double quantum dot and the leads. The plots clearly shows that Nt
decays as y increases, that is, when the coupling to the right lead grows stronger than
the coupling to the left. In particular for y ~ (8/a)?, the plot shows that N7 is close
to 3/5. The population numbers for the spin singlets have a negligible dependence
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on y. Hence, the increasing remainder 1 — Nt is accumulated on the one-electron
states |1,n), n = 1,2, which is clear since N; « y N7, see (10.5a), (10.5b). This
tendency is also verified in Fig. 10.3 for Nj.

The absolute magnitude of the current is, however, not increased by the lifting of
the Pauli spin blockade through the asymmetric couplings to the leads. In the limit
y =x(B/a)? and £ < 1, where x > 0 is an arbitrary constant, the current in the bias
voltage regime eV € [0.1, 1]U becomes
4e x . 8me 1 X

_ e _Srep 1 , (10.11)
h 3+2x h  1+y3+2

I

where we have used that I' = 'l 4+ 'R = (14 y) "L The displayed relation shows
that the current remains small, and decreasing, for increasing asymmetries y of the
couplings to the leads.

10.1.2 Reverse Bias Regime

In the experiments [1], it was suggested that the unit occupation of the spin triplet
was lifted for reverse bias voltages, which is a natural conjecture when considering
the set-up of the system. Here, we cannot be satisfied, however, with a conjecture
but we would rather like to see if this can be justified, if not proven, on a theoretical
basis.

Hence, we let eV € —[1,0.1]U and & <« 1. Then, by the same arguments as in
the previous discussion only the population numbers N1, N7, N4, and Nps, are
finite. It turns out that we obtain the following relations between those population
numbers [2], that is,

N1 =2F—L<E>ZN24 (10.12a)
'R\ Ry ’ '
3/a Ly 2
2
Nys = (E . &> No4, (10.12¢)
Ry Ls

Now = {1 L“ZZFLB’O‘2 Rs\ 1 10.12d
24—{ +<R_4>[F+E<E) *(a)]} - 10Rd

The expression in (10.12c¢) tell us that N7 ~ 0 for small &, while none of the other
population numbers has a strong dependence on &. Thus, all population numbers
in (10.12a)—(10.12d) but N7 are finite. Reverse bias voltages correspond to the neg-
ative voltage regime in Fig. 10.1, in which panel (a) shows that the spin triplet state
hardly is populated for small &, while the populations of the singlet states, Na4 and
N»s, are finite. The sum of those states is less that one, however, which leads to that



10.1 Pauli Spin-Blockade in Double Quantum Dots 177

remaining population is (equally) distributed among N1; and N1,. The finiteness of
N1, Naa, and Nps, means that the electron population in the double quantum dot
varies between 1 and 2 electrons, which is the same as to say that there is current
running through the system. This current is given by [2]

2e 1.5 Rs 2
Ip =—TI"Li|1+| = Nog, (10.13)
h R4

and is expected to be substantially larger than in the forward direction, which is also
seen in Fig. 10.1(b).

10.1.3 Linear Regime

In the linear regime, i.e. eV € (—0.1,0.1)U, we can employ the equilibrium results

Ny = 2ePPun-mpn,, (10.14a)
Ny = 36/3(A24,11*421,11)N247 (10.14b)
Nps = ePA2n1—22510) pp, (10.14¢)

-1
Nogy = {1 4 2ePA2 =) 4 3,A(A21—An 1) eﬁ(A24,11—A25,11)} . (10.14d)

Using that Ayg 11 < u =0, cf. Fig. 2.1, we see from those relations that No4 ~ 1
whenever |Az4.11] > 1/8 which is satisfied for £ > 0.1 and 1/8 ~ U/10. Accord-
ingly, the population numbers in (10.14a)—(10.14d) will be exponentially suppressed
by the same condition on &, since the gap between the energies between the low-
est singlet state, |2,4), and the other two-electron states increase roughly by 52.
Hence, for & 2 0.1, the current will be blockaded by the lowest spin singlet in a
finite range around zero bias voltage, which is also illustrated in Fig. 10.1. The plots
for N4 (dotted) in panel (a) shows the tendency of increasing N»4 around equilib-
rium for increasing &, which gives rise to the current blockade shown in panel (b)
for £ = 0.5 (dotted). It is, moreover, clear that Nog — 1/7 and & — 0, since the en-
ergetic distance between Aoy 11 and u, and Ay, 11, n =1, 2, 3, 5, approaches zero.
In the limit of weakly coupled quantum dots, the equilibrium population numbers
satisfy N1 =2/7, Ny =3/7, and Nag = Nps = 1/7. The conductance of the system
in the linear regime is therefore substantially larger than in the Pauli spin blockade
regime, cf. Fig. 10.1(b).

Since the first observation of the Pauli spin blockade phenomenon in vertical cou-
pled quantum dots [1], the effect has been recorded in other types of configurations,
such as lateral semi-conducting quantum dots [5—7], and in carbon nanotubes [8].
Further discussions about the Pauli spin blockade phenomenon can be found in [9].
In the following sections we will focus on a few other theoretical aspects of the Pauli
spin blockade regime.
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10.2 Formation of Pure Spin One State in Double Quantum Dots

‘We now manipulate the external conditions and investigate how the double quantum
dot react to those changes. In particular, we tune the system into the Pauli spin
blockade regime as in the previous discussions, but replace one of the leads by a
ferromagnetic lead keeping the other lead non-magnetic. The results discussed in
this section can also be found in [3].

The extension to ferromagnetic leads is done be introducing the parameters
PL/R = FTL/R — Ff/R for the spin-polarization, such that I} = Ip(1 + opy)/2,
where Iy = I' + I', since we are considering symmetric couplings to the leads.
A non-magnetic state in the lead corresponds to p, = 0, whereas half-metallicity is
obtained for p, = =+1, corresponding to 1 and |, respectively.

Changing the external condition does not change the general condition of the
double quantum dot. Hence, in the bias voltage regime eV € (—1, 1)U, only the
population numbers Ny,,n =1,2,and Np,,n =1, ..., 5, are finite. However, since
the spin-degenerate conditions are broken we must acknowledge that N1; # Nja,
and Ny # N2y # N»3, in general.

First, we consider forward bias voltages eV € (0.1, 1)U, where we have the re-
lations

5 /
Za,n’:l FaRl(dBG 'fg |2N2n’
5 /
Yow=1 TE1dac)5 12

2 /
Yonet Lo 1(dac)i5 1> Niy

N2n’: n s I’l=1,...,5, (1015b)
Yo e TRIdBo) 12

Ny, = =1,2, (10.15a)

which, by using the matrix elements in Table 2.1, can be further simplified to read

1 2 1— 1+ pr\ > (a)?

Ny = + PR <Z> Nry, Npp = PL (ﬂ) (ﬁ) Nzi, (10.16a)
I+pL\B 1—pr\1+pL B
1—pr 1+ pr\° 1—pr1+pr

Ny = < Ny, N3 = Ny, (10.16b)
1+pL1—pr l+pr1—pr
1—po 1 L, \?

Ny = —PL +”R<3—”), n=4,5. (10.16¢)
1+PL1—PR IBRn

Conservation of charge finally gives

1+PR[1—PL 1+PR<1_PL)2
l+pr1—pr 1+pL\1—pr

2 20 9y -1
o l—pLl+pr 1-pL (Ln> )“
+| = 1+ + E — . (10.17
(ﬁ)( l—prl+pr 1-pg R, ( )

n=4,5

N21={1+
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Consider the case p;, =1 and pg = 0, which corresponds to letting the left be
half-metallic with spin 1 and the right lead being non-magnetic. Then, the popula-
tion number Noj = 1/[1 + (a/B)/2]1 =2(1 + £2)/(2 + 36%) — 1 as £ — 0. Physi-
cally, this result means that the probability to populate the spin triplet state | 1)| 1)
is unity and that the double quantum dot acquires the definite spin moment m, = 1.
This result is consistent with (10.16a)—(10.16¢), since all population numbers but
Ni1 vanish for p;, =1 and pr =0, while N; « (oz/,B)2 — 0 as & — 0. The result
is also consistent with the spin-degenerate Pauli spin blockade, since the population
number of the spin triplet must be unity. While a definite spin moment is obtained
in the double quantum dot, this result is not so surprising since there are only spin
1 electrons available in the left lead. Hence, the accumulated charge in the double
quantum dot must eventually become strongly spin-polarized.

The similar result is obtained by letting the left lead be non-magnetic (pr = 0)
and the right lead half-metallic with spin | (pg = —1). Then, N2; = 1 indepen-
dently of the interdot tunneling rate ¢ and detuning Ae. This result is, of course,
consistent with (10.16a)—(10.16c¢), since all population numbers but N, are identi-
cally zero.

Neither of those results are very surprising. In the former case, for instance, only
spin 1 electrons are present in the left lead and are, thus, the only electrons that can
flow from the left to the right. Accumulation of electrons in the double quantum
dot necessarily have to be of spin 1. In the latter example, both spin projections are
available in the left lead, however, only spin | electrons are permitted to enter the
right lead. Despite the tunneling rate between the quantum dots and the right lead
is small for the spin | electrons, it is vanishing for the spin 1 electrons. Hence, the
accumulated electron density in the double quantum dot will eventually consist of
spin 1 solely.

The reverse regime, i.e. eV € (—1, —0.1)U, is, in this respect, more intriguing.
Using the same arguments are before, we find that the population numbers are re-
lated through

1 1—p\2 (B 1- ?
Ni = +pR< pL) (é> Nao, Nipp = PL <é> N2z, (10.18a)

14+ pr \1—pr o 1—pr\a
1—pr 1+ pr\° 1—pr1+pr

Ny = < Ny, N3 = Ny, (10.18b)
1+pL1—pg I+pL1—pr
1—pr 1 R \2

Ny, = Lo P +PR<E._H) Ny, n=4.5. (10.18¢)
1+PL1—PR a L,

Conservation of charge gives

1—PL[1+PR I_PL(1+PR>2
l1—prll4+pr 1—pr\l1+pL

2 2 —1
1—ps 1 1 R
+(ﬁ) (1+ PL ereJr + pr Z[ n} >]} . (10.19)
o 1—-prl+pL 1+PLn L,

=45

N22={1+
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From (10.19) it follows that Ny; = 1 for p; = 1, i.e. when the left lead is half-
metallic spin 1. We also note that this results irrespective of the spin-polarization
in the right lead and of the ratio &, since all terms in the square bracket in (10.19)
are multiplied by 1 — py = 0. Simultaneously, all other population numbers vanish,
see (10.18a)—(10.18c). Physically, this means that the state | |) 4| | ) p becomes fully
populated for low temperatures whenever the left lead is a spin 4 half-metal.

Having the discussion in Sect. 10.1 in mind, this result is quite remarkable, since
without the spin-polarized leads all triplet states would have small population num-
bers in this regime, eV € (—1, —0.1)U. In fact, in the spin-degenerate case, the
electron density is rather uniformly distributed among the spin singlet states |2, n),
n =4, 5, and the one-electron states |1, n), n = 1, 2. The spin-polarization does not
change the transition matrix elements, see Table 2.1, but from those we, neverthe-
less, find the explanation for the remarkable accumulation of electron density in the
spin triplet. Unless, the right lead is a spin 1 half metal, it provides the double quan-
tum dot with electrons of both spin projections, and from the discussion in Sect. 10.1
we know that the population numbers of the spin triplet states are finite and, hence,
are part of the conduction of electrons from the right to the left lead. The probabil-
ity amplitudes for the transitions |1, 1)(2, 2| and |1, 2)(2, 2| are 0 and B (recall that
[1,1) = a| 1)]0) 4+ B|0)] 1) and |1,2) = «| |)}|0) + B]0)| |)). Due to the absence
of spin | electron states in the left lead, the condition p; = 1 implies that the latter
transition is unavailable. Hence, while both spin 4 and | electrons can tunnel into
the double quantum dot from the right, only the spin 4 electrons can continue to the
left lead. Then, since the spin triplet state |2, 2) is involved in the conduction, this
inevitably leads to an accumulation of electron density in this state.

If we instead assume that the right lead is half-metallic spin |, i.e. pg = —1, we
find from (10.19) that Noy = 2£2/(1+3&2) — 0 as & — 0, for any spin-polarization
in the left lead. Simultaneously, all population numbers but N1, vanish identically,
whereas

1/B\* 1+&2
Np==|—) Np=——-"-=—1, asé—0, 10.20
12 2(a> 2= 13 § ( )
that is, the one-electron state «| | )|0) + B|0)] | ) acquires an almost full population
for weakly coupled quantum dots. Hence, the double quantum dot ends up in a spin-
polarized configuration, however, carrying only one electron instead of two.

10.3 Non-Equilibrium Triplet Blockade in T-Shaped Double
Quantum Dot

Before leaving the discussion of the Pauli spin blockade in double quantum dots,
we ask ourselves whether it would be possible to obtain a similar state in parallel, or
T-shaped, double quantum dot systems, see Fig. 10.4(a). We find that this is indeed
the case if there is a ferromagnetic exchange interaction between the quantum dots.
The results discussed in this section can also be found in [4].
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Fig. 10.4 (a) Schematic view of the T-shaped double quantum dot system, where only one of
the quantum dots is coupled to the leads. (b) Processes leading to the non-equilibrium triplet,
Pauli spin blockade, blockade. Faint and bold lines signify small and large transition probabilities,
respectively. See text for notation

As we shall see below, the quantities that are important for obtaining the Pauli
spin blockade comprise the conditions that the quantum dots are coupled through
Coulomb and exchange interactions, and weakly through tunneling. In absence of
the spin-spin exchange interaction, there may be regimes of normal Coulomb block-
ade in a finite range of bias voltages around equilibrium.

Existence of a sufficiently large ferromagnetic exchange coupling leads to that
the spin triplet states |2, n), n = 1, 2, 3, acquire a lower energy than the lowest spin
singlet |2, 4). Hence, the spin triplet naturally becomes the ground state with a unit
probability of being populated, provided that the spin triplet energy is lower than the
energies of all other states. The spin triplet remains fully occupied for bias voltages
smaller than the energy separation between the triplet and singlet states, although
transitions between the one-electron and the singlet states may open for conduc-
tion. For larger bias voltages, however, this low bias triplet blockade is lifted as the
transitions between triplet and one-electron states become resonant with the chem-
ical potentials of the leads. The current is then mediated by transitions between the
two-electron singlet and one-electron states.

The proper non-equilibrium Pauli spin blockade regime is entered at bias volt-
ages such that transitions between the three-electron states and, at least, one of the
singlet states become resonant, see Fig. 10.4(b). At those conditions, an electron en-
ters the double quantum dot from the lead with the higher (chemical) potential under
a transition from a two-electron singlet to a three-electron state. Transitions from the
spin triplet to the three-electron states are suppressed since the bias voltage does not
support tunneling through the energy barrier between those states. Next, an electron
tunnels out from the double quantum dot under a transition from the three-electron
state to the spin triplet, since the transition matrix element for this process is about
unity whereas the matrix elements for transitions between the three-electron states
and the spin singlets are at most one half. Eventually, charge accumulate in the spin
triplet since the transitions between those states and the one-electron states occur
with a negligible rate.
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In order to be quantitative, assume the two quantum dots to be spin-degenerate
and assume that the exchange parameter J > 0 such that the direct spin-spin inter-
action does not favor an anti-ferromagnetic configuration of the spins in the quan-
tum dots. In analogy with the serial case, we require that the lowest one-electron
states, the lowest singlet states, and the triplet states are nearly aligned, and that
the lowest three-electron states lie below the equilibrium chemical potential 1,
hence, E7 ~ Eyy ~ Eys ~ minﬁzl{Eln} < minﬁzl{Ey,} < u < Ey4. For this set-
up we, thus, require that u — eg ~ Ae, U’ ~ Ag, and Ug ~ 2As < Up, where
Age = e¢p — €4. The condition U4 < Up points out that the quantum dots do not
need to be identical but that the charging energy of the second quantum dot should
be bounded below by the charging energy of the first. The presence of the second
quantum dot is, however, essential in order to obtain the Pauli spin blockade regime
in the T-shaped system. Finally, weakly coupled quantum dots, & <« 1, implies that
the energies for the lowest one- and three-electron states acquire their main weights
on quantum dot A. This condition yields a low (large) probability for the transitions
between the triplet and the lowest lying one-electron (three-electron) states.

The discussion is here focused to the non-equilibrium Pauli spin blockade since
the low bias blockade can be obtained for weakly coupled quantum dots whenever
J > 0 is sufficiently large. As mentioned, the Pauli spin blockade is generated by
opening transitions between the two- and three-electron states. It turns out that the
restrictions eV < 7Ae/4, kpT < U4 /10, and € < 1/5 are sufficient for these pur-
poses, which give that only the population numbers Pj,, n = 1,2, Nt = P, /3,
n=1,2,3, Py, Pss, and P3,, n = 1,2, are non-negligible. The population num-
bers for all other states are negligible since any transition involving those states are
non-resonant. As in Sect. 10.1, we consider spin-degenerate conditions, for which it
is required that Py, = N1/2, and P3, = N3/2, and which reduces the system to five
equations for the population numbers, given by e.g. (10.2a)-(10.2c).

The Pauli spin blockade regime enters when, at least one of, the transition ener-
gies A3z, 04, Az, 25 lie within the bias voltage window eV = ur — (g, whereas the
transition energy between the spin triplet and the three-electrons state, i.e. Az, 1, is
non-resonant, where the subscript 7' denotes the spin triplet states. In addition, in or-
der to acquire an accumulation of charge in the spin triplet states under those condi-
tions, and in order to prevent a large leakage of charge from the spin triplet states, it
is necessary that transitions between the three-electron (one-electron) states and the
spin triplet states occur with large (small) probability. In particular, the transitions
|3, n)(T| must be very much more likely to occur than the transitions |3, n)(2, 4|
and |3, n)(2, 5|, since otherwise the charge would not tend to accumulate in the spin
triplet.

We obtain the desired conditions by tuning the bias voltage such that e.g.
Ming, {Azm.2n} < UL < MaXpm{Azmon},n=1,...,5, and m =1,2 (here eV > 0
whereas the case eV < 0 follow by symmetry). In this regime f7 (A2 1m) =
frR(=Am1m)=1,n=1,...,5, m=1,2, and fr(Azm2:) =0, n=1,...,5,
m = 1,2. From the above discussion it is clear that the charge accumulation in the
spin triplet will be lifted for bias voltages that support transitions between the spin
triplet states and the three-electron states. We, therefore, require the bias voltage to
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be such that f7/gr(A3u,7), which is obtained for Az, 7 = E3 — E7 > o + kT,
m = 1, 2. The equations for the population numbers can thus be written

1 2/3 pL2/p+A2Y, fy(—A3120)
Ni=—-N3=—F7——5Nr, Py == 3
p 1+2p(k/B) 2 Ly + A5 fL(A31,20)

1,
(10.21a)

Z 12 A2 fL(A31.00)
n=4,5"n L24+ A2 f; (A31,20)

pP= 2
Ag fL(A31.00)
3+ Lpnmas A fu A2l = pEEEERS

(10.21b)

where n = 4,5, in the expression for P»,. Here, also 8% = >y |(dAg)’1”21|2 =
E2/[0+V1+E)*+&M and L2 =Y, [(das)iy'?, m = 1,2, n = 4,5, whereas
k2= Y, 1(da) P =1+ E) /[0 + 1+ + £ and A2 =Y, [(das) 512
m=1,2, n=4,5, are the matrix elements for the involved transitions. The above
equation follow from spin-degeneracy since Ajy, 11 = Az, 12 and A3y 2, = A32.24,
n=1,...,5. Combining (10.21a)—(10.21b) with charge conservation (N1 + N7 +
S 4 Pa + N3 = 1), it follows that

1
Nr =

(10.22)

213 P L2/p+AZ2Y, fx(=As120)y
1+2p(/p)* (1 R Zn:4’5 L121+A%]§L(A31.2n) )

1+
The matrix elements L, and A,,, n =4, 5, are finite and bounded, and we have
the limits L] — 1, L2 — 0, A7 — 0, and A2 — 1/2, as £ — 0. Those limits also
lead to that p — 0 as & — 0 in the considered regime of bias voltages. The last term
in the parentheses in the denominator of (10.22) is, hence, at most 1/2 for weakly
coupled quantum dots. The ratio 2p(x/B)? is, however, finite for all £ and J > 0,
while it diverges as & — 0 for J = 0, see the main panel in Fig. 10.5. For weakly
coupled quantum dots one, thus, finds that Ny ~ 1/(1 + [1 +2p(k/B)*1™ ") ~ 1,
whenever the ratio 2p(k/8)? > 1. The inset in Fig. 10.5 illustrates a subset in (¢, J)-
space where this ratio is larger/smaller than 100, where the boundary between the
regions is approximately given by J (1) = Jo — 15t%[1 + 100¢2].

vk D

[—— 0.001

Fig. 10.5 Variation of the
ratio 2p(«/ ﬂ)2 as function of
the exchange parameter J for
different tunneling rates ¢ at
constant Ag, U’, and Uy 3.
The inset shows the region in
(t, J)-space where

0.1 02
2p(k/B)% > 10 2J/(U-U")
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The current in the considered regime is given by

_eFo

1 = [3(,82 -k + n;:S{(Lﬁ - AﬁfL(—Asl,zn))

Ly+pARY, fx(—A31,2n)H Nr
L} + A7 fL(A31.20) 14+2p(k/B)?’

+2A2 f1.(A31,20) (10.23)

which clearly shows that a large value of the ratio 2p(k/8)? generates a suppres-
sion of the current at the formation of the unit population probability of the spin
triplet. Furthermore, at bias voltages such that jt;, < ming, {A3,,,2,} it follows that
JL (A3 2,) = 0 which, in turn, leads to that p &~ 0. Under those conditions, the
triplet occupation is lifted resulting in an about 2p(k/B)? larger current than in the
blockade regime.

In the T-shaped system, the Pauli spin blockade depends on the interplay between
J and ¢, where a reduced ¢ leads to a strong localization of the odd number states in
either of the quantum dots. Especially for Ae > 0, this leads to that the lowest odd
number states are strongly localized in quantum dot A. In this case, the probability
for transitions between the spin triplet and one-/three-electron states is small/large,
since 8 — 0/k — 1,as &€ — 0.

As we have seen before, are the singlet states expanded in terms of the Fock states
{|®4B), |@4), |®B)}, see Table 9.1, with weights that are slowly varying functions
of ¢ but strongly dependent on J. While the two lowest spin singlet states, |2, 4) and
|2, 5), are almost equally weighted on the Fock states |@45) and |®4) at negligible
J, for increasing J > 0 their weights are redistributed such that |2, 4) and |2, 5) ac-
quires an increasing weight on |®4) and |@48), respectively. For a finite J > 0 and
t — O this redistribution, thus, leads to an enhanced (reduced) probability for the
transitions |2, 4)(1, n| (12,5)(1,n|), n = 1,2 and a reduced (enhanced) probability
for the transitions |2,4)(3,n| (|2,5)(3,n|), n = 1, 2 to occur. This is equivalently
stated through the limits L3 — 1 (L2 — 0), and A — 0 (A2 — 1/2), which im-
plies that p — 0 as  — 0, while the ratio p(x/f)> remains almost constant. This
ratio p(k/ ,3)2, however, increases (decreases) for smaller (larger) J, which can be
seen in Fig. 10.5.

The typical variation of the spin triplet population number Ny for 0 < J <
Jo — 15¢2[1 4+ 100¢2] and 1/(kpT) < 2, as calculated from (10.22), is plotted in
Fig. 10.6(a), as function of the bias voltage and the chemical potential. The dark di-
amond which is extended by two arms marks the region in which the spin triplet is
(almost) fully occupied, in which region the current flowing between the leads in al-
most vanishing, or blockaded, see panel (b). From the plot of the current it is legible
that the Pauli spin blockade regime is a subset of a larger domain of current block-
ade. The part of the blockade regime which is not caused by the Pauli spin blockade
i.e. the region corresponding to the white triangle centered around zero bias voltage
with in panel (a), is due to normal Coulomb blockade. The two diamonds within
the low current regime are caused by a lifting of the Pauli spin blockade, where
the current is mediated by transitions between the one-electron states and the spin
singlets.
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Fig. 10.6 (a) Variation of the spin triplet population number probability Nr, (b) the current / (arb.
units), and (c) the differential conductance d1/dV (arb. units), as function of the bias voltage and
the chemical potential. Here, &£ = 0.01, kg T =0.01U4 = 4¢,and J =0.2(Uy — U")/2

It is clear from the plots that shifting the chemical potential w in the range ep +
(Ae — J,2A¢) extends the low bias triplet regime since the transitions between
the spin triplet and the one-electron states become resonant at higher bias voltages.
The Pauli spin blockade is shifted, on the other hand, to lower bias voltages since the
chemical potential is closer to the transitions between the spin singlets and the three-
electron states. The two blockade regimes merge into a single one as |t — A3y, 24| <
|w—Ar,1m|,1.e. for u—ep € (3Ae/2,2A¢), see Fig. 10.6. Furthermore, shifting the
chemical potential in the interval ep + (Ag/2, Ae — J) removes the low bias Pauli
spin blockade since the one-electron states become the equilibrium ground state.
Thus, shifted towards lower bias voltages, the non-equilibrium Pauli spin blockade
is here caused by transitions between the one- and two-electron states which tend to
accumulate charge in the spin triplet.

Finally, we notice that while we here have only considered the case Ae > 0,
the non-equilibrium Pauli spin blockade can also be found in the opposite case, i.e.
Ae <0 and u — ¢4 = Ae. The system has to be gated such that only the four-
electron state lies above the equilibrium chemical potential, whereas the charge ac-
cumulation in the spin triplet state is meditated by the same processes as described
here.
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Chapter 11
Detection of Exchange Interaction Through
Fano-Like Interference Effects

Abstract We study Fano-like interference effects in connection with scanning tun-
neling microscopy experimental set-up of e.g. two-level systems. The physics of
the systems suggests a mechanism that allows detection of the two-electron singlet-
triplet exchange splitting in diatomic molecular systems. Different pathways for the
tunneling electrons lead to interference effects and generate kinks in the differential
conductance at the energies for the spin singlet and triplet states.

11.1 Introduction

Fano resonances can be realized in a variety of system, ranging from systems with
interactions between continuum states and a localized state, as originally formu-
lated by Fano [1], to systems comprising clusters of atoms, e.g. diatomic molecules,
which leads to branching of the tunneling electron wave functions. Here reformu-
lated for the purpose of STM and nanoscale systems, interference occur between
waves going through the different tunneling paths in real space, where one path
leads through the sample to the substrate whereas the other path goes directly into
the substrate.

Typically, in STM measurements of a sample located on a substrate surface, it is
desired that the tunneling current flows through the sample. While this, of course,
occurs as the STM tip is sufficiently close to the sample, there is still a part of the
current that flows directly between the STM tip. The tunneling electron wave func-
tions are, thus, branched between different pathways. This branching of the wave
functions gives rise to interference effects when the partial waves reassemble into
one in the tip or the substrate [2]. The interference leads to a suppressed transmis-
sion probability for the tunneling electrons at certain energies, and the suppressed
transmission is a fingerprint of Fano resonances [1], which generally appear in sys-
tems where tunneling electrons are branched between different pathways. Recently,
these ideas have been exploited in double and triple quantum dots systems [3-7],
where the quantum dots in parallel constitute the different pathways for the tunnel-
ing electrons.
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Here, we address the Fano interference effects that arise due to different path-
ways in phase space. In two-level systems, tunneling paths such as |[N =2,n) —
IN=1,m)— |N=2,n') - |N =1,m’) - |N =2, n) give rise to phase space in-
terference. Here, N = 1, 2, denote the number of electrons in the state, whereas n, m
are states indices [8, 9]. Although such tunneling paths are of second order, they
provide significant contributions to the transmission coefficient, and hence to the
conductance, thereby causing detectable signatures. The interference effects can be
described in mean-field approximation of the sample correlation functions, hence,
we do not discuss any fluctuations caused by electronic correlations or by the cou-
plings to the tip and substrate.

11.2 Tunneling Current

Before we approach the two-level system itself, we begin by setting up a framework
which can be used to understand the STM current and (differential) conductance.
Generally, the STM system, that we have in mind, can be described by the Hamilto-
nian

Hthip‘i‘Hsub‘i‘Hsample‘i‘HT’ (11.1)

where the first and second terms describe the electronic structure in the tip and
substrate, respectively. Here, we assume flat band free-electron like models for the

states in the tip and substrate, and define Hyp = Zpaetip Epo c;g cpo and Hgyp =

Y ko ko c;; - Cko» Tor the tip and substrate, respectively, and we let the momentum p
(k) belong to the tip (substrate). The third term describes the electronic structure of
the sample, which is to be studied in the STM experiment. The last term includes
the tunneling interaction between the sample and the tip and substrate, and can be
written as (using obvious notation)

Hr = VpnoChoduo + Y Vkno Oy dno + H.oc. (11.2)

pno kno

Using the expression for the current given by (4.4), we can here formulate it as

e
I = 7 / T () fiip(@) — faup(@)]dw, (11.3)
where the transmission coefficient
T (w) = tr TG’ (0) "G (w), (11.4)
whereas I'P = {F;LE(, (@)} = 27 Zp v;m Vpma8(@w — &po) }nm defines the cou-
pling matrix between the tip and sample, while the matrix for the couplings between

the sample and substrate is analogously defined. For later reference, we also intro-
duce the chemical potential i, = 0 + eV (usup = ) for the tip (substrate) such
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that eV = pgp — tsub. The tunneling through the sample is, thus, conveniently de-
scribed within the retarded and advanced Green functions for the electronic structure
of the sample.

As it can be noticed, we neglect the possibility for the electrons to tunnel directly
between the tip and substrate. This choice is made for simplicity, since we first of all
want to see whether there is any effect arising due to the various pathways through
the different atoms in the molecule. When this has been established, one can proceed
and also include the effects from the tunneling between the tip and substrate. This
is, however, beyond the scope of the present analysis.

11.3 Probing the Two-Level System

We begin by considering a diatomic molecule comprising two identical atoms,
which allows one to think of the atoms in terms of quantum dots and the molecular
structure as a double quantum dot. Further, we assume that the atoms are coupled
through Coulomb and exchange interactions with their respective strengths given
in terms of the parameters U and J. The system in schematically illustrated in
Fig. 11.1, displaying the molecular structure, comprising the two atoms, adsorbed
onto the substrate, and the STM tip above the molecule. The whole system is con-
nected to a bias voltage source.

For simplicity, we assume infinite intralevel Coulomb interactions in order to
avoid the possibility of ending up with two electrons in one of the atoms. We also
assume that the tunneling between the atoms is negligible. While this set of assump-
tions is not crucial for the effect that we discuss here, it merely permits a convenient
framework for heuristic and qualitative studies of the approach. The approach can be
straightforwardly generalized, something that we omit to do, however, in the present
discussion for the benefit of focusing on the more interesting details.

We model the molecule, or sample, by the Hamiltonian

J
Hsample = Z eod,l, dny —2JS1 - Sy + <U - 5) (n14 +n1y)(n2g +nzy),
n=1,2;0

(11.5)

Fig. 11.1 Cartoon of the
diatomic “1”+2” molecule
coupled to the STM tip and
substrate. The localized
electrons in the atoms are
subject to an interatomic
Coulomb and exchange
interactions, U and J,
respectively
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requiring that there may be at most one electron per level n. Here also, the spin
operator S,, is defined by S, =)/ d,IgaM/dm,/. ‘We may also use the model given
in (1.5) for a more general description of the molecular structure.

As we have discussed previously in this book, the two-level system may, in gen-
eral, be described in terms of 16 eigenstates. By forbidding the double occupancy in
the atoms, the system is reduced to a set of 11 states. For completeness we provide
them here within the simplified model. Expressing the eigenstates in terms of the
empty state |0), the one-electron states

di. . —dl .. +d
1 2 1 2
V2 V2

describe the bonding and anti-bonding configurations, respectively, with the corre-
sponding eigenenergies E, = g¢. In the same way we write the molecular two-
electron states as the spin triplet configurations

(11.6)

Pty gt
dy,d|, +dy.di,|

2.1) =d3d{,10),  12.2)=d] d] |0),  |2,3)= 10,
(11.7)
with energies Ey, =2¢0+ U + J/2,n=1,2,3, or as the spin singlet state
di dl, —dl.dl
12,4) = Mm% (11.8)

V2

with energy Eoq =2¢0+ U — J/2.

The effect that we point out using this model, and which may be used for mea-
surements of the singlet-triplet splitting J, is caused by phase space interference
between wave functions traversing through the singlet and triplet states. This inter-
ference results in that some states become more or less isolated from the surrounding
environment which, in turn, generate conductance suppressions at biases that corre-
spond to the spin singlet and triplet state energies. These conductance suppressions
are direct responses to that there exist states that are only very weakly coupled to
the surrounding electron bath(s), states in which electron density can accumulate
and thereby cause the decreased conductance.

Heuristically, we can understand the decoupling of some certain states from the
electron baths by the following consideration. Assume that the spin singlet state
|2,4) is initially occupied. A spin 4 electron can be removed from either atom
through the process (diy + da1)|2,4) = —(d}, + d{|)|0)/~/2 = —|1,4). Remov-
ing a spin 1 electron from the spin singlet state is, thus, always governed by a
transition to the one-electron anti-bonding spin | state. This state is orthogonal
to all other states, by construction. Analogously, by removing a spin | electron
from the spin singlet state the system necessarily undergoes a transition to the one-
electron anti-bonding spin 1 state |1, 3). In conclusion, the system cannot undergo
a single-electron transition from the spin singlet to the one-electron bonding states
and, in this respect, the spin singlet is decoupled from the one-electron bonding
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states. An analogous analysis shows that while the spin triplet states are decoupled
from the one-electron anti-bonding states, they couple to the one-electron bonding
states, since e.g. (d11 +d21)|2. 1) = (=dj, +d{)[0) = v21,2).

We proceed by making use that our sample is given in terms of its eigenstates,
for which it is beneficial to write the sample Hamiltonian in diagonal form, i.e.
Hsample = D yn ENnh'y, . The tunneling Hamiltonian H7 is then rewritten according
to

Hr = Z (Z vpaNnmCIm + Z vkaNnmc,L,>X’;,”,’v+l +H.c., (11.9)

Nnm ~ po ko

where the tunneling rates
Vpmo Nnm = (N, 1|[Vpaoy1odio + Vpmy20das lIN + 1, m), (11.10)

also include the matrix elements for single electron transitions in the sample. This
form of the tunneling rates reflects the branching of the tunneling electron wave
functions in real space, as the electrons tunnel between the tip, sample, and sub-
strate.

Now, suppose that the molecule is prepared in the spin singlet state. The tun-
neling current between the tip and substrate is then mediated by the sequence e.g.
|2,4) — |1,3) — |2,n), where n = 1, 2, 3,4, is random. The second arrow in the
sequence may be directed to the spin singlet, of course, but also to the spin triplet
since e.g. d] | [1,3) = —[12,3) — [2.4)]/2 and dj, |1, 3) = [12, 3) + |2.4)]/2. Sim-
ply adding those processes, which corresponds to equal coupling strengths between
the molecular atoms and tip, result in that the transitions to the spin triplet, |2, 3),
cancel. Taking into account that these couplings, in general, are different one can
realize that there will be a non-vanishing contribution from the transitions to the
spin triplet, as will be discussed in more technical terms below. Quantitatively, we
have

1

[(1,3][vk1yd1y + vkoyday12,4)| = §|vk1¢ + vy I, (11.11a)
1

(L, 3|[vkiydiy +vkoyday12,3) = §|vk1¢ —vk2y |- (11.11b)

Hence, depending on the relation between the tunneling rates vkj, and vk, there
will be a larger or smaller degree of cancellation of the coupling between anti-
bonding one-electron states and the spin triplet. Following the argument made in
the heuristic discussion, the spin triplet state |2, 3) becomes completely decoupled
from the anti-bonding states |1,3) when the tunneling rates vki, = vVk2s. In this
case, the spin singlet has a unit coupling to the anti-bonding states.
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The full set of possible transitions is given by diagram

2,4)
11,3) 11,4)
2,1y 122) 123  [2,4)

which illustrates that there is a coupling of the spin singlet and triplet states through
the tunneling process, that is, there occur indirect transitions between the spin sin-
glet and triplet states. These indirect singlet-triplet transitions generate interference
effects between the tunneling electron waves traversing the different transport chan-
nels which, moreover, implies that multiple-scattering events have to be included
into the picture.

Before we go in to the specific set-ups, we introduce the framework for our suc-
ceeding discussions. Since we are only interested in probing the two-electron states,
the spin singlet and spin triplets, we restrict ourselves to the transitions between
only the one- and two-electron states.! The sample Green function, thus, becomes
a 20 x 20 matrix which, in general, is not diagonal due to higher order transi-
tions that may contribute significantly to the electronic structure of the molecular
system. We simplify our system, however, by assuming that only diagonal pro-
cesses |2,n) — |1,m) — |2, n) and off-diagonal processes like |2, n) — |1,m) —
|2,n’y — |1, m) — |2, n) contribute to the tunneling. The introduced simplification
reduces the system to a set of 2 x 2 matrix equation, each of which may be analyti-
cally solved.

We introduce the Green functions

Gounm (1. 1) = (=) (TX5 () X3 (). (11.12)
In the simplified system, we obtain the equations of motion
@0 — Amn) Grunmy (2, t/)

=38t — 1) Pypr (1) + Z/; Priny (&) Vipprn @, t//)Gu’nm’(lﬁ, tHhdt”, (11.13)
up

in the Hubbard-I-approximation. Here, the interaction

Vi (t,17) = Z Vpo2np Vpo2nu &po (1,1) + Z Vkeo 2y Vko 21/ ko (1,11,
po ko
(11.14)
where gpxo (2, t") is the (free-electron-like) Green function for the electrons in the
tip (substrate).

IRecall that the three- and four-electron states are discarded already in the formulation of the
Hamiltonian, since the intra-dot Coulomb interaction strength is infinite.
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As we know from previous chapters, the equations for the Green functions are to
be self-consistently solved, with respect to the occupation numbers Ny, for each
point in the vast parameters space of the Hamiltonian, e.g. bias voltage, temperature
etc. Through such calculations we would obtain a valid non-equilibrium descrip-
tion of the Fano-like interference effects. In order to focus on the physical mecha-
nism rather than on the quantitative variations, we omit such a treatment here. The
qualitative features of the system remain the same and, therefore, we discuss the
physics without the self-consistency condition by further simplifying the equations
of motion. We assume, without loss of phase space interference effects, that the end-
factors Py = 8mm’, 1.6. we assume that the off-diagonal occupation numbers are
negligible. In absence of spin-flip transitions in the system, the equations for tran-
sitions between the one-electron spin 1 and | states are equal. Thus, we omit any
reference to the spin degree of freedom.

We note that transitions between different spin triplet configurations do not gen-
erate the interference effects we discuss here and it is, therefore, reasonable to con-
sider only transitions between the spin-singlet and one of spin-triplet states, say
|2, 3). The other processes, that is, the couplings of the spin-singlet to the spin triplet
states |2, 1) and |2, 2), merely renormalizes the coefficients in the final expression
for the transmission.

Calculation of the Fourier transformed retarded Green function for transitions
between the states |2, 3) and |2, 4) through the one-electron state |1, n) results in

1 w—A4n+%F4n4 —%F3n4
A (CL)): [ l ’
Ind (0 — wp) (@ — wy-) _ljr4n3 ®— Az, + 5F3n3

(11.15)
where Iy (@) = —2ImV} ., (w) defines the total coupling between the sam-

ple and the tip and substrate. We define the coupling between tip and sample by
F;;Em, (w) =27 Zpg v;ﬂnm Vpo2nm'8(w — €ps) and anal.ogously for the coupling
between the substrate and sample, such that I}, = F;;Em, + I3 | Finally, we
define the denominator C,, (w) = (@ — w,+)(w — wy,—), where the poles w+ are given

by

1 i
Wpt+ = E{A3n + Agp — §[F3n3 + Iipal

) 2
1
:I:\/<A3n — Ay — E[F3n3 - F4n4]) — 4504403 } (11.16)

11.3.1 Symmetric Coupling to the Substrate

Assume that the atoms in the diatomic molecule couple equally strong to the sub-
strate. Quantitatively, this means that vk, | = Vks2 = Vks, Which results in the cou-
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pling matrices

=t (o o) nh=re( ). au

where Fosub =27 ) 1o |Vko |28 (w — ko ). Further, we assume that the tunneling rate
between the tip and sample can be parametrized by vpsn = ¥ Vps, Where y;, € [0, 1].
Then, the coupling matrices for the transmission between the tip and sample can be
written

e _ F(;lp i +n)? —vi+vd (11.18a)
=3 \_2.,.2 2] :
Vi V5 Y1 —»2)
tip 2 2 2
Ftip . FO 1 —y2) —vit+v (11.18b)
3= 4 \_,2 2 2] ‘
Yit+tv, i+v)

We, finally, assume that F(;lp =Alp/2 and FOS“b = Iy/2, where A < 1, such that the
broadening of the localized states 17 ;) = Flaul';l) . The final assumption is performed
in order to simplify the analytical treatment. In particular for the poles of the Green
functions, this assumption leads to

;o

wli:£o+UiE—l§Fo(lil), (11.19a)
J o

o3t =0+ U %~ To(1F 1), (11.19b)

for the transitions through the bonding and anti-bonding one-electron states, re-
spectively, since A, = Ay3, m = 1,...,4, and since the transition energies
A31=Enp —E;1=2e0+U+J/2—ec0=e0+U+J/2and Ag1 = E2a — E11 =
2e04+U —J/2—¢e9=¢e0+ U — J/2. We see that the poles of the Green function are
located at the singlet and triplet energies. We also see that the poles w_ and w3
acquire vanishing widths, which correspond to the energies where the transitions
occur with zero probability. Inclusion of the widths that are due to the tunneling
between the tip and the sample, these expressions show that there are states which
couple very weakly to the surrounding delocalized electrons. We, thus, expect both
sharp and broad peaks, centered around more or less at the same energy, in the spec-
trum for the density of electrons states in the molecular system, and that those peaks
are associated with the singlet and triplet states.

The expected sharp peaks in the local density of electron states in the sample is
a direct result of the interference between the waves, of the tunneling electrons, that
are branched in phase space. This destructive interference manifests itself in that the
widths of the states associated with the energies w1 and w34 become small, which
is the same as to say that electrons occupying those states have very little interac-
tions with the surrounding delocalized electrons in the baths. The states associated
with the energies w14+ and w3_ have large widths, something which is provided by
constructive interference between the branched tunneling electron waves.
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Fig. 11.2 (a) Typical density of electron states (bold) around the spin singlet and triplet states
in the sample. The density of electron states associated with the pose w4+ (dark) and w3+ (light)
are plotted separately. (b) Transmission coefficient for the system, with the total (bold) and partial
transmissions through the channels which couple the two-electron states to the bonding (dark) and
anti-bonding (light) one-electron states. Here, we have used g =2, U =3, J = 0.6, I) = 2 (units:
meV), L =0.005, y1 =0and y» =1

We calculate the total local density of electron states pg through
1
= =—— Im G’ , 11.20
Prot(®) Zm Pum () = —— Zm i (@) (11.20)

see Fig. 11.2(a), where we have plotted pyo (bold) along with its components p,,, .
It is readily seen from the partial densities of states that there are two sharp peaks
and two wide ones, which in the total density of states is expressed as a single broad
peak with two sharp features on top of it. The example illustrated in the plots, is
reasonable from the point of view that the single-triplet splitting may be smaller than
the broadening due to the coupling between the sample and the substrate and tip. In
the calculations of the poles, a finite contributions from coupling to the electrons in
the tip have been included in addition to the one generated by the coupling to the
substrate. Hence, without the additional features due to the interference, it would
be very hard to realize whether the broad peak arises due to one or two, or more,
states. The interference, thus, enables a possibility to actually detect the location
of the spin singlet and triplet states, or, at least, the energy splitting between those
states.

The narrow, or sharply peaked, states in the sample give rise to dips in the con-
ductance of the system. This can be directly seen in the transmission coefficient
T (w). For simplicity, we use the above assumption that the widths of the states in

r+ Smm Om3 and I3 = Ftip + + Smm' Sma,

the sample can be written Iy, = I tp n3m

mlm
we find

tip b tip b
T(@) =116y T Gy + 113 Gliyy 1103 Gl s

(Y Sf|wo—e0—U+J/2
_'\(7) 1 +y2) (‘ Cr@)

2 ‘a)—so—U—J/2 2)
C3(w) ’

(11.21)
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for the transmission through the two-electron states. The expression clearly shows
that the transmission possesses dips at the energies associated with the spin singlet
and triplet states, i.e. at w = g9+ U — J/2 and w = g9 + U + J /2, respectively, and
that the distance between the dips equals the exchange splitting energy, i.e. J.

These dip features are also clearly seen in the plot of the total transmission in
Fig. 11.2(b) (bold). The partial transmission coefficients have zeros at the spin sin-
glet and triplet state energies, which is also legible in Fig. 11.2(b) (dark and light
curves).

Whenever the broadening of the quantum levels in the sample is larger than the
singlet-triplet splitting J there will not be two distinct peaks associated with the
singlet and triplet state in the transmission, nor in the differential conductance. Vis-
ibility of the individual dips, moreover, requires low temperatures since the trans-
mission coefficient is convolved with the thermal distribution function. Therefore
it would be preferable, under those circumstances, to resolve the spectrum through
measurements of the second current derivative with respect to the bias voltage, i.e.
d’1 /d V2, rather than the differential conductance. Such measurements would pro-
vide further information about the long-lived states in the sample in terms of the
very sharp features at the energies corresponding to those states.

The plots in Fig. 11.3 show the differential conductance (a) and d*1/dV? (b)
corresponding to the density of electron states and transmission in Fig. 11.2. As we
already have mentioned, the broad electron densities gives rise to wide conductance
peaks which significantly overlap such that the individual peaks cannot be distin-
guished. On the other hand, the dips occurring in the conductance plot, originating
from the narrow peaks in the density of electron states, can be used to pinpoint the
positions of the spin singlet and triplet states. However, the large level broadening
makes an unambiguous read-out of the singlet and triplet states difficult. The plot
of the d*1/dV? does resolve this issue, since the dips in the conductance display
themselves as large and narrow variations from the, almost, vanishing underlying
d*1/dv?.

a b

(a) ®
s M 2

5 S 2
. o
Qo =t

s 7 s 0
> >

Y T -2
- 3 &

-4

4.2 4.6 5 5.4 5.8 4.2 4.6 5 5.4 5.8
bias voltage (mV) bias voltage (mV)

Fig. 11.3 (a) Total differential conductance (bold) and the partial conductances through the chan-
nel which couple the two-electron states through the bonding (dark) and anti-bonding (light) states.
(b) Total and partial voltage derivatives d%1 /d V2, Here, T = 0.05 K, while other parameters are
asin Fig. 11.2
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11.3.2 Asymmetric Coupling to the Substrate

In the above discussion, we approached the interference effects from simplest point
of view and assumed that the atoms in the molecular structure couple equally strong
to the substrate. Moreover, we assumed that the molecular structure comprised two
atoms. Neither of these two assumptions are necessary and here we make contact
with the more general situation, that is, either the atoms in the molecule couple
asymmetrically to the substrate or the molecule consists of a single entity with two
levels. In both situations, we can parametrize the tunneling rate between the sample
and substrate according to vk,s = kpVke, With &, € [0, 1].

Under those circumstances we have to rederive the equations for the poles of
the Green function and, hence, the transmission coefficient using the additional
parametrization. It is quite obvious that the coupling matrices Fﬁ“B) now take on
the forms

I'vsub (Kl +K2)2 —K2 +K2
iy = —‘; . P2 (11.22a)

—Kki +x; (K1 —K2)

I—vsub K1 — Kk 2 —K2+K2
=0 (M ), (11220

—Kki+ky (k1 +K2)

in analogy to the couplings between the sample and the tip. By still assuming that
the tunneling between atoms, or levels, in the molecule is vanishingly small, and
that tunneling between the tip and sample has a negligible effect on the widths of
the molecular levels, we find that the localized states can be written as

. . 2 2
] 2 5 1 ] Iy
wi+ =6+ U — RF()(Kl +K5) £ 5\/<J — ZK]KQF()) — (K12 —K%)Z(Z> ,

(11.23a)

i 1 i 2 ) ro
w31=80+U—1—6F0(K1+/<2):|:§ J+ZK1K2F0 — (k% —k3)
(11.23b)

These expressions show that both poles w,+, n = 1, 3, acquire a significant width
whenever the couplings between the atoms, or levels, and the substrate are unequal.
A large width of a state implies that electrons residing in this state interacts strongly
with the electron bath in the substrate, for which reason the conductance dips due to
interference cease to exist. This is, hence, and indication that asymmetric couplings
between the levels in the sample and the substrate is detrimental to the possibility
for observing the sharp features in the d1/dV or d*1/dV?>.

We can conclude that the presence of sharp features in the conductance that are
generated by the interference depends on the asymmetry of the couplings between
the levels in the sample and the de-localized electrons in the substrate. In general,
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a weakly coupled state is obtained by requiring fairly symmetric tunneling rates
between the sample levels and either the tip or the substrate. The interference effects
are, of course, amplified whenever the tunneling rates are symmetric to both the tip
and substrate.

The transmission coefficient for the system is in the present set-up given by

I —e—U+qJ/2)?
T(a»:A(TO) (ym+yzxz>2<“” 8C1(J" /

’a)—e—U—qJ/Z

2
) 11.24
C3(w) > ( :

where the asymmetry of the coupling introduces the factor

_ Yik2 +yaKi

. (11.25)
ViK1 + Y2K2

Except from the change in the overall amplitude of the transmission, the asym-
metry shifts the positions of the transmission dips. Quantitatively we obtain an
about 6% shift of the transmission dips for coupling asymmetries y»/y; = 0.7 and
k2/k1 2 0.7. Hence, even for a rather high degree of asymmetry in the couplings,
this indicates that there is a reasonably good chance to measure the exchange pa-
rameter J.

11.3.3 Nonresonant Levels

Finally, we approach the case where the levels in the atoms are non-resonant, in
which we access molecular structures that are comprised of non-equivalent atoms.
We can also think of spin-split levels, in which case the first term in the sample
Hamiltonian has to be modified according to

. A
> enod)ydno = Z[g,, - a%]dzgdna, (11.26)
no

no

where A, is the spin-split of the nth level. The spin-split may be imposed by external
and/or internal magnetic fields.

The two-electron states remain the same as in the previous discussion, and we
keep the nomenclature of spin-singlet and spin-triplet states, although referring to
the spin-triplet is not correct in a strict sense since the energies associated with
those states are non-degenerate in the spin-dependent case. Nonetheless, the triplet
state energies become Ey; = Ex3 + (A1 + A2)/2, Exp = Ex3 — (A1 + A3)/2, and
Eyx3 =¢1 + e+ U + J/2, whereas the singlet state energy becomes Eyq = €1 +
e+U-—-J/2.
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It is preferable to write the one-electron states as
|1, n) = (81d), + 8uad]| +8u3d3, + 8uad) 110, (11.27)

with the corresponding energies E1, = (81, + 830)&nt + (821 + 84n)&ny -

In the remainder of this discussion we assume that the tunneling rates can
be parametrized as in the previous section, i.e. according t0 vVpne = YnVps and
Vkno = KnVkes- The coupling matrices between the tip and the sample then become

. FtiP 1 1 ) Ftip 1 1
up 2°0 tip 219
F|1,1)=y2 ) (1 1)’ F|1y3>:)/17<_1 1 ), (11.28)
while the couplings between the sample and the substrate are given by
Fsub 11 Fsub 1 1
b b
Mih =3 (1 1>’ I (_1 1). (11.29)

Here, we have only considered the coupling matrices for the triplet state |2, 3),
whereas the coupling matrices to the other triplet configurations are the same.

Assuming that the level broadening due to the tunneling between the tip and the
sample is negligible, we obtain the following poles of the Green function, involving
|2,3) and |2, 4),

1 , (G’
wli:i 81T+82¢+2U—§K21—'0:|: J 5 ,  (11.30a)

2

1 ) k110 2
w3¢=§ 81T+82¢~|—2U—§K1F0:|: J 5 . (11.30b)

The poles ws+ and w4+ associated with the spin | channel are obtained by letting
4+— | in the above equations.

The form of the poles reveal for the spin-degenerate case, i.e. A, = 0, that there
may be sharp localized states in the molecule only for J < k,, I5/2. In this case, we
have e.g.

s ben 420 — bdrpei 20l L2 )
~—lenyte - = - =
@ik~ S 81 T €21 Skalo+i—5 ) K%Fo

2
[e1r +e4 +2U —i 1, +,
%{2 It e 2F< (11.31)
E[SW +éep +2U —lK2F()],

In the symmetric case it should, thus, be possible to measure J in cases where
the singlet-triplet splitting is small. Then, however, the theory presented previously
applies, and therefore we proceed to the discussion for the spin-dependent system.

The above discussion revealed that non-resonant levels will not give rise to
any sharp features, generated by interference, in the conductance. Therefore, we
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again assume that the levels ¢; = ¢, = g9 while the spin-split is uniform, i.e. A| =
Ay = Ag. For simplicity, we also assume that both levels in the sample couple
equally strong to the substrate. We can, thus, describe the one-electron states us-
ing (11.6) and the coupling matrices between the sample and substrate by (11.17).

A reason to use spin-dependent transport for the types of measurements corre-
sponding to the situation discussed here, is that the spin-dependence of the current
will enable studies of the spin-splitting of the two-electron triplet states. The singlet
state couples to all triplet configurations trough the one-electron states. From the
previous discussion we know that these couplings generate sharp localized states in
the sample at energies which correspond to the triplet and singlet states. By intro-
ducing the spin-splitting of the levels, we expect there to appear more sharp states
and, hence, more sharp features in the conductance. We, moreover, expect that some
of those features should be located at energies which correspond to the different spin
configurations of the triplet states.

Quantitatively, we have to consider all Green functions G’ m =1, 2,3 for the

mn4>
triplet configurations and n = 1, ..., 4 for the one-electron states. The poles of G5, ,
are given by
A J I
o =g+ 70 UL - igo(l +1), =02 (11322
A J I
o =gy + 70 UL - igo(l 0, ol =0 — A (11.32b)

where the superscript refers to that the poles are associated with the triplet state
[2,3) =|§ =1,m; = 0). Likewise we have for G/, , and G}, , the poles

o) =0 — 211, o "=+ A0+, (1133
o) =0l — A1 £ 1), ;" =0 + A1 £1).  (11.33b)

We notice that the spin-dependence gives rise to four sets of poles, since there is
now a different coupling between the singlet and the three triplet configurations. We
also notice that the triplet configuration e.g. [2,1) = |S=1,m;=1) = d;waO)
does not couple to the spin | states |1,2) and |1,4). Likewise, the triplet state
2,2)=|S=1,m,=—1) = d;id;fim) does not couple to the spin 1 states |1, 1)
and |1, 3). This is, of course, obvious in absence of spin-flip processes. The obser-
vations lead, however, to that there will not appear any sharp features in the con-
ductance which are associated with transitions between, say, |2, 1) and |1,2). We
notice, further the equalities

w,(ll_)zw,(qo_), n=1,3, a),(;_l)zw,(l(?, n=24,
@ _  (0) D _ (0

Dyq = Oy Doy =W
@ _ (0 b _ (0

W3 = Dy Wgy =B34

Hence, there are only four distinct energies and we should, therefore, only expect to
find four sharp dips in the conductance.
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Chapter 12
Spin Systems in Non-Equilibrium

Abstract A quantum Langevin equation for the dynamics of a local spin embedded
in a tunnel junction is derived. Under non-equilibrium conditions the dynamics is
considered on the Keldysh contour. Several issues regarding the properties of the
leads and their influence on the local spin dynamics are discussed.

12.1 Introduction

In previous chapters we have encountered questions about how the current can be-
come spin-polarized by manipulations of the quantum dot, see e.g. Chaps. 6 and 10.
Such questions are highly relevant in the context of how one should be able to e.g.
pick up particular signatures in the current that is related to one or another set-up
of the local spins. Having those questions in mind, it also becomes natural to ask
whether the local spin would be affected by the electronic and magnetic properties
in the surroundings, e.g. the leads. In other words, how would we perform a cer-
tain manipulation of the local spin through applications of external gate and bias
voltages, or magnetic fields. The answers to those questions very much rely on the
electronic and magnetic properties of the leads.

In this chapter we address the dynamics of a single spin embedded in the tunnel
junction between metallic leads [1, 2]. The leads may be ferromagnetic. Taking the
non-equilibrium conditions into account, we derive a quantum Langevin equation
for the spin dynamics. Through the parameters comprised in this equation, we are
able to analyze the effects on the local spin dynamics of various electronic and
magnetic properties of the leads.

We proceed to study a few particular cases for observing the spin dynamics
through e.g. magnetic resonance force mircoscopy (MRFM) [1], and tunneling mea-
surements [3, 4].

The present chapter might seem a bit off the target when it comes to the pre-
viously discussed X -operator formalism. However, although we do not employ the
X -operators, we nonetheless utilize many-body operators as we are considering spin
operators, which also have non-Fermionic algebraic properties. It is, hence, perti-
nent in this text on many-body approach to physics.

J. Fransson, Non-Equilibrium Nano-Physics, 203
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12.2 Equation for Local Spin

Consider two metallic leads coupled to one another through a tunnel junction in
which a spin S is embedded, see Fig. 12.1 for a schematic view. The tunnel junction
may be thought of as e.g. a point contact between the leads, so that possible magnetic
fields generated at the tips of the leads (if those are magnetic) can be neglected. The
Hamiltonian of the system may be written

H=Hp+Hr+Hs+Hr, (12.1)

where 'H, = Zka Eko c;fm Ckos K€ x =L, R. In the following, we assign the sub-
scripts p (q) to electrons in the left (right) lead. The local spin may be exposed
to an external magnetic field Bex (), and we model the free spin according to
Hs = —gupBext - S, where g and pp are the gyromagnetic ratio (g-factor) and
Bohr magneton, respectively. The leads are weakly coupled through the tunneling
Hamiltonian

Hr = Z o ToorCqor + H.c., (12.2)
pqoo’

where the matrix element YA}wr defines the rate of the electron transfer through the
magnetically active tunnel barrier. Here, a spin is embedded in the barrier which
leads to that the matrix element becomes a spin operator [5, 6]. For the present
discussions, we will restrict ourselves to

A~

Taa’ = T()Sa_a_/ + T]UJOJ -S4+ TZO—;.CO./- (123)

The first term, Ty, describes the spin-independent tunneling rate, which is the same
as the tunneling electrons would experience also without the presence of the local
spin. The second term, 7104, - S, accounts for the tunneling rate which is affected
by the local spin through spin-spin, or exchange, interaction. The last term, 7207 ,,
denotes the rate of spin-flip transition inside the barrier generated by e.g. spin-orbit
interaction. This term may also be present even in absence of the local spin. In
principle, we can lump the first and last term into a single spin-dependent tunneling
rate, i.e. T55' = Tod04’ + T2, . For more details on the tunneling rates, see [5-7].

We assume that the system is biased with the time-dependent voltage V (¢) =
Vac + Vac(t), where V4. and V, are dc and ac components. Under the non-
equilibrium conditions, there forms a dipole around the barrier region due to the

Fig. 12.1 Local spin

embedded in the tunnel

junction between two

metallic, possibly BeXt
ferromagnetic, leads
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accumulation or depletion of electron charge at the interfaces. As a consequence
of this process we can talk about the single-electron energies Ex, = €ko + Wi (2),
which are constrained by the relation Wy, (1) — Wr(¢) = Vi (¢). Disregarding patho-
logical time-dependences of the bias voltage, such as monotonically and indefinitely
increasing voltages, the occupation of the states in the respective contact remain de-
termined by the distribution established before the time-dependence is turned on.
Hence, the chemical potentials in the left and right leads differ by the dc component
only, or in other words, (; — g = eVyc.
It turns out to be preferable to apply the gauge transformation

2 e—if,‘o[uurWL(t’)]NLdt’e—if,; [wr+WR(t")INRd!'

U= , (12.4)

to the model, where N, =\ X clt ~Cko- The model H is then turned into K =

Kr+Kgr+Kr+Kr. Here, Ky =3 ey ékac;zgckas ko = ko — My, and Kg =
‘Hs, whereas

. t
Kr= Z choToorcqre® + He., ¢(t)=e / V(dt'. (12.5)

paoo’ fo

We now derive an effective action for the local spin using the Keldysh tech-
nique [8]. Considering all external fields to be the same on both the forward and
backward branches of the Keldysh contour C, the partition function Z has to satisfy
the condition

Z=trTee  fcKrdr _ 1 (12.6)

where the trace runs over both electronic and spin degrees of freedom. Here, T¢
denotes time-ordering on the Keldysh contour. In order to obtain an action for the
spin, we take the partial trace over the electronic degrees of freedom only. The
tunneling contribution to the spin action, thus, reads

i8St = —%f (TcK7(S@), H)Kr (S, t))dtdt'. 12.7)
C

Notice that this action is given by the first non-trivial contribution in the expansion of
the exponential operator Tce™ JeKLdt The traces over the electronic degrees of
freedom of the first and second contributions, §5C (Tc1)dt and fc (TcKr(S(t), 1))dt,
respectively, vanish, for which reason (12.7) provides the first non-trivial contribu-
tion to the spin-action.

We introduce the tunneling operator A,, = qu cggcq(,/ and the propagator
Dyor(t, 1) = (—i)(TcAM/(t)AZO,(t/)), in terms of which the tunneling Hamilto-
nian reads

Kr =Y Ty Asoe® + H.c., (12.8)

oo’
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whereas the effective action is written

i8Sr = (—i>y§ Y Too (Do (1.1 T (1) drdr, (12.9)
c
oo

where 8¢ (1, 1) = [} V(t))ar'.

The next step is to expand the two contour integrals in terms of the upper and
lower branches of the Keldysh contour. We use the superscripts # and /, in order
to distinguish between quantities on the upper and lower branches, (—oo, c0) and
(00, —00), respectively. Moreover, the propagator D, (¢, t") has four different be-
haviors depending on which branch the time variables ¢ and ¢’ lie. We have

DI (t,1) = (=) (TAse DA’ (1)), 1,1 € (—00,00), (12.10a)
D5 (t,1) = ()AL _ () A1), 1€ (—00,00), 1" € (00, —00), (12.10b)
D7 (t,1) = (=) (Ase (DAL (1)), 1€ (00,—00), 1" € (—00,00), (12.10c)

DI (t1,1) = (=) (Theor (DAL (1), 1,1 € (00, —00), (12.10d)

where T and T is the time ordering and anti-time ordering operator, respectively.
Recall that A, is a Bose-like operator. In principle we could have been satisfied
by working with only the lesser and greater propagators, only requiring knowledge
of whether ¢ is less than or greater than ¢’ in the contour sense. It is, however,
convenient to make use of the time and anti-time ordered propagators whenever ¢
and ¢’ lie on the same branch of the contour, which will become apparent below.

In terms of the propagators in (12.10a)—(12.10d), we write the action as

o
i8St = (—i) E / (T (DL (t,)TY (t) = T" (D5, (¢, )T ()
—00
oo

~1 2 ~1 r ol 8,1
T Dz, t,OTY )+ T, (DL (1, )TL (1)) *? D drdr’
o
Y
o' ¥ T®

T o
Doo’(t’t/) D:U’(t’t/)> ( T:/(T(t/) )dtdl‘/.

x (T (1) —T" (t 4 0
150 ® o' (1) (D;G/(t,t’) DI @, 1)) \-T" ()

(12.11)

The four propagators in (12.10a)—(12.10d) are related to the retarded, advanced,
and Keldysh forms of the propagators, defined by

DSty = (FDOE F 1) ([ Agor (1), AL (D), (12.12a)
DX (t1,1) = (=) ({Aoor (1), AL (1)), (12.12b)
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through (3.48) along with the equations

DI (1,1 =0(t — D2, (t,t) +0(' —)D5, . (t,1), (12.13a)

oo’

Dfa,(t, =01 —0)D; . (t,t)+ 0 —1)D5_ . (t,1), (12.13b)

oo’

DX (t,t'y =D (t,t) + D5 .(t,1). (12.13c)

Therefore, we introduce the fast and slow variables f"a"a/ = (f"aua/ + f";g,) /2 and
Taqa, =T — T; o> Such that qu, - Ty, = 0. We, furthermore, apply the rotation

I )
R=_<1 1), R =R (12.14)

to the matrix with propagators in (12.11). This leads to that we finally can write the
effective action according to

i *© isp(t,t')
i8S = —= E e ’
! 2 ,/oo
oo

. R 0 DOt 1) (215, (1) ,

oo’ oo’ Tg/(, (t/)

o
= (—i)Z/ (Taca,(t)DZU,(t,t’)T(;{,G(t/)+ng,(t)Dga,(t,t’)T;,a(t/)
—0o0
oo
1. . e
+ 5T;’(,,(t)ng,(t, HTY, (/))e”w“’t Vdtdt'. (12.15)

Now, we can begin to analyze the components of the action due to tunnel-
ing. Recall that f}m = Tos + T104¢’ - S, where only the second term has a time-
dependence. It is then straightforward to see that T¢ = Tyor + Ti044 - S€, whereas
T9=T 0y - S9. Those observations lead to that the action can be partitioned into
8St =488, + 8S,, where the action of the slow and fast variables can be written

1 1

58S, = ~ / i@ Ssh@yde + - / Sh(@) i) (2, 1S (¢ dedr',  (12.16a)
e e
1

8S, = — / Sh@)j S @, 1S (t"ydrdr', (12.16b)
e

m,n = x,y, z, respectively. The current densities j,ffn), k=1,2,3, j,(,ll) = ],§11,7)1 in-

troduced here are defined by
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m(l)——eTlZ ,TM/ (D, (1, 1) 1D, (1 1) 990D gy,

(12.17a)
(2)(t, 1) = _ele ZU;"UI(DZU/(L t/)eiaqb(t,ﬂ) + Dg’a(t/’ t)e—iéqb(t,ﬂ))o—(’rlg

]mn
(12.17b)

Jmn

Ot 1) = ——TEZJM,DK (1, 1) gn, (12.17¢)

oo’

The first current density, j,g,l) arises due to the spin-imbalance in the leads along with
the non-equilibrium conditions present in the system. It is readily seen in (12.17a)
that this current vanishes if the leads are non-magnetic and in the absence of spin-
flip transitions inside the barrier, but is finite if at least either of the mechanisms is
present. The second and third current densities, ];5111) s ],ffn), are both tensors of second
order (matrices), and arise due to the interactions between the local spin in the tunnel
barrier and the de-localized spins constituted by the tunneling electrons.

We now make the model complete by adding the action that stems from the in-
teraction between the local spin and tunneling electrons to the actions arising from
the interaction between the external magnetic field, §Sext = gup fc Bext - Sdt =
gMUB f Bex: - S?dt, and the Wess-Zuminov-Witten-Novikov (WZWN) action which
describes the Berry phase accumulated by the spin as a result of its motion on the
sphere. On the Keldysh contour, the latter term reads [9]

1 . :
Swswn = ) / S?. (9,8 x S%dr. (12.18)
The total action can be summarized by
1 X . L.
S= ESQ-({),S‘ x S8+ gupBext - ST + —j' - S )dt
e
1
/ (87§ .8 +89.jP . 89)drdr’. (12.19)
e

Effective equations for the dynamics of the local spin are obtained by effecting
a functional differentiation on the action with respect to either of the spin fields S¢
or SY and putting the resulting expression to zero. Here, we will consider the slow
dynamics, which means that we will differentiate out the field S?. A problem will
arise in the last term since it contains the fast spin variable 8¢ twice. Hence, we
will not get rid of the fast variable completely through the functional differentiation.
By application of the Hubbard-Stratonovich transformation to the action [ S7 - IS
S9dtdt’, the fast spin variable can be removed, however, at the cost of introducing
an auxiliary random field &, i.e.
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o885 — oi [ ShimnSidrd' Je _ ,—(i/2) [ ShI=2jsmn /elSidrdr’

- / i/ [E1=2jum fe17ldidt =i [ & Shdt (12.20a)

d&m

27

DE = 1i dete[—2j® /e]™! 12.20b
&= lim [ [ /dete[-2§®)/e] (12.20b)

The random fields can be related to the current tensor ],ffn) through the following
observation. Assume that there is a random magnetic field £ coupled to the local
spin 87 via Hg = —gupé€ - S. The partition function with respect to the random
fields then assumes the form

Z[£] = trge~ Hedl m o= [(HeOHe ) drdr' /2 o~ @1B)” [(Em (D) Sh (& (1) S (1)) drd1' 2
— o (81B)* [(Em &) Sh (1S (¢)drdr' /2. (12.21)

Inspection of (12.20a), (12.20b) and (12.21) indicates that the correlation func-
tion of the random fields should satisfy the relation (guB)z(Em(t)gn(t’)) =
in (3,
—i2jmn (1, 1) /e.
After this transformation, the total action can be written

1 1 1
8=/Sq~(EHZSCXSC—l—glLB[Bext-i-‘é]-i-gj(l)—i-z/j(z)~Scdt’>dt, (12.22)

for which we obtain the functional derivative

35S 1 1 1

=—— =38 x§ B -jO 4+ - / j@ . 8cdr’. (12.23
SS‘](Z‘) S2 t X +g/LB[ ext+$]+eJ +€ J ( )

We obtain an appealing equation of motion for S¢ by cross-multiplying this equation

with S¢ under the requirement that |S| = § is constant, since then (dropping the

superscript c¢)

1
0S(1) = g15S(t) X Bext(t) +E(D] + —S(1) x iV

+é / S(t)x[jP ') - S(t)]ar'. (12.24)

Here, it has been tacitly used that the slow spin variable can be considered as being
semi-classical to a good approximation. We notice, however, that quantum effects
have indeed been included in this semi-classical equation through the presence of
action §S, given solely in terms of the fast, or quantum, spin variable S7.

In the presence of the electronic tunneling processes the semi-classical approx-
imation can be further elaborated to simplify the integral in the last term. For this,
we assume that the electrons in the leads are sufficiently described by the Green
functions gke (f,1") = (—i)T¢ exp [—iéks (t — t’)]. Then, for low temperatures the
elements of the current tensor j» acquire the time-dependence

sinD(t —t')

-(2) N~ g
I (1) ~ 6t = 1) =25

(1 =cosD(r — 1), (12.25)
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where D is half the band width of the conduction band in the leads. The time-
dependence of this current tensor suggests a peaked onset at ¢ — ' = 0, however, os-
cillating with a quadratic decay for larger times. The characteristic time-scale is set
by 1/D, which essentially provides the width of the peak around r — ¢’ = 0. Hence,
for spin-precession (Larmor) frequencies w;, < D, we are in the regime where the
spin dynamics is much slower than the processes of the conduction electrons. The
slowness of the spin dynamics, thus, allows the local, or Born-Oppenheimer, ap-
proximation S(¢t') ~ S(t) — (t — t')3;S(¢r), analogous to the approximation intro-
duced in Chap. 8. The equation of motion for the spin, then assumes the simpler
form

1 1
HS=a(dS S+ gupS x [Bext +E+ i+ f i@, thdr - s},
eguB eginB

(12.26)
where a(r) = [(t — ' )j P (t,1)dt’ /e defines a damping parameter. This equation
for S captures the main dynamics of the local spin under the influence of the tun-
neling electrons, and is reminiscent of the Landau-Lifshitz-Gilbert (LLG) equation
[10, 11]. From here on, we shall proceed with an approximative discussion of the
spin dynamics.

The random, or Langevin, term & arises due to the exchange interaction between
the tunneling electrons and the local spin. In the present set-up, the energy scale
for the exchange interaction is given by the parameter 77, here in the order of
0.1-1 meV. The precession frequency wy, is set by the external magnetic field and
the internal currents. Assuming that the effective magnetic field acting on the local
spin is less than 0.5 T, the Larmor frequency w; < 60 pueV. Under those conditions it
is reasonable to expect that the random processes are suppressed, and we can neglect
the random term in the following.

The damping parameter « is also generated by the exchange interaction. For low
temperatures and dc voltages, it is straightforward to show that it is negligible as
well. To see this, consider the contribution Dy, (t, )€1 in the current ten-
sor j®. We then have the time-integration

t
/ (t —t)D. (1, 1) Dar

D t
~ (i) / / (t — 1) (f(E) — f(E))e! EE+Vad =gy g EGE'
—D J—o0

D _ 1
=l./ fE) = f(E) o

p (E — E"+eVye)?

_./D f(E)< 2E B 2F )dE
I E2—(D—eVa)?  E2— (D +eVao)

1—eVdC/D‘

(12.27)
1+ eVae/D

%iln‘
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It is, thus, clear that the damping parameter is vanishingly small for bias voltages
such that eVg. < D.

12.3 Dynamics of Local Spin

For our discussion of the local spin dynamics we take the above approximations for
granted, under which the spin equation of motion reduces to

1
423

1
S = gupS x [Bm + O+ / j?a, t’)dt/S}. (12.28)
egup egB

In order to make life a little easier, we assume that the electrons in the leads can be
described by the simplified Green function g, (7,1") = (—i)Texp [—iéks (t — )]
For simplicity, we also assume a simple harmonic time-dependence of the bias volt-
age such that V(¢) = V4. + Vac cos wpt, and that the densities of states in the leads
are slowly varying with energy/momentum. Under those approximations, the cur-
rent densities involved in the equation are given by

W@y =ieTy Y ol TrgrJu(eVae/w0) Ty (eVae/wo)

oo’ v

t
X f /[NLUNRU/gi(E_E/J"eVdc)(t—l/)-Hwo(le—vl/)
—00
— Npg/Npoe i (E=E+eVa)i=)—ion(ut—vt')]
x [f(E)— f(E)IdEdE'dt', (12.29a)

and

i@ty =ieTto(t —1) Z o™ 6l T (eVae/wo) Jy (e Vac/@p)

oo’ v

t
x/ f[NLUNRG,ei(E—E/+evdc)(z—t/)+iw0(m—vt/)
—0oQ
- NLa’NRgeii(E*E/JreVdc)(f*t’)*iwo(uf*”’,)]
x [f(E)— f(E)]dEdE'. (12.29b)

Here, we have used that ¢/Z5"® = 3" J, (z)e™"¥. From these expressions we can
obtain dc conditions by letting V,c — 0 and wg — 0, in that order, in which case
only the term with u = v = 0 survives.

For later reference, we also rewrite the spin components of the densities of states
in terms of the electronic and magnetic densities N, and m,, such that N,, =
Yl +00' 1N, /2= (N, + om$)/2.



212 12 Spin Systems in Non-Equilibrium

12.3.1 Non-Magnetic Leads

First, we study the interaction between the tunneling current and the local spin
for non-magnetic leads. Then, the densities of states are spin-independent, so that
Nyo = N, /2, which leads to the current densities

WO~ —enx TINLNR Y 00 TogrJy(eVac/w0) Jy (e Vae /wo)

oo’y

X [eV4e + vawp] sinwo(pn — v)t, (12.30a)

/ P8 @ )dt ~ —en TENLNg Y 0,02 Ju(eVae/w0)Jy(€Vac /o)

oo’y

X [eV4e + vag] sinwg (i — v)t. (12.30b)

Here, we first notice in (12.30b) that the only non-vanishing components are the
diagonal ones, that is, j,EZ,Z,, m=x,y, z. We, furthermore, notice that these diagonal
components are equal. In the case of non-magnetic leads, they do not have any effect
on the spin dynamics, however, since S x j¥'S = (SySz[jZ(?) — j)(yz)], stz[j,ﬁi) —
jz(zz)], SeSyl jy(i) — j)g)]) = 0, where we have used that the spins are semi-classical.

We now study the effect of the current density in (12.30a). By recalling
that 7557 = 856 To + 0, T2, it is clear that the only non-vanishing component

in (12.30a) is j)gl). Hence, the equation of motion for the spin can be written

L0 0 0
%S =gnsS xBexi +— [0 0 i (12.31)
o —ji" o

In absence of external magnetic fields, the spin component S is a constant of mo-
tion, and the local spin acquires a rotational motion in the yz-plane about the x-axis,
with frequency w; = |j§1) |/e.

This result suggests force microscopy experiment, MRFM, which is set-up such
that there is a magnetic particle mounted on a nanomechanical cantilever above of
the tunnel junction, see Fig. 12.2. The magnetic particle is coupled to the local spin
through a magnetic force [12], e.g.

F(r,1) = —[m, (1) - V|Bex(r), (12.32)

where r is the mean distance between the micromagnet and the local spin, m, () =
gnupS(t) is the magnetic moment of the local spin, and the total external magnetic
field B(r) comprise the external field Bex; and the magnetic field B; (r) generated by
the cantilever micromagnet. Assuming, for instance, that |dBf /dz| ~ 107! T/um
yields a force signal of about 10 aN.

The experimental set-up according to this scheme would provide a direct mea-
surement of the magnetic resonance signal from a single spin, particularly in ab-
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Fig. 12.2 Schematic view of
the tunnel junction, in which
a spin is embedded, in
combination with MRFM.

A static external magnetic
field polarized the spin, while |
an ac electric field generates micromagnet

an effective time-dependent
spin-polarized current,
through spin-flip transitions
in the tunnel junction, which
influences the dynamics of
the local spin. The dynamical
variations in the local
effective magnetic field is
picked up by a resonator,
nanomechanical cantilever,
onto which a micromagnet is
mounted

Bext

sence of an externally applied time-dependent field. Recording such a signal would
be a very strong evidence for spin-flip transitions across the tunnel junction.

12.3.2 Ferromagnetic Leads

We now turn our attention to the case of ferromagnetic leads. In the following we
put the spin-flip tunneling matrix element 7> = 0, in order to purify the system.
Then, the only surviving contribution from the current density in (12.29a) is the
z-component, which essentially behaves as

J0(t) = —meTy Ty (Ngm3, + Npm’y cos6)

X Z Ju(eVac/wo)Jy(€eVac/wo)[eVac + vaol sinwo(u — v)t,  (12.33)
[y

where 6 defines the angle between the magnetic moments of the left and right leads.
In this way, we allow for non-collinear arrangements of the magnetic moments. In
the above formula we have let the global reference frame to coincide with the spin
reference frame of the left lead.

This current density, (12.33) contributes a finite shift to the Larmor frequency
whenever Ngmj + Npm¥ # 0. This requirement is satisfied neither in case of non-
magnetic leads (see previous discussion), nor in case in which both leads are ferro-
magnetic but such that Nym% = —Ngmj ,or Np /Ng = —m7 /m%. This latter case
can be realized, for example, when both leads have identical electronic and magnetic
structures but are aligned in an anti-ferromagnetic order.



214 12 Spin Systems in Non-Equilibrium

The current density j® is more interesting. We find, for instance, that the com-
ponents jg) = j}(é), jg) =— jy(.i), and jZ(ZZ) are finite, while the others are identically
zero. Considering, further, the product S x j(z)S, it can be understood that the differ-
ence jﬁ) - j;f) lies along the z-direction, whereas j)g) lies in the xy-plane. While
both contributions provide shifts to the Larmor frequency, the latter is interesting

since it also provides a torque on the local spin. We find that

t
f L@t = j P )dt =2meTimy -mpg Y Jyu(eVac/w0)Ju(€Vac/w0)
oo o
X [eV4e + vap] sinwo(u — v)t, (12.34a)
! .(2) NS, e o z z
(t,tHdt' = —7T1 (Ngmj — Npmj, cos6)

]xy
oo

X Z J,u (eVac/wo) Jy(eVac/wo)[eVac + vap]
73

X coswo(iL — v)t. (12.34b)

The longitudinal component, (12.34a), is non-vanishing only if both leads are spin-
polarized. In addition, it only contributes to the spin dynamics in presence of a
time-dependent bias voltage. The transversal component, on the other hand, only
requires that the difference N RmZL — N m% cos @ # 0, which is satisfied whenever
the at least one of the leads is spin-polarized or, if they are identical, they are not in
ferromagnetic arrangement (6 = 0). It is, furthermore, clear that this contribution is
finite for stationary biases, something that we shall discuss below.

The effects of the current densities above can be summarized in that the compo-
nents in (12.33) and (12.34a) contributes to the precession of the local spin about its
local direction. The component in (12.34b) is generated by spin-flips of the tunnel-
ing electrons when interacting with the local spin moments. Under those processes
the local spin is subject to a torque which tends to slightly change the local direction
of the local spin. For example, in case of anti-ferromagnetically arranged leads, the
current density component (12.34b) acts as to line the local spin up in the direction
of the magnetic moment of the source lead. An ac bias voltage causes a wobbling,
or nutation, of the local spin motion, as we shall see below.

We have already taken into account that the local spin is described in a semi-
classical sense, hence, here we take the full advantage of this description in that we
parametrize the spin on the unit sphere according to S = S(cos ¢ sin ¥, sin¢ sin ¢,
cosv), where ¢ and ¢ is the azimuthal and polar angles, respectively, whereas
S = |S|. The equation of motion for the local spin can then be written as

. 1 1 . .
¢ = —gipBexi (1) + ;S;é”(r) +-$ / [P, 1) — j P, 1)]dr cos®, (12.35a)

|
D =-8 / JP . 1)t sinv. (12.35b)
e
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(a) (b)
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Fig. 12.3 The different qualitative behavior of the local spin in presence of an applied ac bias
voltage when the magnetizations of the leads are equal and ferromagnetically (black) and anti—
ferromagnetically (grey) arranged. (a) The polar displacement of the spin. (b) The resulting spin
motion on the unit sphere. Here, N;. 71 ~ NgT; ~ 0.1, mi/NX ~0.90 =0 (a)and 8 = 7 (b), and
wo =3 meV

The solution of the second equation is given by

g(t) =2 arctan(tan @e*”STIZ(NR’"ZL*NL’”% cos6)/2
2

X Hexp{Ju<evac>Jv<eVac)[eVdc + vwo]w}), (12.36)
v

[on) w wo(pu —v)

where ¥ is the polar orientation of the spin at some initial time #y. The full motion
of the local spin, where the planar precession is given by the equation for ¢ and
the deviation from the planar motion is given by ¢, is obviously rather complicated,
even in the simplified case we are considering here, see Fig. 12.3. Especially, we
see that the nutation of the spin, which is caused by its coupling to the tunneling
electrons, is directly modulated by the time-dependence of the bias voltage. In case
of harmonic bias voltages, it can also be seen from the expression of ¥, that the
lower the frequency of the bias, i.e. wg < eVyc/10, the larger the amplitude of the
polar angular displacement, something that will provide a signal for detection in the
tunneling current.

In static limit, eVyc — 0, wg — 0, such that eV, /wp — 0, the polar angle ac-
quires the time-dependence

¥ (t) = 2arctan <tan %e‘”evchle(NRmi_NLm% Cose)(t_t(’)ﬂ) : (12.37)

Thus, assuming ¥g # 0 and Vg > 0, it is clear that ¢ approaches 0 () as time
grows for positive (negative) Ngm$i — Npm$, cos6, and it can be understood that
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the local spin moment assumes the direction of the magnetic moment of the source
lead. This is easiest seen by assuming identical leads.
From the static limit result we define the characteristic time scale

_1_ meVqe
T,
2

STE(Ngm — Npm’ cos6) (12.38)

for the polar angle motion. Parametrizing the magnetic density m3j, = Ny p,, where
—1 < py <1, the difference Ngmj; — Nym% cos6 = N Nr(pr — prcos6). As-
suming N. 71 ~ NgTy ~0.1, py =1/2,60 =m, and V4 ~ 1 mV, we arrive at the
characteristic time-scale 7. &~ 5 ps, which should be sufficiently short to switch the
spin from e.g. 1 to | within a bias pulse of 1 ns.

In a realistic set-up, it would be desirable to manipulate the spin by means of a
bias pulse with time span ;. A sudden onset of the bias inevitably leads to transient
effects in the induced current densities, which transfer to the motion of the spin.
Therefore, consider the voltage pulse V (¢) = Vyc + V[0 (t — 19) — 6 (t — T1)], where
71 = 79+ T5. As we are interested in the dynamics induced by the current, we assume
that Bex; = 0. From the above discussion we know that a stationary bias eventually
will line the local spin up in the direction parallel to the magnetic moment of the
source (or anti-parallel to the magnetic moment of the drain if the source is non-
magnetic). We, thus, set V4. = 0 in order to focus on the transient behavior of the
spin. Under those conditions, the polar angle motion is given by

19(t) _ eV

STE(Ngm3 — Npmbcos0)([1 — e 70)/7]

x [0t —10) =0 —11)]
+ [em /T — em /T cos e Ve (t — T)O (1 — T1)) sin ¥, (12.39)

where the time-scale t is related to the electronic tunneling processes, and is of the
order of 1 fs. Those processes are much faster than both t. and the time-scale of the
Larmor frequency w; for bias voltages between 1-100 mV. For e.g. a 1 ns bias pulse
of 1 mV, the critical time-scale is ~100 fs. Physically, the time-scale t implies that
the induced current densities are retarded (delayed) responses of the bias voltage
across the junction.

The time-dependence of the polar angle is plotted in Fig. 12.4(a) for the square
pulse, and it is clearly seen that the angle goes from 7 to 0, i.e. spin going from
—z to z in the global reference frame, within the time scale of the pulse. The in-
tegrated induced current density fi ~ jg,) (¢, 1)dr’ is plotted in Fig. 12.4(b). At the
onset (termination) of the pulse, the amplitude of the induced current density grows
(decays) exponentially, which is expected from the equation of . As the pulse ter-
minates, however, there are additional oscillations in the induced current density, as
a reaction to that the bias is removed. These oscillations are not visible in the polar
angle motion since they are exponentially suppressed.
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Fig. 12.4 Time-dependent
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The Larmor frequency wy, of the precession is affected by the time-dependent
variation of . In absence of external magnetic field, we find

2

S2 . t . .
wp (1) = e—z@”(r) + f Y@ - jPa, t/)]dt/)
—00
SZ t 2
+= (f ia, t’)dﬂ) sin? 9. (12.40)
e —0o0
The time-dependence of the first term is the square of

eV..le U™ —e v simneVy,.(t — 1 t—11). .
VdC[ (t-10)/7 (t f1)/f] ine Ve ( DO( D (12.41)

Essentially, this field does not affect the Larmor frequency until after the bias pulse
has terminated. Its response to this termination is an exponentially decaying oscil-
latory variation of wy , see Fig. 12.4(c) around 1.5 ns.

The last contribution to the Larmor frequency, vanishes for as long as ¢ = nx,
n integer, that is, as long as the local spin is directed along the z-direction in the
global reference frame. However, during the time interval of the spin flips, the polar
angle 0 < |9 < 7, leading to that sin® ® # 0. One would, therefore, expect a sharp
peak in the time-evolution of the Larmor frequency, wy (). This is also depicted in
Fig. 12.4(c), showing a peaked Larmor frequency simultaneously with the spin flip.

One should bear in mind here, that we have omitted any anisotropy fields that
may have the effect to stabilize the local spin moment under equilibrium conditions,
that is, for zero bias voltage. The purpose of the above discussion is, however, to
demonstrate that the bias voltage itself may have a stabilizing effect on the local
spin moment, hence, it can be regarded as an anisotropy field in its own respect.
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12.4 Signatures of the Local Spin in the Transport

Finally, we consider the possibility to read out the spin dynamics through the tunnel-
ing current that is being measured. Because we may wonder—would it be possible
at all to record any signature from dynamics of the local spin. As we shall see be-
low, there are several reasons to believe that this would be the case. The present
discussion is pertinent to e.g. break junction experiments or scanning tunneling mi-
croscopy measurements (STM) etc.

The current across the junction can be written as

t
I(t)=2eRe) / ([Toor () Ager (), Tyro ()AL (¢ ))dt'

= Io() + L)+ 1.(1), (12.42)

where

Io(t) = 2¢T§ Re ) | / (f Gpor) = f (Eqo)) e Cro 5o 1=0HCDar! - (12.430)

Pqo
I,(t) =4eTyTh ReZ/ ( 055+ —cos z‘/‘(t)) cos ¥ (1)
Pqo
X (f(fpa) _ f(Eqa))ei@pa—Sqo)(t—t’)+i8¢(t,t’)dt” (12.43b)

11(0) =2 T?Re Y f sin? 9.(0)(f (&po) — £ 6q3))

pPqo

« o' Epo—Eqa) (t—1)Fi8p (1.1 g4t (12.43¢)

These currents describe, from above, the direct tunneling between the leads with-
out noticing the local spin moment, the tunneling in which the current becomes
spin-polarized due to the presence of the local spin, and the tunneling in which the
tunneling electrons undergo spin-flips generated by their interactions with the local
spin moment. Note here, that we have used the semi-classical description of the local
spin when obtaining the above expressions for the current. In a quantum description
one would be able to obtain an analogous separation of the currents, however, in
terms of the average of the local spin moments, (S;), and the spin-spin correlation
functions, o - (S(t)S(?)) - o, see e.g. [13, 14].

It is important to notice that the tunneling current is modulated by the presence
of the local spin through the variation of the polar angle ¥ (#), cf. terms propor-
tional to cos ¥ and cos? ¥ in I, as well as the term proportional to sin® ¢ in 7, . The
quadratic dependence on the sine and cosine leads to a modulation of the current by
the doubled frequency 2¢, as well. We can, therefore, expect that the current con-
tains components which show a slightly deviated time-dependence compared to the
fundamental time-dependence introduced through the bias voltage. The expressions
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of the current, furthermore, show that there is no direct influence on the current from
the azimuthal motion of the local spin, i.e. there is no explicit dependence on ¢.
In order to be more concrete, consider the biasing of the system according to

t

Sp(t,t') = e/ (VdC + Vacl0(t — 19) — 0(T — rl)])dr. (12.44)
t/
Under those conditions the equation of motion for ¥ becomes
R _ _E 2 z _ z _
o) = 5 ST{(Npmj NLmRCOSG)(VdCO(t 70)

+ [Vdc coseVac(f — TO)e_([_TO)/T + (Vae + Vac)(l - E_U_TO)/T)]
x [0t — 70) = 0(t — T1)] + [ Vae cos e Ve (z1 — T0)e ™ 0/"
+ (Vae + Vac)(e_(’_”)/r - e_(t_m)/f) coseVye(t — 11)

+eVae(1— e /M)]ot — 11)sin v (1). (12.45)

For simplicity, assume that the initial polar angle ¥ = m, so that the local spin is
J at t =ty. Also assume that Vg, > 0, and that p; = 1/2, pg =0, for Np.T1 ~
NrT1 ~ 0.1. Hence, we assume to have one ferromagnetic and one non-magnetic
lead, a setup that is pertinent to e.g. STM using a spin-polarized tip. The dynamics
of the local spin is plotted in Fig. 12.5, and it behaves as one would expect from the
above discussion and Fig. 12.4.

It can be understood from (12.43a) that I follow the time-dependence of the bias
voltage only, as can be seen in Fig. 12.5(b) (grey), as well. Therefore, we leave this
component. Before the spin flip event, see Fig. 12.5(a), both the current 7, (solid-
dotted) are finite whereas /| = 0 (faint), see Fig. 12.5(b). Simultaneously with the
spin flip event though, both currents /, and /| change their amplitude, as an effect
that the polar angle varies from 7 to 0. Note that, I, assumes a new steady state

0s|@ ( )
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after the spin flip event, whereas /] merely peaks at the event and thereafter returns
back to its previous steady state.

The bias voltage abruptly changes at the time 7, which here occurs after the spin
flip, which leads to a change in ;. A finite time span after the onset of the bias
pulse, the spin flips, which again leads to that I, changes and assumes a new steady
state, whereas 1| peaks.

The tiny peaks in the current component /; at the spin flip events are too small to
be recorded by themselves, since they are occurring simultaneously as the compo-
nent I, changes from one state to another, which leaves a greater impression on the
current. The total current (bold), nevertheless, varies due to the sum of the changes
in I; and I, . The changes in the total current due to the onset (zp) and termination
(1) of the bias pulse are expected and be can controlled. The changes due to the
spin flip event can, however be distinguished from the other variations and, thus, be
taken as signatures of that the spin flips have occurred.

We replace the bias voltage pulse by a harmonic bias, e.g.

t

56t 1) =e/ (vdc F Vi cosa)ot)dr. (12.46)
t/

For this type of biasing, it will become evident below that the current displays higher
order harmonics due to the interactions between the tunneling electrons and the local
spin. It will also become evident that those additional features are present in the
current only when the current density j,g) acting on the local spin is non-vanishing.

Under the harmonically modulated bias voltage, the induced current density
fioo Joy(2)(t, t")dt’, as well as the current components Iy, I, and I, , all have the

time-dependence

t
/ ei(x+eVdc)(t7t/)+ie Vac (sinwgt —sin wot’)/w()dt/
-0

~ Y Ju(eVae /@) Ty (€Vae /)8 (x + eVae + vp)e 1 (12.47)
y7aY

Thus, while all current densities inherits the fundamental frequency wq of the bias
voltage, the net of the bias on Iy merely yields a single, or simple, harmonic vari-
ation, see Fig. 12.6(b) and (f). We understand this behavior since I is a simple
kinetic response to the bias voltage and is not influenced by the dynamics of the
local spin.

The expression for the polar angle motion under the harmonic biasing, given
in (12.36), reflects that the nutation of the spin is directly modulated by the fre-
quency wq of the harmonic bias. For all components satisfying u — v = 0, we can
make the replacement sin wo(u — v)t/[wo(n — v)] — ¢, which, thus, contribute with
linear temporal factors in the product. For all other components, it is intelligible that
the ratio e Vyc/wo is important, since the smaller the frequency wy, the larger the am-
plitude of variations in the polar angle and, hence, the greater the impact of the local
spin dynamics on the tunneling current. The explicit occurrence of the fundamental
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Fig. 12.6 Time-dependence and the its Fourier transforms of the total current / (a) and (e), respec-
tively, and the corresponding current components Iy (b) and (f), 7, (c) and (g), and 7, (d) and (h).
Here, V (1) = eVqc + eVyc cos wot with wal =5h x 104/71, pL=pr=09,0=m,T1/To=1/2,
NLTl ~ NRT1 ~ 0.1, eVdc ~ IOOO(UQ, and eVac ~ 5w0

frequency wy in the time-dependence of ¥ suggests that we should expect to see
higher order harmonics, both in ¢ but most importantly in the resulting tunneling
current. The absence of such signatures would indicate that there is no (exchange)
interaction between the tunneling current and the local spin.

The currents plotted in Fig. 12.6 are provided for e V4. ~ 1000w and e Vyec ~ Swy.
Under those conditions, along with the other parameters given in the figure caption,
the amplitude of the polar angle max (¢t — min®)/m ~ 0.05, see Fig. 12.7(a) (bold),
which should be sufficiently large to generate an observable contribution from the
currents I, and 7 through the components cos ¢ and sin ¢, see Fig. 12.7(a) (faint).

The time-dependent current components I, and /| and their corresponding
Fourier transforms are plotted in Fig. 12.6(c) and (d), and (g) and (h), respectively.
From the plots, its clearly seen that the time-dependences of these current compo-
nents are largely modified compared to the input time-dependence, cf. the harmonic
behavior of I in Fig. 12.6(b). The vertical lines in the plots are inserted as guides to
the eye. Moreover, although the largest contribution to the current is carried by Iy,
the time-dependence of the total current is significantly influenced by the contribu-
tions from /I, and I, cf. Fig. 12.6(a).

By studying the Fourier transforms of the currents, we also find that there is a sec-
ond contribution to the total current (marked with an arrow at 2wy), see Fig. 12.6(e).
Its presence has to originate from the interaction between the tunneling electrons



222 12 Spin Systems in Non-Equilibrium

014} (b)
0.98
0.8
£
= 0.1} 1095 \ 051"
- _B__ext
092 02"
0.06 |

\ . . 03 . _ - 0
; 5 3 Xo 03 03
t (o, w; =50000h/ )

Fig. 12.7 (a) Polar angle motion (bold) and cos ¥ (¢) (faint) for the harmonic bias given Fig. 12.6,
and (b) spin motion. In panel (b) we have added the static magnetic field Bex = 1z T in order to
speed up the azimuthal motion. Parameters are as in Fig. 12.6

and the local spin, since there is no second Fourier component in the current I, see
Fig. 12.6(f), but there are such components in both the contributions /, and [, , see
Fig. 12.6(g) and (h). This doubled frequency is, according to the above discussion,
a direct fingerprint of the exchange interaction between the spin-polarized tunneling
electrons and the local spin. Although even higher order harmonics are expected in
the resulting current, the amplitudes of those are too small to provide visible signa-
tures on the present scale.

The parameter regime in which the tunneling experiment is proposed should be
within the realms of present state-of-the-art nanotechnology. Experiments aiming
towards measurements of the spin dynamics would be extremely intriguing and use-
ful for further advances within basic science of nanoscale physics.
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