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Abstract

There are very few known universal relations that exists in the field of
nonequilibrium statistical physics. Linear response theory is one such ex-
ample which was developed by Kubo, Callen and Welton. However it is
valid for systems close to equilibrium, i.e., when external perturbations are
weak. It is only in recent times that several other universal relations are
discovered for systems driven arbitrarily far-from-equilibrium and they are
collectively referred to as the fluctuation theorems. These theorems places
condition on the probability distribution for different nonequilibrium ob-
servables such as heat, injected work, particle number, generically referred
to as entropy production. In the past 15 years or so different types of fluc-
tuation theorems are discovered which are in general valid for deterministic

as well as for stochastic systems both in classical and quantum regimes.

In this thesis, we study quantum fluctuations of energy flowing through a
finite junction which is connected with multiple reservoirs. The reservoirs
are maintained at different equilibrium temperatures. Due to the stochastic
nature of the reservoirs the transferred energy during a finite time interval

is not given by a single number, rather by a probability distribution. In



order to extract information about the probability distribution, the most
convenient approach is to obtain the characteristic function (CF) or the

cumulant generating function (CGF).

In the first part of the thesis, we study the so-called “full-counting statis-
tics” (FCS) for heat and entropy-production for a phononic junction sys-
tem modeled as harmonic chain and connected with two heat reservoirs.
Based on the two-time projective measurement concept we derive the CF
for transferred heat and obtain an explicit expression using the nonequi-
librium Green’s function (NEGF) and Feynman path-integral technique.
Considering different initial conditions for the density operator we found
that in all cases the CGF can be expressed in terms of the Green’s functions
for the junction and the self-energy with shifted time arguments. However
the meaning of these Green’s functions are different and depends on the
initial conditions. In the long-time limit we obtain an explicit expression
for the CGF which obey the steady-state fluctuation theorem (SSFT), also
known as Gallavotti-Cohen (GC) symmetry. We found the “counting” of
energy is related to the shifting of time argument for the corresponding
self-energy. The expression for the CGF is obtained under a very general
scenario. It is valid both in transient and steady state regimes. More-
over, the coupling between the leads and the junction could have arbitrary
time-dependence and also the leads could be finite in size. We also derive a
generalized CGF to obtain the correlations between the heat-flux of the two

reservoirs and also to calculate total entropy production in the reservoirs.

In the second part, we study the CGF for a forced driven harmonic junction.

X1



For generalized CGF we obtain an explicit expression in the asymptotic
limit and showed that force induced entropy-production in the reservoirs
satisfy fluctuation symmetry. The long-time limit of the CGF is expressed
in terms of a force-driven transmission function. For periodic driving we
analyze the effect of different heat baths (Rubin, Ohmic) on the energy cur-
rent for one-dimensional linear chain. We also consider the heat pumping

behavior of this model.

Then we consider another important setup which is useful for the study
of exchange fluctuation theorem (XFT) first put forward by Jarzynski and
Wijcik. The system consists of N-terminals without any finite junction
part and the systems are inter-connected via arbitrary time-dependent cou-
pling. We derive the generalized CGF and discuss the transient fluctuation
theorem (TFT). For two-terminal situation we address the effect of cou-
pling strength on XFT. We also obtain a Caroli-like transmission function

for this setup which is useful for the interface study.

In the last part of the thesis, we consider the generalization of the FCS prob-
lem by including nonlinear interaction such as phonon-phonon interaction.
Based on the nonequilibrium version of Feynman-Hellmann theorem we
derive a formal expression for the generalized current in the presence of ar-
bitrary nonlinear interaction. As an example, we consider a single harmonic
oscillator with quartic onsite potential and derive the long-time CGF by
considering only the first order diagram for the nonlinear self-energy. We

also discuss the SSFT for this model.

In conclusion, applying NEGF and two-time quantum measurement method

xii



we investigate FCS for energy transport through a phononic lead-junction-
lead setup in both transient and steady-state regimes. For harmonic junc-
tion we obtain the CGF considering many important aspects which are
relevant for the experimental situations. We also analyze FCS for lead-lead
setup 4.e., without the junction part and explored transient and steady state
fluctuation theorems. For general nonlinear junction we develop a formal-
ism based on nonequilibrium version of Feynman-Hellmann theorem. The
power of this general method is shown by considering an oscillator model
with quartic onsite potential. The methods that we develop here for energy
transport can be easily extended for the charge transport as shown by an

example in the appendix.
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Chapter 1

Introduction

The field of statistical mechanics can be divided into equilibrium and
nonequilibrium statistical mechanics. Equilibrium statistical mechanics has
a very simple and elegant structure and is applicable for systems which are
not subjected to any thermodynamic affinities or forces. Depending on
the type of the system the equilibrium probability distribution for the mi-
croscopic degrees of freedom is well known. For example, microcanonical
distribution for isolated systems, canonical distribution for a system which
exchange energy with a weakly coupled environment or a grand canonical
distribution for system which exchange both energy and particle with the
environment. Knowing the Hamiltonian of the system the main task is
then to obtain the partition function, the derivative of which is related to
experimentally measurable quantities such as average energy, specific heat

ete.
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On the contrary very little is known for nonequilibrium systems which are
most ubiquitous in nature. Typically a system can be driven out of equilib-
rium by applying thermal gradients or chemical potential gradients across
the boundaries or may be triggered by time dependent or non-conservative
forces. Unlike equilibrium case, no such general form for the probability
distribution for microscopic degrees of freedom is known in nonequilibrium

physics.

One of the primary interest in the study of nonequilibrium physics is to
understand the heat or charge conduction through the system of interest.
These conduction processes were first described by phenomenological laws
namely Ohm’s law for electrical transport and Fourier’s law for thermal
transport [1-3]. These laws are applicable in the linear-response regime
meaning the system is near to equilibrium, i.e., for weak electric field,
temperature gradient, etc. A significant amount of research is devoted to
understand the necessary and the sufficient conditions for the validity of
these laws and also to derive these relations starting from a microscopic
description, which is still an open problem. On the other hand, how to
extend these laws in the far from equilibrium regime haunted physicists

over the decades.

It is only in the past decade that a major breakthrough happened in this
field with the discovery of fluctuation relations which are valid for systems
driven arbitrarily far from equilibrium. Fluctuation relations make rigorous
predictions for different types of nonequilibrium processes beyond linear-

response theory. In particular, it puts severe restriction on the form of
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the probability distribution for different nonequilibrium quantities such as
work, heat flux, total entropy which are generally referred to as the entropy

production.

In the year 1993, Evans, Cohen and Moriss [4—6] presented their first numer-
ical evidence which predicts that the probability distribution of nonequi-
librium entropy production is not arbitrary, rather obey a simple relation
which was later formulated as entropy fluctuation theorem. Since then
extensive research has been carried out to extend this relation for stochas-
tic, deterministic and thermostated systems in both classical and quantum
regime. All these relations are now collectively called as the fluctuation

theorems (FT). These theorems are important for number of reasons [7]:

e They explain how macroscopic irreversibility emerges naturally in
systems that obey time-reversible dynamics and therefore shed light

on Loschmidt’s paradox.

e They quantify probabilities of violating second law of thermodynam-
ics which could be significant for small systems or during small time

intervals.

e They are valid for systems that are driven arbitrarily far from equi-

librium.

e In the linear-response regime, they reproduce the fluctuation-dissipation

relations, Green-Kubo formula, Onsager’s reciprocity relations.

e These relations can be verified by performing experiments.
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Over the past 15 years or so this particular field has gathered a lot of atten-
tion and many different types of fluctuation relations have been discovered.
Here we will discuss few of them. Since this thesis is based on quantum
fluctuations we will mainly focus on the quantum aspect of this theorem.

However the results are also valid for classical systems.

1.1 Introduction to fluctuation theorems

Fluctuation relation is a microscopic statement about the second law of
thermodynamics which states that the probability of positive entropy pro-
duction in nonequilibrium systems is exponentially larger than the corre-
sponding negative value, typically expressed in the form [§]

PF(.T)

Pr(—1) = expla(x — b)], (1.1)

where z is the quantity of interest, for example, nonequilibrium work (W)
by an external force, heat, etc. Pr(x) (Pgr(x)) is the probability distribution
for the the forward (F) (reversed (R)) process, explained later. a and b
are real constants with information about the system’s initial equilibrium

properties. The above relation can also be expressed as

(exp [—az]) = /e“xPF(:L’)d:c = e“b/PR(—x)daz =exp [—ab]. (1.2)

To derive different types of F'T for classical and quantum systems two main
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ingredients are required:

1. Initial condition for the system which is supposed to be in equilibrium
and is described by the canonical distribution p(t = 0) = e 7% /7,
where H is the Hamiltonian of the system, Z, = Tr(e #*®) g =
(kgT)~! and T is the temperature. For the classical case, H becomes
the function of phase space variables and the trace in Zj is replaced

by the integration over phase space.

2. The principal of microreversibility of the underlying dynamics [8].

In quantum case another crucial concept that is required to derive the F'T
is known as the two-time projective quantum measurement method [8-10]

which we will elaborate in the later part of this chapter.

1.1.1 Jarzynski Equality

The first type of fluctuation relation deals with the fluctuation of work
for an isolated Hamiltonian system H(A(¢)) that is driven by an external
time dependent force protocol A(¢) with arbitrary driving speed. In the
year 1977 Bochkov and Kuzovelv first provided a single compact classical
expression for the work fluctuation [11]. Later in 1997 it was generalized by
Jarzynski [12, 13] and thereby known as Jarzynski equality (JE). JE relates
the nonequilibrium work with equilibrium free energy difference. In this

prescription the force protocol \(¢) drives the system away from equilibrium
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starting from the state A at time ¢ = 0 with Hamiltonian H(A(0)) to the
state B at t = 7 with Hamiltonian H(A(7)). During this process the work

done by the external protocol defined as
T OH(N)
W = A ———=dt 1.3
| A (13)

satisfies the following equality

<eXp ( - BW>> — exp(—BAF), (1.4)

where (3 is the initial equilibrium temperature (coming from the initial
condition) and AF is the free energy difference between final and initial
equilibrium state corresponding to the Hamiltonian H(A(7)) and H(A(0))
respectively. The average here is taken over different realizations of work
for the fixed protocol A(t) and fixed initial condition. The remarkable
fact about JE is that the free energy difference can be determined via a
nonequilibrium, irreversible process which is of great practical importance.
Applying Jensen inequality for real convex function, i.e., (e*) > e/ to
JE implies (W) > AF which is consistent with thermodynamic prediction.
Note that JE is also valid when the system is in contact with the environ-
ment either via weak or strong coupling. For proof see [14, 15]. A simple
proof for JE for the isolated quantum system starting with canonical initial

condition is given later.
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1.1.2 Crooks relation

Crooks [16] later provided a significant generalization to the JE by consid-
ering the probability distribution of work P(W) for the forward (F') and
the reverse (R) process. Here forward process means that the external pro-
tocol A(t) acts on the equilibrium state A at time ¢ = 0 and it ends at the
nonequilibrium state B at time ¢ = 7. In the reverse process, the initial
state B is first allowed to reach equilibrium and then the system evolves
till ¢ = 7 with the reversed protocol A(t) = A\(7 — t). As a consequence
of the time-reversal symmetry of the microscopic evolution Crooks showed

that
% —exp (B(W-AF)). (1.5)

Jarzynski equality can be trivially obtained from Crooks relation by first

multiplying both sides e #" Pr(—W) and then integrate over W.

1.1.3 Gallavotti-Cohen FT

Another class of FT is concerned with the entropy fluctuation in nonequi-
librium steady state for closed systems described by deterministic ther-
mostated equations of motions [4-6, 17, 18] as well as for open systems
modeled via stochastic differential equations [19-21]. In this case a generic

form is given as

P—>] — g, (1.6)
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where S is the net entropy-production during the nonequilibrium process
and o is the entropy production rate. For example, a system connected with
two heat baths at different temperature 77, and Tg, the entropy production
S is given as S = (T ' — T;1Q where @ is amount of heat transferred
during the time 7. Then the above relation says that in steady-state it is
more likely to have heat flow from hotter to colder end (@ is positive) rather
than in the opposite direction (@ is negative). This particular fluctuation
symmetry is known as Gallavotti-Cohen (GC) relation and is valid in the
asymptotic limit. Note that Crooks F'T also resembles GC symmetry if one
identifies o7 = (W —AF)/T. However the main difference is that GC is
valid in the long-time limit and therefore known as steady-state fluctuation
theorem (SSFT) whereas Crooks theorem holds for any finite time 7 and

often named as transient fluctuation theorem (TFT).

1.1.4 Experimental verification of Fluctuation theo-

rems

In recent times, rapid experimental progress has helped to verify some of
these F'T for micro and mesoscopic systems where fluctuations are large. In
2002, Evans’s group verified the integrated version of FT [22] by performing
an experiment with a microscopic bead which is captured in an optical trap
and dragged through water. They observed the violation of second law
i.e., negative entropy production trajectories over time scales of the order

of seconds. Later the same group verified the transient version of the FT
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23, 24].

The JE is also verified in macromolecule pulling experiments, such as RNA
and single molecule [25, 26] and it is shown that how equilibrium free
energies could be extracted from these experiments. Subsequently Collin
et al. [27] confirms the Crooks relation by performing similar RNA pulling
type experiment. Several other interesting experiments have also been
carried out to verify FT, see for example [28-32]. For a review on FT

experiments see [33].

1.1.5 Quantum Fluctuation theorems

Fluctuation theorems were first derived and formulated for classical sys-
tems. The derivations were mostly based on the notion of classical tra-
jectory picture. The extension of these theorems to the quantum regime

however was not at all straightforward for the following reasons:

e The absence of trajectory picture in the quantum domain.

e Difficulty in generalizing the definitions for work, heat because of the

noncommutative nature of the operators at different time.

Originally Bochkov and Kuzovelv [11] tried to extend their classical re-
sults to the quantum regime by defining the work operator in analogy

with classical expression but failed to provide any quantum analog. Many
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other authors [34-36] subsequently tried in the same direction and ar-
rived at the conclusion that quantum analog of JE is satisfied only when
the time-dependent Hamiltonian #(¢) commute at different times i.e.,

[H(t), H(t")] = 0 for any ¢, which is obviously not valid in general.

Work is not an observable

Kurchan, Tasaki, Mukamel and Talkner et al. [37-43] later pointed out
that work is not a quantum observable and cannot be represented by a
single Hermitian operator. Therefore it’s eigenvalue cannot be determined
by performing single quantum measurement. Rather work characterizes a
process from initial time to the final time just like work in the thermody-
namical sense which is not a state function. Thus in order to obtain the
statistics for work, the Hamiltonian of the system #(¢) must be measured
twice, first at the initial time ¢t = 0 and then at the final time ¢t = 7. The
value of the work, for a single realization, is then given as the difference
of the two eigenvalues obtained from the two measurements. By repeating
this measurement procedure with the same initial condition and the force
protocol the distribution P(W) is constructed. This particular approach
of getting the distribution is known as the two-time measurement method

and is the starting point to derive different quantum fluctuation relations.

In the following, we first review the two-time measurement method fol-
lowing the references [8-10] and then present a simple derivation for one
particular type of FT, known as exchange fluctuation theorem (XFT), to

illustrate the main concepts.

10
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1.2 Two-time quantum Measurement Method

In this section, we elaborate the concept of two-time measurement method
which will be used in the subsequent chapters. Let us suppose that we are
interested in the statistics of a quantity which can be written as the differ-
ence of an operator at two different time. For example, the work operator
for an isolated driven system, described by a time-dependent Hamiltonian

H(t), can be defined as the change of energy of the system i.e.,
W) = 1 (1) - H(0), (1.7)

(calligraphic fonts are used to represent quantum operators) with H (t) =
UT(t,0)H(t)U(t,0) is the Hamiltonian in the Heisenberg picture. U(t,0) =
Texp[ — 1 (f H(t')dt'] for t > ¢'. Therefore let us consider a general
operator A(t) in the Schrodinger picture which may have explicit time

dependence. The operator in its eigenbasis can be written as

At) =D ada)(a] =Y all,, (1.8)

at at

where a; is the instantaneous eigenvalue (discrete) and II,, is the corre-
sponding projection operator satisfying Hit = I1,, and Zat I1,, = 1. Let us
also assume that the full system is in a pure state |¥y) at ¢ = 0. The gener-
alization for the mixed states can be done easily. The concept of two-time

measurement is the following:

1. First we measure the operator A(t) at ¢ = 0. Then according to

11



Chapter 1. Introduction

quantum mechanics, the outcome of the measurement can only be an
eigenvalue of the (Schrédinger) operator A = A(t = 0) and the wave
function collapses to an eigenstate of A. Let the eigenvalue is ay and

the corresponding eigenstate is |ag). Then we can write
A|a0) = a0|a0>, Hao = |a0)(a0|. (19)

We assume that the eigenvalues are discrete and nondegenerate. The

probability of obtaining the eigenvalue ag is given by
2
P(ag) = ’(%I%)’ =Tr [poHao}, (1.10)

where p(0) = |Ug)(¥p|. Immediately after the first measurement at

t = 0, the wave function collapses to

Hao ‘\I]0>

Vo) = :
Tr [Hao po]

(1.11)

2. Then propagate the state |¥) up to the time of interest ¢ with the
full Hamiltonian H(t) and then perform a second measurement of the
operator A(t). The outcome now is another eigenvalue say a;,. Then

the conditional probability to obtain a; given aq is given as

1

P(arlag) = [{a:U(t, 0)|¥g)? = ———
Tr [Poﬂao}

Tr [Hao p(O)IL Ut (£, 0)IL,U(t, 0)],

(1.12)

12



Chapter 1. Introduction

where U(t,0) is the unitary operator satisfies the Schrédinger equa-

tion
OU(t,0)

7
o

— () U(t,0). (1.13)

Therefore the joint probability of getting ag at time 0 and a; at time

t is given as

P(ay, ao) = P(as)ao)P(ag) = Tr [H,m p(OVIL, U (¢, 0) L, U1, 0)] .
(1.14)

If the initial state is in a mixed state, we add up the initial probability

classically, i.e., the density matrix will be given as

p(0) = wiUEN(WE,  wy >0, Y wp=1. (1.15)
k k

Now, we are interested in the probability distribution for () given as dif-
ference of the eigenvalues a; and ag respectively i.e., Q = a; — ag. (Q of
non-calligraphic font is a classical variable) Then the probability distribu-

tion P(Q) can be constructed as

P(Q) = 8(Q—(a;—ao)) Plar, ao), (1.16)

at,ao

where §(z) is the Dirac-delta distribution. The characteristic function (CF)

associated with this probability distribution P(Q)) is defined as

Z(&) = /OO dQ QO P(Q) = Y e =) P(a;, ap). (1.17)

o]
at,ao

13



Chapter 1. Introduction

Substituting the expression for P(a, ag), using the cyclic property of the

trace and the properties of the projection operator we obtain

2(6) = > e Ty, p(0) 1, U (¢, 0) T, U, 0)]

at,ao

-3 T [Hao p(0)IL, e~ 54O (¢, 0)IL,, €AY (¢, 0)}

at,ao
— Ty { (0) ¢ IEA0) ieA (t)]
= (e €A0) eiéAH(t)>p,(0) _ <ei§«4H(t) e—iEA(0)>p,(0)’ (1.18)
where now the average is with respect to the modified density operator
P'(0) = > 4, agp(0)I1y,, containing information about the initial measure-
ment. We call p'(0) as the projected density matrix. Note that the projected
density matrix coincides with the initial density matrix if p(0) commutes

with II,, and therefore commutes with the operator A(0) i.e.,

p'(0) = p(0) = [p(0), A(0)] = 0. (1.19)

This particular derivation can be easily generalized for systems in contact

with environment as shown in chapter 3.

Example: Work operator and JE

For the work operator defined in Eq. (1.7) we can identify A(t) as H(t).
Therefore the CF corresponding to the work distribution P(W) can be

immediately written down as

i —i iEHH
Z(&) = (e 5W) = (e §H(0) gigH (t)>p/(0). (1.20)

14
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We now choose the initial condition for the isolated system as p(0) =
e PMO) /7, by imagining that at ¢ < 0 the system was in weak contact with

a heat bath at temperature "= 1/kg[3. Therefore we can write

2() = ZiTr [G—BH(O)G—isﬂ(O) eiéﬂH(t)]. (1.21)

0

Now substituting £ = i3 and defining Z; = Tr[exp[—ﬁ?—[(t)]] we obtain
: Zy
2(i6) = (expl-pW]) = - =expl-5AF,, (122

with F(t) = —% InZ, and AF = F(t) — F(0) is the free energy change

between the final and initial equilibrium state.

1.3 Quantum Exchange Fluctuation theorem

In this section we derive one particular form of the fluctuation theorem
known as Exchange Fluctuation theorem (XFT) to illustrate how fluctu-
ation symmetry emerges out from very few basic fundamental principles.
For the derivation we mostly follow reference [8]. We will also discuss the

FT in chapter 5.

Using the principle of microreversibility XFT was first written down by
Jarzynski and Wéjcik [44] for both classical and quantum systems and it

was generalized later by Saito and Utsumi [45] and Andrieux et al. [46].

15
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This FT is valid for several interacting systems, initially at different tem-
peratures and chemical potentials, which are allowed to interact within the
time interval [0,7]. The interaction between the systems could be time-

dependent. The total Hamiltonian is then written as
HV) = ZHz +W (1.23)
i=1

‘H; is the Hamiltonian of the i-th system and V; is the time-dependent
interaction between the systems which is switched on at time ¢t = 0 and

switched off at t = 7 and nonzero within the interval [0, 7].

We assume that the systems are initially decoupled and present at their
respective equilibrium temperature and chemical potential. Then the initial

condition for the density operator is given as

r e—ﬁz’[?‘li—m/\/z’]

pOIHpi:HT, (1.24)

i=1

where 3, p1; and &; = Tr e FilMi—#iNil the inverse temperature, chemical po-
tential and grand partition function respectively of i-th system. A here
is the particle number operator. It is also assumed that the particle num-
bers in each subsystems are conserved in the absence of interaction i.e.,
[H;,N;] = 0. So in this case we can simultaneously measure both #; and
N; for each system i as they all commute with each other. We perform

two-time measurement one at ¢ = 0 and another at ¢t = 7 for all H; and

N;.

16
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Let us assume that after the first measurement of all H,’s and all N’s
at t = 0 the wave function collapses onto a common eigenstate [t¢,,) with
eigenvalues £’ and N!. Then the wavefunction evolves under the full
Hamiltonian #(V;) up to time 7 when the second measurement of all H;
and all NV;’s is performed and the wave function collapse to another common

eigenstate |1,,) with eigenvalues E’ and N .

Using Eq. (1.14) the joint probability distribution p(m,n;)) for obtaining

the eigenvalues E', N! at t = 0 and E! , N! at t =7 is given as
p(m, 13 V) = pasm[V] Py, (1.25)

where p,_,,n[V] is the transition probability from state |¢,) to |¢y,) given

as

Pasm[V] = [ U(T, 0) [9n)]? (1.26)

with U(t,0) = Texp [ — + Ot’H(Vt/)dt’] and p? = [], e HlEa—miNil /€, is the

initial probability for the n-th state.

Now let us construct the joint probability distribution for energy and par-
ticle exchanges p|AE, AN; V] where the notation AE and AN is for the
individual energy and particle number changes of all the systems i.e.,
AFE,AFE,y, -+ AE, and ANy, ANs, --- AN, respectively. The joint prob-

ability distribution p[AE, AN; V)] is then given as

PlAE, AN; V=) ( [[6AE~(E,~E,) 6<AN1~—(N;—N:;>>)p<m, V),

(1.27)
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Now if the total Hamiltonian commutes with the time-reversal operator ©
at any instant of time i.e., OH(V;) = H(V;)O then the microreversibility of
non-autonomous system implies that p,_m[V] = pmn[V] where V, = V.,

is the time-reversed protocol. Therefore we simply have

T

)% v z[Ein—E% —pi(NL, =N} ]
p(m,n,V) _ p, _Heﬁ ( )i ) (1.28)

Then using Eq. (1.27) we write

PIAE, AN: V= 3" [[ 6(AE — (B, — EL)) S(AN,— (N, N2)) p(n, m; V)

m,n 1

_ ( f[eﬁi (AEiuiANi)> > [ 4(AE~(E,—E)) §(AN;—(N;,—N.)) p(n

=1 mmn 1

_ ( Heﬁi (AEi_NiANi) )p[—AE, —AN; f}]
i=1
Therefore we have

p[AE,AN;V] [ Piamman, (1.30)
pl-AaE —aN;y]

The above relation can also be derived starting from the definition of the

CF

€ e HI iEh NI —i€5Ha —1 g e
Z({E} L}, V) = (eXa CaHa (TGN oo —iEiHa(O7ENO)) (1.3])

18
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In this case the fluctuation symmetry reads as

Z({fg}, {Sg}v V) = Z({—fg + iﬁa}v _{Sg - iﬂaﬁa}v ]})7 (1'32)

where {£5} and {£2} is the set of counting fields for the energy and particle
number respectively. Inverse Fourier transform of this CF will produce the

symmetry given in Eq. (1.30).

1.4 Full-Counting statistics (FCS)

As mentioned before that with the advent of micro-manipulation tech-
niques and nanotechnologies in recent years, it is now possible to measure
probabilities of nonequilibrium quantities such as P(W) by manipulating
single atoms or electrons. This generate an immense interest to both ex-
perimentalists and theorists to study nonequilibrium problems in small
or low-dimensional systems such as molecular junction which has already
shown many practical advancement [47-51]. Since these small systems are
always in contact with the environment they show random thermal and
quantum fluctuations, also called noise, which are typically of the same or-
der (few times kpT') with the system energy scale. This fluctuations shows
large deviations from systems average behavior and thus make it an exper-
imentally measurable quantity. This random fluctuations may even lead
to instantaneous transfer of heat or charge against the gradients and could

play an important role in controlling the transport. Therefore for small
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systems understanding the properties of higher order fluctuations seems
necessary, in the context of transport theory, which cannot be obtained
just by calculating the mean value. With increasing system size however
these relative fluctuations are suppressed with 1/ VN , where N is the sys-
tem size, making the average as the dominant behavior and the fluctuations

hard to measure.

Generically speaking, to extract information about these fluctuations it is
necessary to talk about the statistical distribution P(Q)), where @ is the
quantity of interest such as heat, charge, transferred through the system
during a time interval 7. From this distribution, we can go on to calculate
not only the mean and the variance of () but in principle all higher order
fluctuations such as skewness, Kurtosis etc. Therefore P(()) constitutes a
complete knowledge (zero frequency) about the properties of @ and thus
known as the full-counting statistics (FCS). Finding out this distribution
function for different nonequilibrium system is one of the key interest in

the field of nonequilibrium physics.

Parallel to this distribution function a quantity which is often useful for the
actual calculation is the Fourier transformation of this distribution, known
as the characteristic function (CF). It contains the same information as the

distribution function. The CF is defined as,

2(0) = (%) = [ dQeer(@) (1.33)
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(If @ is a discrete variable, the integration should be replaced by a sum-
mation) where £ is known as the counting field or the counting parameter.
Once Z(€) is known P(Q) can be obtained by an inverse Fourier transform.
The CF is similar in notion with the partition function in equilibrium sta-
tistical physics. The moments of @) (denoted by single angular bracket) are
obtained from the CF by taking derivatives with respect to the counting

field £ and evaluated at & = 0. i.e.,

"Z(§)
A1) le=0

(@) = (1.34)

In analogy with the equilibrium free-energy, the logarithm of the CF is
also defined and is known as the cumulant generating function (CGF). It
generates the irreducible moments or the cumulants (denoted by double

angular bracket) of @) given as

@ =T (139

The cumulants can be expressed in terms of the moments for example

Q) = (@,

(QY) = (@) — (@)= ((Q— (@),

(@) = (@) - 3QXQ) +2(Q)* = (@~ (@)").

(QY) = (@) —3(Q%)% — HQ)(Q) +12(Q3)(Q)* — 6(Q)",
(1.36)

21



Chapter 1. Introduction

and similarly for higher orders. The first cumulant, same as the moment,
is the average value of () and represents the peak of the distribution P(Q).
The second cumulant ((Q?)) = (Q?%) — (Q)? is the fluctuation about the
mean value and represents the width of the distribution. The third cumu-
lant, known as skewness, describes the asymmetry of the distribution. In
the same way all the higher order cumulants give specific information and

thus construct the distribution function.

The theory of FCS has recently become a subject of significant interest in
the study of quantum transport. But it has its origin dates back in quan-
tum optics where the statistics of the number of photons, emitted from a
source, is studied by counting them using a photo-detector [52-54]. There-
after Levitov and Lesovik apply this concept for electrons in mesoscopic
systems where the transmission of single electrons through a conductor
is counted using a spin detector by coupling it with the current operator
[55, 56]. This coupling parameter turns out to be the counting field for
the problem. Based on the scattering matrix approach these authors for
the first time give a definite answer for charge transport of non-interacting
electrons in a two-terminal setup by obtaining the CF. Their pioneering
work is now celebrated as Levitov-Lesovik formula. Over the years numer-
ous other techniques are developed to study FCS for charge transport in
different nonequilibrium systems. For example, a semi-classical theory is
put forward by Pilgram et al. [57] based on stochastic path integral. Later
on Keldysh Green’s function approach to FCS is proposed by Nazarov et

al. [58]. Using these approaches many works followed [9, 59-61]. With
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the physics of noninteracting electrons well understood, the full counting
statistics of strongly interacting systems is now actively pursued [62-65].
Recently, experimentalists have been able to determine the FCS for elec-

trons in quantum dot systems [66-68].

1.5 Problem addressed in this thesis

Study of FCS for electrons have achieved a lot of progress since the pioneer-
ing work by Levitov and Lesovik. But in contrast to the FCS for electron
transport, much less attention has been paid for FCS study of heat trans-
port via phonons. Although calculating steady state heat current through
nonequilibrium lattice systems is one of the most well studied aspects of
nonequilibrium physics [1, 2, 69, 70], the extension to FCS study for these
systems is proposed recently by Saito and Dhar [71]. They obtain the long-
time limit for the CGF of heat for one-dimensional linear chain connected
with two thermal baths and derived an equivalent form of Levitov-Lesovik
formula for phonons. Later on Ren et al. study FCS problem for two-level
systems [72, 73] using quantum master equation approach. FCS of energy
fluctuations in a driven quantum resonator is recently carried out by Clerk
[74]. Most of these current theories however mainly focus on the asymp-
totic limit of the CF where the initial distribution as well as the quantum
effect of measurement generally speaking do not play any role. Therefore
one of the main aim of this thesis is to study the FCS for heat transport in

general lattice systems, both harmonic and anharmonic, treating transient
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and asymptotic limit on equal footing. We study the transport problems
from a very general perspective such as, analyzing the effects due to dif-
ferent initial conditions of the density operator, investigating the effects of
quantum measurement etc . Moreover we enquire the conditions that leads
to different types of F'T’s by obtaining the CF. The main objectives of this

thesis are

e To develop a rigorous formalism based on nonequilibrium Green’s
functions (NEGF) and two-time quantum measurement method to
study the FCS problem for a ballistic lead-junction-lead system con-
sidering many relevant aspects such as incorporating both transient
and steady state behavior, time-dependent coupling between the leads
and the center, finite size of the leads, time-dependent driving force

etc.

e To examine conditions which leads to the steady state fluctuation

theorems for these models.

e To generalize the theory for N-terminals with and without the cen-
ter. For without the junction setup a recent experiment validates

exchange fluctuation theorem [75].

e To extend the ballistic FCS theory for general anharmonic lattice sys-
tems employing nonequilibrium version of Feynman-Hellmann theo-

re1.

24



Chapter 1. Introduction

The result of the present research may have significance on the understand-
ing of the FCS as well as the fluctuation theorems for phonons transport
both in transient and steady state for general lattice systems. It provide
insight on the two-time measurement aspect which is the central ingredient
to obtain correct probability distribution in the sense of fluctuation sym-
metry. Some of these results are worthy of experimental verifications. A
recent experiment by Clerk et al [76] has measured phonon shot noise of
mechanical resonator which also seems to be a potential candidate for FCS

experiments.

It is worth mentioning that a significant progress has been achieved in the
FCS for heat transport in the classical regime. Using Langevin dynamics
Kundu et al. [77] presented analytical results for harmonic junction which
later generalized for arbitrary harmonic network by Saito and Dhar [78].
Few numerical studies has also addressed FCS problems for nonlinear sys-
tems [79]. Very recently an exact result in classical nonlinear molecular

junction is obtained by Liu et al. [80].

1.6 Thesis structure

In the following of this thesis, we will introduce the Nonequilibrium Green’s
function (NEGF') method in chapter 2 which will be used extensively in the
later chapters; followed by the study of FCS for lead-junction-lead ballistic

system in chapter 3. In chapter 4 we study the the FCS and heat generation
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due to driven force in the junction part. In chapter 5 we extend this FCS
study for N-terminal setup without the junction. In chapter 6 we develop
a method to generalize the FCS approach for arbitrary nonlinear junction.
Finally a conclusion of this study and future prospects is given in chapter

7.
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Chapter 2

Introduction to

Nonequilibrium Green’s

function (NEGF) method

In this thesis, to study the full-counting statistics (FCS) for nonequilibrium
systems we employ nonequilibrium Green’s functions (NEGF) method, also
referred to as Keldysh formalism. In the following we give a brief introduc-

tion of this method.
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2.1 Introduction

NEGF is an elegant and powerful method which is used for evaluating
properties of many-body systems in both equilibrium and nonequilibrium.
The method has its root from quantum field theory. NEGF method was
first developed by Schwinger [1], Kadanoff and Baym [2] and later on by
Keldysh [3]. By generalizing time ordered operators to contour-ordered
operators Keldysh developed Feynman diagrammatic expansion method
using Wick’s theorem for nonequilibrium systems [4, 5]. Kadanoff and
Baym developed the equation of motion approach for the Green’s functions.
Both approaches are equally applicable for studying a dynamic system in
nonequilibrium state. NEGF has found many applications for example, in
electronic transport for mesoscopic systems, in solid state physics, nuclear
physics, plasma physics and also in the study of superconductivity and
superfluidity. For quantum transport, NEGF addresses the problem based
on microscopic theory in a complete and consistent way, including nonlinear
interactions. One of the main application of NEGF in quantum transport
is to calculate the steady state properties of a finite system connected with
two heat baths at different fixed temperatures and/or chemical potentials.
NEGF is one of the most commonly used methods in electronic transport
study. However its application in thermal transport has gained significant
interest only in recent times for both linear [6-8] and nonlinear systems
[9-13]. For extensive study on NEGF we recommend the books by Datta,
Haug and Jauho, Rammer, Di Ventra [4, 5, 14-16] and a review article by

Wang et al [17]. Let us very briefly list few important features of NEGF
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[18]:

e The main ingredient in NEGF is the Green’s function, which is in
general a function of two space-time coordinates. Based on the knowl-
edge of these functions one can compute time-dependent expectation

values such as current, densities etc.

e In the absence of external driving, thermodynamic affinities, NEGF
reduces to the equilibrium Green’s function method which has impor-
tant applications in many branches of physics and also in quantum

chemistry.

e Generalizing time-ordered operators to contour-ordered operators NEGF

can be mapped to a formally equivalent equilibrium theory.

e NEGF method can handle both finite and extended systems and in
transport theory the formalism can be well applied to study both

transient and steady state properties.

In the following, we introduce different types of Green’s functions, their
importance and also the relations between them. After that we will discuss
a generalized version of the Green’s function known as contour-ordered
Green’s function, which opens up the possibility to perform perturbative
expansion with respect to interacting Hamiltonian, similar to what is done
in quantum field theory. At the end of this chapter we will apply all these

techniques to derive the Landauer formula for current.
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2.2 Definitions of Green’s functions

In NEGF approach it is advantageous to define various (six) Green’s func-
tions (retarded (r), advanced (a), lesser (<), greater (>), time-ordered (),
anti-time-ordered (7)) which describes the expectation value of a product of
operators evaluated at different instant of times. Keeping in mind the lat-
tice models to discuss thermal transport in subsequent chapters we choose
these operators as position operators in the first quantized representation.
However these definitions can be easily generalized for any two arbitrary
operators which need not to be even Hermitian. The reasoning for defining
such objects is that experimentally relevant quantities can be immediately
expressed in terms of these Green’s functions. We start by defining the

retarded Green’s function [19, 20]
G (t#) = =7 0(t = #) [u(t), u(t)")), (2.1)

where u(t) is a column vector of the particle displacements in the Heisen-
berg picture i.e., it’s dynamics is governed by some Hamiltonian () which
can depend on time explicitly. For brevity, we have set all the atomic
masses to 1, but the formulas are equally applicable to variable masses
with a transformation u; — /mjx;. The square brackets are the commu-
tators. Here 6(t) is the Heaviside step function. The notation (---) means
the average is with respect to an initial density matrix p(ty) i.e., (--+)=
Tr[p(to) - -], typically taken in the form of canonical distribution. Here

to is the reference time. Also <[A, BT}) represents a matrix and should
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be interpreted as (ABT) — (BAT)T. The physical dimension of G"(¢,t') is
time. Retarded Green’s function often termed as the response function in
the linear-response theory because it differs from zero only for times ¢ > t/
and hence can be used to calculate response at time ¢t due to some exter-
nal perturbation at time ¢’. In addition, information about the density of

states, spectral properties are also contained in this Green’s function.

In a similar notion the advanced Green’s functions is defined as

1

Gt ¢) = 20t = ){[u(®), u(t)"])- (2.2)
We also define the lesser and greater Green’s functions as

G=(t,t) = —2{u(t)u®)")",

G (t,t) = ——(ut)u)). (2.3)

These two Green’s functions are directly linked to many physical observ-
ables such as average kinetic energy, current, particle density, etc. As a
simple example the expectation value for the kinetic energy (K.E) can be

written as

(' (t)u(t))

82

| — DN

= 21 Grar
= @ lim »
2 =t OtOt
= @ lim >
2ttt Otot!

(' (Hu(t)

Tr[G”(t,1)]

Tr[G=(,1)]. (2.4)
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Finally we define time and anti-time ordered Green’s functions as

G'(t,t) = —(Tu(t)u(t)"),

GHt,t) = ——(Tu(t)u)T). (2.5)

where T' (T') is the time (anti-time) ordering operator which moves the
operator with the earlier time argument to the right (left). These two
Green’s functions allow the construction of a systematic perturbation the-

ory in thermal equilibrium.

Relations among the Green’s functions:

From the definitions of the Green’s functions it is clear that these functions
are not all independent. In fact they obey the following relations which are

true in both time and frequency space,

Gr_Ga —_ G>—G<,
G'+ G = G~ +G<,

G'-G' = @ +G (2.6)

Here we have simplified the notation as we don’t specify the arguments for
the Green’s functions, which means it could be either in time or in frequency
domain. In equilibrium or nonequilibrium steady state (NESS) Green’s
functions depend only on the time difference, say G"(¢,t') = G"(t — t'). In
that case it is often useful to work in the Fourier space. We define the

Fourier transformation as (we will follow this convention throughout this
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thesis)
G'w] = /+00 dt G"(t) e™". (2.7)

o0

Then the inverse Fourier transform is given by

o0 dw

G"(t) = / — G"[w] et (2.8)

oo 2m

Based on the above relations, out of six Green’s functions, only three of
them are linearly independent. Moreover, in stationary state G"[w] and
G*[w] are Hermitian conjugate of one another i.e., G*[w] = (G"[w])'. There-
fore in nonequilibrium steady-state only two Green’s functions are indepen-

dent which we can choose as G"[w] and G*<[w].

Fluctuation-dissipation relation

In thermal equilibrium, there is an additional relation between G"[w] and

G<[w] in the frequency space, given as:

G<lw] = fw)(G"w] - G*]), (2.9)

where f(w) = 1/(e?™ — 1) is the Bose-Einstein distribution function at
temperature 1" = 1/kgf. The above equation is one particular form of
fluctuation-dissipation theorem as the correlation function G<[w| carries
information about the fluctuations and is related to the imaginary part of
the response function which is responsible for the dissipation. The above
relation can be proved with the help of an important identity in the time-

domain, known as Kubo-Martin-Schwinger (KMS) boundary condition [21]
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and is given as

G<(t) = G (t — ifh), (2.10)

where we assume that G<(¢) can be analytically continued in the complex

t plane.

Proof:

The ij component of G< matrix is given as

G5(t) = = Te[p(0)u; (0)us(1)]

= T [ o0 (~Hu(0)] = GZi(-)
& pH

= _ETY e_%Htuje%Htui(O)]
11 e , i ~
- _%Tr Ee%(—t+zﬁﬁ>uje—%(—tﬂﬁﬁ)e—mui(o)]

= ——Tr :p(O)u@'(O)uj(—t + Zﬁh)]

= Gj(—t+iph) = G7(t —iBh). (2.11)

ji

where the equilibrium density matrix p(0) = e #*/Z and Z = Tr(e #") is
the canonical partition function. (Here we choose ¢ty = 0). Now performing
Fourier transformation of the above relation we get the detailed balance

condition.

G~ [w] = "™ G<[w]. (2.12)

Using this relation and G"—G® = G~ —G*= proves Eq. (2.9). It is important
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to mention that this detailed balance condition is one of the fundamental
basis behind the fluctuation theorems (FT’s) as it is valid for heat baths
which are always maintained in thermal equilibrium. Therefore one of the
important properties of equilibrium theory is that all Green’s functions
are linked via fluctuation-dissipation theorem and hence there is only one
independent Green’s function; which can be taken as the retarded one i.e.,
G". However we will later see that in NEGF-FCS case relations between
different Green’s functions like in Eq. (2.6) do not exist and we need to
compute all Green’s functions independently which makes the problem non-

trivial in general.

2.3 Contour ordered Green’s function

NEGF theory is formally equivalent to the equilibrium one, with the only
difference that in nonequilibrium case the Green’s functions are defined on
a contour, referred to as Keldysh contour (see Fig. 2.1). This contour runs
from the remote past where the system was in equilibrium to the highest
relevant time and back to the remote past again. It plays an analogous role
as the time-ordered Green’s function plays in equilibrium. The Contour
ordered Green’s function is the central quantity in NEGF for constructing
the perturbation theory based on Wick’s theorem and Feynman diagrams.
Before getting into the details about this function, we first very briefly

review three different representation pictures in quantum mechanics.
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to >tM

7_/

Figure 2.1: The complex-time contour C' in the Keldysh formalism. The
path of the contour begins at time tg, goes to time t,;, and then goes back
to time t = to. 7 and 7' are complex-time variables along the contour.

2.3.1 Different pictures in quantum mechanics

Let us consider a system with Hamiltonian #(¢) and assume that it can
be written as a sum of a noninteracting or free part Hy and a complicated
interaction part V(t), which could depend on time explicitly. Therefore the

total Hamiltonian is given as H(t) = Ho + V().

Schrodinger Picture:

In this picture the wavefunction |t (t)) is time-dependent and its dynamics

is governed by the Schrédinger equation:
0
tho [0 (t)) = 1O (t). (2.13)
The formal solution of this equation is written as
[W(t)) = Ut to) [ (to)), Ut L) Ut o) = UT(t, L) U (L, L)) =1, (2.14)

U(t, tg) =T exp [—% /t dt'?—[(t/)]. (2.15)

to

We choose t; as the synchronization time. The operators in this picture

43



Chapter 2. Introduction to Nonequilibrium Green’s function (NEGF')
method

are constant.

Heisenberg Picture:

In this picture the wavefunctions are constant i.e., |y (t)) = |1(ty)) and

the operators are time-dependent with the evolution

On(t) =U'(t, 1) O(U(t, ty), (2.16)

where O(t) is in the Schrédinger picture with explicit time-dependence.

Interaction Picture:

The state vector in this picture is defined as

() = er o) yp(1)). (2.17)

Therefore the wavefunctions propagate with respect to the interacting Hamil-

tonian V(t) only and satisfy the following equation
0
the [r(t)) = Vi@)lvr(1)). (2.18)
with formal solution
[Wr(8)) = Ur(t, ) [0r(t)). (2.19)

Ur(t, 1) is often called the scattering or S-matrix and is defined as

S(t, ) = Uy (t, to) ULt o) = T exp [ - % / Lt vl(tf)} , (2.20)

t
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which appears in the perturbative expansions. The operators in this picture

evolve under the influence of the free Hamiltonian H, i.e.,
O;(t) = Ul (L, o) O(t)Uy(t, 1), (2.21)
and similarly for V;(¢) in Eq. (2.18). Here

Ut to) — exp[—%%(t—to)},

Uit to) = Texp[—%/tdtlvl(t’)] (2.22)

to

Then it can be easily shown that the full unitary operator U(t,ty) can be
decomposed as a product of free evolution part Uy(¢,ty) and the interacting

evolution part U(t, 1) i.e.,
U(t,to) = Uo(t, to) Ur(t, o). (2.23)

More importantly using Eq. (2.16) and Eq. (2.21) the relation between the

operators in Heisenberg and interaction picture is given as

Ou(t) = U] (t, te)Or (U (L, Lo). (2.24)

2.3.2 Closed time path formalism

We now introduce the contour, the closed time path, which starts at initial

time £y and go upto maximum relevant time ¢ = t;; and then back again
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to to (see Fig. (2.1)). The key observation is that the transformation of
the operator between Heisenberg picture and interaction picture given in

Eq. (2.24) can be expressed on closed contour form as
Oultar) = (Tce—%fc Vﬂﬂdw[(tM)). (2.25)

Here 7 is the contour-time variable which runs over the contour from time
to to tyr on the upper branch and from t,; to tg on the lower branch. T is
the contour-ordered operator which orders operator according to their con-
tour time argument, earlier contour time places an operator to the right.
This crucial equivalence of Eq. (2.24) and Eq. (2.25) is the basis for for-
mulating the perturbation theory on contour. Note that under the contour
ordering operator the algebra of operators become equivalent to the algebra

of numbers.

Now expanding the exponential and splitting the contour into upper and

lower branch it can be shown that [4]

(Tce‘% Je "f“’“of(tM)) = (T e i Je V’(T’C”) Oi(tar) (T g i J2 "1(”‘“),
(2.26)

where Tz and T4 denotes contour ordering on the upper and lower branch

respectively. Now parameterizing the contour according to 7(¢') = ', t'e[to, tas]

we see that

i t

T (e*%fa vz(r)dT> — Temila Vi —pp 1y 1),

i — it N 4!
Tg(e’ﬁf8vf(7)d7> = Ten b VIO gt g, (2.27)
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i.e., contour ordering on the upper (lower) branch is identical to the time
ordering (anti-time ordering) Tz =T (Tg = T). This idea for one point
operator can be easily generalized for product of two operators and hence

for the Green’s functions. The main idea for the general case is as follows

e Transform each Heisenberg operator appearing in the Green’s func-

tion to the interaction picture.

e Read the time-evolution from the right to represent the evolution on

the contour.

For example let us consider the time-ordered Green’s function
G (t,t) = = (Tu(t)a” (t), (2.28)

if ¢ > ¢’ then the above Green’s function can be written as (in the interaction

picture)
G (41 = —%Tr [p(t0)St0, 1) ur(t) S(t, ) uf (1) S 10)] . (2:29)

where we have used the fact that S(¢,tg) = U;(t,ty). Now let us read the
time evolution from the right side. Given a state at initial time ¢, it evolves
from ¢, till the time ¢’ at which point operator u;(t') acts. Then it evolves
from t' to t where the operator u;(t) acts. Finally it evolves from ¢ back to
ty t.e.,

St to) = ui (t') — S(t,t') = ur(t) = S(to,t). (2.30)

A7



Chapter 2. Introduction to Nonequilibrium Green’s function (NEGF')
method

Similarly for ¢’ > t we can write,

G=(t,t') = —%Tr p(to)S(to, t)ut (#)SH )ur(t)S(t, o) |. (2.31)

Therefore the contour-ordered version of the Green’s function can be writ-
ten as
1

G(r,7) = h<Tcu,<T)u?<T')e*%foWT”)dT”) (2.32)
= _%<T0u(7)uT(T')>. (2.33)

where 7,7’ are the contour time variables and depending on the posi-
tions of these variables on the two branches of the contour, different real
time Green’s functions can be obtained. Therefore writing contour-ordered
Green’s function in the interaction picture gives us the opportunity to per-
form perturbative expansion (see Eq. (2.32)) and the topological structure
immediately becomes identical to the equilibrium theory. We will also show

this by an example at the end of this chapter.

Contour time 7,7 to real time ¢,

Since the two contour variables 7,7 can lie either on the upper or lower
branch there are four different real time Green’s functions that can be

obtained. They are given as,
G (t,1') = lim G(t +ieo,t' +ied’), 0,0 ==+1. (2.34)

e—0F

where we have introduced a branch index o, such that 7 = ¢ 4 ieo. Here
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o can take two possible values +1 with ¢ = +1(—1) means 7 is on the
upper (lower) branch. Following this notation, we can identify that in real
time G (t,¢) = Gi(t, '), G (t,t') = GI(t,¢'), GT(t, ') = G<(t, 1), and
G T (t,t") = G=(t,t'), or in the matrix form

GH(t,¢) G (t,¢ Gt t)  G<(t,t
G(r,7) — (5.£) (t.%) = (5,£) (t.£) = G(t,t).

Gt t) G (1) G>(t,t) Git,t)
(2.35)

For later convenience we also define a new matrix G/(¢, ') given by G(t,t') =

0.G(t,t') where o, is the third Pauli matrix i.e.,

1 0
o, = . (2.36)

0 -1

Here we identify o, as the matrix related to the branch index.

2.3.3 Important relations on the Keldysh Contour

In order to work on the contour we need to generalize few definitions that
are known in real time to the contour time. For example, we define the

contour version of the Dirac-delta function as

/dT'é(T, ™) f(T') = f(7). (2.37)

Note that, here we can not write §(7,7') as 0(7 — 7’) since 7 and 7’ may lie

on two different branches and then the meaning of 7 — 7/ is ambiguous.

49



Chapter 2. Introduction to Nonequilibrium Green’s function (NEGF')
method

We generalize the Heaviside theta function on the contour as 6(7, 1), de-
fined to be 1 if 7 is later than 7" on the contour and 0 otherwise. The delta
function then can be obtained from the theta function by taking contour
time derivative, given as 6(7,7") = df(r,7")/dr. This fact is required to

derive the equations of motion for the contour-ordered Green’s functions.

Note that the derivative on the contour is defined as

) F) ()

dT 7' =T T —T

, (2.38)

The limit 7" — 7 suggests that 7, 7" should lie on the same branch.

The Heisenberg equation of motion on the contour is written in a similar

form as given in the real time,

dAH(7) | "
——— = = [A" ("), 1" (7)), (2.39)

and since the transformation from Schrédinger operator to Heisenberg oper-
ator is a unitary transformation, the canonical commutation relation holds

for equal contour time i.e.,

[wi(7),p;(1)] = ihdy;. (2.40)

The transformation for contour time integral to the real time is done as
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follows

/ drf(r) - > /tt FH#dE+ /tt rd= S o / M ey, (2.41)

o==+1 to

As an example the contour-ordered delta function, defined in Eq. (2.37),

transforms as
M7, 7") = 0050 0(t — 1), (2.42)
with 0, is the Kronecker delta. More explicitly, we can write,

(

d(t —t") for 7,7’ on upper branch

o(r,7)

—4(t —t') for 7,7 on lower branch

0 for 7,7’ on different branches
\

2.3.4 Dyson equation and Keldysh rotation

We see from Eq. (2.32) that contour ordered Green’s functions are useful for
performing perturbative expansion with respect to scattering matrix V(1)
in the interaction picture. Expanding the exponential or the S-matrix in
Eq. (2.32) we get an infinite series corresponding to different orders of V;
with each term is averaged with respect to the initial density operator p(ty).
In perturbation theory the main task is to evaluate such terms or rather first
break down the terms into Gaussian products as accomplished by Wick’s
theorem, which is valid when p(ty) is Gaussian or quadratic. Therefore

each term in the expansion consists of product of free thermal equilibrium
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contour-ordered Green’s functions. In some situations, this infinite series
can be summed exactly with the help of Feynman diagrams [22, 23] which
then gives rise to Dyson’s equation. A general form of it in contour time

can be written as (see for example the derivation of Eq. 2.85)

G(r,7)=g(r,7") + /c/c dridry g(7,71)%(711, 72)G (12, T'), (2.43)

where ¢ is the bare or free Green’s function. X is called the self-energy,
includes the effects of interaction coming from V;. We realize that G here is

the sum of infinite number of terms i.e., G =g+ [ [¢Xg+ [ [ [ 9XgEg+

Now using the transformation rule for integration going from contour to

real time, we write the components of the Dyson equation as

Gaal<t7 t,> = g / / dtldtg Z 0109 g t t )20102<t tg)

o1,020==%1
G2’ (ta, ). (2.44)
Multiplying o on both sides, we obtain
oG (t,t') = 0g”° / / dt,dt, og”"l(t,tl)crlZ““’?(tl,tQ)
o1,020=%1
O'QGUQO (tg, t,), (245)

which in simplified notation reads

G(t,t) =g(t,t) / / dtidts g(t, 1) 5 (1, t2)G(ta, ), (2.46)
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where G(t,t') = o.G(t,t') as introduced before. Similarly we define g
and . Such a form of the matrix however is not very useful for actual
calculation and one performs a Keldysh rotation which for any arbitrary

matrix M is given as
M =0"MO =0"¢,MO. (2.47)

where the rotation matrix O (rotation by an angle 45° in the space of

branches) is given by

00T =00 =1. (2.48)

The effect of the Keldysh rotation is to change any given matrix M to M
as,
. M MXE
M = i (2.49)
M~% M
1| Mt =M<+ M>— M, M 4+ M+ M<+ M

Mt + M — M~ — M>, M<— M+ M'— M~

In this case we define the quantities M", M* MX, and MK following

Eq. (2.50). The Keldysh rotation transforms the matrix G as

. Gr GK
G = , (2.51)
0 G°
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where the GEX component is 0 due to the standard relation among Green’s
functions G~ + G< = G + G. We define GX = G< 4+ G, known as
the Keldysh Green’s function. These three Green’s functions (retarded,
advanced and Keldysh) appears in G are the fundamental objects of the
Keldysh technique. We will later see that for FCS problems, because of the

presence of the counting field, the K component will be nonzero in general.

Finally after Keldysh rotation, we write the Dyson equation in Eq. (2.46)
s (by multiplying O from left and O from right and using the fact that

O is an orthogonal matrix)

Gt t") = g(t.t) / / dtydty G(t, )5t 1) G (tg, ). (2.52)

Since all this matrices are now upper-triangular and as product of any
number of triangular matrices is again a triangular matrix, we can immedi-
ately conclude that, the convolution of any number of retarded (advanced)

Green’s functions is also a retarded (advanced) Green’s function.

If the Green’s functions are now time translationally invariant then the
above convolutions in the w domain becomes multiplication in the limit

to — —oo and t — oo and we obtain

Glw] = glw] + gllZW]Gw, (2.53)
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with different components written down explicitly as

G'w] = ¢'w]+ g [WE WG w],

G'lw] = g"w] + ¢"[w]E W] G [w],

Grwl = ¢"w] + ¢ WIE [W]GFw] + ¢ [w]EF W] G [w] + ¢ [w] B [w] G [w].
(2.54)

Generalization

Often in NEGF we encounter convolutions involving many Green’s func-

tions in contour time such as

B(r,7") :/dTldeg Ay (T, 1) Ag(T, o) - A (T, T). (2.55)

Based on the above technique we can immediately write down the relations

in frequency space as [4, 15]

Blw] = Afw]dalw]- - Agw], n=2,3,--

Bw] = Ajw]Aslw]- - Aplw], n=2,3,-- (2.56)

Bw] = AffwlAslw] - Aglw], n=2,3,--- (2.57)

Bf[w] = Ajfw] AL [w] AT [w] + Affw] - AT plw] Ay [w] AR w] +
o+ A w]Ag[w] - AT [w] AT [w]- (2.58)

This particular transformation of going from contour time to the real time

is known as Langreth’s rule [4, 20].
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2.4 Example: Derivation of Landauer for-
mula for heat transport using NEGF ap-

proach

One of the primary interest in quantum transport is to calculate steady
state current. We therefore in this section introduce a harmonic lattice
model to study heat transport using NEGF method and illustrate the main
concepts developed in this chapter. We derive the steady state expression
for the heat current for this model, known as Landauer like formula. This
formula was first derived for the electron transport [24-27] and later ex-
tended for heat transport [7, 28]. For alternate derivation of this formula

such as using Generalized Langevin equation, see [29, 30].

Harmonic lattice model

A typical setup to study transport consists of three parts called as the
Left lead (denoted by L), the center (denoted by C') and the right lead
(denoted by R). The center part is the system of interest which can be
an insulator or a metal or a semi-conductor and is finite in size. The left
and right leads (also known as reservoir, bath) are maintained at different
temperatures and/or chemical potential difference. To satisfy the criterion
of a bath they are modeled by non-interacting Hamiltonians with infinite
degrees of freedom. The system and the leads are connected via some

coupling Hamiltonian.

26



Chapter 2. Introduction to Nonequilibrium Green’s function (NEGF')
method

For harmonic lattice model the center part is modelled as finite number
of coupled harmonic oscillators and the coupling Hamiltonians between
the leads and the center are taken in bilinear form in position variables.
The leads are collections of infinite coupled harmonic oscillators with zero
chemical potential. The Hamiltonian for the entire system is then written

as

H=H,+Hc+Hr+ Hrc + Hre, (2.59)

where H, = %pgpa + %ugK‘lua,a = L,C, R, for the left, right, and the
finite central region. Masses are redefined as u = /mx. u, and p, are
column vectors of coordinates and momenta. K< is the spring constant

matrix of region . The coupling H,¢ is given as
Hoe = ulV*ue, a=0L,R. (2.60)

and V¢ = [VCQ}T.

Initial condition for the density operator

At initial time t = t; — —o0, we consider three systems H,,a = L,C, R
to be decoupled from each other and are at separate temperatures, Ty,
Te, and Tk with respective equilibrium distributions. Then the density
operator for the full system is in the the direct product state of L, C" and
R e,

Pprod(to) = prL ® pc @ pr,  pPa = | fora=L,C,R.  (2.61)

For t > t; — —oo, the coupling elements V¢ and V% are turned on
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slowly so that a steady state for the entire system can be established at
time ¢ = 0. The full density operator at ¢ = 0 (denoted by pngss(0)) is
then given as

pNESS(O) = U(O, tO)pPFOd(tO)uT(Ov tO)v (2'62)

where U(t, ") is the evolution operator for the full system. The current is

calculated considering pnygss(0) as the initial state.

Calculation for current

The operator for the energy current flowing from one of the lead, say the
left lead, is defined as the rate of change of the energy of the left lead
Hamiltonian and is written as (¢ > 0)

CdHT (1)

L) = ——4

= [ (1), H] = POV Cuc (), (2.63)

where the operators are in the Heisenberg picture. Now taking the average
with respect to the steady state density operator pngss(0), the average

current can be expressed in terms of the Green’s function as

(Tp(t)) = z’h%Tr [VLCGgL(t, t’)]t/:t. (2.64)

Since [i(t), uc(t)] = 0, we can also write the above expression as

(Tp(t)) = z’h%Tr [VLCGgL(t, t’)]t/:t. (2.65)

We see that the energy current is directly related to the lesser and greater
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Green’s function. After symmetrization we obtain

_ ih 0 LC K /
(@) = ST [VEOGE®Y)] (2.66)

where GE, = G5, +GZ,;. Now our main task is to obtain G5;” components.

To obtain these, we work in the contour-ordered version of G¢y which for
the general case can be written as,

l

Gop(T,7') = -

(Toua(T)ub (7)) pxpss) @ B=L,C, R. (2.67)

Let us now show how we can perform perturbative calculation on contour
and obtain Dyson’s equation by working in the interaction picture. Two

key steps are

e Eixpress the Green’s function G,g in terms of the decoupled initial
condition pyeda(ty) because we know how to calculate the bare of free

Green’s functions for such initial condition.

e Transform to the interaction picture with respect to the decoupled
Hamiltonian Hy = H; + Hc + Hgr and work with the interaction

Hrc +Hre.
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For simplicity, let us consider the greater component of Gog
i
as(t:t) = = (ua(t)us () prpss (o

Z’ / /
- T [,oNESS(O) U (L, 0) ug UL 1) uf UL ,0)]

i / /
= T pproalto) U (o, 1) ua U (2, 1) uF U 1) | (268)

We now go to the interaction picture with respect to Hy and consider ¢y as
the synchronization tim. Then we can decompose the full unitary operator

as the product of free and interacting evolution part
Z/{(lf, to) = Z/{O<t, to) Z/{[(t,t()), (269)

with

Up(t, to) = e~ FHot=t0)  1p(t 10} = e i VO (2.70)

(The symbol caret is used to denote that the operators are in the interaction

picture with respect to the free Hamiltonian H,). l>(t) is given as

V() = Uit to) [Hic + Hor] Us(t, to)

= Al (Ve (t) + 0V Eae(t). (2.71)
Eq. (2.68) in the interaction picture can be written as

G2yt 1) = —%Tr Poroa (£0)ST (L, 1)1 () S (1, )5 (1) S (¢, to)] .
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Now on contour we can simply write

i A~ N _ i \; Ndr"
Gop(7,7') = =3 (Teiia(T) it (T')e eV atto): (2.72)

where the contour now runs from initial time ¢, to the max(¢,#') and comes
back to tg. As mentioned before, this particular form is useful for pertur-

bative calculation.

Let us now compute the Gor(7,7') given as
i ~ N _ i V(" dr""
Gow(r,7') = =g (Tic(r)ag (r')e e VT reatio) (2.73)
and can be shown to satisfy the following equation

Gop(r,7') = /dT"GCC(T, T")VCLgL(T",T'). (2.74)

Proof:
To prove the above equation we use an alternate method known as the equations
of motion approach for the contour-ordered Green’s functions. Let us write down
Ger(r,7') in the Heisenberg picture

i

GCL(T77J) = - <TCU’C(T)UI£(T/>PNESS(O)7

0(r, ') (uc (T)uf, (') + 0", 7){u (7' )uds (1)) | (2.75)

St . SH

Taking derivatives with respect to contour time 7" and using the relations 90(,7') /0T =
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5(7_, 7_/) and 69(7/,7)/67— — _5(7-, 7-’) we obtain

O*Ger(r,7) i

o712 = h<TCUC(7')Q%(7'/)>;)NESS(0), (2.76)
where we use [t (7),uc(7)] = 0. Now using the equation of motion for u, on
contour,

ig (1) = =K ur(r) = VFuc(r), (2.77)

we obtain the the equation of motion for Go, as

0?Ger(r, )

5+ Ger(r 7K"Y = —Geel(r, 7V (2.78)

This equation can be solved by defining a Green’s function of the left-lead, satisfy

the following differential equation

2

[+ K ]gi(r. ) = ~15(r. 7). (2.79)

By multiplying Eq. (2.78) by g1 (7,7") on the right, and multiplying Eq. (2.79)
by Ger(7,7') on the left, then integrating by parts the subtraction of Eq. (2.78)

and Eq. (2.79), we obtain

Gop(r,7) = /dT"GCC(T,T")VCLgL(T",T')

8G "
+ 7055’7 )gL(T'/7T/) — Ger(r,7")

097", ) |-
—_— 2.80
or” 7t0+ie( )

At both ends of the contour, the center and the baths are decoupled. Therefore
for 7" = —tg + i€, Gop(1,7") = 6008%(;,7”) = 0 and we obtain Eq. (2.74). This

equation can also be proved by performing perturbative expansion of Eq. (2.73).

(See [15])
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It is important to note that in deriving the above equation we didn’t assume
that the center is harmonic. Therefore this equation is also valid for the
interacting center. The only crucial requirement is that the leads are non-
interacting (harmonic). The Green’s function g, introduced in Eq. (2.79)
is known as the bare or free equilibrium Green’s functions calculated at

temperature T, and is defined as

/ i ~ ~ /
Gap(T,7') = —ﬁTr [paTCua(T)UB(T )}ciw o, =L,C,R. (2.81)

Using Langreth’s rule we write the lesser and greater components of G¢p,

in real time as

t
G = [ [Gelt W gl S )+ GEE (L OV )]
to
(2.82)
Note that the bare Green’s functions are time-translationally invariant.
Then using Eq. (2.66) we get the expression for current as
_h

t

/ a T /) /) / a /) /

(ZL(t)>—5/ dt’%Tr[ Lot tYSE (" — )+ GEL (4, S (¢ — )
to

t'=t

(2.83)
This expression is valid for any transient time ¢ and also for interacting
center which could be explicitly time-dependent. Here ¥, = VF g, VEC
is the self-energy for the left lead. Similar definition also exist for the right
lead.
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The main task now is to calculate the center Green’s function Gee(r, 7).
As before in the interaction picture we can write
1

Goo(r,7') = =+ (Totc(r)is (T’)e*% Je ‘}(T”)dT”)

- (2.84)

Pprod (tO) :

For the harmonic center G can be obtained exactly which we now denote
as G2 and using Feynman diagrams it is easy to show that G&. obeys a

Dyson equation

GOCC(T, ) = go(T, 7")+/Cd7'1/cd7'290(7', Tl)Z(Tl,TQ)G%C(TQ,T,). (2.85)

where ¥ = Y 4+ g is the total self-energy. This equation is similar to

Eq. (2.43).

Proof:

Let us expand the exponential in Eq. (2.84) and consider the terms order by
order. The first term (0-th order in 1>) is given as

i

HTeio (i e = 3T [petc@ib)] = ge(rr).  (286)

The second term contains average of odd number of u,,a = L,C, R which is
Z€Tro as Pprod(to) is quadratic. The third term (2-nd order in 1>) can be written

as

% (%)3 / dry / dry(Tetc(T)ab (T V(m)V(r)), . (2.87)
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Let us consider ij component of this matrix. For the moment we consider only
the left-center coupling term in V given in Eq. (2.71). The contribution due to
other coupling term is additive. We can write 7j component of the integrand in

Eq. (2.87) as

(Toig(r)ad (7' )il (n)Vi S il (r)a () Vi G, il (72)>ppmd(t0), (2.88)

VLC VLC

where we write the coupling term a7 (7) o) = @ (1) i J1UC Y (11) (sum-
mation over repeated index is implied). Now since pprod(to) is decoupled we can

separate the contour-ordered as

(Tt (7)al, (7' )als (r1) a2 (12)),,., (Tt (m)ag (r2)), VilGVES,  (2.89)

We see that the first term consists of 4 uc operators. According to Wick’s

theorem this can be separated as products of two u¢ operators, i.e.,

Out of these three terms, first term will give disconnected diagram which can be
shown to be zero [15] and other two terms are connected diagrams and contribute
identically which cancels 1/2! originating from the expansion of the exponential

in Eq. (2.87). The (—i/h)? factor absorbs in three Green’s functions. Therefore
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this term can be written as

/dﬁ/dngéjl(T,Tl)E]Ll’jQ(Tl,TQ)gg’j(Tg,T/)

/dTl/dTQ [gc(ﬂTl)EL(Tl7T2)gC(Tz7T/)]4.7 (2.91)

v

where EJE’” (11,72) = Vézil giLl’i2 (Tl,Tg)VLiQCLjQ. and similar equation exist if we
include the right-center coupling term. Therefore the total contribution in the

2-nd order is

/dTl/dTQ [QC(T, )% (11, 72) 90 (12, 7| - (2.92)

ij
This feature repeats for the higher-order terms and for general n-th order (n is

even) it can be shown that

n!

:/dTl/dTQ"'/dTn [gc(T,Tl)E(Tl,’7’2)90(’7’2,’7’3)2(7’3,7’4)---gc(Tn,Tl)] ,

v]

(2.93)

1 <%i>n+1 /dT1 /dTQ o dTn<Tcuic(T)ué,(T’)VI(Tl)VI(TQ) e VI(Tn)>p(to)

and therefore we can write

Gee(r, ™) = QC(TaT/)+//d71d7'2gC(Ta7'1)2(7'1,7'2)90(7'2,7'/)+"'

+ / / / drydrs - dr go (7 7)) S (11, 7290 (T T3) -+ S(Tnr 7)
gC(TnaT/)

= gC(T,T’)+/ dTl/ dTggC(T,Tl)E(Tl,Tg)GOCC(TQ,T'). (2.94)
C C
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Steady state limit and Landauer formula

Steady state limit can be achieved by letting ¢ty — —oc. Then by perform-

ing Fourier transformation of Eq. (2.83) we obtain

(T,) = — / h Z—wthr [Gollzf o] + G ]z ] (2.95)

oo 4T

(For notational simplicity we dropped the subscript CC' in G2). In the
frequency domain different components of GG are obtained from the Dyson

equation given in Eq. (2.85) and are written as (see appendix (E))

Gl = ghl] + Wl WG L]
= Jwrm? - KO -2
Gl = [Gpt]

Gylw] = Golwl="[wIGGlw], (2.96)

where for the isolated center g7.[w] = [(w+in)? — K“]~! (see appendix (F)).

Now we symmetrize the expression for current as

(Zo)+[(Z)]" [ dw ol 1w " a

(1) =# — [ T (GGl T G ) (S kS5 )|
(2.97)
The lesser and greater components of the self-energy are given in the form

of fluctuation-dissipation relations i.e.,

Salwl = falw] (Zhlw] — Xolw]),

Salw] = (1+ falw)) (Zolw] - Xolw]), a=L,R,  (2.98)
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where f,[w] =1/ (eﬁah‘“a — 1) is the Bose distribution function for the leads.

We define the spectral function for the leads as
[ow] =i(Xh[w] — S4w]) a=L,R. (2.99)

Using these relations and an important identity given by (see appendix

(8)
Gil] ~ Gyl =i Gplu] (Teo] + T rlw]) G, (2.100)

we can simplify the expression for current and obtain the Landauer formula

as

@ = [ EReT@]Unlel ~ Sl (2101

where Tr[7[w]] is known as the Transmission function and given by the

Caroli formula [31]
Tw] = Gylw]l'L [w]GH[w]T gr[w]. (2.102)

From the expression for current, the conductance o can be obtained as

o(T)= _ lim o) _ /OO dw hw Tr [T(w)}wv (2.103)

T, =T, Ta—T Ty — T

where T is the equilibrium temperature.

68



Bibliography

[1] J. Schwinger, J. Math. Phys. (New York) 2, 407 (1961).

2] L..P. Kadanoff, G. Baym, Quantum Statistical Mechanics (Ben-

jamin/Cummings, 1962).
[3] L.V. Keldysh, Soviet Phys. JETP 20, 1018 (1965).
[4] J. Rammer and H. Smith, Rev. Mod. Phys. 58, 323 (1986).

[5] J. Rammer Quantum Field Theory of Nonequilibrium States (Cam-
bridge 2007).

[6] A. Ozpineci, S. Ciraci, Phys. Rev. B 63, 125415 (2001).

[7] T. Yamamoto, K. Watanabe, Phys. Rev. Lett. 96, 255503 (2006).
[8] A. Dhar, Adv. Phys. 57, 457 (2008).

[9] J.-S. Wang, J. Wang, N. Zeng, Phys. Rev. B 74, 033408 (2006).

[10] J.-S. Wang, N. Zeng, J. Wang, C.K. Gan, Phys. Rev. E 75, 061128
(2007).

[11] N. Mingo, Phys. Rev. B 74, 125402 (2006).

69



BIBLIOGRAPHY

[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

H.-P. Liu, L. Yi, Chin. Phys. Lett. 23, 3194 (2006).
M. Galperin, A. Nitzan, M.A. Ratner, Phys. Rev. B 75, 155312 (2007).

S. Datta, Electronic Transport in Mesoscopic Systems (Cambridge
Univ. Press, 1995).

H. Haug and A.-P. Jauho, Quantum Kinetics in Transport and Optics

of Semiconductors, 2nd ed. (Springer, New York, 2008).

M. D. Ventra, Electrical Transport in Nanoscale Systems (Cambridge

University Press, Cambridge, 2008).
J.-S. Wang, J. Wang, and J. T. Lii, Eur. Phys. J. B 62, 381 (2008).

R van Leeuwen and N E Dahlen, An Introduction to Nonequilibrium

Green Functions, Lecture notes (2005).

H. Bruus, K. Flensberg, Many-Body Quantum Theory in Condensed

Matter Physics, an introduction (Oxford Univ. Press, 2004).

G.D. Mahan, Many-Particle Physics, 3rd edn. (Kluwer Academic,
2000).

Kubo, R., M. Toda, and N. Hashitsume, 1998, Statistical Physics II:

Nonequilibrium Statistical Mechanics, 2nd ed. (Springer, New York).

A.A. Abrikosov, L.P. Gorkov, I.E. Dzyaloshinski, Methods of Quantum
Field Theory in Statistical Physics (Dover Publ., 1963).

A L. Fetter, J.D. Walecka, Quantum Theory of Many-Particle Systems
(McGraw-Hill, 1971).

70



BIBLIOGRAPHY

[24] R. Landauer, IBM J. Res. Dev. 1, 223 (1957).
[25] R. Landauer, Philos. Mag. 21, 863 (1970).
[26] Y. Meir, N.S. Wingreen, Phys. Rev. Lett. 68, 2512 (1992).

[27] A. P. Jauho, N.S. Wingreen, and Y. Meir, Phys. Rev. B. 68, 5528
(1994).

28] D. Segal, A. Nitzan, P. Hanggi, J. Chem. Phys. 119, 6840 (2003).
[29] A. Dhar, D. Roy, J. Stat. Phys. 125, 805 (2006).
[30] J.-S. Wang, Phys. Rev. Lett. 99, 160601 (2007).

[31] C. Caroli, R. Combescot, P. Nozieres, D. Saint-James, J. Phys. C:
Solid St. Phys. 4, 916 (1971).

71



Chapter 3

Full-counting statistics (FCS)
in heat transport for ballistic

lead-junction-lead setup

In the previous chapter we have introduced the lead-junction-lead setup
to study heat transport with the junction part considered as harmonic.
Based on this model, we study here the energy-counting statistics i.e.,
the statistics of heat (integrated current), transferred through the center
(denoted by C') (Fig. 3.1) during a given time interval [0, ¢,,]. In addition,
we consider the situation where the atoms in the junction part could be
driven by external time-dependent force. This opens up the possibility
to study energy-dissipation, heat-pumping behavior, and also Jarzynski

equality in the context of fluctuation theorems. Employing NEGF-Keldysh
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formalism we obtain the cumulant generating function (CGF) under this
general scenario. The developed formalism can deal with both transient
and steady-state on equal footing and also various initial conditions for the
density operator. Such investigations gives definite answer to some of the

very general queries in quantum dissipative transport such as

1. Under what conditions the system reaches steady state and whether

it is unique or not?

2. How initial conditions and quantum measurements affect the tran-

sient?

3. What are the effects of system parameters on the steady state.

In this chapter, we try to give answers to these questions. We also show
that the effect of energy measurement to obtain heat is reflected in CGF
via the shifted time argument for the self-energy. In the steady state we
obtain explicit expression for the CGF which is similar to the Levitov-
Lesovik formula [1, 2] for electrons and satisfy Gallavotti-Cohen(GC) [3, 4]
fluctuation symmetry. In the later part of this chapter we derive the CGF
corresponding to the joint probability distribution P(Q,Qr), and discuss

the correlation between ()7, and Qg.
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Figure 3.1: A schematic representation of lead-junction lead setup. The
left (L) and right (R) leads are at temperatures 7;, and Tp respectively.
The leads are modeled as coupled harmonic oscillators. The center (C')
here consists of 3 atoms.

3.1 The general lattice model

Here we introduce a very general lattice model to study heat transport. As
before, the full system is divided into three parts the left, right and the
center. The leads are modeled as infinite collection of coupled harmonic
oscillators. Such heat baths are named after Rubin and often called as
Rubin heat baths [5, 6]. The Hamiltonian for these three parts are given
as

1

1
H,, = épgpa + ngKo‘ua, a=0LC,R, (3.1)

where the meaning of p,, u, and K* are the same, as explained in Chapter
2 (see Sec. 2.4). The center part can also have nonlinear interactions such

as phonon-phonon interactions and takes the following form

1
=3 Zka ucucukc + - ZngklU u uf ul. (3.2)
ijk ukl

The quartic interaction is important in stabilizing the system, as a purely
cubic term makes the energy unbounded from below. The coupling be-

tween the center and the leads is quadratic in position and the coupling
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matrix in our formalism could be time-dependent. Therefore the coupling

Hamiltonian is given as
Ho(t) = ul VEC () ue + ub VEC () uc. (3.3)

Note that VE¢(t) = [VOF (t)]T and similarly for VF(¢). T here stands
for the matrix transpose. Such time-dependent coupling are useful for ma-
nipulating current, developing devices such as thermal switch, heat pump

[7, 8] etc. The dynamic matrix of the full linear system is

K* VEC(@t) 0
K=|vory) K° VOR(t) | (3.4)
0 VEC(t) KR

We assume that there is no direct interaction between the leads. For ¢t > 0,
an external time-dependent force is applied to the center atoms, which

couples only with the position operators i.e.,
Vo(t) = —f1(t) ue, (3.5)

where f(t) is the time-dependent force vector. The force can be in the form
of electromagnetic field. Choice of this particular type of coupling helps us
to obtain an analytical solution for the CGF, as the entire system is still
harmonic. Therefore the full Hamiltonian for ¢ > 0 (in the Schrédinger

picture) is given as

H(t) =HO7) +Ve(t) = He +Hr + Hr + Hr(t) + Hp + Ve(t).  (3.6)
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In this chapter we will focus on the harmonic junction. i.e., H, = 0 and

discuss the nonlinear effects in chapter 6.

3.2 Definition of current, heat and

entropy-production

In this thesis, we will be looking at the statistics of two nonequilibrium
quantities namely the heat and the entropy-production. Let us say that
we are interested in the energy flowing out of the left lead during the time
interval [0,¢ys]. Then the heat operator is defined as the time integral of

the left lead current operator Zj .

Heat operator for the left-lead

The left lead heat operator is given as the change of energy of left lead

Hamiltonian.
tar "
Quitar) = [ Tuld)dt = Hu(0) ~ W (tar), (37)
0
where the current operator Zy (t), as defined previously, is the rate of change

of energy of the left-lead i.e.,

CdHT (1)

L) =-—4

_ %[Hg O, HI1)] = pL () VEC (t) uc(t),  (3.8)

Here the operators are in the Heisenberg picture. The dependence of ¢ in

76



Chapter 3. Full-counting statistics (FCS) in heat transport for ballistic
lead-junction-lead setup

VEC(t) is parametric. Hp|[ = H.(0)] is the Schrédinger operator of the
free left lead and

HE(t) = U(0,t) HpU(t,0). (3.9)

U(t, 1) is the evolution operator corresponding to the full Hamiltonian H (¢)

and satisfies the Schrodinger equation with the formal solution

Texp[ Lf, (t1) dtl]fort>t’
Ut 1) = S

Texp |3 f Htr) dty] for v > ¢

where T' (T) is the time order (anti-time ordered) operator which orders

the operators with increasing time from right (left) to left (right).

Entropy-production in the leads

Based on the idea of macroscopic thermodynamics, we also define the net

entropy-production in the leads due to exchange of heat as [9, 10]

= > BaQaltu) = > ﬁa(Hg(tM) —Ha(0)> (3.10)

a=L,R a=L,R

with 8, = 1/kgT, is related to the inverse temperature of the leads.

3.3 Characteristic function (CF)

The primary interest in FCS for charge/heat transport is to obtain the

probability distribution for the transferred quantity. However calculating
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these distributions directly is highly nontrivial if not impossible. The most
convenient approach to get the distribution is to work with the charac-
teristic function (CF) which is simply the Fourier transformation of the
probability distribution. Once the CF is known, physical observables i.e.,
the moments of charge/heat are then obtained by the derivatives of this
CF and the inverse Fourier transformation will give the probability distri-

bution.

CF for heat

Based on the definition of heat in Eq. (3.7) and following the derivation for
the CF using two-time measurement procedure, in the introduction chapter
(see Eq. (1.18)), we can identify operator A as H; and the transferred
quantity as Q) = ag — a;,, where ay and a;,, are the eigenvalues associated
with the measurement of Hj, at time 0 and ¢,; respectively. (Note that @
of non-calligraphic font is a classical variable). Here H; does not depend

on time explicitly. Thus the CF is simply given as [11]

Z(&) = (99 = (@rlomad) = 3 0 om0 Play,, ap)

ao0,0at p s

= (N0,

_ <ez’£L7-lL/2 efigLHf(tM) eifLHL/?)p,(O). (3.11)

The average here is with respect to the projected density matrix i.e.,

P(0) = Tlay p(0),, (3.12)
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which captures the information about the initial measurement. p(0) is
the density operator of the entire system. Note that the above expression
for the CF is valid for general interacting center and therefore is also the
starting point for calculations for anharmonic systems. Once this CF is
known the probability distribution for @)y, is obtained as

P(QL) = / ) (3.13)

oo 2T

Generalization of the CF

Based on this two-time measurement procedure, it is easy to generalize
the CF corresponding to the measurement of multiple operators. This is
possible only if the operators commute with each other at the same instant
of time. Then according to quantum mechanics such measurements are
allowed and Nelson’s theorem [12] guarantees that the probability distri-

bution in such case is well-defined.

For example, in this model, it is possible to measure the Hamiltonians
Ho, oo = L,C, R for the leads and the center simultaneously as they all
commute with each other at any given time. Therefore if we perform two-
time measurement for these operators once at time ¢ = 0 and then at the

final time ¢ = t;; the CF can be generalized as

Z(gLa gCa gR) - <€i£LQL+i§CQC+i§RQR>

— <6i Za:L,C,R §a Ha e_i Za:L,C,R €a Hg(tlw))ﬂ(o) ,(314)
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where we now modify the projected density operator as

P0)= Y Tk T TIE p(0) I} TI5) T (3.15)

ap,bo,co
Here ag,bp and ¢y are the eigenvalues of H;, He and Hp respectively
corresponding to the measurements at time ¢ = 0. For this CF the in-

verse Fourier transformation will give the joint probability distribution

P(Qr,Qc,Qr),

PQuQe.Qu= [ [ [ GEGETRctmameacnnon (g, o, )
(3.16)

In the later part of this chapter we derive an explicit expression for a
restricted version of this CF which is Z(£.,£gr) at & = 0 to obtain the
correlations between the left and the right lead heat and also the CF for

entropy-production.

Nazarov’s definition of CF

Another definition of CF which is used mostly for the electronic transport

case is given by Nazarov et al. [13, 14]. It is defined as

Z1(€1) = (Te®rQL/2 et QL/2), (3.17)

The time (or anti-time) order operator here is meant to apply to the inte-

grand when the exponential is expanded and Q) is expressed as integral
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over 7y, as in Eq. (3.7) i.e.,

[e.9]

) 1 ZfL n [tm iy iy

Te€r9r/2 =% " —(—) / dtl/ dty - - / dt, T[T, (0I5 (t2) - - - Zp.(t0)].

(3.18)
In the last section of this chapter we will show how this CF can be de-
rived starting from Z(£;) given in Eq. (3.11) under a particular assump-
tion and will present the long-time limit expression for Z, () for this har-
monic model. We will show that this CF does not respect the Gallavotti-
Cohen (GC) fluctuation symmetry, however the first two cumulants of heat

matches with the ones obtained from Z(£.) which also followed from the

definitions.

3.4 Initial conditions for the density opera-

tor

In this chapter, we derive analytic expressions for the CF of heat Z(£;)
for three different initial conditions of the density operator and discuss the
behavior of the moments (cumulants) of heat at transient as well as at long

time. We choose three different initial conditions as:

Product initial state:

We assume at ¢ < 0, the three parts of the full system i.e., the center (C')

and the leads (L and R) are decoupled and equilibrated at their respective
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equilibrium temperatures T, (o« = L,C, R) by keeping them in weak con-
tacts with respective heat baths. Therefore each system will be in their
own equilibrium distributions. At ¢ = 0 the heat baths are removed and
the connection between the system and the leads are switched on suddenly.
Therefore the initial density matrix at ¢ = 0 is given by the direct product
state of L, C' and R i.e.,

e_ﬁaHa

W fOI' o = L, C, R, (319)

pprod(o) =pL ®pc @ PR, Pa =

where 5, = 1/(kgT,) is the inverse temperature. Note that for such initial
condition the initial projection operators in Eq. (3.12) and Eq. (3.15) do
not play any role as [Ha,lls] = 0 (o, 8 = L,C, R) and therefore p'(0)

coincides with pproq(0).

Steady state as initial state:

Here we consider the initial density operator as the nonequilibrium steady
state denoted as pnrss(0). As mentioned before (while deriving the Lan-
dauer formula in chapter 2), this particular nonequilibrium state can be
achieved by starting with the decoupled initial state ppoq at ¢ = —oo and
then switching on the couplings between the center and the leads adiabat-

ically up to time ¢t = 0 when the couplings become full i.e.,

HT(t) = (HLC + ’HRc)efdt‘, for —co<t< 0, € — OJr,

= HLc<t) + HRc<t) for ¢t > 0. (320)

We assume that at ¢ = 0 the system reaches to a unique steady state,
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independent of the center temperature 7. We can then relate pngss(0)

with pproa(0) by the following equation
pNESS<O> = U(O, —oo)pprod(—oo)b{(—oo, 0)- (3-21)

where U(0, —o0) = T exp [ — %LOOO Ho+ (Hre + HRc)e_emdt} and Hg =
Hy + He + Hr.

Projected initial state:

To capture the effect of the initial measurement explicitly we consider
the projected density matrix p'(0) by choosing p(0) as the NESS. Since

[pnEss, o] # 0, p/(0) does not coincide with pygss(0).

Consistent Quantum Framework

Based on the CF Z(£,) the first moment or the heat is given as

90Z (1)

(=T [,o/(o) (H(0) — HF (tM))}, (3.22)

and the heat current is just the time derivative of the heat i.e.,

dHH (tar)

N O

(3.23)

On the contrary, it is possible to calculate the current from the natural definition,

introduced in the previous chapter, and is given as

w]. (3.24)

(T (i) = =T | p(0) ==
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Note the difference in the density operator for these two cases. These two defini-
tions are certainly not consistent and therefore thermal current deriving from the
CF will not be equal to the natural definition of it. It is only for the product ini-
tial state when these two definitions matches and assures a consistent quantum

framework for the problem. For details see [15, 16].

In the following section we derive analytic expressions for the CF of heat

starting from Eq. (3.11) considering these three initial conditions.

3.5 Derivation of the CF Z({;) for heat

3.5.1 Z(&;) for product initial state pp,,q(0) using Feyn-

man diagrammatic technique

In this subsection we derive the CF for heat Z (&) starting with the product
initial state pprod(0) Because in this case the initial projection does not play
any role the calculation for CF simplifies greatly. To obtain the CF we take

the following steps:

e Express the CF as an effective evolution of the unitary operators on

the Keldysh contour.
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e Write the CF in the interaction picture with respect to the decoupled
Hamiltonians i.e., Ho = Hy + Hr + Hce and treating Hr(t) + Ve (t)

as interaction.

e Expand the CF in the interaction picture and use Wick’s theorem

and Feynman diagrammatic technique to obtain the final result.

Step 1: CF on Keldysh contour:

Following Eq. (3.11) we can write

Z(&) = <ei§LHL/2 o—iELHL(tar) esz’HL/2>

< GELHLIZY(0 1y,) e EEHL/2 omEL L2y (4 () eisLHL/2>

= <U§L/2(O7tM)u7£L/2(tM7O)>7 (325)
where we define the modified unitary operator U, (t,t') (xr = ££,/2) as

Z/[x(t,t,) — w:’HLu( —za:’HL

S [ L [

Zx%LH(tl) ( ) H(tn)e’m“
- Texp{—% /t Hm(t’)dt/}. (3.26)

which is an evolution operator associated with the modified total Hamilto-

nian H,(t) and obeys the following Schrodinger equation

AU, (¢, )
dt

ih = H,()U,(t, 1), (3.27)

85



Chapter 3. Full-counting statistics (FCS) in heat transport for ballistic
lead-junction-lead setup

with H, given as

Ho(t) = e™MeH(t)e "ML,

— Ht) + (up(he) —ug) VCuq, (3.28)

where uy(hx) = e@Mrye ML is the free left lead Heisenberg evolution
to time ¢ = hz. Since the leads are harmonic uy(hz) can be explicitly

obtained.

1
2.9

uy(hx) = cos(v/Khx)uy, + sin(v/ K hz)py. (3.29)

The matrix /K, is well-defined as the matrix K, is positive definite. up,

and py, are the initial values at ¢ = 0. The final expression for H,(t) is
Ho(t) = H(E) + [uhC(x) + phS(@)]uc, (3.30)
where

Clx) = (Cos(hxm)—I)VLC,
S(x) = (1/y/Kyp)sin(ha/ K, )V, (3.31)

We see that the effective Hamiltonian now has two additional terms with
respect to the full H(¢). The term ufC(z)uc is like the harmonic coupling

term which modifies the coupling matrix V¢ (¢).

86



Chapter 3. Full-counting statistics (FCS) in heat transport for ballistic
lead-junction-lead setup

Now we will make use of NEGF technique, introduced in the previous
chapter. As explained before, if we read Eq. (3.25) from right to left, it
says given a state it will evolve from initial time ¢t = 0 to a maximum time
ty under the unitary operator U_¢, /2(¢,0) and then evolves back from time
tyr to 0 with unitary evolution Z/{gL /2(75, 0). Therefore, we can represent the

CF on the Keldysh contour as
Z(&L) =Tr pprod(O)TCG_% fc Hm(T)dT] . (332)

and T¢ is the same contour-ordered operator defined in chapter 2 (opera-
tor later on contour placed at the left). If we transform back to the real
time, the upper (lower) branch corresponds to the evolution U_¢, j»(t,0)

U]

¢, /2(t,0)) (see subsection 2.3.2). Running with two different evolutions

on the two branches of the contour is the main essence of FCS study.
Note for &, = 0 the normalization condition Z(0) = 1 is satisfied as

UT(t,0)U(t,0) = 1. We introduce the contour function z(7) as (see Fig 3.2)

FEL for 0<t<ty
rE(t) = (3.33)

0 for t>ty

The plus and minus sign in the superscript of x corresponds to the upper

and lower branch of the contour respectively.

Step 2: Interaction picture with respect to decoupled Hamiltonian

Now we can write down Eq. (3.32) in the interaction picture with respect

to the decoupled Hamiltonian Ho = > __; o p Ha- Then the interaction
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_SL
2

0 \tM
) J

7! —l—%

Figure 3.2: The complex time contour C for product initial state. The
path of the contour begins at time 0 and goes to time ¢,; with unitary evo-
lution U_e¢, /2(tar, 0), and then returns to time ¢ = 0 with unitary evolution

Z/lgL /Q(tM, 0). 7 and 7" are complex-time variables along the contour.

part of the Hamiltonian on the contour C' = [0, ¢),] is given as

~

Vo(1) = = f1(1)ic () + 0h(r)VEC (1) e (T) + 4 (74 ha (7)) VEC (T)ac (7).

(3.34)
(The symbol caret is used to denote that the operators are in the inter-
action pictures with respect to the free Hamiltonian Hy e.g., tuc(7) =
eiteTygeiHe™) The density matrix Pprod(0) remains unaffected by this
transformation as it commutes with Hy. Therefore the CF in the interac-

tion picture can be written as
Z(&L) =Tr [pprod(O)Tc 6_%f0 Y)x(T) dT] . (335)

Step 3: Wick’s theorem and Feynman diagrammatic technique

Expanding the exponential in Eq. (3.35), we generate various terms of
product of u,. Since the density matrix is quadratic these terms can be
decomposed in pairs according to Wick’s theorem [17]. For a non-vanishing
contribution each type of u should come in an even number of times because

(UE) pproa0) = 0, (ucur)p,..a0) = 0. We define the decoupled or free Green’s
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functions as

l

h<T(;ﬂa(7')ﬂa/(T')T)ppmd(o) = b0 9a(T,7), «a,&/ =L ,C,R. (3.36)

We collect the diagrams of all orders to sum the series. Since V, contains
only two-point couplings, the diagrams are all ring type. The combinatorial
factors can be worked out as 1/(2n) for a ring containing n vertices. We
now make use of linked-cluster theorem [18] which says In Z contains only
connected graphs, and the disconnected graphs cancel exactly when we
take the logarithm. Therefore, the final result can be expressed as (in the

discrete contour time) (see appendix (A))

l

1 ~
InZ() = _éTrJ}T In [1 — gCE} o7

Te, |GEET]. (3.37)

(Bold symbol refers to the matrix representation of the Green’s functions
in discrete contour time and functions with (V) means they are counting

field dependent) Here we define X(7,7') as
S(r,7) = Sy (r+ha(r), T'4+ha! (7)) +Lg (1, ) = B(, 7)+8 4 (7, '), (3.38)

where X(7,7) = > _; p¥a(7,7') is the total self-energy coming from
the leads and defined as X, (7,7") = Vg, (7, 7)V*¢. The notation Tr; ,

means trace over both in space index j and discretized contour time 7,i.e.,

Tr;,[AB---C| E/ / > / dridry. . dr, Trj[A(71,72) B(7,73) -+ - C(7, 71) ],
clJc c
(3.39)
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with A, B,---C are two point Green’s functions. Similarly Tr; [éf fT}

reads as
Tr, - [éf fT} :/C/CdTldTQTrj [é(Tl,TQ)f(TQ)fT(Tl)], (3.40)
with G(r,7) satisfy the following Dyson’s equation
G(r,7') = go(r,7) + /C /C dridrs go(1, 1) (11, 2)G(1, 7). (3.41)

We introduce a new quantity ¢ defined via Eq. (3.38) as the difference

between the shifted self-energy and the usual one, i.e.,

S 7)) =30 (7 + ha(r), 7 + ha(r') — i (7, 7). (3.42)

This self-energy turns out to be the central quantity for this FCS problem.

Eq. (3.37) can also be written in a different form which will be useful later
for deriving long-time limit as well as for numerical calculations. As we
know that the steady state limit, for example, the Landauer formula for
heat current is expressed in terms of GGy, the Green’s function in presence
of leads, we therefore express the bare Green’s function g in terms of Gy.
This can be achieved by introducing the Dyson’s equation for GGy for the

ballistic system as derived in chapter 2 (see Eq. (2.85))

Go(1,7') = go(7,7) —|—/ / drdry go(T, 71)3%(11, 72)Go(T2, 7)), (3.43)
clJc
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In discretized contour time we can write the above equation as
Go=gc+gcX Gy (344)

which implies G, ' = gal —3.. Using this we can simplify the term 1 —gcf]

as follows

1-go2 = 1-go(T+ 329
= gC(gc - X - 2L) —gC(G EA)

= 80 Gq'(1 - GoEf) = (1 - geX) (1 - GoXg). (3.45)

The two factors above are in matrix (and contour time) multiplication.
Using the relation between trace and determinant, Indet(M) = Trln M,
and the fact, det(AB) = det(A) det(B), we find that the two terms give
two factors for Z. Now the factor due to 1 — g3 is a counting field
independent term and can be shown to be equal to 1 (see appendix (B)).

We then have [19, 20]

In Z(¢;) = —%Trm In [1 - Gozf] ~ [éffﬂ, (3.46)

2h

Using the same procedure as above G(7,7) in Eq. (3.41) can also be ex-

pressed in terms of Gy(7,7’) as

G(r,7") = Go(1,7") //dﬁdeGo(T )51 (11, 7)G(72, 7). (3.47)
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Contour time to real time and Keldysh Rotation :

As explained in chapter 2 that it is always convenient to perform a Keldysh
rotation (Eq. (2.49)) for the contour ordered Green’s functions and work
with the retarded, advanced and Keldysh components. Moreover as Keldysh
rotation is an orthogonal transformation, the trace appearing in the CGF

i.e., Trj (1 — GoX4) as well as Tr; [é ffT] remain invariant.

Proof

As defined in Eq. (3.39)), Tr; -(AB--- C) is given as,

Trj - [AB e C] = / / e / dridry ... dr, Tr; [A(’Tl,’TQ) B(rg,73) - C(Tn,Tl)]
cJC C

(3.48)

Changing from contour to real-time integration i.e., using [dr =Y, _., [odt

we have

Ter[AB cee C] = Z /dtl /dtg e /dtnTrj [0'1140102 (tl, tQ)O'QBJQUB (tQ, tg)

0-170-27.“7

o CTI L (1, tl)] : (3.49)

By absorbing the extra ¢ into the definition of branch components it can be

easily seen that

Tr;.[AB---C|] = /dtl/dtg--- dtnTrj o [A(t1, t2)B(ta, t3) -+ Cltn, t1)],

= Try,.[AB---CJ. (3.50)
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where A = 0,A with o, = diag(1,—1). Now since the Keldysh rotation is an
orthogonal transformation transforming the matrix A to A such that A = 0T A0

(see Eq. (2.49) in chapter 2) we can easily see that,
Tryjo[AB---C| = Try;,[AB--- C]. (3.51)
Therefore we have
Tr;[AB-- C] = Ty ,[AB--- C] = Tr ;. [AB - -- C]. (3.52)

For later convenience, we also perform two-frequency Fourier transformation

defined as
+oo
A, o] / / dt At )it t) (3.53)

Then from Eq. (3.50) we can compute the trace in frequency domain as,

Tr [AB...C|] = /dwl/ dws /dwn

Alwy, —ws] Blwa, —ws] - - - Clwn, —wi]]

= Trjeu[AB---C| =Ty, [AB---C]. (3.54)

The last line defines what we mean by trace in the frequency domain.

If the Green’s functions are counting field independent e.g., Go(7,7") then

in the Keldysh space,

. Gr GK
Go=1| " 7 |. (3.55)
0 Gg
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However this is not the case for ©4(r,7') as well as for G(r,7’) as they
depend on the counting field £;. For example, using Eq. (3.42), in real

time different components for 4 (7, 7’) are given as

() = X9 (t+hat ()t + ha” () — Z97 (¢, 1),

= %97 (t —t' + B2 (t) — 27 () — 277 (t — ') (3.56)

which is time-translationally invariant because the lead is always in thermal
equilibrium. Now using the values z*(t) = F£,/2 we obtain the compo-

nents as

Sh(t) = T4t =0,
YAt) = Ep(t+he) - XE(t) = alt),

SE(t) = Xp(t—hé) — E7(t) = b(h). (3.57)

for 0 < t < tj; and is zero outside the measurement time interval i.e.,

t > ty;. Therefore after Keldysh rotation i)f matrix is given as (0 < ¢ < ty)

£4(1) = a(t)—=ob(t)  a(t)+b(t) . (3.58)

—a(t)—b(t) —a(t)+b(t).

Note that the K component is non-zero here. Finally we obtain the CF in

the Keldysh space as
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l

1 o /.
In 2(61) = =5 Trjuo In |1 -GS — =

Tt [éf ], 359

The external force f(t) does not depend on the branch index o. Therefore

the matrix f f7 in the Keldysh space reads ,

y 0 2ff7
fFI7 = . (3.60)
0 0

Importance of the final result

Eq.(3.59) is one of the central result of this chapter which got the following

importance for this particular model:

e The expressions for the CGF is valid for any arbitrary measurement
time ¢5; which need not to be large and hence one can study both

transient and steady state properties.

e The effect of measurements of H; to obtain heat, is to shift the
contour time argument of the corresponding self-energy by an amount

hx i.e., Xp(1,7") = Xp(1 + ha, 7" + ha').

e The expression is valid for finite size of the heat baths and it is there-

fore interesting to study the corresponding effects on the cumulants.

e The CGF is valid for arbitrary time-dependent coupling between the

leads and the junction.
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e The expression is valid in higher dimension for the system and for

the heat-baths.

e The force constant matrix for the center K¢ may be time-dependent.
In that case the bare Green’s functions for the center i.e., go(t,t') is
no more time-translationally invariant. However the Dyson equation
(Eq. (3.43)) is still valid. A recent study [21] has investigated what

happens to the thermal current in such case.

In the following we will derive the CGF for two other initial conditions i.e.,

pness(0) and p'(0) based on Feynman path-integral formalism.

3.5.2 Feynman path-integral formalism to derive Z(&;)

for initial conditions pngss(0) and p/(0)

In this subsection we derive the CF starting from Eq. (3.11) for the initial
conditions pngss(0) and p'(0) using path-integral approach. The major
problem for formulating the path integral for these initial conditions is
that they do not commute with the initial projection operator II, unlike the
product initial state. However we can remove this projection operator by
putting it into part of an evolution of H by introducing another integration
variable X\. The key observation is that, the projector can be represented
by the Dirac § function i.e., Il, = §(a — Hy) = [*o_dN\/(2m) e Mo He),

Substituting the Fourier integral representation into the expression for p’(0)
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we obtain

p'(0) o /daHapNESS(O) 11, (3.61)
X\ ,
_ /%GZAHLPNESS(O)elAHL. (3.62)

Then using the expression for Z(£.) in Eq. (3.11) we write

Z(&) = <ei£LHL/26—i§LHL(t)eigLHL/2>/

d\
x /gTI"{P(O)UsL/Z—A(OatM)U—sL/z—A(tM,0)}

= /% Z(&r, N). (3.63)

The proportionality constant will be fixed later by the condition Z(0) = 1.

As before, the CF on Keldysh contour can be written as
Z(e,\) =Tt [pNESS(O)TCe*%chT)dT , (3.64)

which can be expressed in terms of the product initial state ppoq using the

relation in Eq. (3.21) connecting pproa and pness(0). Then we obtain
280, \) = T pproa(—00) Tee ™ I ] (3.65)

Note that for product initial state, the contour C' was running from 0 to
ty and back to 0, while in this case the contour K is running from —oo

to tar and back to —oo (see Fig (3.3)). We define the function x(7) on the
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e

o0 o \t]\[

_ | / y
T/‘;-i-%‘—/\

Figure 3.3: The complex time contour K for projected initial state. The
path of the contour begins at time —oo, goes to time t,;, and then goes
back to time —oo. 7 and 7’ are complex-time variables along the contour.
The function x(7) is nonzero in the interval 0 < ¢ < ¢y,;.

contour K as

N :F%L—)\ for 0<t <ty
r(t) =

0 for t<0 and t > ty.

Here we take the following steps to get the final result,

e First we write down Z(&z, A) in the path integral representation.

e Then we obtain the Lagrangian corresponding to the modified Hamil-

tonian H,,.

e Then integrate out the bath variables to obtain the influence func-

tional.

e Finally we get an effective action and integrate it over the center

variables to obtain the CF.
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Step 1: Path integral representation of Z(&, )

Using Feynman path integral technique we can write Eq. (3.64) as

2(61.0) = | DluciDlus]Dlur] paa(—00) e i r(Ec s Evtnbucicn),
(3.66)
where D|u,] are the integration volume elements and ppyd(—00) is short-

hand notation for the matrix element (u} uft'|pproa(—0o0)|urL, uc, ur).

Step 2: The Lagrangian corresponding to H,

The Lagrangians associated with the Hamiltonian H, are:

L = L +Lc+Lr+ Lo+ Ler,

1 1
L, = éui — augKo‘ua, a=LR
Lo = giot fTu— Jub(KC —S"8)uc.
Lic = —iLgSuc — uf (VLC + C)uc,
Lop = —ubVig. (3.67)

where C and S are defined in Eq. (3.31) but with a different meaning for
x(7) which is now defined on the contour K. For notational simplicity, we
have dropped the argument 7 in the Lagrangians. The vector or matrices
f,C, and § are parametrically dependent on the contour time 7. They are

zero except on the interval 0 <t < ;.

Step 3: Influence functional on contour

Following Feynman and Vernon [22], we can eliminate the leads by per-

forming Gaussian integrals. Since the coupling to the center is linear, the
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result will be a quadratic form in the exponential, i.e., another Gaussian.

Therefore the influence functional for the left lead is given by [23]

[L[uc(T)] = /D[UL]/)L(—oo)e;lde(ﬁLH:Lc)
e PrHL . .
= —5 [ drVa(r)
Tr[ ZL Tce R }
= exp [_% / / deT/ﬁg(T)HL(T, T/)fLC(T,)] : (368)
y 1

Vo(r) = ab (T + ﬁx(r))VLC(T)iLC(T) + §ﬁg<T)STSﬁc<T). (3.69)

In the above expressions, the contour function uc(7) is not a dynamical
variable but only a parametric function. Note that V, is the interaction
picture operator with respect to Hp, as a result, e*"r/hq; (hx)e HL/h =

We now define the important influence functional self-energy on the contour

as

My(r,7) = SMr7)+Su(r, 7)) +S8TSe(r,7),  (3.70)
A, )+ 2 (1) = V(gL (7 + ha(r), 7" + hx(T'))VLC(T')

= X(7 + ha(r), 7" + ha(7')), (3.71)

d(7,7') here is the Dirac delta function on the contour. Equation (3.71)
is similar to what we got for the product initial state (Eq. 3.38) with two

differences

e The Green’s functions are defined on the contour which is running
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from —oo to t); and back to —oo.

e The meaning of the parameter z(7) is different as it got a A depen-

dence coming from the initial projection operator.

Similarly the influence functional for the right lead can be obtained as

Ir[uc(7)] —exp //deT T)Sg(T, T uc(t")]. (3.72)

This is the usual influence functional as no measurement is performed using

the right lead Hamiltonian Hg.

Step 4: Effective action and the CGF

The CF can now be written as

Z(€r,\) = /D uc)pe(—o0)e M I IEe I ) Tpluc)

_ /D[uc]pc(—oo)enseff (3.73)

where

Set = %/dT/dT’ug(T)D(T, T’)uC(T/)+/fT(T)uc(T)dT (3.74)

and we define the differential operator D(7,7’) as

D(r,7") = [(I% + KC)5(7', ™)+ X(7, T')] — 2,7
= Dy(r,7) =S (r, 1. (3.75)
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Therefore the final CF is obtained by doing another Gaussian integration

and is of the following form
Z(&1) o det(D)V2em it PTIE (3.76)

We can identify that Green’s function Go(7,7') in Eq. (3.43) and G(r,7')

in Eq. (3.47) satisfying the following equations

| Doz 1Gotr" = 18657, (3.77)

[ DG i = s, (3.78)

We view the differential operator (integral operator) D and D! as matri-
ces that are indexed by space 7 and contour time 7. The proportionality
constant in Eq. (3.76) can be fixed by noting that Z(£, = 0,A =0) = 1.
Since, when &, = 0 and A = 0, we have x = 0 and thus (7, 7) =
Yot + he, v+ ha') — X (7,7") =0, s0 D = Dy. The properly normalized
CF is

i

Z(€1,)\) = det(Dy 'D) " V2emm DL (3.79)

Finally making use of the formulas for operators or matrices det(M) =

emMand In(1 —y) = = > 2, y—: we can write the CGF in terms of ¥4
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for the projected initial condition p'(0) as,

InZ() = /\ILIEOIHZ(SL,)\)

_ . 1 A i ~ T

= /\h_)nolo {—QTIN In(1 — GoX7) — 2ﬁTrN(fo )}
: 50 1 A\n i ~pe T

= )\13’[010 2 %TI'(]‘J) [(GOEL) i| - ﬁTer [fo i| y

where to obtain Z(&;) from Z(£;, A) we took the limit A — oo because
Z(&r,, \) approaches a constant as |A\| — oo and therefore the value of the
integral is dominated by the value at infinity. Following the same technique

as before the above CGF in the Keldysh space reads

. 1 v~ Z 2z v
n 2(¢;) = lim {—§Trj,t7<, 1n[1 - (Gozf)} 5o [foT]}. (3.80)

Now for steady state initial condition pxgss(0) the CGF can be immediately

written down as

InZ(¢1) = limIn Z(¢z, ). (3.81)

Conclusion

For all three different initial conditions the CGF for heat is written in a
compact way. The CGF is a sum of infinite terms with products of G|
and Y4 which are in convolutions. The meaning of these Green’s functions

depends on the initial conditions and accordingly is defined either on the
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contour C|0, t,] with parameter z%(t) = F£;,/2 for (0 < t < t)r) or on the
contour K[—oo,ty;] with parameter z%(t) = FEL/2 — X for (0 < t < ty)

and zero otherwise.

CF for the right lead

Similar relations also exist if we want to calculate the CGF for the right
lead heat (Qr. In that case one has to measure the right lead Hamiltonian
Hpr at two times. The final formula for the CGF remains the same except

that ¥4 should be replaced by ¥4.

3.6 Long-time limit (f; — oo0) and steady

state fluctuation theorem (SSFT)

For the long-time limit calculation we can use either Eq. (3.46) or Eq. (3.80).
For convenience of taking the large time limit, i.e., t); large, we prefer to
set interval to (—ty;/2,tp/2). In this way, when ¢y, — oo, the interval
becomes the full domain and Fourier transforms to all the Green’s func-
tions and self-energy can be performed (where the translational invariance
is restored). Applying the convolution theorem to the trace formula in
Eq. (3.59), we find that there is one more time integral left with integrand
independent of ¢. This last one can be set from —t,;/2 to t,;/2, obtaining

an overall factor of ¢, and we have
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Proof
In the long-time limit, the time-translational invariance of the Green’s functions

implies

Alw,w'] = 2r A[w])d(w + o) (3.83)
Thus from Eq. (3.54) we write

Tr(;(AB---C) = 5(0) / dw Tr; » [AJw] Blw] - - - Clw]]. (3.84)

We write 6(0), which got the dimension of inverse frequency, as t,; /2.

In the long-time limit, ¥4[w] is obtained by the Fourier transformation of

Eq. (3.58) and given as

alw] = 7 [w] (e —1) = —i(1+ frlw])Tpw](e "4+ —1), (3.85)

bw] = Sp[w](e" —1) = —ifi[w]lL[w](e™* —1), (3.86)

where we use the fluctuation-dissipation relations for the self-energy. ', [w] =
i(2r[w]—X4[w]), a = L, R is the spectral function and f,[w] = 1/(e’*™ —1)
is the Bose-Einstein distribution function for the leads. Note that X4 is
supposed to depend on both £ and A\. However in the long-time limit, the
A dependence drops out which makes the steady state result independent

of the initial distribution. Finally, the CGF for large t;; is given as
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In Z(61) = —tu / Z—:Trln[l—éo[w]if[w]}—z / d—wTr[é[w]f[w,—w]],

where Gw] is obtained by solving the Dyson equation given in Eq. (3.47)
in frequency domain. Flw, —w] is written as

Flo—a = | 0 W (3:88)

0 0

So for the linear system the full CGF is separated into two parts. The first
part is independent of the driving force and depends on the temperature
of the leads. The second part is the contribution coming from the driving

force. Therefore we write the CGF as
In Z(£0) =1n Z5(&1) + In 29(&L). (3.89)

In the following and subsequent sections we discuss about Z%(£;) and will

return to Z%(£;) in the next chapter.

Explicit expression for In Z°(¢;) in long-time

In order to obtain the explicit expression for In Z°(£;) in the long-time we
need to compute the matrix product
Gy GE a—b a+b

(3.90)

!
2 a
0 G —(a+b) b—a
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(we omit the argument w from GS’K’G, a and b for notational simplicity) We
rewrite the term Trln(1—M) as a determinant i.e., Indet(1—M) and use

the formula
A B
det = det(A — BD'C)det(D) = det(AD — BC),  (3.91)
D

assuming [C, D] = 0 and D to be an invertible matrix. This two conditions
are satisfied here. By doing this the dimensions of the determinant matrix
reduces by half. Finally using the steady state solutions for GS’K"I and ¥4

we obtain the steady state solution for Z*(£;) which reads

d
In Z°(€) = —tus / ﬁ In det [1 QTG R K(w: 1))

K(w;&) = (" =1) fL(1+ fr) + (7™ =1) fr(1+ fr).  (3.92)

If we consider the full system as a one-dimensional linear chain with nearest-
neighbor interaction, then because of the special form of I', matrices (only

one entry of the [' matrices are non-zero) it can be easily shown that

det[I — (GiT LG R)K(w; &)] = 1 — T[T w] ] K(w; &1 (3.93)

where Tlw] = (G ,G{Tg) is the transmission matrix and Tr [T [w]] is the
transmission function and known as the Caroli formula [24, 25]. For one-
dimensional linear chain, this steady state result was first derived by Saito

and Dhar [26] in the phononic case.
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Gallavotti-Cohen symmetry

The CF Z%(£) in the steady state obeys the following symmetry

Z5(&)=2°(— & +i(Br—Br)), (3.94)

where Sr — [, is known as the thermodynamic affinity. This can be shown
by using the relation fr(1 + f) = fr(1 + fr)ePr=Pr)™  This particu-
lar symmetry of the CF is known as Gallavotti-Cohen (GC) symmetry
[3, 4]. The immediate consequence is that the probability distribution
for transferred heat (), given by the Fourier transform of the CF, i.e.,

P, (Qr) = 5= f dé€ Z(£1) e 1@t obeys the following relation in the large

P, (Qr) = e(BrR=BL)QL P, (—Qr). (3.95)
or equivalently
PtM
I [ﬁ] = (Br = BL)CQL- (3.96)

This relation is known as the steady state fluctuation theorem which quan-
tifies the ratio of positive and negative heat flux and therefore make precise

statement about the violation of second law of thermodynamics.

First two cumulants of heat

The cumulants of heat can obtained by taking derivative of the CGF with
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respect to the counting field &, at &, =0 i.e.,

(Qm) = %TTZL;?}&O (3.97)
The first cumulant is given as
gy = el [ EhenlT@ln -, (699)

which is the Landauer-like formula in thermal transport. An alternate

derivation starting from the definition of current is shown in chapter 2.

Similarly the second cumulant ((Q2)) = (Q2%) — (Qr)?, which describes the

fluctuation of the heat transferred, can be written as [26-28],

tar o Am

(@) /OO dw (hw)Q{Tr [T2(W)] (fo—fr)*+Tx[T (w)] (fr+fr+2 foR)}'

(3.99)

The higher cumulants can also be obtained systematically.

In the following section we present details about numerical calculations
for obtaining the cumulants of heat in one-dimensional linear chain system
connected with Rubin heat baths and also for graphene junction for these

three different initial conditions.
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3.7 Numerical Results for the cumulants of

heat

The central quantity to calculate the CGF numerically is the shifted self-

energy ¥4 which is given by
SA(r, ) = S (7 + ha(r), 7 + ha(r)) — S (7, 7). (3.100)

The main computational task for a numerical evaluation of the cumulants
using Eq. (3.37,3.59) is to compute the matrix series —In(1 — M) = M +
IM?+ -+ where M GoXfh. Tt can be seen due to the nature of 3¢ that
for the product initial state, exact n terms up to M" is required for the
n-th culumants, as the infinite series terminates due to %4(&, = 0) = 0.
Numerically, we also observed for the projected initial state p'(0), exactly
3n terms is required (although we don’t have a proof) if calculation is

performed in time domain.

We need to perform convolution integrations in the time or frequency do-
main. For projected and steady state initial condition all components of
G are time translationally invariant, as they are calculated at the steady
state, it is advantageous to work in the frequency domain (see appendix
(C)). But for the product initial state there is no such preference and one
has to solve the Dyson equation given in Eq. (3.43) (see appendix (D))

numerically. The cumulants are then obtained by taking derivatives i.e.,

(@) = gz, .
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Results for projected p/(0) and product initial state p,0q(0)

In Fig. 3.4 and 3.5 we show results for the first four cumulants of heat
for both left and right lead @, and Qg starting with the projected p/(0)
and product state pproda(0) respectively. The system is a one-dimensional
(1D) linear chain connected with Rubin heat baths. (One can consider
other type of heat baths such as Ohmic or Lorentz-Drude bath [6]. In such
cases the self-energy expressions should be modified.) By Rubin baths
[5, 6] we mean a uniform linear chain with all spring constant k and a
small onsite ky. We consider only one atom at the center. The atoms of
the left and right side of the center are considered baths. The expressions
for Gy and the self-energy are given in appendix (E) and (F). We choose
k = 1 eV/(uA?) and the onsite potential k, = 0.1 eV/(uA?) in all our
calculations. For pure harmonic chain the onsite potential is important to
achieve the steady state dynamically [29]. Few important observations for

the cumulants are mentioned in the following:

e First of all we see that the cumulants greater than two are nonzero,
which confirms that the distribution for heat P(Q) or P(Qg) is non-
Gaussian. This can also be seen from the steady state expression for

CGF.

e The generic features are almost the same for both these initial con-
ditions. However the fluctuations are larger for the product initial
state pprod(0) as the couplings between the center and the leads are
switched on suddenly. On the contrary, for the initial state p’(0) the

fluctuations are relatively small and the system reaches steady state
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Figure 3.4: The cumulants ((Q7)) and ((Q%)) for n=1, 2, 3, and 4 for one-
dimensional linear chain connected with Rubin baths, for the projected
initial state p’(0). The black (solid) and red (dashed) curves corresponds
to ((Q7)) and ((Q%)) respectively. The temperatures of the left and the
right lead are 310 K and 290 K, respectively. The center (C) consists of
one particle.
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Figure 3.5: The cumulants ((Q7)) and ((Q%)) for n=1, 2, 3, and 4 for one-
dimensional linear chain connected with Rubin baths for product initial
state pproa(0). The black (solid) and red (dashed) curves corresponds to

((Q7)) and ((Q%)) respectively. The temperatures of the left, the center
and the right lead are 310 K, 300 K and 290 K, respectively.
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Figure 3.6: The cumulants ((Q7)) and ((Q%)) for n=1, 2, 3, and 4 for one-
dimensional linear chain connected with Rubin baths for steady state initial
state pngss(0). The black (solid) and red (dashed) curves corresponds to
((Q7)) and ((Q%)) respectively. The temperatures of the left and the right
lead are 310 K and 290 K, respectively.

much faster as compared with the product initial state.

e For p/(0) due to the effect of the measurement, at starting time heat
flux or the current (derivative of (@Q)) with ¢5,) (see Fig. 3.4) goes into
the leads, which is quite surprising. But for pp0q4(0) although initial
measurement do not play any role, energy still goes into the leads.

This can also be shown analytically (see Appendix (G)).

e At the starting time the behavior of both @, and Qi are very similar
and can be intuitively understood as both the leads are identical and
the effect of temperature difference is not realized in such a short

time scale. At longer times the odd cumulants starts differing and
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Figure 3.7: The structure of a graphene junction with 6 degrees of freedom
with two carbon atoms as the center.

finally grows linearly with time ¢,; and agrees with the corresponding

long-time predictions.

Result for steady-state initial condition pngss(0)

In Fig. 3.6 we show the results for the steady state initial condition, pngss(0)
by taking the limit A — 0. Since in this case the measurement effect is ig-
nored the dynamics of the full system starts with the actual steady state.
Therefore the first cumulant of heat increases linearly from the starting
time at t = 0 and (@) = t(I;) where the slope gives the correct predic-
tion with the Landauer-like formula. However, higher order cumulants still
shows transient behavior. In this case the whole system achieve steady

state much faster as compared to the other two initial conditions.

Result for graphene junction

We also present numerical results for graphene system. In Fig. (3.7) we

show the structure for the graphene junction system. The center region
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Figure 3.8: The cumulants ((Q")) as a function of ¢, for graphene junction
for n = 1, 2, 3 and 4. The curves are for the product initial state; the
circles are for steady-state initial state. The dotted line is for the classical
limit (A — 0 keeping A finite) for the steady-state initial condition. The
temperature of the left lead is 330 K and that of the right lead is 270 K.
For the product initial state, the center temperature is 300 K.

116



Chapter 3. Full-counting statistics (FCS) in heat transport for ballistic
lead-junction-lead setup

consists of two atoms with six degrees of freedom, while the two leads are
symmetrically arranged as strips (with periodic boundary conditions in the
vertical direction). We obtained the force constants using the second gener-
ation Brenner potential. The computational effort required for convergence

is huge for the graphene junction.

From the Fig. (3.8) we can see that similar to the 1D case, in graphene junc-
tion also, fluctuations are much larger for p,04(0) as compared to pngss(0).
As before for product initial state current goes into the leads at the begin-
ning. If the system were classical, the measurement could not disturb the
system. We should expect the current to be constant once the steady state
is established. The dotted line in the figure correspond to the classical
limit. The nonlinear ¢;; dependence observed here in (@) is fundamentally

quantum mechanical in origin.

3.8 CF Z(¢1,&Rr) corresponding to the joint

probability distribution P(Q,Qr)

In this section we derive the CF Z(,, {g) for {¢ = 0 introduced in Eq. (3.14).
This CF corresponds to the joint probability distribution P(Qr, Qr). Here
we only consider the product initial state pp0a(0). Other initial conditions

can be handled as before. Following the same technique developed earlier
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the generalized CGF reads
1
In Z({r,8r) = —QTT(];T) In [1 — [Go(=} + Eﬁ)ﬂ, (3.101)

where an additional term Y4 appears as an additive term due to the mea-
surement of right Hamiltonian Hpz. Therefore we now need to shift the

contour-time arguments for both left and right lead self-energies, i.e.,

A1) = ZQ(T + hro(T), 7 + hxa(T')) — (1, 7), a=LR

:F%* for 0 <t <ty

O

0 fort >ty

The CGF for the left-lead heat can be recovered trivially by substituting

§r=0.

Long time limit of the generalized CGF

In the long-time limit due to time-translational invariance Z(&,&g) be-
comes a function of difference of the counting fields [30, 31] i.e., £, —&g.
The final expression for the CGF is the same as In Z°(£;) except that now

the counting field &, should be replaced by &5, —&g. Therefore we have

In 2°(60—€) = —tur [ 42 Indet|[I = ThllC(wi&s — &0

K(w; €L —&r) = (700 1) fr (14 f) + (780 1) fr(14 f1).

(3.102)

(G satisfies the same Dyson equation as before. Here we assume [F L, [ R} =
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Figure 3.9: First three cumulants of the correlations between left and right
lead heat flux for one dimensional linear chain connected with Rubin baths,
starting with product initial state pp0a(0). The left graph corresponds to
({(QrQr)) and the right graph corresponds to cumulants ({(Q%Qg)) (black
curve, solid) and ((Q%Qr)) (red curve, dashed). The left, center and right
lead temperatures are 310 K, 290 K and 300 K respectively. The center
(C) consists of one particle.

0. By performing Fourier transformation of the CGF the joint probability
distribution is given as P(Qr,Qr) = P(Qr) 6(Qr + Qr). The appearance
of the delta function is a consequence of the steady state which also implies

that if we calculate the CGF for heat for the center part, then it will be

independent of the counting field in the long-time limit.

The cumulants for the correlation between left and right lead heat flux
can be obtained from by taking derivative of the CGF with respect to the
counting fields &, and &g, i.e.,

. 8"+m In Zs(gL —fR)

<< %Qg» a 8<Z§L>na(Z£R)m £L:§R:0. (3.103)

In the steady state the cumulants obey ((Q7Q%)) = (—1)"((Q7™)) =

119



Chapter 3. Full-counting statistics (FCS) in heat transport for ballistic
lead-junction-lead setup

(—=1)"((Q*™)). The first cumulant give us the left and right lead correla-
tion ((QrLQr)) = (QLQr) — (Q1)(Qr) and in the steady state is equal to
—((@Q1)-

Results for correlations of left and right lead heat flux

In Fig. (3.9) we plot first few cumulants for the correlations of heat for
one dimensional linear chain connected with Rubin bath and the center
consists of only one atom. Initially the cumulant ((Q.Qr)) is positively
correlated as both @) and Qg are negative, however in the longer time
since (1, = —Qg the correlation becomes negative. We also give plots for
((Q2Qr)) (black, solid lines) and ((Q%Qr)) (red, dashed lines) which in
the long-time limit are negative and positively correlated respectively and

match with the long-time predictions.

Results for Entropy production in the reservoir

From the two parameter CGF in Eq. (3.101) we can immediately write
down the CGF for total entropy production in the leads given as ¥ =
—Br Q1 — FrOgr. In order to calculate this CGF we just make the substi-
tutions &, — —fr€ and (g — —fgE in Eq. (3.101). In the long-time limit
the expression for entropy-production is similar to In Z(&,, £g) with £, — &g
replaced by A and therefore it becomes an explicit function of thermody-
namic affinity S — (1, [30, 31]. The CGF now satisfy the GC symmetry as
Z(€) = Z(—£+1). In Fig. (3.10) we give results for the first four cumulants
of the entropy production. All cumulants are positive and in the long-time

limit give correct predictions.
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Figure 3.10: The cumulants of entropy production ((3")) for n=1, 2, 3,
4 for one dimension linear chain connected with Rubin baths, for product
initial state pproa(0). The left, center and right lead temperatures are 510
K, 400 K, and 290 K respectively. The center (C) consists of one particle.
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3.9 Classical limit of the CF

In this section we will give the classical limit of the steady state expression

for the CGF’s In Z°(¢) given in Eq. (3.92). First of all we note that

retarded and advanced Green’s functions, i.e., G, and G§ are the same for

quantum and classical case which can also be seen from the definitions as

commutators gets replaced by the Poisson brackets. We know that in the
kpTa

classical limit f, — *£°= and also e = 1+iz+ @ +- -+, where z = £ hw.

Using this we obtain the classical limit of Z°(¢;) as

293

In Z?
BrBr

as(&n)=—tu /OO Z—:ln det [I—T[w]

—00

(i€ +(Br—PBL)) |- (3.104)

This result reproduces that of Ref. [32] which was obtained from Langevin
dynamics with white noise reservoirs. However above formula is valid for
arbitrary colored noise which are written in terms of the self-energy of the

leads. Similar to the quantum case, here the CGF obeys the GC symmetry,

Le., Z,(80) = Z54(=& +i(Br — Br))-

It is worth mentioning that very recently, the above study is extended for
a general lead-junction-lead model including direct coupling between the
leads and it is found that the long-time CGF can be written in a similar
form as given in Eq. (3.92) with a different transmission function but the

form of the counting-field dependent function is the same and therefore
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satisfy GC symmetry. For details see Ref. [16, 33]

3.10 Nazarov’s definition of CF and long-
time limit expression

In this section we first derive Nazarov’s CF [13, 14, 26] given by Eq. (3.17),

starting from the CF derived using two-time measurement concept (see

Eq. (3.11)) and then obtain the long-time limit expression for the harmonic

lead-junction-lead model.

Derivation for Nazarov’s CF from two-time measurement CF

Employing two-time measurement method the CF is written as

Z(&) = <ei§LHL e—iﬁLHf(t)>

(Ue,, 12(0,8)U_¢, j2(t,0)). (3.105)

where Uy (t,0) = T exp[—+ fg H.(t')dt'] and the modified Hamiltonian is

given as

Ho(t) = e™MeH(t)e "ML,

— Ht) + (up(he) — ug) VCuq, (3.106)

Now let us consider small x = ££; /2 limit. Then the modified Hamiltonian
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can be approximated as
Ho(t) = H(t) + haZ;(0) + O(z?), (3.107)
where Z;,(0) = uZ VL%, The modified unitary operator then written as
i [* -
U, (t,0) = Texp [_ﬁ / (H(E) + thL(O))dt] (3.108)
0

Now we can consider hzZ;,(0) as the interaction Hamiltonian and write the

full unitary operator U, as a product of two unitary operators as following

U (t,0) = U(t,0)UL(L0),
ot
Ut,0) = Texp [—%/ H(t') dt']
0
ot
Ul (t,0) = Texp[— / haZ (1)t (3.100)
0
with Zp(#') = UT(t',0) Z,(0)U(¥,0) is the current operator in the Heisen-
berg picture. It is important to note that ¢/ is the usual unitary operator
which evolves with the full Hamiltonian #(¢) in and has no counting-field
dependence. Therefore in the small £, approximation and using the ex-

pressions for U, we can write the CF as

Zl (gL) =Tr [pprod(o) uglL/Q(Ov t) U£§L/2(t, 0)] ’ (3'110)

where we use the property of unitary operator, i.e., UT(t,0)U(t,0) = 1.
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Finally using the definition of heat operator Qj the CF reads
21(61) = (T2 peeer/2), (3.111)

which is the same as in Eq. (3.17).

Long-time limit for Nazarov’s CF

In the following we will give the long-time limit expression for this CGF. In
order to calculate the CGF, we go to the interaction picture with respect to
the Hamiltonian Hy = Hr+Hc +Hr, as we know how to calculate Green’s
functions for operators which evolves with H, and treat the rest part as
the interaction V, = Hiy + haZ;(0). So the CF on contour C' = [O,tM]
can be written as

Z(&) = <Tce‘%f‘>w<7>dT>, (3.112)
where V,(7) is now given by

~

Vuo(7) =ty (1)V"ac(7) + ap(r)V () + ha(7)pL(m)V Clc(r),
(3.113)
where p;, = ;. The time-dependence 7 is coming from the free evolu-
tion with respect to Ho. z(7) has the similar meaning as before, i.e., on
the upper branch of the contour z*(t) = —¢;,/2 and on the lower branch
x=(t) = &,/2. Now using the same idea as before, we expand the series,

use Wick’s theorem and finally obtain the CGF' as

1
In 2,(2) = —5 T In [1 - G02£:|- (3.114)
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Here Gy is the same as in Eq. (3.43). In this case however the shifted

self-energy Y4 is different and is written as

SL(r, ) = ha(r) By, (7, 7) AR (1) By, (7, 7)1 2(7) £(7') By, (7, 7).
(3.115)
The notation X 4p(7, 7)) means

Yap(r, 7)) = —% VLT A(T)BT (7)) VEC|. (3.116)

The average here is with respect to equilibrium distribution of the left
lead. It is possible to express the correlation functions such as ¥, ., (7,7)
in terms of the X,, ,, (7,7") = Xp(7,7') correlations. %, ,,(7,7") and
Yup, (1,7") is simply related to X (7,7') by the contour-time derivative

whereas for ¥, ,, (7, 7") the expression is
ZPLPL (Tv T/) =—Fa;,  t+ 5<7', 7'/)22- (3.117)

Where $1 = VELVEC Now in the frequency domain different components

of ¥¢ takes the following form

o] = P ) ey
o) = P Py
Sill = (i~ s
SRl = (=i — T (3.118)
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Finally using the fluctuation-dissipation relations between the self-energy,

the long-time limit of the CGF can be explicitly written down as,

InZ(¢&) = —tu & det [1— (i€rhw)Tw] (fr — fr)
47
_Lf@ (Tl +2£2)(1 +24r) — G535
+GIS - GITLGETL) + 7 (6,64)] (3.119)

where J(£2,£1) is given by

%S
4
+ (G2 GES] + GpSLGexy) +

a r 1 (Zthw)Q h2§2
(Go + Go)Ei - ZTTL
1 (i€ hw)!
4 4
1 (Rt
GreGes + Z< fL)nggngg. (3.120)

J(E.&) =

This CGF does not obey the GC fluctuation symmetry. However it gives
the correct first and second cumulant as the definitions turn out out to be

the same for both the CF’s Z(£;) and Z,(£;) and are given as

(@) = (@ = Ty = R [ @y n),
(@0 = (@) -y = T aist) = S

= [t [ gz - | [ @]’ e

Expressions for higher cumulants are different for the two CF and therefore

the final expressions for the CGF’s are completely different from each other.
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3.11 Summary

In summary, we present an elegant way of deriving the CGF for heat for
a harmonic system connected with two heat baths. Using two-time mea-
surement concept we derive the CGF based on NEGF and path-integral
technique. We generalize the model by including time-dependent driving
force at the center and also making the coupling between the leads and
the center time-dependent. The leads in our formalism could be finite.
The CGF is obtained for arbitrary transient time ¢,;. For this harmonic
junction the CGF is written as a sum of two contributions. In this chap-
ter we discuss the temperature bias part of the CGF which is written in
terms of the center Green’s function and shifted self-energy of the measured
lead. We found that the counting of the energy is related to the shifting in
contour time for the corresponding self-energy. For the electron case also
similar conclusion can be drawn (see appendix (H)). In addition to the
energy measurement, for electrons, particle number measurement gener-
ates a contour-time dependent phase in the self-energy. We consider three
different initial conditions for the density operator and show numerically
that for 1D harmonic chain, connected with Rubin baths, transient be-
haviors significantly differ from each other but eventually reaches a unique
steady state in the long-time limit. We also present results for graphene
junction. An intriguing feature is that a measurement, even in the steady
state, causes energy flow into the leads. We give explicit expressions of the
CGF in the steady state invoking the time translational invariance of the

center Green’s functions. The CGF obeys the GC fluctuation symmetry.
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We also obtain a two-parameter CGF which is useful for calculating the
correlations between heat flux and also the total entropy production in the
leads. The classical limit for the CGF is obtained which also satisfy the GC
symmetry. We would like to point out that the effect of magnetic field can
be similarly studied by including an additional term in the Hamiltonian
given in the form ul, Apc where A is an antisymmetric matrix and depends
on the magnetic field. Such a model is used to explain a recently discovered

phenomena known as Phonon Hall effect [34-36].
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Chapter 4

Full-counting statistics (FCS)
and energy-current in the

presence of driven force

Understanding the general features of energy current in a force-driven sys-
tem is of significant interest. One of the major goal here is to control the
current by applying periodic driving force and to convert the system to
act like a heat pump [1-4]. i.e., to direct heat against thermal bias by
using external force. As an example, Ai et al [5] showed the heat pumping
behavior in Frenkel- Kontorova (FK) chain by adjusting the frequency of
the ac driving force. On the contrary, Marathe et al [6] showed that under
periodic driving two coupled harmonic oscillators connected with thermal

reservoirs fails to act as a heat pump.
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On the other hand, a recent study on driven quantum Langevin model for
any arbitrary time-dependent potential shows that the energy dissipation
flow to thermal environment is related to the violation of the fluctuation-
dissipation relation [7, 8]. Moreover, for systems driven arbitrarily far
from equilibrium it is possible to relate the work done during the nonequi-
librium process with the free energy difference between two equilibrium
states through Jarzynski’s equality (JE) [9-11]. Finding explicit forms of
nonequilibrium distribution functions for work and henceforth averages for

different systems is another major interest in this field [12-15].

In the previous chapter, for a forced-driven harmonic lead-junction-lead
model we found that the full CGF can be separated into two terms (see
Eq. (3.89)). The force independent term in the long-time limit reduces to
the Levitov-Lesovik like formula for phonons. In this chapter we investigate
the other term of the CGF coming due to the driving force. We first
obtain the long-time limit expression for the CGF and then generalize it
by introducing another counting field for the right lead heat to study driven
force induced entropy production in the leads. This also satisfy fluctuation
symmetry. For periodic driving we derive an explicit expression for the
CGF when the system is connected with Rubin heat baths and then explore
the effects on steady state energy current due to system size and applied
frequency. In addition we compare the effects of Rubin [16] and Ohmic [17]
heat baths on energy current. We also present an alternate derivation for
transient energy current starting from the basic definition of the current

operator.
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4.1 Long-time result for the driven part of

the CGF In Z%(¢;)

In this section we derive an explicit expression for the forced-driven CGF
In Z4(¢1) in the long-time limit (for periodic driven force) which is given

by (Eq. (3.87))

In 2%(¢,) = — / Z—::Trjp (Gl Flo, ], (4.1)

where G is the counting field dependent Green’s function and satisfy the

Dyson equation on the contour C0, ¢y,]

G(r,7) = Go(r, ") / / dridry Go(T, 1) S8 (11, 72)G(12, 7). (4.2)
and the force matrix Flw, —w] is given as

Flu, ] = 0 flwlf*[-w] . (43)

0 0

Using Keldysh rotation and invoking time-translation invariance in the
long-time limit (é does not depend on time-depdnent force and therefore
it will have a proper long-time limit) i.e., G(t,t') = G(t — t'), we obtain

the solution for G[w] in terms of G and ©¢' as

Gl = [1 - G5 G, (4.4)
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with
VO[W]: Ghlw] GElw] nd if[ ]:1 a—b a+b |
0 Gilw] —(a+b) —(a—0)
(4.5)
a = Y[w](e " —1),
b = If[w](e’™t —1) (4.6)

Equation (4.4) can be solved by calculating the inverse of a 2 x 2 matrix.
Let us now make an assumption that the product of f(t) and f(t') is a
time translationally invariant function, i.e., f(¢)f7(¢) = F(t —t') in order
to get rid of ¢ + ¢ dependent term. In the Fourier domain this means
flw]fT[w] = 2rF|w]é(w 4 «'). Therefore we have Fiofw, —w] o 6(0)F[w]

with §(0) = tpr/27. Using these results the CGF can be expressed as

In Z4¢&L) = ity / % @Tr Golw](a + b)Gg[w]F[w]], (4.7)

Using the fluctuation-dissipation relations for the self-energy i.e., X7 [w] =
fr(ELw] = Tf[w]) = —ifrly and 37 [w] = M7 [w], Tlw] = i(S] [w] —
¥4 [w]) the CGF reduces to

dw Mip(w;&r)
drh N (w;&r)

In Zd(gL) = tM/ Tr [SL[WH, (48)
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with

Silw] = Golwllp[w]GHlw]Flw],
Mp(wi€r) = (e*"=1) fp + (e 1) (1 + fr),
N(w;€r) = det|I=Tlw| K(w; &),

Kw;ér) = (5 =1)fr(1+fr) + (e =1) fr(1+ fr). (4.9)

We call S [w] as the force-driven transmission matrix which is independent
of h and the temperature of the heat baths. Also note that My (w;&r)
depends only on left lead temperature and follow the symmetry relation
My (w; &) = Mp(w; —&—iB). Therefore we immediately obtain Z4(—if;) =
1 which is completely independent of the right lead information. If we con-
sider the two leads at the same temperature (5, = Sg = [3), this particular
form of symmetry is then closely related to the Jarzynski equality (JE)
[9-11]. However since N (w; &) is not invariant under this transformation
&, = =&, —ifp (it remains invariant when &, — —&;, + i(6r — (1)) in
general Z4(¢p) # Z4(—¢;, — ). This however does not violate JE as the
CF Z4(¢p) is defined for the quantity heat, not for the work done by the

external force as defined by Jarzynski.

It is also possible to generalize the CGF by introducing another counting
field £ corresponding to Q% (d here refers to the contribution due to
the driven force), as done in chapter 2. Then the force induced entropy
production in the leads can be computed easily. It can be shown that the

effect of measuring other lead is additive to the final CGF because the
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Dyson equation in Eq. (4.2) gets an additional term Y4(7, 7), i.e.,

G(r, ) = Go(7, ") + /C/CdTldTg Go(r, 1) (24 + 22 (71, TQ)G(TQ, 7).
(4.10)

and we obtain in the long-time limit

dw 1
4rh N(“% §1—Er

1nZd(§L,€R):tM/ ) Z Ma(w; &) Tr[Sa[w]]. (4.11)

a=L,R

Note that the forced-driven CGF is not a function of the difference of the

counting fields. The functional form for M, is the same as before i.e.,

My (w; &) = (e 1) fo + (e 1)1+ f,) a=LR (4.12)

We now see that this CGF is invariant under the transformation &, =
—&q —ifa = L, R i.e., My(&) = ./\/la( — &, — zﬁa) and N (&, — &g) =
N(=(&L — &r) + i(Br — Br)). (we omitted the w argument for simplic-
ity) Therefore in the long time limit the work-induced entropy production

satisfies Z4(—if, —ifr) = 1 or equivalently (ePrQL+/rQR) — 1,

First two cumulants

Let us now give explicit expressions for the first and second cumulant
of forced-driven heat flowing out of the left lead by taking derivatives of

In Z4(¢;) with respect to the counting field £, and evaluating at &, = 0.
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The first cumulant, same as the first moment, is given as [18]

o _ (@) _ 1 9In2g)
<IL> - tM tM 8(2&

/—wTr [Splw]].  (4.13)

ELO

Note that since wSy[w] is positive the energy current always goes into the
lead. Therefore the average rate of work done is positive which is consistent
with the second law of thermodynamics. Also the current is independent

of temperature and the expression is same in classical and quantum case.

The second and similarly the higher order cumulants however depend on
temperature of the baths. For example, the second cumulant reads

(@) / dw

o~ o () T [Sulwl] | (1+ 2 £2) = 2 T [T(@)] (f1 — fi)]-

(4.14)
Similarly all higher order cumulants can be obtained from the CGF. There-

fore we can conclude that the distribution P(Q)4) is non-Gaussian.

4.2 Classical limit of In Z9(&;, &R)

Let us now get the classical limit (h — 0) for the generalized CGF In Z%4(&,, £R)
using Eq. (4.11). Following above relations the function M, (§,) in the limit

h — 0 reduces to

M (W, €0) = —hw (ZSQ g) (4.15)
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The transmission matrices Sp[w] and Sg[w]| remain the same as they are

independent of h. So in the classical limit In Z4(¢., £) reduces to

B dw w , £
In Z4,(¢r,Er) = —tu / 37 Now(er—n) a:z[;R (Zfa + E>Tr [Salw]],

(4.16)

where Ns(w; &) = det [I — T w] B’fé}? (1€, + (BR—BL)} . This classical limit
is also invariant with respect to &, = —&, — 184, @ = L, R and therefore

satisfy the fluctuation theorem.

From now on we will consider a specific form of the force given as f(t) =
foe ™0t 4 c.c where f; is a column vector with complex amplitude and wy
is the driven frequency. Here c.c means the complex conjugate. Then we

have

Flw] = 27 [6(w — wp) + 0(w + wp)] fofd. (4.17)

Because of the presence of delta function, the integrand in (4.11) picked

the value at the driving frequency wy. Therefore the CGF reads

In24(¢,, &) = W(w;ﬂé_&) az[;RMa(wo,fa)Tr[Sa[woﬂ, (4.18)

where we use the property that M, (w,&,) (Ka(w,&,)) is an odd (even)
function of w. In the later part we will use this CGF and derive an explicit
expression for an one-dimensional harmonic junction connected with Rubin

and Ohmic heat baths.
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4.3 The expression for transient current un-

der driven force

In this section, starting from the basic definition of the current operator, we
derive an alternative expression for the transient current flowing out of the left
lead in the presence of driving force. The current is simply expressed in terms
of the average displacement of the center atoms and the self-energy of the left
lead. The main quantity to calculate here is the one and two point correlation
functions involving uc operators. By knowing these correlations it is possible
to obtain the moments or the cumulants for Jarzynski’s work as well as for
mechanical work [13].

Let us once again write down the expression for the transient current for arbitrary
junction part (see Eq. (2.83))

; t
(Zp(t) = ﬂ/ dt//iTr[ ot K =)+ GE (L ZG (" — 1)
t

2 Jyy O =t

(4.19)
The important point to note is that here G (t,t') does not have time-translational
invariance because of the presence of time-dependent force whereas the self-
energy Y7 obeys this property as it is calculated at equilibrium. Our main task

now is to calculate the center Green’s function.

One-point Green’s function for the center

Let us first consider the one-point contour-ordered Green’s function for the center
which is defined as
i

GJ (1) = =3 {Toug (7)), (4.20)

where T is the contour-ordering operator. For one-point Green’s function this

141



Chapter 4. Full-counting statistics (FCS) and energy-current in the
presence of driven force

C

operator does not play any role. uj () is the operator in the Heisenberg picture

evolving with the full H(t) given in Eq. (3.6) with H, = 0 (V¢ and VEC
are considered to be time independent here). Note that the starting time tg is
chosen arbitrary. Transforming to the interaction picture with respect to the
Hamiltonian 7—[6 = Hr +Hr + Hc + Hro + Hre and taking the interaction
Hamiltonian as V(t) = —0(t — to)fT (t)u® we can write the contour ordered

Green’s function as

GS (1) = —% <Tcﬁjc(7)62k " de’f’“(T,)a’“(T,)>GO ; (4.21)

(The symbol caret is used to denote that the operators are in the interaction
picture with respect to the Hamiltonian () Here Gy is the Green’s function
calculated with the Hamiltonian HJ, i.e., in the presence of the leads. Now if we
expand the exponential function, the terms with odd numbers of ©¢ will be zero
since the average is with respect to a quadratic Hamiltonian. So the expression
will contain terms with even number of u“(7) and odd number of f(7) and finally
can be written in the matrix form as
i

GY(r) = ; /dT'GO(T, 7)f(7') + higher order terms, (4.22)

(For notational simplicity we have omitted the superscript CC' on the two-point
Green’s function of center). In Fig. (4.1) we draw Feynman diagrams for G¢'(7)
up to third order of force. The contribution from the first diagram is nonzero.
But the next and all the higher order terms contain the same type of vacuum
diagrams which are zero. Vacuum diagram is defined as a diagram where all

variables are integrated and the result is independent of space or time. The
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F(T') F(T') F(T") F (T")
T T ’

O; = 45 §§ § + higher order terms
0T i , T m,T

iT jTI IT” i

’

Figure 4.1: The Feynman diagram for one-point Green’s function of the
center in the presence of time-dependent force.

expression for such a diagram in terms of contour variable can be written as

/ /deT'fT(T)GOCC (r,7)f(7)
=S / / odt o dt’ o ()T G7 (1,411 (). (4.23)

The last line is obtained by going to the real time using Langreth’s rule. Since
the driven force f does not depend on the branch index fT(t) = f~(t) = f(¢),

we can take the summation inside and obtain [19]
S 00'GYT = Gh+ Gh -Gy - Gy =0, (4.24)

It can be easily shown that all higher order terms in this series contain such
vacuum diagrams and hence do not contribute to the one-point Green’s function.

So the exact expression for (uc (7)) is now given by

(uc (1)) = —/dT'GO(T, ™) f(7). (4.25)

From this expression it is also clear that (uc(7)) does not depend on the branch

index i.e., (uf(t)) = (us(t)). So in real time we obtain

(uelt) == [ dtGy(e— )1 (0). (4.26)

to
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where G is the retarded Green’s function and also known as the response func-
tion in the linear response theory. In fact, the same result, Eq. (4.26), can also

be derived from the standard linear response theory.

Two-point Green’s functions for the center

Similarly the two-point Green’s function in the interaction picture is also calcu-

lated and is given as
i N N i ! T (7!
Gik(T, ) = —ﬁ<TCu]C(T)ug(T,)€Zm i J dr” fn (7" )i ( )>G0' (4.27)

As discussed above we can expand the exponential and the terms greater then
O(f?) vanishes as they contain vacuum diagrams. The exact expression can be

written as

Gik(r,7") = Go ji(1,7") — % Z/dTldT2G0,jm(Ta 1) Goks (7', 72) frn (1) [ (T2).
" (4.28)

In terms of (uc(7)), the center Green’s function now become

Glr, ) = Go(r, ™) = 3 luc () fuc()T. (129)

From the above equation we can write G = Go+0G with 6G = —7 (uc (7)) (uc(7))7.

Now using the property of (uc(7)) we can write
SGTT =6GT =0G™T =6G~ (4.30)

which implies that 6G” = §G* = 0 and 6G< = G~ = 6G = —L(uc(t))(uc(t'))T.
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So using Eq. (4.19) the expression for the current reduces to

o [t - -
(Zp(t)) = m@ / dt”Tr[EL(t’—t”)Gg(t”,t)+22(t’—t”)G0(t”,t)

to

+ /t dt”Tr[(uc(t»(uc(t”)>T%E‘i(t”—t’)] (4.31)

= (Z3(t) +(TL(1).

t'=t

By writing (Z7(¢)) in this form it is clear that the contribution to the energy
current is separated into two parts. (Z¢(t)) is the current due to driven force
and (Zj (t)) is due to the temperature difference between the heat baths. This
separation is possible because the system is linear and the driving force is not
correlated with the heat baths. In the long time limit i.e, t — oo, (Z7(t)) is the

steady-state heat flux and is given by the Landauer like formula [19]

(I}) = L /00 dwhw Te[TWw]] (fL — fr)- (4.32)

—00

If we consider the two heat baths at the same temperature, i.e., AT =T, —Tr =

0, then (Z7) is zero. So in the linear case the final expression for current with

AT =0 is

@) = [ e e e ] o @

to t'=t

where X9 (¢ —t') = 0 if t” — ¢’ > 0. This equation can be used to calculate the
current both in transient as well as in the steady state with arbitrary form of
force. This expression is valid for systems connected with finite heat baths and

in higher dimensions.

Current due to periodic driven force
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We consider the form of force given by f(t) = foe ™! 4 c.c where fj is a
column vector with complex amplitude and wq is the driven frequency. Then

from Eq. (4.26) (uc(t)) can be written as
(ue (1)) = Gylun] foe ™" + c.c. (434)
where Glwo] is given by
Ghlun] = [(wo + n)? ~ Ko~ o] - Zplen] (4.35)

with 7 — 07 and I is the identity matrix. We set ty — —oo for steady state
oscillation and finally average over a time period Z{ = 1 fJ(Ig(t))dt where

T = 27 /wy is the time period of the driving field, we finally get from Eq. (4.33),

fﬁ = —WQSL[wo], (4.36)

Stlwo] = GhlwollLlwo]GElwol fofd, (4.37)

where I',[wo] = i [27 [wo] — X9 [wo]] is the spectral function for the left lead. For
this particular case the same result can also be obtained using linear response
theory. This result matches with the one obtained using CGF in Eq. (4.18).
We can write the expression for current in another form by using the following

relation between G{, and G§, obtained from Eq. (4.35),
Ghlwo] — Gilwo] = —i Gplwo] (Tzwo] + Trlwo]) Glwol, (4.38)

then we can write

7¢ = -7 — 1%, (4.39)
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which is a consequence of energy conservation. Here Z¢ = iwo Tr[(G§wo] —

G{lwo)) fo fOT] which is simply related with the density of states of the center.

We also like to point out that using the solutions for one and two point Green’s
functions the moments (cumulants) for Jarzyski’s work W = — ftt) T uc(t)dt!
and also for the mechanical work W = ftl; FT(t"uc(t")dt' can be obtained. In the
classical case since P(W) is Gaussian, the JE can be easily checked by verifying
the relation ((W?%)) = %[(W 7) — AF] where 8 is the inverse of the equilibrium

temperature and AF is the free energy change.

4.3.1 Application to 1D chain

In this subsection we study energy transport properties for 1D chain con-

nected with different type of heat baths such as Rubin or Ohmic.

Rubin bath

Here we consider a 1D chain with inter-particle spring constant k. We
divide the full infinite system into three parts, the center, the left and the
right lead. We want to study the energy current contribution only due to
the driven force and hence kept the leads at the same temperature with
the center. Then we drive the center with the force f(¢) and evaluate the

forced-driven transmission function S, [w].
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The classical equation of motion for the center atoms is given by

i.Lj = k:(uj_l — 2Uj + Uj+1) + f](t), 1 S] S NC) (440)

where N¢ is the number of particles in the center. The leads obey similar
equations with f;(t) = 0. Here we will consider the force f;(t) = fle ot +
c.c. where foj = (—=1)? fo which mimic the structure of a crystal having

alternate charges at the sites.

Solution for G{|wo] for pure harmonic chain

To obtain an explicit expression for the transmission function we need to
solve the equilibrium Green’s function Gjlwp] given in Eq. (4.35). Since the
full system is homogeneous the retarded Green’s function can be obtained
by solving [20] [(wo + in)? — K]Ghlw] = I, where K is the force constant
matrix for the full linear system and is infinite in both directions with 2k
along the diagonals and —k on the first off-diagonals. The solution for the
Green’s function is translationally invariant in space index and is given as

(see appendix (E))

o] = (1)
2wl = ————, X
0kt =)
with
O 1 .
A= o+ O 4RE = eFie, (4.42)
2k 2k
Q = (wo +1in)* — 2k = —2k cos q. (4.43)

The last equation is the phonon dispersion relation for one-dimensional har-

monic chain with nearest-neighbor interaction. Here ¢ is the phonon wave
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vector. The choice between plus and minus sign is made by the condition
|A| < 1. Because of the nearest-neighbor interaction the surface Green’s

function for Rubin bath in frequency space is given by (see appendix (E))

(ED)jklwo] = —kAdj 051,

(XR)jklwo] = —kAXdjrdjne. (4.44)

It is clear from the expression of A that it is complex within the phonon
bandwidth i.e., 0 < wy < 2v/k and is real outside this range. Therefore the

spectral function 'y, is zero outside the phonon band.

Calculation for Tr[S [w]]

Knowing all the Green’s functions we can now calculate the transmis-
sion function for the driven part Tr[Sp[w]] considering the force f;(t) =

(—1)7 foe=™0t + c.c.. We can write

Te[Splnl] = Tr[Golwo)lTLnlGaliwolfof ]

= Z<_1)i+jG6,i1<FL)11G8,1j|f0‘2

ijkl
21 fol2ImA( 4 (~1Gha ) ( £,(-17Gy, ), 0 <wo < 2VE

0 for wg > Wk

Using the solution for Gjj[wg] in Eq. (4.41) and G&w] = (G}[w])" we obtain

Ifol?2 | 1—(=1)N¢ cos(Ncq)
Qk;)inq |: 1+cosq < for 0 S Wo S 2\/E

TI"[SL[CU()H =
0 for wy > Wk
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Similarly Sg[w] can also be calculated and in this case it is same as Sy [w]
because of the translational invariance of the full system. Therefore one

parameter CGF is written as

tarMp(woiér) |fol? | 1=(=1)NC cos(Ngq)
Affi/\f(Lwo;fL)L 2k sin q |: 1+cos q :| for 0 Swo < 2\/E

In 24(¢p) =
0 for wy > 2\/E,

with M(w; &) = det[1-K(w; &) as Tr [T [w]] = Tr[Gylw]T L [w]Gw]lglw]] =

1 (within the phonon band otherwise it is zero) for homogeneous system.

4.4 Behavior of energy-current

Rubin bath:
The expression for current can be easily obtained from the CGF and is

given as

—(=1)Nc cos
_w0‘2{€0‘2 (1 ( 1)Ne (Ne CI)) ’ for O S wWo S 2\/%,
7= e e (119

0, for wo > 2Vk.

Here Z¢ is of order 1 and ¢ is given by the dispersion relation w? = 2k(1 —
cosq).

In Fig. 4.2 and 4.3, we plot energy current as a function of applied frequency
for different system size. The value of force constant is chosen as k = 1

eV/(uA?) and f, = 1nN in all our calculation. In Fig. 4.3, the current
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Figure 4.2: Energy current Z¢ as a function applied frequency for different
system size of one-dimensional chain with force f;(t) = (—1)! foe 0! 4 c.c.
(a) No=4, (b) Ne¢=6, (c) No=8, (d) Ne=10. k=1 eV/(uA?).

is nonzero at zero frequency because the system as a whole is not charge

neutral. For No = 1 the current Z¢ is proportional to the density of states

(DOS).

More importantly the current is exactly zero when the applied frequency
matches with the normal mode frequency of the system and the corre-
sponding wave number is given by for even N¢, ¢ = 2mn/N¢ and for odd
Ne, ¢ = (2n+ 1) /Ne with n = 0,1, ..., No — 1. Therefore the number
of resonance peaks and number of zero’s depends on the eigenfrequencies

and hence on the size of the center system. The average current diverges
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Figure 4.3: Energy current |Z¢| as a function applied frequency for dif-
ferent system sizes of one-dimensional linear chain with force f;(t) =
(=1)7 f,e0ot + c.c. (a) Ng=1, (b) No=3, (c) Ng=5, (d) Ne=7. k=1
eV/(uA?).
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Figure 4.4: Energy current |Z¢| versus length of the center for different
applied frequencies for one-dimensional linear chain. Here (a) wy=0.39, (b)
wo=0.78, (c) wp=0.98, (d) wy=1.40. The frequencies are given in 10'*(Hz)
unit. The other parameters same as in Fig. 4.3.
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at wy = 2vk as the DOS of the full system diverges at the maximum fre-
quency of the whole system. For wy, > 2v/k the system does not allow
energy to pass through. Similarly one can calculate the right lead current
T¢ and the expression is the same with Eq. (4.45). Since we apply force
on all the atoms of the center by symmetry argument we can say that the

total input current Z¢ divides into two equal parts and goes into the leads

i.e., |T¢| = |T8] = [Z41/2.

In Fig. 4.4, we give results for energy current as a function of total number
of particles in the center for different values of external frequency. For finite
systems the current oscillates with system size and depending on the values
of wq it shows periodicity with respect to Ng. The maximum amplitude of

the average current is fixed and is proportional to wpfg/2K.

Ohmic bath

Here we consider that the center part is connected with two Ohmic baths.
The difference between Rubin and Ohmic bath is that, the self energy
in this case is approximated as ¥"[wg] = —iywy where v is the friction

coefficient. More precisely the ¥} and X% matrices are given by

(EZ)jk[WO] = —iyWwo k01,

(ZR)jklwo] = —ivywodjrdine. (4.46)

Using this form of self-energy the forced-driven transmission function is
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Figure 4.5: Energy current |Z¢| as a function applied frequency for different
values of friction coefficient v of one-dimensional linear chain with force
fi(t) = (1) foem™t + c.c. (a) v=0.01, (b) v=0.5, (c¢) v=3.0, (d) v=5.0.
k=1 eV/(uA?) and Ny =S8.
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given as

Tr[Splwo]] = 27w0|f0|2’g[w0]’2
glwo] = Z(_l)ngj[WO] (4.47)

Therefore the CGF for this case is written as

~ tuMp(wo;éL)
In29(¢;) = N o &) 2y wo| fol?

glwo) ‘2 (4.48)

As before we will focus on the first cumulant or the energy current which
is given as

_ 2
I} = =2ywi fy g[wo]’ (4.49)

From the above expression it is clear that energy current depends on the
denominator Alwg] = |det[Dwo]]|* where Dwo] = (wi I — K + iwyyr, +
iwpvyr) 18 No x Ne matrix. The matrix elements are given by D;; =
i (wg — 2k —iwoy(d;1 + 5,~7N)) — k& j41—Fk0; 1. If we denote Py, [wo] =
det(w? — KY) to be the characteristic polynomial of the matrix K¢ with

Ne¢ particles then it can be shown that [1]
Alwo] = [PNC [wo] — +* wgPNC_Q[uJOH >4 4y wg P]%,C_l[wo], (4.50)

where Py, _1[wo] is the polynomial of the (Ng—1) x (N¢ —1) force constant
matrix K¢ with first row and column or last row and column taken out
from K¢ and similarly Py, s[wg] is the polynomial of the (Ng — 2) x

(N¢ — 2) matrix by taking out the first and last rows and columns from
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K. The resonance and the zero’s of current corresponds to the minimum
and maximum value of Afwy] respectively. It is difficult to obtain explicit
solution in this case. However the equation become simple for small and
large value of ~, the friction coefficient. For small friction it is clear from
Eq. (4.50) that Alwo] = Py_[wo]. So the resonant frequencies depends on
N¢ eigenfrequencies of the force constant matrix K©. In the opposite limit
i.e, for large  we obtain Afwg] = Py _,[wo]. So depending on the value of

~ the resonance peaks shift from Ng to No — 2.

In Fig. 4.5, we plot the current with applied frequency for different values
of damping coefficient +. The value of 7 is chosen in proper units. The
zero values of the current is same as in Rubin’s case. However there is a
gradual shift in the resonance peak depending on the parameter ~. The
current doesn’t diverge at wy = 2v/k and the width of the peaks depends
of 7. We check numerically the behavior of Z¢ with system length and we
found that the behavior is similar with Rubin baths. In this case also we

have |Z¢| = |Z3| = [Z4]/2.

As mentioned before similar Ohmic model was also investigated by Marathe
et. al [6] for No = 2 where they conclude that this model cannot work
either as a heat pump or as a heat engine. Our calculation agrees with
their results. It is also possible to calculate current in the overdamped
regime by dropping the term (wq+14n)? in G"[wo] given in Eq (4.35). In this
regime for N = 1 our result agrees with the result obtained by Jayannavar

et. al [14] for magnetic field B = 0.
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Comparison between Rubin and Ohmic bath for driving force

on single site

As we have seen that if we apply force on all the atoms of the center because
of the symmetry of the problem if we interchange the left and right lead
(which we assume to be the same) the value of the current should not
change and hence we have the only possible solution |Z¢| = |Z4| = |Zd|/2.
But this is not the case, at least for Ohmic bath if we apply force on a
single or multi-particles but not on all. If we consider the force on the ath
particle as f;(t) = 0ja (fé e~ iwot 1 c.c) then for the Rubin bath case using

Eq. (4.36) and Eq. (4.37) we get

I = —2wokIm(X) g (f5)" |Goa

I = —2wokIm(N) £ (fO) |Gonal? (4.51)

Using the solution for Gjjw| given in Eq. (4.41) we obtain

_Qkﬁ?anoa (f8)" for 0 < wy < 2V/k,

¢ =1¢ = (4.52)
0, for wo > 2Vk.

which says that, because the full system is translationally invariant in space,
the magnitude of current does not depend on which site the force is applied
and hence |Z¢| = |Z¢| = |Z4]/2 is the only possible solution. The result is
similar with No = 1 in Eq. (4.45).

However,this scenario is not valid for Ohmic bath. In this case the full

translational symmetry is broken and hence applying force on different
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Figure 4.6: Energy current |Z¢| and |Z%| as a function of applied fre-
quency for driven force at different site of one-dimensional chain connected
to Ohmic bath. (a) and (b) are for a=1 and (c) and (d) are for a = 3,
Ne =16. k =1 eV/(uA?).
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sites generate different magnitudes of current on left and right lead. In
Fig. 4.6, we plot the heat current Z¢ and Z% for one-dimensional chain as
a function applied driving frequency at different sites. Clearly Z¢ and Z%
are different in magnitudes. Hence by applying force on different sites it is

possible to control current in both the leads for Ohmic case.

Heat pump

Heat pump by definition transfers heat from cooler region to hotter region.
One-dimensional linear system with force applying on any number of sites
fails to work as a heat pump. To understand the reasoning we look at the
total current coming out of the left lead Z; which is a sum of two terms.
If we assume 77, > Tg then the temperature dependent term in Eq. (4.32)
gives the steady state heat is positive i.e, current goes from left to right
lead and the driving term which does not depend on temperature, always
contribute a negative value to both Z; and Z. Hence T is always negative
independent of whether we apply force on one site or on all the sites. So it

is not possible to transfer heat from right lead to left lead in this case.

4.5 Summary

In summary, for a forced-driven harmonic junction connected with two
thermal baths we present an analytic expression for the driven part of the
CGF in the long time limit. It is expressed in terms of force dependent

transmission function. By introducing two parameter CGF we show that
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the driven force induced entropy production in the leads satisfy fluctuation
symmetry. Exploring the translational symmetry for one dimensional linear
chain connected with Rubin heat baths we obtain an explicit expression for
the CGF under periodic driven force. The effect on energy current due to
two different types of heat baths is analyzed in detail. For ballistic model
we found that the driven current is temperature independent and is the
same in classical and quantum regime but the fluctuations are not. An
alternative expression for the transient current is also derived using the

basic definition for the current operator.
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Chapter 5

Heat exchange between
multi-terminal harmonic

systems and exchange

fluctuation theorem (XFT)

In this chapter, we generalize the FCS study for transferred heat and
entropy-production for multi-terminal systems without the presence of a
finite junction (see Fig. (5.1)). Such a setup is important from the point
of view of verifying exchange fluctuation theorem (XFT), mentioned in
the introduction chapter. Also for two-terminal case without junction this

reduces to an interface problem which is relevant for many experimental
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studies [1-4]. For this general setup we obtain the expression for the gen-
eralized cumulant generating function (CGF), on the contour, involving
counting fields for heat, flowing out from all the terminals. We discuss
both transient and steady-state fluctuation theorems for heat and entropy
production. For two-terminal case, we obtain a new transmission function
which is similar to the Caroli formula involving the junction part. We also
address the effect of coupling strength on the XFT. Finally we discuss the

effect of finite heat baths on the cumulants of heat.

Using principle of micro-reversibility of the underlying Hamiltonian dynam-
ics, Jarzynski and Wéjcik [5] first showed the identity (e=2%@r), =1 for
two weakly connected systems L and R. Here A5 = Sr—01, fo = 1/(ksT,)
and @)y, is the amount of heat transferred from the left system over the time
interval [0, ¢p/]. A more generalized version of this XFT for multi-terminal
system was later derived by Saito and Utsumi [6] and Andrieux et al [7—

9] which states that (e=>);,, = 1, where ¥ = =" | 5,Q, is the total

2%
entropy-production and r is the number of reservoirs. This relation is valid
for arbitrary time-dependent coupling between the systems (see the proof
in section 1.3) and reduces to Jarzynski and Wéjcik relation for » = 2 in
the limit of weak coupling. Recently an experimental verification of the

XFT’s is reported for electrons [10]. For phonons nanoresonator seems to

be a potential candidate for performing such FCS experiments.
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Figure 5.1: A schematic representation for exchange fluctuation theorem
setup consists of multi-terminals without a junction. The terminals are at
their respective equilibrium temperatures T, = (kpf,)~'. The reservoirs
are interacting via the Hamiltonian #Hr(t) which is switched on at ¢ = 0.

5.1 Model Hamiltonian

We consider r phonon reservoirs each consists of finite number of coupled

harmonic oscillators and is given by the Hamiltonian

() S 1
Hao = 22 + Z §K3ufuj‘ a=12-.-r (5.1)
i=1 ij=1

where as before p$ is the momentum of the i-th particle in the a-th reser-
voir, u$ is the mass normalized position operators. They obey the Heisen-
berg commutation relations [u?(t),pf(t)] = ih&;, 0%, a,B = 1,2, 7.
N, is the number of oscillators in each system. K¢ is the force constant

matrix. In the limit N, — oo each system behaves like a heat bath. The in-

teraction Hamiltonian Hy(t) between the systems is taken in the following
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form

Hr(t) = % > ulVer(tyug. (5.2)
a#p

The interaction is switched on at ¢ > 0. Therefore the total Hamiltonian

after the connection is
H(t) =Y Hao+Hr(t), t>0. (5.3)
a=1

In this chapter, we present numerical results for the cumulants of ex-
changed heat between two-terminals (denoted as L and R) for two spe-
cific types of the coupling VEE(t) = VLEQ(t), where 0(t) is the Heaviside
step function. Such form of coupling corresponds to the sudden connec-
tion between the two systems. Another form of the coupling we choose as
VEE(t) = VIR tanh(wgt), where wy is the driving frequency. This particu-
lar form of the coupling is useful to study when the coupling between the
device is switched on gradually. Note that one can recover Heaviside step
function from this coupling in the limit wy; — co. Other forms of coupling

can also be handled easily in this formalism.

5.2 Generalized characteristic function Z({¢,})

In order to work with generalized CF, defined below, we perform two-time
measurements for all system Hamiltonians H,,a =1,2,---r, at t =0 and

at t = tp;. Following the same recipe as before we construct the generalized
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CF as [6]
ZU{EY) = WU (tar, 0) W2U(tar, 0) W), (5.4)

where {£,} = (&1,&s, -+ &) is the set of counting fields corresponding to
{Qo} and W = [[._, W, = [[._, exp(—i€aHa/2) contains the counting
field for energy measurement. For simplicity we choose the the initial den-

sity matrix as product initial state

Porod (0 H ) (5.5)

As before we write the CF on the Keldysh contour as

Z({&}) = U_g(0, 13) Ugyo(ta1,0)), (5.6)

where Uz(t,0) = Texp [— f diHz(t)] and

= S Hat 5 S k() VY (s (), (5.7)
a=1 a,f

where Ho = ({Ho}) and 7 = ({2.}).

Transforming to the interaction picture with respect to Ho = > | H

and making use of linked-cluster theorem the cumulant generating function
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(CGF) In Z({£.}) reads as

InZ({&}) = —% In det (H - Vg“”)

1
— 5T In (H . Vgl“), (5.8)

where V is a r x r off-diagonal matrix with matrix elements V,z(t) with

a,f=1,2,---r given as
Vs (1, 7') = 0(7, 7" ) Vas (1), (5.9)

and ¢g” is a r X r diagonal matrix with matrix elements g, where

3a(7, ™) = = (Tota(T+haa (r) ul (7' + Fira (7). (5.10)
with 22(t) = F&,/2 for 0 < t <ty and zero otherwise. The meaning of
trace is same as before. Note that in the above expression only ¢ depends
on counting fields {£,}. The CGF can be further simplified to explicitly

satisfy the normalization condition and can be re-written as

In Z({&,}) = —% In det (I[ — I+ VG)V9A>. (5.11)

This expression is valid for both transient and stationary state and for arbi-
trary time-dependent couplings between the leads. The matrix G consists

of elements G,5(7, 7") and satisfies the Dyson equation in the matrix form

G(r, 7)) =g(r,7) + /dT1 /drg (1, 1)V(11, 72)G(12, T'), (5.12)
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and we define g“(7,7') = §(7,7') — g(, 7') which is also a diagonal matrix.
It is now easy to see that for &, = 0, g* = 0 and therefore Z({0}) satisfy
the normalization condition. Note that due to the presence of the coupling
matrix V only surface-Green’s functions are required to compute the cu-
mulants and thus reduces the complexity of the problem. The explicit form
of these matrices for two-terminal case is discussed in the later part. From

this generalized CGF, the cumulants of heat can be obtained as

(Qa)) ‘”8(375({)0”
(QaQ5)) % (5.13)

Note that the CGF for heat @), can be obtained trivially from Z({{.}) by

substituting all counting parameters to zero except &, .

5.3 Long-time result for the CGF for heat

In this section, we derive the long-time limit expression for the CGF of
heat. In order to achieve the stationary state with infinite recurrence time

the we need the following criterions to be satisfied,

e The size of all the systems should be infinite, i.e., N, — 00, a =
1,2,---r which are then called dissipative leads, so that the waves
can’t scatter back from the boundaries. The effect of finite boundaries

are discussed at the end of this chapter.
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e The final measurement time t,; should approach to infinity.

e The coupling V*?(¢) between the systems should be time-independent

or reach a constant value in short time scale.

Let us calculate the heat flowing out from the a-th lead. Using the matrix

form for V and G, Eq. (5.11) in the frequency domain is written as

o .
InZ(¢,) = —tM/ 4—°"1ndet [}1— (72" G —1[)5;153], (5.14)
oo 4
where,
gkl Gr., GE,
.éoz - g g 5 Gaa - s (515)
0 gf 0  Gg,
1la—b a—+bd
Ja = 3 : (5.16)
—a—b —a+b

a=gs (e —1),b=g5 (" —1)

An important quantity to define in this case is T,

Pafio] = i (92) "' lel = (9) " le]]- (5.17)

For any finite size system using the solution for ¢7%[w] = [(w +in)* — K]~}
(see appendix (F)) it can be easily shown that I'y[w] = 4wn is zero in the

limit  — 07. However for infinite system size this is not valid.
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Now in order to get final expression for the steady-state CGF we need to
know the different components of the matrix é'(m. Two important relations

that are required to derive the CGF are

Goalw] = =iy fiGh [T [w] G, [w]
Glolw] = Goylw] = —i ) G WD, [w]Ge, [w], (5.18)

which are obtained by simplifying the Dyson equation given in Eq. (5.12)
in the frequency domain. When all the systems are in thermal equilibrium

the above equations are related by fluctuation-dissipation theorem.

Substituting the expressions for different components of G5;°* and after a

lengthy calculation the long-time limit expression for the CGF for heat is

given as
In Z(£,) = i T '
n (fa) = —tM N E n det |:1 - ;17—047[W]1nya<w7§a> ) (519)
VFo=

where the function K, (w; &, ) is the same as before and written as

Kya(wiéa) = fa(l+ f)(" = 1) + f1(1+ fa)(e7™ = 1) (5.20)

This function satisfies the Gallavotti-Cohen type symmetry K.q(w;&a) =

Kro(w; =€a+1i(8y— o)) and To,[w] is the new transmission matrix between
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the system « and ~ and is of the following form
Tonlw] = GL TG4, Ta. (5.21)

This new transmission matrix reduces to the transmission function for one-
dimensional case and is useful for the interface study in two-terminal situ-
ation. Note that the CGF for heat does not have Gallavotti-Cohen fluctu-

ation symmetry for more than two-terminal situation.

5.4 Special Case: Two-terminal situation

In this section we present numerical results for heat ) for two-terminal
case r = 2 denoted as the left (L) and the right (R) lead. We first derive
the CGF for heat, valid for arbitrary time t,;, using Eq. (5.11) and then
give the numerical details. The matrix V and G introduced in Eq. (5.11)

for r = 2, are given as

0 VLRT GLL 7',7'/ GLRT,T/
V(r,7)=06(r,7) ) ,G(r,7) = ( ) ( )
VEL(T) 0 Grr(m,7') Ggrg(r,7)

(5.22)

and since we are interested in the CGF for heat, only the left-lead Hamil-

tonian is measured twice. Therefore

g, 1) = : (5.23)
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For the calculation of entropy-production the second diagonal element of
g will be non-zero. Multiplying the matrices explicitly the CGF for heat
is given as

1
I Z(€n) = =5 T In [1 = GanSi]. (5.24)

where Y4 = VEEgAV LR and Grr obeys the Dyson equation

Grr(t,7) = gr(r, ) +/d7‘1/dngR(7‘, 71)21(11, 72)Grr(72, 7). (5.25)

Similarly the expression for the entropy-production can also be obtained.
Note that the above expression is similar to the one obtained in the third
chapter. However the meaning of G and ¥4 are different. The long-time
limit result can be obtained following the same steps as previous and it is

given as
dw S
In Z(€) = —tr / = Indet [I[— [GRRFRGRRFL]IC(w;gL)]. (5.26)
T
The new transmission matrix for the interface is of the following form
EL[W] = GTRRf‘RG%RPL, (527)

where I';, = (X} — X%) is the spectral function. Note the difference of T’
matrices for left and right lead. We call this transmission matrix as the

Caroli formula for ballistic interface.
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Explicit formula for interface transmission function 7|w| for

One-dimensional linear chain:

Here we derive an explicit expression for the transmission function for one-
dimensional harmonic chain with single interface i.e., the left and right leads
are directly connected and the center part is removed. The transmission func-
tion reads

Tilw] = Tr[GRrrI RGERT L] (5.28)

Let us consider that the force constant for left and the right leads are k1 and ks
respectively and the interface coupling strength is k19 with additional on-site po-
tential ko on all the atoms. This is a quite general scenario for a one-dimensional
harmonic chain. Therefore the form of the semi-infinite force constant matrix
say K consisting of k1o + ki + ko as the first diagonal and 2k; + ko along rest
of the diagonals and —k; along the first off-diagonals. Similarly for K* with k;
replaced by k. In order to obtain the explicit form for 7;|w] we need to compute
the retarded component of the surface Green’s function g, for both the leads.

Knowing g%, G can be obtained from Eq. (5.25).

Let us calculate the surface Green’s function for the left lead. Then for the right
lead it can be obtained just by replacing k1 with ko. Retarded green’s function

for the left lead satisfies the following equation
[(w+i0")* = Kt]gp[w] =1 (5.29)

Now we write K = KOL + AK where AK is the semi-infinite matrix with only
first element nonzero AKy; = k1o — k. KOL is now a familiar matrix which also

appears in the Rubin bath case with all force constants same. Using AK as a
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perturbation we can write

grlwl = grolw] + g1 oW AK gL [w] (5.30)

Since in this case only first atom of the left lead is connected with the first atom

of the right lead we only need (1, 1) element of g% . Now

T )\
97 1] = _k_I’ M| <1, (5.31)

with A} = —% + ﬁ\/wz —4k? and Q = (w +in)? — 2k; — ko. Therefore we

obtain
1
T = M| <1 5.32
l97]1,1[w] ky — k1o — ki /M M| <1, ( )
and similarly the self-energy for the lead is given as
T k%Q
Xrlialw] Al <1 (5.33)

ok — ki — ki /M
Knowing this Green’s function we can easily obtain 77[w] which reads

2 R R
Tilw] = — kikokis (A1 — AT) (A2 — A9) — (5.3)
|kt — Krz — B/ M) (K — kaz — k/Ag) — k2|

where Ao is similarly defined as A\ with k; replaced by k3. We note that it
matches exactly with the result in Ref [4], where this expression is obtained
from a wave-scattering method. As a special case for pure chain i.e., if k1 =
ko = k12 = k then we have perfect transmission meaning 77[w] = 1 for w within

the phonon band width ky < w? < 4k + ko and 0 outside this region.
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5.4.1 Numerical Results and discussion

In this section we present numerical results for the first four cumulants

of heat, obtained from Eq. (5.24) by taking derivative of the CGF with

respect to the counting field & ie, ((Q})) = dcllr(lié(ff)m:o, as a function
of measurement time ¢,;. We choose two identical semi-infinite (N, = c0)
one-dimensional linear harmonic chain with only nearest-neighbor interac-
tions and connected via time-dependent coupling, for performing numerical
simulations . In order to obtain the cumulants we need to solve the Dyson
equation for Grp obtained from Eq. (5.12) and the shifted self-energy >4
in the time-domain which can be obtained from the surface Green’s func-
tions. Since the baths are at their respective equilibrium knowing one
Green’s function is sufficient to obtain the rest. In this particular case, the

analytical form of the retarded component of surface Green’s function is

known in the frequency domain and is given as

A
gl = =N 1< j < Ny a= LR, (5.35)
where
Q 1 ,
)\ = —% + % V QQ — 4]{32 = elq, (536)

where ¢ is the wave vector and Q = (w +in)? — 2k — kg = —2k cosq. The
choice between plus and minus sign is made on satisfying |A\| < 1. For
nearest-neighbor coupling we need only ¢g;; component. Note that the in-
verse Fourier transformation for lesser and greater components are easy to

perform as the range of integration in w space is confined within the phonon
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Figure 5.2: The cumulants of heat ((Q7)) for n=1, 2, 3, and 4 for one-
dimensional linear chain for two types of coupling as a function of mea-
surement time. The solid line corresponds to VIE(t) = ki3 0(t). The
dash, dash-dotted and dash-dotted-dotted lines corresponds to VIE(t) =
k1o tanh(wgt) with wy = 1.0[1/t],0.5[1/t],0.25[1/t] respectively. The tem-
peratures of the left and the right lead are 310 K and 290 K, respectively.
k =k =1eV/(uA?) and ko = 0.1 eV/(uA?).

band ky < w? < 4k + k. Then using the relation ¢g" — g = ¢~ — g= we
get both the retarded and advanced Green’s functions in the time-domain.
Obtaining ¢%*(t) directly from g/ [w] by inverse Fourier transform is numer-
ically difficult as there is no such cut-off in the frequency space. Therefore

the non-equilibrium Green’s functions i.e, G;g’r’“ can be calculated from

the integrals of this equilibrium Green’s functions.

Time-dependent behavior of the cumulants
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Figure 5.3: Plot of current as a function of measurement time t,; for
different couplings VE(t). Fig (a) corresponds to VEE(t) = ki20(t).
Fig (b),(c) and (d) corresponds to VIE(t) = kyytanh(wgt) with wy =
1.0[1/t],0.5[1/t],0.25 [1/t] respectively. The temperatures of the left and
the right lead are 310 K and 290 K, respectively. k = kyy = 1 eV/(uA?)
and ko = 0.1 eV/(uA?). Dashed lines are the steady state values obtained
using Landauer formula with unit transmission.
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In Fig. (5.2) we show the time-dependent behavior of the first four cumu-
lants of heat ((Q7)) for two different forms of the coupling VL2 (t) = ky50(t)
and VI (t) = ki tanh(wgt) where ki, is the interface force constant. The
form of this couplings decides how the device is switched on. We set the
inter-particle and interface coupling k = k1o = 1 eV /(uA?) and the on-site
potential kg = 0.1 eV/(uA?). These choices of units fix the time scale
of our problem which we also use as the unit of time [t] = 107's. We
observe that the fluctuations are larger for the sudden switch on case as
compared to the slow switch on of the couplings using hyperbolic tangent
form. By gradually reducing the driving frequency wy the system evolves

to the unique steady state with less and less oscillations.

In Fig. (5.3) we plot the current (Z;) by taking derivative of the first cu-
mulant with respect to the measurement time t,;. We also obtain the
steady-state values of the current using Landauer formula with unit trans-
mission within the phonon band which are also shown with dashed lines.
In all cases, at the initial time current is negative, i.e., heat flows into the
left lead as before. The current that goes into the leads is in the form of
mechanical energy which is coming from the work that is required to couple
both the systems at t = 0. We also see that at earlier times the amplitude
of the current depends on the values of wy. Higher driving frequency pro-
duce larger transient currents. However at later times the coupling reaches
to a constant value k1o and the current settles down to the value predicted

by Landauer formula.
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5.4.2 Exchange Fluctuation Theorem (XFT)

In this section we examine the validity of XFT for different coupling strength
k1o for the sudden switch on case. This particular fluctuation theorem was
first discussed by Jarzynski and Wéjcik which states that (e=2/@t), =1
for two weakly connected systems. The relation is true for any transient
time tp;. We use Eq. (5.24) and calculate the CGF for {;, = iAS. In
Fig. (5.4) we plot (e72FPL) as a function of ty, for different values of
interface coupling strength k15 and absolute temperatures T, and Tg of
the baths. For weak coupling (k12 = 0.001k) the fluctuation symmetry
is satisfied [11] and for higher values of the coupling strength the quan-
tity (e~2P@r) — 1 increases. It is important to note that the meaning of
weak coupling, in order to satisfy XFT, also depends on the absolute tem-
peratures of the heat baths. This is simply due to the presence of the
factor ABQ, in the exponent. Since the cumulants of heat depends on the
interface coupling strength (In the long-time limit ((Q%)) o< k7, in weak
coupling (k12) limit and in the presence of on-site potential kg), keeping
the value of k5 constant, if we lower the value of A5 maintaining the same
temperature difference it is possible to reduce the value of (e=2/9r) — 1,
as shown by the dashed lines for two values of ki = 1.0 eV/(uA?) and 0.1
eV/(uA?). So both the weak-coupling as well as the absolute temperature
of the baths are important to check the validity of XFT. Also note that in
the long-time limit (£, — oo) according to SSFT [12] (e=25@t) = 1 which
is true for arbitrary coupling strength and can be proved trivially from the

relation (e7*) = 1 as in the steady state Q; = —Qg. In Fig. (5.4), in the

181



Chapter 5. Heat exchange between multi-terminal harmonic systems and
exchange fluctuation theorem (XFT)

1.06 T T T

Figure 5.4: Plot of (e72%%t) as a function measurement time ¢y, for differ-
ent values of interface coupling strength ki and absolute temperatures of
the heat baths for sudden switch on case. The solid lines corresponds to
temperatures of the left and the right lead 310 K and 290 K respectively
and for dashed lines the temperatures are 510 K and 490 K respectively.
The unit of force constants is in eV/(uA?)
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long time limit (e=2A@r) £ 1. However this is not a violation to SSFT
as the theorem is valid only to the leading order of t;;. In general, the
next order correction to the CGF is a constant in tj; and can be written

as follows [6]
Z(&1) = b(&y) e ™E0) 4 Jower orders in ty,. (5.37)

where a(r) is given in Eq. (5.26) and b(§) is the correction to the leading
order. Since (e~2P@r) is calculated taking into account the contributions
due to all order of t,;, it is not equal to one in the long-time limit. Note
that the correction term b(¢y) is often important to know for obtaining
the large deviation function corresponding to the probability distribution
P(Qp). For classical harmonic chain model this correction term is obtained
analytically by Kundu et al [13-15]. For the quantum case obtaining b(&y)

requires further investigations.

5.5 Effect of finite size of the system on the

cumulants of heat
In this section we examine the impact of finite size of the systems on
the cumulants of heat [16]. We only focus on the coupling of the form

VEE(t) = k15 0(t). In the case for finite number of one-dimensional coupled

harmonic oscillators with nearest-neighbor coupling the (1,1) component
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for the surface Green’s function can be written as

, A1 — A2
(ga[w])ll = —EW, o = L,R, (538)

where the meaning of A is same as before. In the limit N, — oo one can
recover the surface Green’s function for the lead. Unlike for the leads g [w]
for finite system is not a smooth function of w but rather consists of delta
peaks determined by the normal-mode frequencies. Fourier transformations
for such functions are difficult to obtain numerically. So we evaluate these
Green’s functions directly in the time-domain by solving the Heisenberg
equations of motion with fixed boundary conditions. As before knowing
one Green’s function is enough to determine the rest. We write down the

expression for greater component given as

l

g7 (t) = _ﬁ<ug(t)u§(0)>, oa=L,R,
. o 1hsin wit
= Z g (120 costwpt) = 5 T 5, (5.0
where (w’?)Q = 2k[1—cos (N+1)] +ko, n=1,2,--- N, are the normal mode

frequencies and the eigenfunctions are given by €} = /N—Jrl sin( J’V”fl) The

symmetric matrix S consists of this eigenfunctions which diagonalizes the
force constant matrix K® which is a N, x N, tridiagonal matrix with 2k+ kg

along the diagonals and —k along the two off-diagonals.

In Fig. (5.5) we show the results for the cumulants of heat for two finite

harmonic chain connected suddenly at ¢ = 0. We see that all the cumulants

184



Chapter 5. Heat exchange between multi-terminal harmonic systems and
exchange fluctuation theorem (XFT)

o
a1l
o
[EEN
o
o
o
a1l

o
[ERN
o
o

0 0057 T I I‘ ‘ I — T I T I 0.02
.005~ I T 1
L A\ i
“17 - SRS ~0.015y

< I < ~ —] . i~
E 0 ] / - 1 // ~ ~ | E
A -0.005- n -10.01 A
o . A
V O
V V

| s | s |
100 O 50 100

|
>0 14
_ -14
t,(107%) t,(10")

Figure 5.5: Plot of the cumulants of heat ((Q7)) for n=1, 2, 3, and 4 for
two finite harmonic chain connected suddenly at ¢ = 0. The black (solid)
and red (dashed) line corresponds to N, = N = 20 and N, = Ng = 30
respectively. The temperatures of the left and the right lead are 310 K and
290 K, respectively.
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reaches to a quasi-steady state [17] with a finite recurrence time ¢, which
is the product of the total length of the system and the velocity of sound
waves. After time ¢, the phonon modes travelling from L to R gets reflected
from the boundary and then interfere with the incoming waves from L
resulting in the cumulants to oscillate rapidly. In the limit when the leads
are semi infinite N, — oo we observe complete irreversible behavior of the

cumulants. The F'T in this case is valid only in the range 0 <t < t,.

5.6 Proof of transient fluctuation theorem

In this section we proof the transient fluctuation theorem given as (e™>);,, =
1 where ¥ = — )" $,Qq. The important relation that goes into the proof
is the generalized version of the Kubo-Martin-Schwinger (KMS) condition

[18] for the correlation functions, given as

go(t — &) = g5 (=t + hé +ifuh) = g, (t—héa—iBuh), a=1,2,---r.
(5.40)

For ¢, = 0 correlations functions satisfy the standard KMS condition i.e.,

g5 (t +iB,h) = g2 (t) and in the frequency space it reads as the detailed

balanced condition i.e., g7 (w) = %™ g<(w).

To prove the fluctuation theorem we proceed from Eq. (5.8) and consider

the 2n-th term of the log series which can be written in the contour time
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T as

Ay, = /d7'1/d7'2' : '/dTQnTTj [V(TlaTQ)gx(TQaT?,) : 'V(7'2n—1,7'2n)9$(7'2n,7'1)]-
(5.41)

Now using V(7,7") = §(7,7")V(7) we have

Agy = / dn / dro- - - / dr, Tt [V(ﬁ)gw(ﬁ,fz)--V(Tn)gw(m,ﬁ) . (5.42)

Let us define a new matrix G,(7,7') = V(7)¢*(7, 7'), then in the real time

we can write

Agn = /dtl/dtz . /dtn Z Trj|:0'1g5102 (7’1,7’2)' . -crngg”(’l (Tn,Tl)], (543)

01020,

which in a compact notation can also be written as

Agn = /dtl/dtZ : '/dtnTrj70|:g_x(t17t2)' : g_x(tn,tl)], (544)

where we define G, = 0.G, and o, is the third-Pauli matrix. The explicit

form of G, is

V(t)g'(t =) V(t)g=(t —t' = h(z" —27))

~V(t)g~(t —t' = h(z~ — ™)) ~V(t)g'(t — 1)
(5.45)

G.(t,t') =

Now substituting &, = —if,, Va=1,2---r and using KMS boundary con-
dition we immediately see that the lesser and greater Green’s functions gets
interchanged whereas time-ordered and anti-time ordered Green’s functions

stay the same, as they are independent of the counting fields. Therefore
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after the substitution we have

Gramisa (t,) = Vgl —7) V(t)gi(t_t/) : (5.46)
“V()g=(t —t) =V(t)g'(t—t)

Now performing Keldysh rotation to this matrix we obtain

G (t. ) = O Gy —is. (1, 1)O
_ V(t)g(t —t') V(t)g"(t —t') | (5.47)
0 V(t)g"(t —1)

which is a tridiagonal matrix. And because the Keldysh rotation is an or-
thogonal transformation the trace in Eq. (5.44) remain invariant. Therefore

we write

Ay, = / dt, / dty - - / dtnTrjv(,[g“wa(tl,tg)- : -nga(tn,tl)], (5.48)

Now as the product of the tridiagonal matrices are tridiagonal, then finally

the trace over the branch index will give

Ay = / dty / dty - - / dt, Tt [V(tl)g“(tl—tg)V(tQ)g“(tg—tg) V() g (t—t)

+ V(t)g (t1—t2)V(t2)g" (ta—t3) - - - V(tn)g" (tn —t1)] - (5.49)

This expression is zero because t; > ty---t, > t; or t; < to---t, <ty is
never satisfied. Therefore In Z({{, = —if3,}) = 0 which implies (e™¥),,, =

1 for arbitrary t); and time-dependent coupling.
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We also like to point out that similar analysis can be carried out in the
presence of a finite junction connected with multiple terminals. In this case
the the long-time CGF for the heat flowing out from a-th terminal is given
as [19]

T

In Z(&,) =—tu / Z—ilndet [1—2 (GSPQGBTV)ICW(w;fa)]. (5.50)

y#a=1

5.7 Summary

In summary, we have extended the study of FCS for heat transport from
a lead-junction-lead setup to a multi-terminal system without the junction
part. We found a concise expression for the generalized CGF on contour.
In the stationary state the expression for CGF for heat is obtained. The
transient and steady-state fluctuation theorems are explicitly verified. For
two-terminal case the effect on the cumulants and current for two specific
form of the coupling are shown. It is interesting to study the heat-current
for other forms of time-dependent coupling as studied in Ref. [1] to manip-
ulate the heat flow through the leads and model it to act as a heat-pump.
In the long-time limit, invoking time translational invariance we show that
the CGF can be expressed in terms of a new transmission function which is
useful for the study of interface effects. We also discuss the effect of inter-
face coupling and absolute temperature of the heat baths on XFT which
are important for the validity of the theorem. The consequences on the

cumulants of heat due to finite size of the systems is also studied.
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Chapter 6

Full-counting statistics in

nonlinear junctions

Up to now our main focus was on the FCS for transferred heat in ballistic
systems. The task is now to develop a formalism to study FCS theory for
general anharmonic junctions. It is a well known fact that nonlinearity
plays an important role in thermal transport. For example it is crucial for
umklapp scattering which gives rise to finite thermal conductivity for bulk
systems as pointed out by Peierls [1]. The nonlinearity, such as the phonon-
phonon interaction, has been found of special importance in the construc-
tion of many phononic devices such as thermal rectifier, heat pump [2-4].
In addition, recently it has been noted that the nonlinearity of interaction
is crucial to the manifestation of geometric heat flux. [5, 6] Therefore, it

is desirable to establish a systematic and practical formalism to properly
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deal with cumulants of heat transfer in the presence of nonlinearity.

Some works have already been devoted to the analysis of fluctuation con-
sidering the effect of nonlinearity in the electronic transport such as the
FCS in molecular junctions with electron-phonon interaction [7-9], Ander-
son impurity model, quantum dot in Aharonov-Bohm interferometer [10]
and in the classical limit through Langevin dynamics [11, 12|. Also, many
of these developed approaches dealing with nonlinear FCS problems mainly

focus on single-particle systems, such as in Ref. [13].

In this chapter we study the FCS for heat transfer flowing across a quantum
junction in the presence of general phonon-phonon interactions. Based on
the nonequilibrium version of Feynman-Hellmann theorem we construct a
concise and rigorous cumulant generating function (CGF) expression for the
heat transfer in this general situation which is valid for arbitrary transient
time. As an illustration of this general formalism we consider a single
site junction with a quartic nonlinear on-site pinning potential and obtain
the CGF exact up to first order of the nonlinear interaction strength. We
also employ a self-consistent scheme to numerically illustrate the nonlinear
effects on first three cumulants of heat transfer. We explicitly verify the

Gallavotti-Cohen fluctuation symmetry in the first order.
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6.1 Hamiltonian Model

As before, we consider the lead-junction-lead model initially prepared in a
product state p(to) = [[,—1 c.r %. It can be imagined that left lead
(L), center junction (C'), and right lead (R) in this model were in contact
with three different heat baths at the inverse temperatures 5, = (k7] L)_l,
Bo = (k;BTC)_l and B = (kBTR)_l, respectively, for time ¢t < 5. At time
t = ty, all the heat baths are removed, and couplings of the center junction
with the leads H;c = u:LFVLCuC and Hor = ugVCRuR and the nonlinear

term H, appearing in the center junction are switched on abruptly. Now

the total Hamiltonian is given by
H=Hr+Hc+Hr+Hrc+ Hcr + Hn, (6.1)

where H, = %pgpa + %ugK “uq, @ = L, C| R, represents coupled harmonic
oscillators. The formalism developed here does not require to specify the

explicit form of H,,.

Nonequilibrium version of Feynman-Hellman theorem

Based on the two-time observation protocol the characteristic function (CF)

for heat transfer during the time t,; — o is written as before [14-17],

Z (&) = (Ueyz (to, tar) U-gsa (tar, to)) (6.2)

The key step to derive the nonequilibrium Feynman-Hellman theorem is

to generalize the CF by introducing two different parameters A; and Ay on
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the upper and lower branches respectively and construct a general CF as

Z (A2, A1) = (Un, (o, tar) Uny (Er,80)) 40y = <TC€_’%IC dTTA(T)> , (6.3)

p(to)
with 7,(7) is in the interaction picture, given as

~

T (1) = a5 (1) VECie (1) + Al (1) VOrag (1) + Hy (1) - (6.4)
(a caret is put above operators to denote their 7 dependence with re-
spect to the free Hamiltonian Hy = H; + He + Hg such as ¢ (1) =
enHeTycemi1eT) and 4% (1) = g, (7 + ha(r)) with z(7) = A (Ag) for

T =1t" (t7) on the upper (lower) branch of the contour C'.

Now we define an adiabatic potential U (¢, A2, A1) satisfying [13]

i ty
Z ()\2, )\1) = exXp [_ﬁ / dtu (t, )\2, )\1)}, (65)

to

so that we could apply the nonequilibrium version of the Feynman-Hellmann

theorem [18] to get

8 . 1 67;\ (t+) 7%f drTx(T)
8)\12/{ (t, )\2, )\1) —Z ()\2’ )\1) <TC 8)\1 e c
o7, (t*
E<ﬂ;§i)>. (6.6)
A

Note that in Eq. (6.6) we define the A dependent average as

(A(), = (ToA(t)e 7 Ry (6.7)
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and similarly for the multipoint averages. Also note that <A(t+)> \ F
(A(t7)),. Therefore in this formulation, to obtain the adiabatic poten-

tial one needs to calculate these A\ dependent Green’s functions.

Generalized Meir-Weingreen formula

Computing the derivative 97, /0A; we obtain

OT(tY) _ , duf(i+)

P e VECua(th). (6.8)

After the treatment of symmetrization on Eq. (6.6), we can write

81112()\2,)\1) . h/tM 8
O\ 2/,

di = Tr [ég L (Y VEC LG () VCL]

t'=t

(6.9)
The contour-ordered version for G (7, 7') is given as
. i X X
Gre (mi, 1) = — 7 <T’TUL (1) Ug (7'2)>)\
:/ drigy (11, 7) VECGee (1, 1) (6.10)
c
where the shifted bare Green’s function for the left-lead is given by
. Ry ~x
gr (71, T2)jk - <TTUL,j (1) Up (7'2)>pL(t0) ) (6.11)

and V¢ = (VLC)T. Similar expression is also valid for Ger (11, 72). Here
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GCC is defined as

[Geo (m, TQ)Lk _ % (Totic, (1) der (72)), (6.12)

Goc (tits) Gie (i, t2)

Gzo (ti,ts) Ghe(t,to)

)

Using these in Eq. (6.9) we obtain a generalized Meir-Wingreen formula

[19] as
OInZ Ay A1) R ™ - L ONT (U 1) A L OX7 (t)1)
8—/\1__5/,:0 dtdtTr[GCC (t,t)T+GCC (t,t)T],

(6.13)
where the lesser and greater version of 3, is defined as if’> =VCtgroyLe,
Here we employ the procedure of symmetrization to get rid of the time-
ordered version of Ge (11, 72), which will appear in Eq. (6.13) without
symmetrization. The components for the shifted self energy are written in

terms of the ordinary self energy as

SE(U 1) = N5 (' —t+h \—h\y)

X7 (tt) = X7 (t'—t+hha—h)\). (6.14)

Furthermore, later after realizing that Z (Ao, \1) = Z (A3 — A1), and setting

A1 = —=£/2 and \y = £/2, Eq. (6.13) can be lumped into a compact form
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O (7', 7)
a@g) |’

écc (T, T,)

omz 1 ,
70) :é/ch/chTr (6.15)

which shows that the derivative of the connected vacuum diagrams are
closely related to the contour-ordered Green’s functions, and could be also
obtained based on the field theoretical/diagrammatic method [20, 21]. The
tilde on the Green’s functions emphasizes the fact that they are counting
field £-dependent. And if needed, the proper normalization for the CGF,

i.e., In Z (&), can be determined by the constraint In Z (0) = 0.

Ballistic case H,, =0

For harmonic junction we previously obtain an analytic expression for
In Z(¢). Here we show that the derivative of the CGF for the ballistic
system can also be written in the above form. The CGF as shown previ-

ously reads as (see Eq. (3.46))
1 A
an(g) = _aTrj,T In [1 - GOZL}, (616)

Let us now consider the n-th order term of the log series and take the
derivative with respect to the counting field £. Note that here the counting

field dependence is only through 4.
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The n-th order term in the continuous contour time is written as

/dﬁ /dTQ : --/dTn%Trj [GO(Tl,Tg)Zf(TQ,Tg) o Go(Tpet, To) A (0, 1) |-

(6.17)
The derivative of the above expression with respect to i will generate n
terms, which are all equal due to the dummy integration variables and
therefore cancel the factor n sitting in the denominator. We may then

write

0% (T, 7'1)]
o) I
(6.18)

1
/d7'1/d7'2---/d7'n§Trj [GQ(Tl,TQ)Zé(TQ,Tg)"'Go(Tn_l,Tn)

Where 24 = 3, — % and 954 /9(i€) = 931, /0(i€). So the derivative of the

CGF can be written as

olnZ 1 0X,
= ——Tr; >4 . 1
a@ie) 277 [(GO T GoBpGoF )6(2'5)} (6.19)
Now defining a new Green’s function GO =G+ GOEfGO + -+, we write

the above equation as

~ 82&}

m (6.20)

or more explicitly (in the continuous contour time notation) it reads

881(215? = —%/dT/dT/Tl"[éo(T, T')%]- (6.21)

Note that in the absence of H,, Gee defined in Eq. (6.12) is equal to Go.

199



Chapter 6. Full-counting statistics in nonlinear junctions

Interaction-interaction picture

In order to evaluate In Z., a closed equation for Geoc (71, T2) is needed, which
could be deduced by a transformation from @( ) to O (1) taking tJ as a

fixed reference time such as ul, (1) =V (t7,7) @c (1) V (1,17 , with

o] 18TV BV
T to

V(r,tf) =Tce ’ : (6.22)
and V (t§,7) =V (7, tar)_l, where the subscript C' [7, ¢{] denotes the path
along the contour C' from t; to 7. Instructively, alternative forms for

V (7,t§) can be given as

V (7, 48) =eFMUL (¢, tar) UL, (tar, o) e~ 10 (6.23)

V(5 48) =eFMUS (¢, 1) e T, (6.24)

Where, the superscript 0 in UY, (tar,%o) denotes that the nonlinear term
H,, = 0 in the corresponding Uy, (tar,tp). Based on this form, we easily
notice that the group property V (73,71) = V (73, 72) V (72, 71) hold on the
contour. The present transformation defined on the contour C'is necessary,
since the coupling Hamiltonian with counting field is different on the upper

and lower branch respectively.
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Then according to Eq. (6.12), Goe (71, 72) can be rewritten as

~ 'l ; 1
(Gec (rym)| = =3 | (to) Toub, (m) ulsy (m) e He P00 —
ik h ’ ) Zn

(6.25)

in terms of p(to) = p(to)A/Zo (Tr (p'(ty)) = 1) and Z,, = Z/Z,, where
Zy = <Tce—%fc dT(ﬁi’TV“ﬁc+ﬁ£VCRﬂR)> , (6.26)

is the CF when H,, =0 and A=YV (ta, tM) V (tM, tj). Now the benefit of
the transformation to the second interaction picture defined on the contour
is remarkable, that is, the extra term A always appearing at the left-most

position after contour-ordering can be taken out of Ty to combine with

p(to)/ 2o to yield p (o).

Still in this transformed picture I the Wick theorem is valid, which is
directly inherited from the validity of Wick’s theorem in the interaction
picture with respect to k, and thus the Dyson equation for Gec is obtained

from Eq. (6.25) as

Geo (11, 72) = é’%o (11, 72) + / / deTlé%C (11, 7) ), (1,7) Geo (7', 72),

o (6.27)
which in the matrix (in discretized contour time) representation is written
as Goo = G + GLe 2, Goe and G = —iTr [pl(to)TTuIC (1) ug" (72)
is given as

Geo = go + g <2L + 21«2) G, (6.28)

Note that the nonlinear self energy %, constructed by é((])c is solely due to
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the nonlinear Hamiltonian #,,.

After introducing the Dyson equation for the ballistic system
Glo = go + 8 (31 + Zr) G, (6.29)

and combining it with Eqgs. (6.27) and (6.28), the closed Dyson equation

for Gee (11, 72) could be obtained as
Gee = Gl + GY (2;‘ + 2n> Gee, (6.30)

where the shifted self energy %4 = 3, — ¥, which first appear in Ref. [14],
accounts for the FCS in ballistic systems. Now it is clear that Z (Ag, A1) =
Z (Mg — A1), since the elementary block G, constructing the nonlinear self

energy %, satisfy Eq. (6.28) and 31, depends only on Ay — Aj.

From now on, for notational simplicity, all the subscripts C'C of the Green’s
functions will be suppressed and the superscript 0 in both G%,, and G%,

will be re-expressed as a subscript.

6.2 Steady state limit

Proceeding to study cumulants of steady-state heat transfer explicitly, one
simply set tg — —oo and t;; — 400 simultaneously, and technically assume

that real-time versions of G (71, 73) are time-translationally invariant. Then
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going to the Fourier space, Eq. (6.15) for %1(?5 in steady state could be

rewritten as

1 O0lmZ(E)  [*  hw. = T
TR E [ e G e - Gl S,

[e.9]

(6.31)
which after taking into account G~ [—w] = G< [w]” and 5 [~w] = X7 [w]"

can also be written as

1 9mZz() _ [* fw A<y> —iliwé
=t 00E) —/_ dw27rTr[G YTe } (6.32)

o0

In the Fourier space, due to Eq. (6.30) exact result for G [w] could be yielded

as

Gl = (Gole] ™ ~ Balw] - 5 [w])l , (6.33)

when keeping in mind the convention that the contour-order Green’s func-

tion such as G (11, 7») in frequency space is written as

Gw] = (6.34)

—G” w] —G'w].
(Note that here G|w] is already multiplied with the Pauli o, matrix)

One step forward, solving Eq. (6.33) for the less component of G [w] , the
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CGF in Eq. (6.32) can be explicitly written as

) - hw —thw —
2 (9) = il —to) [ de [ awpteteem{nr

x |1+ (g + 30 o (5 - 2| - )
with
2 [—w]” =25 [w] = £F [w] + BF [w] ¢ + 55 [w] (6.36)
S w] =55 [w] + Z4, [w] + Z [w] (6.37)
S w] =5 [w] + 2% [w] + Z [w] - (6.38)

6.3 Application and verification

Monoatomic molecule with a quartic on-site pinning potential

Now we apply the general formalism developed above to study a Monoatomic

molecule with a quartic nonlinear on-site pinning potential, that is,

1
H, = Z)\u‘ao, (6.39)

in Eq. (6.1). In this case, nonlinear contour-order self energy exact up to

first order in nonlinear strength

3, (1,7) = 3ihAGy (r,7) o (1,7, (6.40)
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where the generalized J§-function § (7, 7') is the counterpart of the ordinary
Dirac delta function on the contour C'. Thus the corresponding frequency-

space nonlinear self energy is
S, [w] = 3ikX | " ~ . (6.41)

Consequently, exact up to first order in nonlinear strength the CGF for the

molecular junction could be given as

[
0 1
9 (i§) D [w] }

1 Oln Z (¢
(tnr—to) O (i

G
3
x| G (0) Gh ] = G (0G5 ]| 5

(6.42)
with

D[w] = det [1 ~ Gow] =4 [w]} — det [1 — Golw] 54 [w]]

= 1T [TL]]| (€ 1) f (1 Fr)+ (€7 1) fa(14 fu)] - (6.43)

and G (0) = 1= g‘;G“[ ] /D [w], where T[T [w]] = Tr (GfLrGElL) is
the transmission coefficient in the ballistic system, and f, = [exp (S.fiw) — 1]_1
is the Bose-Einstein distribution function for the phonons in the leads. éo
is in the Keldysh space. Here G} = G —G§ and G¢ = G —G} are retarded
and advanced Green’s functions, respectively. Also ', = i [X] — X2], re-

lated to the spectral density of the baths, are expressed by retarded and

advanced self energies similarly defined as Green’s functions.
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Gallavotti-Cohen symmetry

Eq. (6.42) satisfies Gallavotti-Cohen symmetry [23] for the derivatives,
since D [w] remains invariant under the transformation & — —¢+i (8 — 1),

as shown before, while the derivative 0D [w] /0 (i§) changes the sign.

Recovering ballistic result

For A\ = 0 in Eq. (6.42) the integration over £ can be performed explicitly

and the CGF can be written down as
dw o “ A
In Z(8) = ~(ta—to) [ = Indet [1 — Golw]EA [w]], (6.44)

which is the ballistic result [11, 15, 16] derived in Chapter 3.

First two cumulants

One could easily use this CGF in Eq. (6.42) to evaluate cumulants. The

steady current out of the left lead is closely related to the first cumulant

so that
A
I =i ( a(i€) ' 520)
:/ Z—L;hw(l + A[w])Tr[T[wH(fL — fr), (6.45)
A [w] = 3ihAG} (0) (GE [w] + G [w]) (6.46)

is the first-order nonlinear correction to the transmission coefficient.

The fluctuation for steady-state heat transfer in the molecular junction

is obtained by taking the second derivative with respect to £, and then

206



Chapter 6. Full-counting statistics in nonlinear junctions

setting & = 0:

@D e 26l (-
©3R2aw [Gg[wwég—(}’g[w]ééé} Tr[Tw]] (fo — fr)

() Te[Tl] (1 + AL (f+ fat2fefn) f (647)

o€ 2w

— 00

5@’8’5 = 9Gg (O)‘ =—q /00 d_w hw Tr [T[wﬂ (fr — fr) Gg’t[w]. (6.48)
£=0

Higher-order cumulants can be also systematically given by corresponding

higher-order derivatives.

Special case: Pure harmonic chain

It is worth mentioning that for a special case of a homogeneous spring
chain plus one-site quartic nonlinear on-site potential, Gjw] is imaginary
(see appendix (E)) meaning Alw] = 0. In this situation, therefore, the first-
order correction in nonlinear strength to the steady current Eq. (6.45) does
not exist, while for the fluctuation the correction to the ballistic result is

given only by the second term in Eq. (6.47).

6.3.1 Numerical results

In the following, we will give a numerical illustration to the first few cu-

mulants for heat transfer in this molecular junction using a self-consistent
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Chapter 6. Full-counting statistics in nonlinear junctions

procedure [8], which means that the nonlinear contour-order self energy is
taken as

S (1,7) = 3ihAG (1,7) 6 (7, 7') . (6.49)

Very recently, it is shown that such self-consistent calculation gives ex-
tremely accurate results for the current in the case of a single site model
as compared with master equation approach, [25] thus we believe that it

should leads to excellent predictions for the FCS.

OG|w]
7 O(i€)

based on Eq. (6.33), then the first few cumulants are obtained by the

Specifically we self-consistently calculate G [w] and higher derivatives
corresponding derivative of In Z (§) in Eq. (6.32) with respect to i at the
point ¢ = 0. In order to obtain m-th order cumulant one needs to solve
(m — 1)-th derivative of G iteratively. For example, the iterative equation

for computing the first derivative of G is given as

50y Jeo i) o) C (6.50)

where G[w] = G[w] | e—o- The equation transforms to a linear equation for
OG[w]/0(i€) by using the modified 3, [w], which is then solved numerically

by iteration. Equations for the higher derivatives can be similarly obtained.

In this numerical illustration, the Rubin baths are used, that is, K,, a =
L, R in Eq. (6.1) are both the semi-infinite tridiagonal spring constant
matrix consisting of 2k + k¢ along the diagonal and —k along the two off-
diagonals. And only the nearest interaction V_Lfo and VO%R between the

molecular and the two bathes are considered and H¢o = %péo + %Kcuéo.
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Figure 6.1: The first three steady-state cumulants with nonlinear coupling
strength A for k = 1eV/ (uAQ), ko = 0.1k, Ko = 1.1k, and V—Lfo = Vo?lR =
—0.25k. The solid (dashed) line shows the self-consistent (first-order in X )
results for the cumulants. The temperatures of the left and right lead are
660 K and 410 K, respectively.

Figure 6.1 shows the plot for the first three cumulants with nonlinear
strength A. The effect of nonlinearity is to reduce the current as well
as higher order fluctuations, and the fact that third and higher order cu-
mulants are small but nonzero implies that the distribution for transferred
energy is not Gaussian. For certain parameters (not shown) the third cu-

mulant can change sign from positive to negative. Similar effect was also

observed for a classical system [11].

Figure 6.2 shows the behavior of thermal conductance, defined as,

o(T) = lim L (6.51)

TL—)T,TR—)T TL — 7—‘}:57

209



Chapter 6. Full-counting statistics in nonlinear junctions

003_ "‘-‘_--—'-'_'I'_"_'-_"_"—'-_--_--_---.......-....._
e LT
o ..'/// *‘***“_
—~~ N //
£ 7
f 0.02- ; / |
<) .}I/ 0.04— : , —
© I I/ C0.03 e = 7
o — 2=00 s 1 i
0.01~ [ T ))\\38 073 0.02_— 1.
. — — A=6.0 © 0.0l ]
- H A=8.0 0 T T
500 1000 1500 2000
T(K}
0 | | | | | | | |
0 500 1000 1500 2000 2500

T(K)

Figure 6.2: Thermal conductance with temperature for different coupling
strength A in unit of eV/ (amu2A4) using self-consistent method for k£ =
1eV/ (amuA?), kg = 0.1k, K¢ = 1.1k, and VX = VGF = —0.25k. Inset
shows the thermal conductance calculated using self-consistent procedure

(solid line) and using Eq. (6.45) (dotted line) for A = 2eV/ (amu?A*)

with equilibrium temperature T for different nonlinear strength A. The
similar self-consistent method is employed in Eq. (6.32) for £ = 0 to obtain
the conductance for the above mentioned model. Reduction in conductance
with nonlinearity is observed even at low-temperature regime in the chosen

model.

In both the figures (see inset in Fig (6.2)) it is noted that for weak non-
linearity the first-order perturbation results coming from the established
formalism, presented as dotted lines, are comparative with the correspond-

ing self-consistent ones.
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6.4 Summary

We develop a formally rigorous formalism dealing with cumulants of heat
transfer in nonlinear quantum thermal transport. Based on NEGF tech-
niques and most importantly nonequilibrium version of Feynman Hellman
theorem we study the CGF for the heat transfer in both transient and
steady-state regimes. For arbitrary nonlinear system, the derivative of the
CGF with respect to the counting field is written in a closed form. A
new feature of this formalism is that counting-field dependent full Green’s
function can be expressed solely through the nonlinear term H! (7) with
an interaction picture transformation defined on a contour. Although we
focus on the FCS of heat transfer in pure nonlinear phononic systems, there
is no doubt that this general formalism can be readily employed to handle
any other nonlinear system, such as electron-phonon interaction and Joule
heating problems. Up to the first order in the nonlinear strength for the
single-site quartic model, we obtain the CGF for steady-state heat trans-
fer and also present explicit results for the steady current and fluctuation
of steady-state heat transfer. We also employ a self-consistent procedure,

which works well for strong nonlinearity, to check our general formalism.
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Chapter 7

Summary and future outlook

This dissertation presents theoretical studies of energy-counting statistics
and fluctuation theorems in the context of heat transport. Employing two-
time projective measurement method and nonequilibrium Green’s function
technique we develop a formalism to study the statistics for heat and en-

tropy production in general lattice systems.

To examine the behavior of heat, we first consider a harmonic lead-junction-
lead model from a very general perspective, such as, arbitrary time-dependence
of the coupling matrix between the leads and the junction, arbitrary di-
mensionality of the junction, finite size of the leads etc. We derive the
generating function for integrated energy-current for three different initial
conditions taking into consideration the initial measurement effect on the
density operator. The cumulant generating function for arbitrary measure-

ment time is expressed in terms of the Green’s functions for the junction
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Chapter 7. Summary and future outlook

and an argument shifted self-energy. However the meaning of this Green’s
functions depends on the initial conditions. In general, we show that the
effect of energy measurement to obtain statistics for heat is reflected in the
corresponding self-energy as the shift in the time-argument which turns out
to be key quantity for the FCS problem. We perform numerical simula-
tions for one dimensional harmonic chain and for a graphene junction and
showed that the at short time the behavior of heat differs significantly from
each other but finally approaches to a unique steady state, independent of

the initial conditions.

For nonequilibrium steady state, we carefully examine the effect of quantum
measurement. We found that the effect of measurement is always to feed
energy into the measured (left) lead, even if the temperature of the left
lead is lower than that of the right lead. In the long-time limit the CGF is
written down simply in terms of the transmission function and a counting
field dependent function satisfying the Gallavotti-Cohen (GC) fluctuation
symmetry. Moreover, we introduce a generalized CGF to understand the
correlations between the left and right lead heat and showed that in the
steady state the CGF is a function of counting-field difference. The two-
time measurement turns out to be the key concept to obtain the correct
CGF in the sense that, it satisfies the GC symmetry. As an example, we
explicitly show that Nazarov’s CF does not respect the GC symmetry, at

least for the harmonic model.
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Next we investigate the CGF for heat generation for a forced-driven har-
monic system connected with two thermal baths. Working with the gen-
eralized CGF we show that in the asymptotic limit forced-driven entropy
production in the leads satisfy fluctuation symmetry. The CGF in long
time is expressed in terms of force dependent transmission function. For
Rubin heat bath we obtain explicit expression for the generalized CGF by
exploiting the translational symmetry of the homogeneous system. For pe-
riodic driven force we investigate the effects on energy current for Rubin
and Ohmic heat baths with system size and applied frequency. We also

analyze the heat pumping behavior for this model.

Then we move to investigate the energy transport properties for a N-
terminal setup without the junction part. The generalized CGF is ex-
pressed in terms of the surface Green’s functions. For two-terminal case we
obtain the transmission function which is useful for interface study. The
transient version of the fluctuation theorem is verified where KMS bound-
ary condition plays a crucial role. We also address the effect of coupling

strength on the exchange fluctuation theorem for two terminal setup.

Finally, we generalize the counting statistics formalism for arbitrary non-
linear junction. Based on the nonequilibrium version of Feynman-Hellman
theorem we show that the derivative of the cumulant generating function,
with respect to the counting field, can be summed up exactly for general
anharmonic potential. We derive the generalized version of the celebrated
Meir-Weingreen formula using which all higher order cumulants can be

systematically obtained. By introducing a new interaction picture on the
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contour the center Green’s function is expressed in terms of the counting
field dependent nonlinear self-energy. As an illustration, we consider a
molecular junction consist of a monoatomic molecule with quartic onsite
potential. In the first order of the nonlinear strength we obtain analytical
expression for the long-time CGF which satisfy GC symmetry. Employing
self-consistent procedure for the nonlinear self-energy we investigate the

behavior of the conductance and the cumulants of heat.

Overall, one key contribution of our study for the ballistic heat transport is
that it generalizes numerous investigations that have only looked at what
happens to the current in the stationary state. In addition of studying
both transient and steady state on equal platform we consider different
initial conditions where it is possible to show how system approaches to a
unique steady state dynamically. Moreover the developed formalisms for
the energy counting statistics is readily extendable for the charge count-
ing as shown by an example in the appendix where we derive the famous
Levitov-Lesovik formula for electrons using tight-binding Hamiltonian. For
all this non-interacting problems we found that the long-time limit can be
expressed by a transmission function, captures the properties of the junc-
tion and the leads, and an universal function which depends on the counting
field and satisfy GC symmetry. Also thanks to the nonequilibrium version
of Feynman Hellmann theorem using which the nonlinear counting statistics
problem turns out to be similar in structure to the usual NEGF approach.
The formally exact theory now requires the counting field dependent non-

linear self-energy as an input which can be calculated order by order of the
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nonlinear strength following Feynman diagrammatic technique.

Full-counting statistics study for nonlinear systems are challenging. Feynman-
Hellmann theorem seems to give an alternative way to study such systems.
Therefore future studies should attempt to extend this approach for other
nonlinear systems such as for phonon-phonon or electron-phonon interact-
ing systems. Moreover, Feynman-Hellmann approach can be equally ap-
plied for an interface setup where one of the system could be anharmonic.
Such a nonlinear setup is useful to study thermalization which seems to be
another direction for future study. For ballistic FCS problems finding out
next order quantum corrections to the long-time limit results are worthy

of future exploration.
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Appendix A

Derivation of cumulant
generating function for

product initial state

In this appendix we derive the cumulant generating function (CGF) given
in Eq. (3.37) for product initial state. We start by writing down the char-

acteristic function (CF) given in Eq. (3.35) i.e.,
2(6) = T [ppoa(O)Tue” e P0], (A1)
with

Vo(1) = = 1 (T)ac (1) + R (T)VEC (T (1) + 4k (1 + ha (1)) VEC (T)ae(T).
(A.2)
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Appendix A: Derivation of cumulant generating function for product
initial state

Let us for the moment consider only the left lead (V¢ = 0). The effect
of the another lead is additive in terms of the self-energy according to
Feynman and Vernon. Therefore the characteristic function can be written

as

(T, et oI Eme@r o} o TV ICuc)) (A.3)

where we use the short hand notation 4y (7) = ur(7 + hz(7)). Then using

Linked-cluster theorem we can write

1

min! (__Z)n(%)m/dﬁdTQ coodry, dTidTy - - - dT,

mZ(E) = ) 5

m,n

<Tculc¥ (Tl)uic% (7'2) : UC (Tm) u]é‘l (Tl)ulg (7-2) u’én <7-”)>connected

<TCuL (TI)UL (7-2) aJLn (Tn»connected‘/]f7 ‘/]5, : ‘/]i,cn

fil (T1>fi2 (7-2> e fim<Tm)7 <A4>

where we imply Einstein’s summation convention. Note that both m and

n can take only even integer values.

In the following we will show that the in the above series for the summation
index m we need to consider only m = 0 and m = 2. For m = 0 i.e., without
the driving force, the above infinite series can be easily summed (discussed

in Chap. 3 before Eq. (3.37)) and is written as

[e.e]

In Z(SL) }m:O = Z

gé" R (1, ) S (s 1)

diyd7y - - - df, ge? (71, 7) B8R (7, 75) - - -

3|H

1 ~
= —§Trj77 In [1 — gCZL] (A.5)
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initial state

Using Wick’s theorem it is easy to see that the number of connected dia-

grams in this case is (n — 1)!.

For m = 2 we have
o0

1 i — A A
an(gL)‘mZQ _ ZQ'—n' (%)2( hl) /dTldTg drd7y - - d%n<TCuzcl(Tl)u’CQ(7'2)

n=0

u’é} (Tl)uc (7—2) u]é' (Tn)>connected<TCuL (Tl)uL (7—2) {L]LR(T )>connected

‘/;1 k1 ‘/;2 ko ” V;i,cnfll (Tl)fiz (7—2)7

(A.6)

In this case the combinatorial factor turns out to be n! which cancels the

term in the denominator. Therefore finally we have

an(gL)|m:2 = —;—h Z / dTldTQdf'ld%Q .. d%n |:fT(7—1)gC(7_1, %1)§]L(%17 7’:2) C
90 (s ) (7))
= 2h dTldTQf ( ) (7'1,7'2)f<7'2) (A?)

where we define the Green’s function G(7,7') as

G(r, ) = go(r,7) //dﬁdngC 7, 7)5° (11, 72)G(12, 7)) (A.8)

All other higher order terms (m > 2) contains vacuum diagrams given as

[ [ drir i et

//dtdtf Zcro' o’ ']f(t’). (A.9)

o0’
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initial state

The last expression is zero because of the standarad relations among the

Green’s functions i.e., g& + g4 — g5 — 9& = 0. Finally we obtain Eq. (3.37).
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Vacuum diagrams

In this appendix we will show that vacuum diagrams are zero. This fact is
used in chapter 3 while deriving the characteristic function for heat. We
assume that the value of Trin(1 — g.3) is 0 (see the discussion before
Eq. (3.46)). Expanding the log series we get convolutions of go and ¥ in
contour time, which are all vacuum diagrams. We define vacuum diagrams
where all the contour time variables of the Green’s functions are integrated
out. Note that the Green’s functions in this case are counting field inde-

pendent. In general scenario such vacuum diagrams can be written as

VZ/C/C~~/CdﬁdTQ...dTn [A(1,72) B(ra, 73) - - - (1w, 71)]. (B.1)
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Transforming the integrations from contour time to the real-time within

the interval [to, ty], i.e., using [dr =Y [odt (o = £1) we write

v = Y / dt, / dty - / by [0V A7 (11, 15)0, BT (1, 1) - -

0.170-27.“7

0, DT (b, 1)) (B.2)

By absorbing the extra o factors into the definition for branch components

it can be easily seen that

V= /dtl/dtg---/dtnTra [A(t1,t2)B(ta, t3) - - Ctn, ta)],  (B.3)

with A = 0, A with o, = diag(1, —1). Now let us do the Keldysh rotation
which transforms the matrix A to A related via an orthogonal transforma-

tion O such that A = OT AO. Then we obtain

V= /dtl/dt2-~-/dtnTro [A(t1,t2) B(ta, t3) - Clta,t1)]. (B4)

Now if the Green’s functions are counting field independent, then in the

Keldysh space each matrix is of the following form

oo Aroax
A= (B.5)
0 Ae

The important fact used in the proof is the tridiagonal structure of these

matrices. As the product of triadigonal matrices is a tridiagonal matrix,
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after performing trace over the branch index i.e., Tr, we obtain

/dtl/dt2 /dt A?" (ty, 1) B" (ty, t3) - - C" (tn, ty)

4 At ) B (b, ty) - - - C° (tn,tl)} (B.6)
Such a term is always zero because the condition
ty >ty >ty > - >t, 1 >1, > (B.7)

or

h<ta<tlzg<- - <th1<t,<tl (B.8)

is never satisfied. Therefore both the retarded and the advanced compo-
nents are zero which implies V' = 0. Finally we have all the terms in the

log series equal to zero i.e., Trin(1 — g.3) = 0.
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Appendix C

Details for the numerical
calculation of cumulants of
heat for projected and steady

state initial state

In this appendix we give details about how to numerically calculate the cu-
mulants of heat for projected (p'(0)) and steady state initial state (pngss(0))
in the frequency domain. Starting from Eq. (3.80) which is valid for pro-
jected (A — o00) as well as for nonequilibrium steady state (A — 0) we can

write in the w-domain

InZ(&) = —%Trj@w In|l— éo[w]iﬂw,w’]] (C.1)
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for projected and steady state initial state

where the meaning of trace in w-domain is explained in Eq. (3.54).

Here we discuss the calculation for 4(w, w’) for p/(0) which is the starting
point for doing numerical calculation. To calculate different components
of 2w, w’) for projected initial state p/'(0) we define two types of theta

functions 0, (t,t") and 6,(t,t"). 6,(t,t") is non-zero and has the value 1 when
0<t<ty, and t' <0 or t >ty, (C.2)

or

0<t <ty,and t<0 or t>ty, (C.3)

and 0y(t,t") is non-zero only in the regime where 0 < t,¢' < t5; . For
the regions where 6, (t,t') is non-zero the expression for ¥4 after taking
the limit A — oo is, (assuming all correlation functions decays to zero as
t — +00)

ST () = =S (=), (C.4)

So using theta functions we may write Y4 (¢,#) in the full ¢,# domain as

SH(tY) = 6t )T (1)

Ej <t7 t/) = _91 <t7 t/)EZ (t - t/) + 92 (tv tl) X
(S5t =t —he) =S5t —t)]

Ei <t7 t/) = _91 <t7 t/)EE (t - t/) + 92 (tv tl) X

[(S7(t =t +he) = S7(t—t)] (C.5)
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for projected and steady state initial state

By doing Fourier transform it can be easily shown that

Zf[w,w’] = —/ céwc 01 [w—we, W' +w,] Zf(wc) (C.6)
oo 4T
and
>,< / = dw, / >,<
YU w, W = —/ . 01 [w—we, W' +w] 7 (we) (C.7)

o0 d . .
+ / 2w 0, [w—wc,w'erc] N7 (we) (™ —1),
s

—00

where 7 = £1. The positive sign is for X5 and negative sign for 7. The

theta functions are now given by

91 (Waa Wb) - f(wa)-g(wb) + f(wb)'g(wa)a

6)Q(Waawb) - f(wa)-f(wb)v (08)
where
eiwt]u _ 1
flw) = —
1 eith—ntM
9(w) = iw+e  iw—e€ (C.9)

with € — 0". The theta functions are of immense importance which carries

all information about the measurement time t;,.
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for projected and steady state initial state

In the limit ¢); — oo, the region 0 < t,t' < t); dominates and correspond-

ing theta function, i.e., f5(w,w’) reduces to

Or(w — we, W + we) = F(w — we)d (W + we), (C.10)

and is responsible for obtaining the steady state result.

To calculate all the cumulants we only need to take derivative of ¥ 4(w,w’)
with respect to i€ since Gy does not have any ¢ dependence. Also ¥4 has

¢ dependence only for 0 < ¢,t' < t;; and hence the derivatives are given by

oS * dw, " , i
8(@’5" [w, W] :/ 5, (nhw,)" 05 [w—wc,w +wc] Zf’<(wc)e ené (C.11)

—00

Here n refers to the order of the derivative.
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Appendix D

Solving Dyson equation
numerically for product initial

state

Here we discuss about solving the Dyson equation for G given in Eq. (3.43)
numerically for product initial state ppq(0). In order to compute the
matrix Go(t, 1) we have to calculate two components G7 and GE which are

written in the integral form as (applying Langreth’s rule)

tar tar
0 0
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and

GEt,t) =g5t—t) + dt1/ dty gp(t—11) X7 (t — 1) GE (£, 1)

0

+ tl/ dty ge(t—11) S5 (1 —12) G (ta, )

0

_|_

o\éc\o\
a5

dtJ dtQ gC t tl)E“ (tl _t2)G8<t27 t,)
0

Note that the argument for center Green’s function go and lead self-energy
Y are written as time difference ¢t —t' because these are calculated in equi-
librium. The analytical expressions for ¥ and g are known in frequency
domain. To determine their time-dependence we numerically calculate their
inverse Fourier transforms using trapezoidal rule. Then in order to solve
above equations for any ¢, we discretize the time variable into N total in-
tervals of incremental length At = ¢,,;/N and thus converting the integral
into a sum. After discretization, the above equations can be written in the

matrix form which are indexed by space j and discrete time ¢, as

Gy = go+egcX Gy,

G = GZFGI+ I+ GiENgl I+ =°GY). (D.2)

So G{, can be obtained by doing an inverse of the matrix (I — gf,%") and
then multiplying by g¢.. G{ can be obtained by taking matrix transpose of
G§. Once G{ and G§ are known we use the second equation to calculate

G{* which is simply obtained by multiplying matrices.
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Appendix E

Green’s function Gylw| for a

harmonic center connected

with heat baths

In this appendix we give expressions for nonequilibrium Green’s functions
(G for harmonic junction connected with two heat baths. This expressions
are used to derive the Landauer formula in chapter 2 as well as the long-

time limit for the CGF in chapter 3. We write the full Hamiltonian as
H=Hc+H,+Hr+Hrc + Hrec. (El)

where H,,a = L,C, R is the Hamiltonian for the decoupled regions. The
coupling Hac is given as Hoc = ulV©ug,a = L, R and Vo = [VCQ]T.

For simplicity we assume the coupling matrices V¢ are time-independent.
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Appendix E: Green’s function Gylw] for a harmonic center connected with
heat baths

Since the full-system is harmonic the retarded Green’s function for the

entire system, satisfy the following equation in the frequency domain
[(w+in)*I — K]G plw] =1, (E.2)

(F is used to denote the Green’s function for the full system) where K is
the force constant matrix for the full linear system. Both K and G r are
(infinite) matrices indexed by the labels of atomic degrees of freedom. Note
that 7 here is an infinitesimal positive number (7 — 07) required to satisfy
the causality condition for the retarded component, i.e., G p(t) = 0 for
t < 0. We partition K and Gy » matrices according to the left, center, and

right parts. For example the full K matrix is given as

KL VLC 0
K=\ ycr gc ycr |. (E.3)

0 VRO KR

and similarly for Gf [w]. So for the retarded component of the full system

we have [1, 2]

(w+in)2I— K~ _yLC 0 GéL,r GOLC,r GéR,r
_y°er (w+i77)2[—KC _VCR % GOCL,r ch,r GOCR,r
0 _yRC (wtin)2] — K Gé%L,r Gézc,r Gé%Rﬂ"
I 00
=l o071 0]- (E.4)
0 0 I
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heat baths

Considering only the three equations formed by each row of the first matrix

multiplying the middle column of G -[w] matrix, we have

[(w+in)*l — KX]Gy9" —vieGier = 0,  (E.5)
VG 4 [(wtin)’ I-KC|GFOr = VORGE™ = 1, (E6)

—VECGEYT 4+ [(w+in)*l — KRGS = 0. (E7)

Surface Green’s functions, self-energy for the leads

Let us now introduce the retarded surface Green’s functions for the leads
as

gilwl = [(w+in’l— K™,  a=LR, (E.8)

which is an infinite dimensional matrix. We also define the retarded self-
energy of the leads from the surface Green’s function (E.8) by multiplying

the coupling matrices from both sides i.e.,
Srlw] =Vvegrwlvel, a=L,R, (E.9)

Typically the coupling matrix V¢ has few non-zero entries and often one
is only interested in nearest neighbor coupling between the oscillators in
which case only one element of V¢ is non-zero and therefore 7, will also
have one non-zero entry. This surface Green’s functions are important
input for the transport problems as they characterize the properties of the
heat baths and are responsible for transfer current from the lead to the

junction.
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heat baths

Knowing Y’ [w] is enough to determine the other components of the self-
energy. In fact since the leads are at equilibrium, the lesser and greater
components of the self-energy will follow fluctuation-dissipation relations

given as

Salwl = falw] (Zelw] — Zolwl),

Salw] = (1+ falw]) (Zolw] — Selw]), (E.10)

where f,[w] = 1/(e’*™= — 1) is the Bose distribution function for the

phonons in the heat bath.
The spectral function I', [w] for the leads is defined as

Lofw] = (20 [w] — $2w]) = —2 VO Im [gg[w]} veC  a=L,R, (E11)

s

Tafu] = VO (5°) o

[5@ — Q) — d(w + QO)] seyac, (E.12)

Green’s functions for the harmonic junction

Using these definition for the self-energy and Egs. (E.5) and (E.7) we ex-
press the retarded component for the central part of the Green’s function
as

-1

Gylw] = [(w + ) T— KO =Sy ] -] (E.13)

Form now on we omit the CC' index from G§“". The advanced Green’s
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function is given by the Hermitian conjugate of the retarded one i.e.,
a T T - a a -1
Golel = [Golel)' = [(w—am)*l - KO = T3] - Sple]] . (B14)

From these expressions for Gjj|w] and G&|w] another important identity that

can be derived is

GolwlGhlw]=—i Gy [w] (T L [wHT rlw]) Golw] = —i Gj[w] (T L[wHT r[w]) Goluw].
(E.15)

This identity is used to derive the Landauer like formula in chapter 2.

Proof:

Let us take the inverse of Gjjjw] and G§[w] and subtract them i.e.,
a -1 r -1 . r a r a
(Golw]) ™ = (Golw]) ™ = —Awin+ (YL [w] - Biw]) + (BRlw] - Zg[w]). (E.16)

Multiplying G{j[w] (G§[w]) from left and G§[w] (Gjw]) from the right side and
using the definition of T', [w] we obtain the above equation after taking the limit

n— 0.

In the nonequilibrium steady state in addition to Gjj[w] we need lesser or

greater component of Gy which can be obtained from the Dyson equation
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for Gy given as (see (2.85))

Go(7, ") = gol(, T')+/ dTl/ dr go (7, 71)2(11, 72)Go (12, 7). (E.17)
C C

Transforming to the real time we obtain different components as

Golwl = gelwl + golwlX W] Golw],
Golw] = golwl + ge[wlX[w]Golwl,
Golw] = gélw]+ golwlE [WIGH [w] + g¢[w] S W] Ghlw] + g¢ (WIS [w]Ggluw],

(E.18)

with ¥ = Y 4+ Xr. We can easily recover the retarded and advanced
components from the first two equations. The Keldysh component can be

simplified further and shown to be equal to

G w] = Gplw]=* WGy L. (E.19)

Proof
For simplicity here we omit the w argument from the Green’s functions. We

write the Keldysh component (E.18) as

Gé( _ gK+gr2rG(I)( +gTEKG8+gKEaGa,
_ gK(l—i—EaGS)—FgTEKGS—FQTETGK,

— (1-¢"YGE = ¢F1+2°GY) +¢g"2rae. (E.20)
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Now, from the retarded and advanced component of GGy we obtain

(1+2G§) = (9")7'GG,

(1-gz) = g(@Gy™ (E21)

Using these expressions, we can write

GE = Gk (e G+ GrER G,

= (1+2fc)Gil(g") ™ —(¢") 1IG§ + GEER G (E.22)

Now for finite size junction (g%)~!—(g")~! 7 and therefore is zero in the limit

n — 07 and we finally obtain Eq. (E.19).

Explicit Expressions for Gy|w] for one-dimensional pure harmonic

chain

We consider an infinite one-dimensional (1D) chain with inter-particle spring
constant k£ and onsite spring constant ky. We divide the full system into
three parts: the center, the left and the right part. Left and right parts are
semi-infinite and are known as Rubin heat baths. The classical equation of

motion for the full system is

ity = kuyoy + (—2k — ko)uy + ko, (E.23)

where 7 < 0 is the left-lead region, j = 1,... N is the number of atoms in

the center region and j > N is the right-lead region. In this case the full
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K matrix (infinite in both directions) consists of 2k + kg on the diagonal

and —k on the first off-diagonals.

Retarded Green’s function G{w| for the center

As the full system is homogeneous, the retarded component for the cen-
ter Green’s function can be calculated using Eq. (E.2). Multiplying the

matrices we write down the following linear equations

kGo 10+ QG+ kG0, = 1,

kGS,jJ _'_ QG(T),j-f—Ll _'_ kG67j+27l — 07 <E24)

where 1 < j,1 < N and Q = (w+in)*—2k—ko. The translational invariance
of the full system ensures that the solution for Gf ;,[w] will be of the form
oilw] = cA=l. Substituting the trial solution in the second equation

gives the following quadratic equation for A
EXTT 4+ Q+ kX =0, (E.25)

and the roots are simply given as

A= —% + %\/92 — 4k? = Y. (E.26)

Here ¢ is the wave number and satisfy the phonon dispersion relation for
one-dimensional harmonic chain with nearest-neighbor interaction, i.e.,
(w+in)* = 2k(1 — cosq) + kog. We choose only one solution for \ sat-

isfying the condition |[A| < 1. The constant c is fixed by the first equation
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and given as ¢ = A — 1/A. Finally the explicit solution is written as

p\ il

gy (E.27)

Go?z [w] =

Surface Green’s function

The surface Green’s function ¢"[w] satisfies a similar equation (E.2) as Gjj[w]
except that it is semi-infinite in extent. We consider the left lead (j < 0).
The result for the right lead is identical. Since the matrix V¢ is nonzero
only for one corner element, we need the gj[w] = g{ylw] component of the
matrix ¢"[w]. Consider only the j = 0 column, the equations for ¢"[w] in
component form are

Qgplw] + kg™ [w] = 1, (E.28)
kgi_ilw] + Qgj[w] + kg}4[w] =0, j=-1,-2,-- (E.29)

Substituting the trial solution gf[w] = cA™/, we find that

A
golw] = % (E.30)
The matrix elements of 3" are all zero except that X7,[w] = k%gj and

Shnlw] = K gi[w].

Therefore the spectral function I'w], say for the left lead is given as

2ksing = \/(w? — w?)(w? — ko) for ko < w? <w?
Fll[W] =

0 for w? > w?), w? < ko,
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heat baths

where w? = 4k + k.

Transmission function 7 [w] for the pure harmonic chain

The transmission function for the harmonic junction is given by the Caroli
formula as

Tl = Tr Gyl L[] Gyl alu]. (E.31)

For pure harmonic chain with nearest neighbor coupling we have

4k2 sin2q o 2 2
RO /N 1) 1 for ky < w® < wjpy

Twl =T uTr) v (G )n|? =
=0 for w? > w}, w? < ko,

where we use the fact that A — 1/\ = 2ising.
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Appendix F

Example: Green’s functions

for isolated harmonic oscillator

In this appendix we illustrate various definitions and relations between
the Green’s functions by calculating these functions for an isolated one-
dimensional harmonic oscillator system consists of N coupled oscillators.
This expressions are used for numerical calculations for the cumulants of

heat.

The Hamiltonian for the isolated system is written as

1 1
H= §pr + auTKu (F.1)

where p and u are the column vectors for the momentum and the position

respectively. Note that u here is normalized by mass i.e., u — /mz. K is
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Appendix F: Example: Green’s functions for isolated harmonic oscillator

the N x N force constant matrix.

Here we are interested in calculating various Green'’s functions. The contour
ordered Green’s functions reads g(7,7') = — % (Tcu(r)u” (7')). The average

here is with respect to the equilibrium canonical distribution i.e., p =

e P Tr [e_m{] )

One particular approach to solve contour-ordered Green’s function is by
writing down its equations of motion. For harmonic system it is simply

given as
0%g(r,7)

572 + Kg(r,7) = —16(7, 7). (F.2)

This differential equation gives following set of equations in real time,

8295(75, t/)

o + Kg'(t,t") = I6(t—1t), (F.3)
829<’>(t t/)
L L K¢t = F.4
e T E9TT(LT) 0, (F.4)
2 ra,t /
8%7;”+ng@,£) = —I8(t—t). (F.5)

We see that although ¢", ¢, and ¢ satisfy the same differential equation
their solutions are different as they satisfy different boundary conditions.
For example the causality condition for the retarded and advanced Green’s

function i.e., g"(t) = 0 for t < 0 and ¢°(t) = 0 for ¢t > 0.

Solutions to these differential equations can be obtained by Fourier trans-

formation. For example, eq. (F.5) in Fourier domain reads

(W= K) g""'w] = 1. (F.6)



Appendix F: Example: Green’s functions for isolated harmonic oscillator

Now to satisfy the causality condition for ¢™® the correct choice for the

retarded Green’s function is

, . ~1

g'lw] = [(w+in)* - K], (F.7)
where 7 is an infinitesimal positive quantity to single out the correct path
around the poles when performing an inverse Fourier transform. This im-
plies that ¢"[w] is analytic on the upper half of the complex w plane and

all poles lie on the lower plane.

Other Green’s functions can be obtained through various other relations
among the Green’s functions, such as fluctuation-dissipation relation reads
as g<[w] = f(w)(¢9"[w] — ¢°[w]). Below we give explicit expressions for

different Green’s functions

sin (ot

i) = —son 25 s,

550 = ' [(1+ Q)+ Fs)e |5,

g () = g~(-1),

g (—=t) = g"(t) for t>0, (F.8)

where the matrix S is unitary which diagonalize the force constant matrix
K ie., SKST = Q2I and STS = SST = I, I is the identity matrix and
f(w) = —m— is the Bose-Einstein distribution function for phonons. 6(t)

is the Heaviside theta function.
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Appendix F: Example: Green’s functions for isolated harmonic oscillator

In the frequency domain these Green’s functions reads

1
ryl = gt
gl = S T
gkl = [gW]) =gl
—1
o) = ST 0w+ Q0)(1+ F(Q0) + 3w — 20)f ()] | S,
0
97wl = g%[-wl. (F.9)
From this expressions one can easily check that ¢" — ¢* = ¢~ — ¢=. In

addition to this, the spectral function Alw] = i(¢"[w] — ¢*w]) is given as

Alw] = sTQlo [5@ — Q) — d(w+ Q)| S. (F.10)
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Appendix G

Current at short time for

product initial state p;,q(0)

In this appendix we show that for lead-junction-lead setup at short time
current flows into the leads. According to the definition of current operator
given in Eq. (3.8) the energy current flowing out of the left lead is (we

assume that the driving force f(t) = 0)

dHL (t)> _ E([Hg(t),%]% (Gl)

e - (20

where the average is with respect to pprod(0). If ¢ is small we can expand
H(t) in a Taylor series and is given as H(t) = H(0) 4+ tHp(0) + - - -.
Now since [pproa(0), H.(0)] = 0, by using the cyclic property of trace it

immediately follows that ([H(0),H]) = 0. So in the linear order of ¢ the
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Appendix G: Current at short time for product initial state pproa(0)

current is given as

(Tu(0) = b5 ([He(0), H]) =~ (PEVCuc ). (G2)

The only term in the full Hamiltonian that will contribute to the commuta-
tor is the coupling Hamiltonian Hyc = ul VEue. Now using Heisenberg’s
commutation relation [pL, U L} = —1h, for one-dimensional linear chain with

nearest-neighbor interaction we can write
(Zr(t)) = —tk*{((uf)?), (G.3)

where u{ is the first particle in the center which is connected with the

first particle of the left lead with force constant k. Since ((u{)?) is always

positive the sign for the current is negative which implies that the energy

current flows into the lead and is independent of the temperature of the

leads. Note that here we didn’t assume that the center is harmonic and

therefore this statement is valid even if the center is anharmonic. For
c

harmonic center, ((u$)?) can be easily computed and for a single particle

center it is given as

h

((uf)?) = o (fc(wo) + %) (G.4)

where fo(wp) is the Bose distribution function for the particle with charac-
teristic frequency wy and temperature T coming from the initial distribu-

tion. Therefore for harmonic junction in the short time limit the current
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flowing into the left lead is

(o)) = K2 foln) + 5 ). (G:5)

wWo 2

Similar conclusion can be easily drawn for the right lead. Moreover, for
two-terminal without junction setup the result is valid if we identify u¢
as ul? the position operator of the right lead and thus explain the result

obtained in chapter 5 (see Fig (5.3)).
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Appendix H

A quick derivation of the
Levitov-Lesovik formula for

electrons using NEGF

In this appendix we derive the Levitov-Lesovik formula for the noninter-
acting electrons using tight-binding Hamiltonian. The CF for the non-
interacting electrons was first derived by Levitov and Lesovik [1, 2] using
Landauer type of wave scattering approach. Klich [3] and Schénhammer
[4] re-derived the formula using a trace and determinant relation to reduce
the problem from many-body to a single particle Hilbert space problem.
Esposito et al. gave an approach using the superoperator nonequilibrium
Green’s function [5]. A more rigorous treatment is given in Ref. [6]. Here

we derive the CGF for the joint probability distribution for particle and
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energy.

Using tight-binding model the Hamiltonian of the whole system can be

written as

He = Z clhcq + Z (cl Ve +hee.) (H.1)

a=L,C.R a=L,R

where ¢, is a column vector consisting of all the annihilation operator of
region a. ¢ is a row vector of the corresponding creating operators. h® is
the single particle Hamiltonian matrix. V*¢ has similar meaning as V¢

in the phonon Hamiltonian and V29 = (V€)1

We are interested in calculating the CF corresponding to the particle op-
erator N, and energy operator H; of the left-lead where H; = thLcL
and N = cTLcL. One can easily generalize the formula for right lead also
as we did in the phonon case. For electrons N and H can be measured
simultaneously because they commute, 7.e., [H L, N L] = 0. In order to cal-
culate the CGF we introduce two counting fields &, and &, for particle and
energy respectively. Here we will consider the product initial state (with
fixed temperatures and chemical potentials for the leads) and derive the

long-time result.

Similar to the phonon case we can write the CF as
Z(6,.6) = <6¢(56HL+SPNL) 6—1’(5er(1§)+§pr(1§))>’ (H.2)
where superscript H means the operators are in the Heisenberg picture at
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time ¢. In terms of modified Hamiltonian the CF can be expressed as

2(6,6) = (U 5, (0.DU g _g5(,0)), (1.3)
where
ux,y(ta 0) _ eim’HL—l—inL Z/[(t, 0) e—iJ:’HL—inL
= exp [—%’Hx,yt} (H.4)

with = &/2 and y = &,/2 and U(t,0) = e . H,, is the modified

Hamiltonian which evolves with both H; and N, and is given by

fo , = em’HL-i-zyNL H e—zx’HL—zyNL

= Hr+Hce+Hp+ (eichrL(hx)X/eLCcC+h.c.) + (cEVGRCcCJrh.((.])lb)
where we have used the fact that

e Micp (0)e ™Me = ¢y (ha),

einLcL(O)e_inL = e Wep. (H.6)

So the evolution with H;, and N7, is to shift the time-argument and produce
a phase for ¢, cTL respectively. Next we go to the interaction picture of the
modified Hamiltonian H,, with respect to Ho = > ,_; o g Ha- On the

Keldysh contour C[0,t,] the CGF then reads as,

Z(gea gp) =Tr [pprod(O)Tce_% def}x’y(T)] s (H?)
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where V, ,(7) is written in contour time as

A~

Voo (1) = (e¥el (14+ha)VECeo(r) +he) + (r(7)TVECeo(r) +hee.). (H.8)

Now we expand the exponential and use Feynman diagrams to sum the

series. Finally the CGF can be shown to be
In Z(¢.,&,) = T, In [1 - ngg‘ﬁe], (H.9)

The meaning of Tr; ; is the same as explained for phonons. Here we define

the shifted self-energy for the electrons as
236(7', ') = e"(y(T,)’y(T))EL,e(T + ha, 7 + ha') = 3 (7, 7). (H.10)

The counting of the electron number is associated with factor of a phase,
while the counting of the energy is related to translation in time. Note
that the CGF does not have the characteristic 1/2 pre-factor as compared
to the phonon case because ¢ and ¢! are independent variables. In the
long-time limit following the same steps as we did for phonons, the CGF

can be written down as (after doing Keldysh rotation)

In Z(&,, &) = tM/QdTEhTr In (I — G§(E)E2.(E)). (H.11)
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In the energy F domain different components of the shifted self-energy are

SW(E) = B4(E) =0,
Si(B) = (P —1)85(E),

SH(E) = (e7@teE) )57 (B). (H.12)
Finally the CGF can be simplified as

dE r a 1ot
mZ = tM/%Indet{IJrGOFLGOFR[(e ~1)fy

+(e—ia—1)fR—(ei%e—m—z)foR}}. . (HL13)

where a = §, + (. E and fr, fr are Fermi distribution functions for left
and right lead respectively. Note the difference of the signs in the CGF
as compared to the phonons. If we replace o by (E — pup )&, the resulting
formula is for the counting of the heat Q; = Hy — ur Ny transferred, where
pr, is the chemical potential of the left lead. Finally the CGF obeys the

following fluctuation symmetry

Z(Sea gp) = Z( — &+ Z(BR - BL)v _gp - Z.(BR,UR - BLML))- (H'14)
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