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1. Introduction and summary

This past century has seen the very quick rise to the prominent issue of global warming (see Fig. 1.1a).
At its root is the ever growing need for “work” energy in our activities (see Fig. 1.1b), this pressures
research into making energy production facilities more efficient while at the same time reducing the
ecological footprint of the processes. A fundamental law of physics is conservation of energy: it merely
gets transformed from one form to another ; while the second law of thermodynamics states that “work”
energy can only be collected from an out of equilibrium system, such as the natural flow of energy from
“hot” to “cold”, and bounds how much “work” energy can be collected by the universal Carnot efficiency.

1.5 °C of warming occurs
a decade earlier than
projected by the IPCC.

Global warming since 1850-1900 ("C)

== Observations

== |PCC projection*

== Climate modelst
Uncertainty range
(10-90%)

0 I I 1 1 1 1

2000 2010 2020 2030 2040 2050

*Trend for 2001-15 extended with a constant rate of 0.2 ‘C per decade,
as per IPCC special report. TTen-year average, 37 climate models for the
RCP&.5 scenario (IPCC Fifth Assessment, 2014).

enature

(a) Adapted from [212]: Accelerated warming.
“If the planet warms by 2°C — the widely touted
temperature limit in the 2015 Paris climate agree-
ment — twice as many people will face water
scarcity than if warming is limited to 1.5°C. That
extra warming will also expose more than 1.5 bil-
lion people to deadly heat extremes, and hun-
dreds of millions of individuals to vector-borne
diseases such as malaria, among other harms.”
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(b) Adapted from [209]. Evolution of energy consumption
since 1990. Global energy consumption steadily rose by an
average of 2%/year over the 2000-2018 period, a 0.8% slow-
down in 2019 and a decline by 4% in 2020 in a context of global
pandemic. Consumption increased by more than 50% when
compared to 1990.

Figure 1.1. — Accelerated global warming and energy consumption.

Thermoelectricity in this context offers a different way to make or complement heat engines and
coolers. Some of the latest research in thermoelectricity is in the mesoscopic field where quantum
effects are leveraged such as nano-structuration, band-structure manipulation or defect manipulation.
While the vast majority of studies in thermoelectrics have been in the stationary regime, with the well-
established Landauer-Buttiker formalism as the main theoretical tool, a new research wave started



1. Introduction and summary

investigating time-dependent and far from equilibrium regimes. This joins the ongoing research in
building a consistent theory of quantum thermodynamics in all regimes. The field is at its early stages
and the published works are mostly theoretical and on simple ‘toy’ models. Studying more complex
systems in the quantum time-dependent regime proves to be analytically difficult and only the simula-
tion road seems to be viable. In particular, tkwant [1, 101], the time-dependent extension to kwant
[2] - the simulation library of reference for quantum transport - has been in the works during the past
few years and got recently released. The release of tkwant sets an additional milestone in the field
of time-dependent quantum transport as it renders possible the investigation of systems previously
difficult to tackle. It is however limited to particle transport.

The emerging phenomena in this regime are yet to be fully explored, and some of the already studied
phenomena are not well understood: concepts from classical thermodynamics such as ‘work’ or ‘heat’
prove difficult to grasp in such regimes, the attempted definitions are still under debate and use different
theoretical tools whose equivalence is yet to be outlined. Some recent preliminary theoretical studies
[38, 219] even predict an improvement of thermoelectric properties in the transient time-dependent
regime. This thesis intervenes in this context with an objective to bring new insights of the role of
time-dependent control in mesoscopic quantum thermoelectrics.

We build a gauge-invariant framework for describing energy transport, on top of the current pub-
lished research on time-dependent particle quantum transport, in an open electronic quantum sys-
tem under the influence of a time-dependent electromagnetic field. This framework is based on the
semi-classical approach where light is described by the (classical) Maxwell equations and electrons are
non-interacting and described by the (quantum) Schrédinger equation. We then use this framework
to extend tkwant to energy transport and further unlock its potential to time-dependent thermoelec-
tric simulation of complex systems, that can model a broad class of mesoscopic devices beyond toy
models. We illustrate our numerical approach by investigating briefly the dynamical Peltier effect in a
two-dimensional Quantum Point Contact then go back to the extensively studied Resonant Level (toy)
Model to be able to grasp a more fundamental understanding of the effects at play : we use our ap-
proach, in both its numerical and analytical adaptations, and obtain new insights on the potential of
time-dependent thermoelectricity in quantum dots.

1.1. Summary of chapter 3: overview and motivation

In this chapter, we briefly overview the history of thermoelectricity and get to the current developments
and challenges in the domain: quantum effects are being investigated and are part of broader early
research in building a theory of quantum thermodynamics.

1.1.1. Stationary thermoelectricity

Thermoelectric devices in the stationary regime have been extensively studied in the past seventy years.
A characterizing number, called the figure of merit 27", has been introduced to compare the thermo-
electric efficiency of different devices and materials, both in the generator and cooler configurations
0S?
2= ——T (1.1)
Kg + K,

where T’ is the average absolute working temperature (linear response is assumed for the cold and hot
baths), S the Seebeck coeflicient, o the electrical conductivity, x; and x, are respectively the electronic
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and lattice thermal conductivities of the material. The expression of the figure of merit highlights the
main challenges in creating more performant devices: S, o and & are strongly correlated through the
material’s charge carrier concentration, scattering and band structure [145], and their contributions
compete within the figure of merit. The higher the z7T', the more performant the device is (see Fig. 1.2):

80

Carnot efficiency —
70l Thermod)l/nzlanl]ic limit
ZT=infinity
60 ZT=20, unlikely |
5ol Coal/ Rankin: o Solar/ Brayton
S Nuclear/ Brayton+Rankine©
7 g
g 40r Solar/ Stirling ZT=4, ambitious
e} ® @ Nuclear/ Rankine
M 30l ® Solar/ Rankine ZT=2, plausible eventually |
20 -
@ Cement/ Org_ Rankine ZT=0.7, available today — |
ol Geothermal/ Kalina ___—————
Geothermal/ Org. Rankine

O L L L L L L
300 400 500 600 700 800 900 1000 1100 1200 1300
Heat source temperature (K)

Figure 1.2. — Taken from [197]. Comparing traditional industrial heat engines with thermoelectrics. Current
thermoelectrics cannot compete due to their low efficiency, if their figure of merit 27" attains ~ 3 they would be
a viable alternative for certain applications.

avalue of 21" = 3 needs to be reached for thermoelectricity to be broadly used in energy conversion and
electricity production [191]. The value of the figure of merit of commercially available thermoelectric
generators and coolers is however around 27" ~ 1 which makes their practical use restricted to niche
applications.

1.1.2. Time-dependent mesoscopic thermoelectricity

Near-equilibrium thermoelectricity in the stationary regime is relatively well understood and accu-
rately described by theory [75, 16]. However, the description becomes much more complicated when
the system is driven far from equilibrium, with large voltage and temperature biases, or with a dy-
namical (time-dependent) control. Some of the current endeavors in the field of mesoscopic physics
are to iron out thermodynamics in the driven quantum regime: local temperatures and heat current
densities can be ill-defined, especially when a ‘fast’ time-dependent control has to be taken into ac-
count. Recent theoretical studies have even reported on an improvement of thermoelectric properties
of ‘quantum dot’ based models [38, 219] (see Fig. 1.3), although the reasons behind this predicted boost,
and whether it is realistic, remain unknown. On the other hand, experimentation in high frequency
nanoelectronics has made significant progress, which paves the way to future driven (non-adiabatic)
thermoelectric experiments.

Theoretical challenges in quantum thermodynamics The theory of thermodynamics aims to
describe simply, with a few parameters that are relevant at our scale, systems with a very high number
of degrees of freedom. To achieve this simplification, averaging is done over the degrees of freedom,
space and time. Thermodynamics revolve around three fundamental laws with regards to the evolu-
tion of such a system: (i) energy is conserved ; (ii) the total entropy of the considered system and its
environment can only increase (between two equilibrium configurations); (iii) the system cannot reach
the absolute zero temperature in a finite-time transformation. The Carnot efficiency no = 1 — T, /T},
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steady

~ n /nss . State

Efficiency

0 5 . 10 15
time

Figure 1.3. — Adapted from [219] “Boosting thermoelectric efficiency using time-dependent control”. The Reso-
nant Level Model, a single-energy-level system connected to two thermal baths (with a rate I'), is reported to see
its electric generation efficiency multiplied by a factor of 4, relative to stationary, in the transient regime when
the energy level € (initially at 0.5I') undergoes a sudden heaviside jump of AV = 0.2I" (black), 0.3I" (red) and
0.5I" (blue).

where T}; and T are the temperatures of the hot and cold baths, is one of the most known results of
thermodynamics: no cyclic heat engine, no matter what its inner workings are, can have an efficiency
n = W /Qy that exceeds 7., where W and @) are respectively the cycle averaged work produced by
the heat engine and the heat lost by the hot reservoir.

Quantum mechanics deals with systems whose size is below the classical thermodynamic limit,
where extra quantum effects come into play, such as interference and entanglement. Initial works
pointed towards the violation of the classical laws of thermodynamics, such as the aforementioned
second law, in the quantum realm [219, 72, 7, 58]. Further research, reviewed in e.g. Refs. [107, 68,
198], built upon these first works to recover, within the markovian (quantum) Lindblad master equa-
tions approach (see Sec. 3.3.3 below), the quantum equivalent to the classical laws of thermodynamics
where no violation occurs and classical finite-time thermodynamics are recovered in some models [70,
71, 156]. The field of quantum thermodynamics is still at its early beginnings: a consensus over the
definition of “work” and “heat” is yet to be attained, research is still ongoing on properly building
a coherent thermodynamical description where the equivalence or difference between many of the
developed approaches is highlighted and understood.

1.1.3. Overview of theoretical approaches

In Chapter 3, we will also briefly overview the main theoretical techniques that are used to describe
electronic quantum transport of charge and energy in time-dependent mesoscopic devices. The time
dependent drive makes the transport inelastic and complicates considerably the problem. Different
techniques have been used to tackle this problem, with different levels of approximation and intrinsic
complexity: the Non Equilibrium Green’s Function formalism, the (time-dependent) scattering theory,
the master equation approaches, or the time-dependent Density Functional Theory. They can be com-
bined with the Floquet theory in case of time-periodic perturbations. In this thesis, we focus on the
wavefunction-based scattering theory at the core of tkwant.

10



1.1. Summary of chapter 3: overview and motivation

Scattering theory The scattering theory applies to non-interacting electrons (interaction can still be
accounted for at the mean-field level). It describes systems made of a central region, called a scattering
region, that is connected to several thermal baths through electronic waveguides, called leads, that lead
towards different thermal baths (see Fig. 1.4).

° 62 @ Bg
Thermal Thermal

Bath Bath

=

H] H

E EII
------ = Tia(E) 7 = T2, )

stationary

B control

B, - dependent
' drive

Scattering N Scattering >

: " Regi ’
Region Tiy(E) = egion Ti3(E,E') =@&
By Bs

Figure 1.4. - Sketch of the scattering approach. A central system, called a scattering region, is connected
to several baths B through waveguides. Electrons leave each bath B, with energies E that follow a thermal
distribution, and enter the waveguide till they reach the scattering region where the undertake a first transmission
or reflection. Transmitted electrons in the scattering region undergo several reflections and interfere then they
eventually leave it to be transmitted in one of waveguides to reach the baths 5 3 a) with the same energy F' when
in the stationary regime, with a probability 7,, 5 or b) with a different energy £’ in the time-dependent regime,
due to the drive that causes energy redistribution within the scattering region, with a probability T, 5(E, E”).

Each bath fills the ‘incoming modes’ of its leads according to a thermal distribution whereas the cen-
tral system affects the ‘outgoing modes’ in each lead, although no back action on the baths is considered
within this theoretical framework. An electron, described by a wavefunction (see 4.2.1.1), leaves a bath
« and enters the central system to eventually be transmitted/reflected in a bath 3 with a probability
T,,5- The probabilities T, 5 can be derived by solving the Schrédinger equation, both in the stationary
and time-dependent case, and this enables to write the particle and energy currents that leave each
lead .. Note that the calculation of these probabilities can be shortcut in a numerical approach (e.g. in
tkwant) where the working material are a set of wavefunctions. We will use this theory throughout
this thesis, a more detailed description is done in Sec. 5.1. A review of the original development for
particle transport is done by Ref. [20].

Linear response An orthogonal approach that can be used jointly with the scattering theory is the
linear response regime. In a two-bath system, with a “left” L and “right” R bath (see Fig. 1.5), this
approach can be undertaken when AT = T} — T and Ay = p; — g are small when compared to
their respective average value

In the stationary regime, and without loss of generality, the left particle current I and the left heat
current I2 are related to the displacements AV /T (AV = Ap/e) and AT /T? through the Onsager
matrix L[29, 76]

B _ [ Lhol [AV/T 12
2] Lk Lho| |AT/T? ‘
L

11
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N
Figure 1.5 — Representation of a two-terminal ther- (IL
moelectric system. Connected to two thermal baths Tr
— left (L) and right (R) — the system is crossed by heat
currents I3 and particle currents I} that go from the MR
bath v =L.R to the other. ‘T
1 R

where L, (A,B=N,Q) are the Onsager coefficients. This approach has been extended to the time-
dependent slow and periodic drive in Ref. [118] where the Onsager coefficients are cycle-averaged
quantities. Ref. [219] used the linear response approach in the ‘fast’ time-dependent regime with
time dependent Onsager coefficients that violate some constraints that were followed in the stationary
regime. Although, we show in Sec. 6.1 that a time-dependent Onsager matrix is ill-defined and cannot
be used for considerations in thermodynamics.

1.2. Summary of chapter 4: theoretical framework

In this chapter, we build a local transport quantum theory of non-interacting electrons and the energy
they carry, while under a time-dependent electromagnetic field. First we quickly outline the equivalent
classical description from which some main ideas will be ported over to the quantum description. Then,
we introduce the quantum transport theory of a single electron described by wavefunctions, in both
continuous and discrete space. We finally generalize it to non-interacting many-body transport. This
chapter establishes the theoretical framework for time-dependent thermoelectric transport that will be
implemented numerically in tkwant in Chapter 5.

1.2.1. Classical electrodynamics

The classical approach to charge transport is to describe the motion of the charged particles with clas-
sical mechanics - through the equivalent Newton mechanics, Lagrangian mechanics or Hamiltonian
mechanics — while the behavior of the electromagnetic field and its interaction with charged matter is
described by the Maxwell equations. These describe the interplay between the electric field E (7, 1), the
magnetic field B(7, t), the local density of charge p(,t) and the local charge current density j(7,t).
The Maxwell equations give rise to local conservation equations of matter

—

Oyp(7,t) + V- j(7, 1) = 0 (1.3)

and electromagnetic energy through the Poynting relation

—

dugy+V-it=—j-FE (1.4)
where —j - E is the local power density that is ‘lost’ to the charged matter, upy = (coE? + HLOB 2)/2is

the electromagnetic energy density and 7 = ExB /1o is the Poynting vector, ie. the energy current
density associated with light. The derivation of the energy conservation equation (1.4) leaves a degree
of freedom for the definition of 7 : the same issue will arise when we will want to define an energy
current density carried by quantum particles.

12



1.2. Summary of chapter 4: theoretical framework

Gauge invariance In Hamiltonian mechanics (classical [141] and quantum [111]), the effect of elec-
tromagnetic fields on charged matter is described by the so called ‘potentials’ : the scalar potential
¢(7,t) and vector potential A(7,t). Their relationship with the electromagnetic fields is the following

E=-V¢—0,A ws)
B=VxA '

This relationship highlights that the potentials are non-unique: given an arbitrary scalar field A(7, ),
one can add its time partial derivative 0,A to the scalar potential ¢(7,¢) and subtract its gradient VA
from the vector potential fi(?", t) while leaving the electromagnetic fields defined in Eq. (1.5) remain
unchanged.

—>/ _ —>_ — EI/ _ E_’I
VA, {ATASYA R = (1.6)
¢/ - ¢ + atA B/ = B

Since the interaction between electromagnetic fields and charged matter is classically described through
fields and not potentials, the physics remains unchanged after such a change. This transformation in
the electromagnetic potentials is called a ‘gauge transformation’.

Mechanical energy: the issue of time-dependence When considering a classical charged particle
under the influence of a time-dependent electromagnetic field. The usual definition of the mechanical
energy U, obtained by summing the kinetic energy and the energy associated with the scalar potential
¢, becomes gauge-dependent

d,U =d, %m?2<t>+q¢<?<t>,t> = q0,$(7(t), 1) — g0, A(#(t), 1) - 7(¢) (1.7)

as can be seen in the right hand-side of Eq. (1.7). This makes the originally stationary definition of
the mechanical energy non-physical: this issue will appear in the quantum case too, if we consider the
Hamiltonian as an energy.

1.2.2. Semi-classical electrodynamics

In the previous section, we did a quick overview to classical electrodynamics of charged particles,
with a focus on charge and energy transport. In the scope of this thesis, we describe the behavior of
electrons through quantum mechanics. In this field, the particle transport equations are well known
and tackled in general physics textbooks, the energy transport equations on the other hand, especially
with a gauge invariant conservation equation approach, remains rather marginal: we uncover such
an approach then do a more thorough description of energy transport with a gauge-invariant energy
conservation point of view.

One-body quantum mechanics In the quantum realm, at each instant ¢, the physical properties
of an electron (energy, position, kinematic momentum, dynamic momentum [56, Chap. 21-3], angular
momentum...) can all be computed from a ‘wavefunction’ (7, t). Its equation of motion is given by
Schrodinger’s equation

ihd, (7, t) = h[y] (7, 1) (1.8)

13



1. Introduction and summary

Wavefunctions that abide by Schrodinger’s equation are not unique and form a vector space, this is a
feature of quantum mechanics as it enables the so called ‘quantum superposition’: a particle can be in
a linear superposition of such solutions.

The Hamiltonian % is the equivalent to the classical “mechanical” energy: the sum of the kinetic
energy operator &, the potential energy from the associated electromagnetic scalar potential ¢¢[i)] =
qo(7,t) 1 and an eventual stationary potential energy V(7).

Y] = R[Y] + q 3(F, ) ¢ + V(7)o (1.9)

— Time-dependent particle transport Once a wavefunction obtained, the local probability cur-
rent density j(7,t) and probability density p(7,t) obey a conservation law, where both are gauge in-
variant

A,p(F,t) +V - j(7t) =0 (1.10)

This is known text book result [111, Chap. 10.3] [172, Chap. 16.4][56, Chap. 21-2]

— Time-dependent energy transport Although not considered in textbooks, Ref. [127] defined
various energy conservation equations in the quantum regime. For a given wavefunction 1), they have
the following form

005 (F,t) + V- J5 (7, t) = S5, (1.11)

where py, j ., and Sy are candidates for, respectively, the energy density, the energy current density and
the energy source/power density. Unlike the particle number operator, there are several candidates for
the energy operator, referred to by the e superscript: it can refer to the Hamiltonian h, to the Kinetic
energy operator & or the ‘total energy’ operator ¢ (defined bellow). Each density pg, fj}, S, once
integrated over space, must give the expectation value of its associated operator on the state . In
the context of describing a single non-relativistic particle, the local quantities (p°, j¢, S¢) bear no real
physical meaning as they are not unique (for a same linked operator), while the expectation value of
their associated system-wide operator does [127, 8]. One possible expression for energy density pj,

and the current density j are the following

p5, = Relyély]| (1.12)
75, = gRe[e{u)* 6] + v ilelyl]] (113)

An additional constraint over the energy operators comes from the time-dependent electromagnetic
fields: gauge invariance. Indeed, the electromagnetic potentials (¢, fY) can be replaced by their gauge
changed counterparts Eq. (1.6) while any energy operator candidate must see its expectation value
unchanged. Further research [127, 102, 213] on defining a gauge invariant energy operator rules out
the Hamiltonian  as a potential energy operator and narrows down the possibilities to essentially the
kinetic energy &, or what we call in this thesis the ‘total energy’ energy operator &

E(t)=k(t)+V (1.14)

where the stationary potential energy V is taken into account and is considered to not be affected
by gauge changes. Its source term S° recovers the classical power given locally to electrons, by the
electromagnetic field, given in Eq. (1.4)

Se(t) =qj- E (1.15)
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1.2. Summary of chapter 4: theoretical framework

While the expressions for the other energy operators have been derived in the main body of the thesis,
we use the ‘total energy’ operator as it is Gauge invariant and recovers results form the literature in
the stationary regime (through V).

Non-interacting many-body quantum description When considering a non-interacting many-
body quantum system of electrons, many-body states can be written from one-body states but with
a strong constraint of total anti-symmetry: electrons are undistinguishable and at most one electron
can occupy a one-body state at a time. Many-body states are described by occupation numbers of
one-body states, with their associated creation Ef\ (and annihilation c, ) operators. Using a discrete set

of spatially localized spinless wavefunctions )\, on sites 7 (we use 6; — 53 ) to make a tight-binding

representation, non-interacting operators O write
O(t) = o,(t)elé; where o,(t) = (i|5]5) (1.16)
ij

where o,,(t) coefficients can be fitted with experiments, empirically set or derived from ‘ab initio’
calculations.

— Local energy operator In our previous continuous one-body description, we defined local en-
ergy densities pfp(?, t) such that their integral over space computes the expectation value of its associ-
ated system-wide operator €. Then, an energy conservation equation (1.11) is verified for each density,
with an associated current density and source density. There is however no unique definition of a local
energy density nor current [127, 8], both in the one-body approach and in the many-body second quan-
tization approach. This issue also applies to defining the energy of a subsystem, it translates through
an apparent arbitrariness in splitting the localized energy at the boundary between the considered sub-
system and the rest of the system, with the so called ‘coupling term’. This applies when trying to define
an energy density operator 3 ¢ of a subsystem made of a single site 7, when on a tight-binding approach.
We take the following definition of the local energy operator

~ 1 L L
&S = —Zei-cTo +e€ Tci (1.17)

9 Lyt Ji =g
J

The idea of considering half the contribution of the hoppings has already been introduced in Ref. [8]
when considering disordered harmonic solids. It has then been used by Ref. [210] in its definition of a
local energy operator in a 1D discrete chain. And finally, it got generalized for a generic tight-binding
Hamiltonian in Ref. [129] with the same expression as éf while only considering the Hamiltonian
operator € = h. This expression follows the ‘natural’ splitting [119] as it emerges from the discretization
from continuous models (see the derivation that leads to Eq. (4.62)), it was also later endorsed by Refs.
[25, 143], while using the Hamiltonian as the energy operator. On our end, we provide one more
arguments that justifies this symmetrical splitting: defining the local energy density as the expectation
value of the local ‘total’ energy operator 3 ¢ (with € — ¢) enables us to recover, for the total energy
source term S7, the classical expression of the power given to electrons (see comment under Eq. (1.4)),
just like in Eq. (1.15) in the one-body continuous-space approach. On the other hand, this definition
of a local/subsystem energy operator intervenes in a current debate in defining a time-dependent heat
current, see Sec. 4.3.4.2.
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1. Introduction and summary

— Many-body quantum transport We use the ‘lesser Green function’ ij(t) to express expecta-
tion values of many-body ‘single-particle’ operators

G(t) =+ <Aj(t)6 (1)) (1.18)

It enables writing the non-interacting many-body conservation equations of particle and particle-
carried energy. They share the same expression as the discretized one-body conservation equations
derived in Sec. 4.2.4 and can be derived by using the Heisenberg equation of motion (an equivalent
to the Schrodinger equation) on the expectation value p, = (p;) of the local many-body energy and
particle operators

o) = + ([AW.AW]) + @) _,  OmlD)+ ;1) = Sift)

(1.19)
Heisenberg equation of motion (4.135) Conservation equation

where I, is the net current flowing from site 7 to site j and (%) is the ‘source’ term. In the well-known
case of particle transport, the particle density writes p, = <5;r CAZ> = —ihG;(t), the particle current

writes I}; = 2Re[h;;(t)G5;(t)] ; the source term is zero as no particles are created or annihilated from
the vacuum. For the energy, the local energy density can be expressed as

pi(t) = (E(0)) = > mle, ()G5(1)] (1.20)

then we use Eq. (1.19) to derive a generic expression for the local energy current I; flowing from site
1 to site j

ZRe[em €ij ]k ckjcjink (1.21)

where €, ; is to be replaced by the coefficients of the considered energy operator. As with the continuous
one-body approach, the derived expression of the energy current I;; is not unique but must give the

correct divergence Zj I;. The energy source term - the power glven to electrons — is dependent on
the specified energy operator and write as follows for the ‘total energy’

1
S0 = 3 50 [6500) — (O] T (1) + 3 Im[D,e,,(1)G5:(1)] (122
j j
from which the interpretation of one term is rather straightforward
1 — -
> 5[0, — 6] LY () = —qVo, - j; (1.23)

J
whereas the second term needs further derivation (done in Appendix. B.3) to show that

Z Im|9,e,,(1)G5,(1)] = —0,4; - j; (1.24)
J

so we show that we recover the classical input power j- E (see Eq. (1.4)), where E = —@(b — ((915/_1) is
the time-dependent electric field.

16



1.2. Summary of chapter 4: theoretical framework

— Computing lead currents Transport studies consider the following generic systems : a central
system, under the influence of a time-dependent electromagnetic field, connected to semi-infinite elec-
tron waveguides £, called leads. Each lead is filled with incoming electrons that follow a thermal
distribution given by a temperature 7, and chemical temperature p, (see Fig. 1.6). The main focus is
to compute the currents that hop-in and hop-out of the leads. To compute these currents using hopping
energy currents I;; and particle currents I E, we compute the particle current flux J g}a and energy flux
I through a section in the lead £ ,.

Ty Waveguide £ Ty
M1 4

. Scattering
2 ‘
! Region C 3

Figure 1.6. — Target system for energy and particle transport. Made of a central area (‘scattering region’) €
connected to semi-infinite waveguides (‘leads’). It is under the influence of an external time dependent electro-
magnetic field, represented by the scalar potential ¢(7, ) and the vector potential A(7,¢). An additional static
potential energy V is considered. Each lead £, is filled with incoming electrons that follow a thermal distribu-
tion given by the temperature 7}, and chemical potential 1.

The systems we describe are non-interacting and no relaxation process within the system are taken
into account : local temperatures and heat currents cannot be defined within the system. However, a
common hypothesis that is made in the stationary regime [16] is that each electron leaving the scat-
tering area € with an energy F into a lead £, will eventually reach the electro-chemical reservoir of

temperature 7, and chemical potential x,, then undergo thermal relaxation and contribute £ — 1,
in heat to the thermal bath. In terms of currents, this translates to IZ™ = =I5 — 11, IVt where 15 st
is the stationary heat current going in lead . Defining a time-resolved lead heat current in the time
dependent regime lies within the emerging field of time-dependent non-equilibrium quantum ther-
modynamics. This field is new with ongoing research over defining a proper and definite theoretical
framework. Fundamental issues have arose with respect to the conceptual spatial separation between
the central system, the thermal baths and their coupling. In the weak coupling regime, a consistent
theory has been established [23, 52, 107, 68] whereas in the strong coupling regime, especially when the
coupling is time-dependent, defining a time resolved heat current raises a fundamental issue [31, 54, 44,
25, 143]: the part Hp,, of the system’s total Hamiltonian H that couples a lead £,, to the central system
C is no longer negligible, can be time-dependent, and must be accounted for When one tries to define
a time-resolved heat current (the discussion exposed above, in paragraph ‘local energy operator’ p.15,
over the definition of a local energy operator also applies here). An expression to the time-resolved
lead heat current has been given by Refs. [119, 121] where the lead’s energy current includes half the
contribution of the coupling H, Ca

~

o 1~ = o~
I (t) = -0, <Ha + §H€a> — 1 IN(t) H,= Y hyt)ile; +he. (1.25)

i,jEL,,
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1. Introduction and summary

This definition recovers the usual one in the stationary case where the coupling Hamiltonian HCeust
would not contribute (9, <ﬁ €a> = 0). However, issues have been raised over such a definition [54,
142] and an extra term, that involves the coupling Hamiltonian, has been suggested [81] as a remedy
but is zero in our specific description. Given that the Hamiltonian is in general not gauge dependent, we
change the Hamiltonian based definition of the heat current I$" (t) to a ‘total energy’ based definition
IS(t) = I&F(t) (note that the two definitions coincide on time-independent leads and differ otherwise,
see Sec. 5.3.2.3)

I3(t) = I5(t) — S&(t) — o I(1) (1.26)
where I:(t) and S () are respectively the lead’s energy current and input power

I5() = > I5(t) Sat) = > Si(®) (1.27)

€L, €L,

jee
Computing energy and heat currents farther away in the lead avoids the issue brought up by Ref. [54]
with the eventual time-dependent coupling between the central region and the leads. A Landauer-
Biittiker scattering approach similar to ours has also been employed in Ref. [24] in the special case
of slow time-dependent driving. On the contrary, our approach applies to arbitrary time-dependent
perturbations (due to an external electromagnetic field), beyond the adiabatic limit and the single-
frequency drive.

Now that the time-resolved lead currents properly defined, we highlight two shortcomings of such
an approach: (i) due to the travel time and dispersion, time resolved lead currents are dependent on
where they are computed; (ii) the heat current can theoretically only be accounted for after electrons
thermally relax within the bath. The lead is is technically not the heat bath and computing a space
and time resolved heat current within the lead is a priori ill-defined, although it can be interpreted
differently in terms of bookkeeping [47], i.e. “the amount of heat that will eventually be dissipated
later on”. To workaround these issues, we will also study time integrated lead quantities (following e.g.
Ref. [44]).

1.3. Summary of chapter 5: numerical simulation with tkwant

Our goal is to describe particle and energy (carried by the particles) currents and densities in scattering
systems in hopes to better understand mesoscopic thermoelectricity in the time dependent domain.
After having drawn up in Chapter 4 the gauge-invariant thermoelectric framework of this thesis (ex-
pressed in terms of the lesser Green’s ij(t) function of the system), we introduce in this Chapter the
numerical method (based on wavefunctions) used by tkwant, the time-dependent extension to the
simulation library of reference (kwant) in quantum transport for generic tight-binding systems (see
Fig. 1.7). Its development, initiated during the PhD thesis of B. Gaury [63], gave rise to one impor-
tant equation which links the lesser Green functions ij(t) and a specific set of system-wide one-body
wavefunctions called ‘scattering states’. This last result completes the scattering wavefunction descrip-
tion of non-interacting quantum transport. We extend tkwant to energy transport through a module
called tkwantoperator: we show that this extension enables us to effortlessly recover some of the
previous results of the literature on the extensively studied ‘Resonant level model’” but also opens the
doors to simulating complex systems beyond ‘toy’ models, such as the Quantum Point Contact.

Scattering states Defined as the Eigenstates of the system-wide (central region and leads) Hamil-
tonian h in the stationary regime, the ‘scattering states’ ¥* can be extended to the time-dependent
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Y - Figure 1.7 - Generic tight-binding system
p¢ that can be simulated with tkwant. It is
o made of a time-dependent central scattering
> area C, whose sites are colored in gray, con-
T, ¢ 7’\‘] nected to time-independent leads, whose sites
141 . - are colored in red. A uniform time-dependent
-0 scalar potential can be considered in each lead
through a time dependent phase in the hop-
pings (colored in orange) connecting each lead
to the central system, through a gauge change
(see Eq. (5.23))
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non-interacting regime. To achieve, tkwant uses a clever approach : the systems that can be simu-
lated are restricted to those that are stationary until a time ¢, then the time-dependence can start. This
enables tkwant to leverage kwant’s stationary computation of the eigenstates of the stationary sys-
tem, then it time-evolves them separately, one by one thanks to the non-interacting hypothesis, with
a modified version of the Schrodinger equation through the ‘source-sink’ algorithm. Given that the
leads (see Fig. 1.7) are semi-infinite, the ‘source-sink’ algorithm computes only a ‘perturbation’ over
the stationary state. Since the time-dependence only exists in the central region, this perturbation is
initially non-zero only in the central region then propagates at finite speed within the leads. As we are
not interested by what happens far in the leads, this perturbation is ‘absorbed’ starting from a certain
position in each lead and throughout a finite length, so the practical simulated size of the system re-
mains small, with respect to long simulation times, while keeping an arbitrarily good approximation
on the value of the wavefunctions in the main (non-absorbing) region.

Computing currents and densities With the ‘scattering states’ U* now defined, Ref. [66] uses
them to express the lesser Green function G7; defined in Eq. (1.18), for systems described in Fig. 1.7

Gy =i Z Fo(EYTX ()TN (L) (1.28)
A=a,n,FE

dFE
27h’

expresses a over all the scattering states U*, defined by the incoming modes n from the leads o, injected
at energies I, where E is a continuous degree of freedom; f,(E) = fr_,, (E)isashorthand notation
for the Fermi function

where ), has been used for compactness as an equivalent to >, > Ik which fundamentally

1
exp(%) +1

fru(E) = (1.29)

with ky being the Boltzmann constant. Eq. (1.28) is the last missing piece to enable computing the
energy currents and densities exposed in Sec. 1.2.2 whose expressions have been given in terms of the
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1. Introduction and summary

lesser Green’s function ij (t). Thanks to Eq. (1.28), these can be readily expressed in the wave-function
formalism

pi) = Y fu(E))Y Re[UMt) e () U (1)] (1.30)
A=a,n,E i
Iiej = Z fo(E) zk:Re [‘Ill)g\(t)*ekieijq’?(t) - \I'lé‘(ﬂ*ekjeﬁq’?(t)] (1.31)

A=a,n,FE

Both quantities can be computed with tkwant, in the same spirit as p} (t) and I}5(t) but with an
additional sum over the system sites. The electric power density S§(¢) can be computed as well for
each energy operator, for the total energy operator it writes as the following

S50 =" 1 [6,(6) — 6ut)] AN ()

72 (1.32)
+ Z fo(E) ZRe [‘Pg‘(t)*atffij(t)‘l’}\(t)]
A=a,n,FE J

Those local quantities can eventually be summed up over space to deduce for instance subsystem ener-
gies or the lead energy currents I, ,(t) and the lead heat currents I Q . (t) as described in the ‘Computing
lead currents’ paragraph p. 17.

1.3.1. tkwantoperator: extension to energy transport

To calculate our newly defined energy related quantities, we have implemented a Python package,
called tkwantoperator: itis open source and freely available, along with a complete documentation
that provides install instructions, a tutorial and a technical reference at gitlab.kwant-project.
org/kwant/tkwantoperator. The code has been published at the same time as our research
article [96]. Five Python classes have been implemented : EnergyDensity, EnergySource and
EnergyCurrentDivergence can be used for calculating respectively p; (given by Eq. (1.30)),
S (given in Eqgs. (1.32) for € = ¢), and Zj I%; over a given list of sites {i}; EnergyCurrent for
calculating the current If; (given by Eq. (1.31)) flowing through a given list of hoppings {(j,1)};
LeadHeatCurrent computes the heat current Ig,a (given by Eq. (1.26)) in a given lead £ ,. The en-
ergy quantity € can either be the total energy &, the Hamiltonian h or a ‘custom’ operator where the user
provides the onsite matrix elements ¢;;. A code snippet showcasing the use of tkwantoperator,
along with Kwant and tkwant, is displayed in Fig. 5.7: that relatively small code snippet is sufficient
to quickly recover few results from the literature, see Sec. 5.3.2.

The calculation of the many-body expectations values of the various operators involves an integra-
tion over all the scattering states ¥*, indexed by the A parameter (see Eq. (1.28)). Given that the evo-
lution in time of the scattering states ¥ () is the most time-consuming task of tkwant’s algorithm,
it is crucial to use as few scattering states as possible to evaluate expectations values, while preserving
the accuracy of the computed quantities. For this purpose, a Gauss-Kronrod adaptive scheme [204] is
used when integrating the contribution of each scattering state. Moreover, the time evolution of the
scattering states can be done in parallel on multi-core computers where each core deals with a subset
of the scattering states. Both functionalities, already implemented within tkwant, are leveraged to
compute the expectation values of our energy operators.

With tkwantoperator finalized, we have performed tkwant simulations of electronic and heat
transport in the paradigmatic time-dependent Resonant Level Model (RLM), in order to validate our
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1.3. Summary of chapter 5: numerical simulation with tkwant

approach and our numerical implementation. We also report on an exploratory investigation of time-
dependent heat transport in a Quantum Point Contact (QPC) driven by voltage pulses: without dis-
cussing deeply the physics involved, we illustrate the strong potential of the tkwant, with our tkwant-
operator module, in studying dynamical thermoelectricity and caloritronics.

1.3.2. Validation: Resonant Level Model (RLM)

The (non-interacting) time-dependent RLM has been extensively studied in the literature to simulate
dynamical charge transport (see e.g. Refs. [92, 149, 158]) and more recently dynamical energy transport
[38, 116, 55, 121, 120, 219, 44, 215, 113, 37, 51]. In chapter 5 we use this model (described Fig. 1.8) as a
test bed to benchmark our numerical approach. We consider two cases: (i) when (only) the dot onsite
Hamiltonian coefficient h(t) is varied in time as h(t) = V,+AVO(t), O being the Heaviside function,
and (ii) when the time-dependent step-like perturbation is performed in the leads. We calculate the
time-dependent energy and heat currents with our numerical approach: we show that we reproduce
in the expected limits the results obtained previously in the literature.

hi(t) hy(t) ho(t) hr(t) hi(t)
TR
-0 000 -
t i $ } $ > )
-2 -1 0 1 2 _site
Left Scattering Right index
lead area lead

Figure 1.8. - Tight-binding representation of the Resonant Level Model: a one-dimensional (1D) chain made
of a central site O connected through a nearest-neighbor hopping term v, to two semi-infinite left (L, on sites
i < —1) and right (R, on sites ¢ > 1) leads with uniform on-site Hamiltonian coefficients A (t) and hy(t), and
a nearest-neighbor hopping term ~. Each lead « is attached from the remote past to an electronic reservoir at
equilibrium with static electrochemical potential i1, and temperature 7, that remain constant.

In particular, we check that we recover in case (i) the analytical results obtained within the NEGF
technique, in the so-called wide-band limit approximation: it is obtained in tkwant by doing the
following replacement and limit in the hopping coefficients y and v, [37]

Y= M, 7.— VA, and A — oo (1.33)

which keeps the ratio I' = 272 /v constant. The perfect match between analytics and numerics is
illustrated in Fig. 1.9 where we have plotted the time-resolved heat current in e.g. the left lead (given

by Eq. (1.26))

I(t) = =0, (Hp) — IV (t) (1.34)

and compare it to the one obtained within the NEGF formalism under the wide-band limit approxima-
tion (see Appendix C.1 for a derivation). A similar comparison is done for the particle current I (¢) and

for an alternative heat current I? (t) with the Hamiltonian H L that does not include the contribution
of the lead-dot tunneling Hamiltonian H,; (modified version of Eq. (1.26) without Hp,, )

Rt = -0, (f) - m 1) (139)

21



1. Introduction and summary
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Figure 1.9. — Adapted from our published article [96]: (a) Left particle current }JV , (b) left heat currents I(L2
and (c) fg, as a function of time ¢, for the 1D RLM defined Fig. 1.8, when the dot energy level is modified as
ho(t) = Vi + AVO(t) (inset of panel (a)). Units of the x and y axes are indicated in brackets. In all panels,
data are computed numerically with tkwant+tkwantoperator for different values of Ay/T" (1 (red lines),
6.25 (green lines), and 100 (black lines). The horizontal dashed lines plotted for \y/T" = 1 (in red) and 100 (in
black) correspond to the static limits at large times I't /A >> 1 given by the Landauer-Biittiker formulas (see Sec.
5.2.3.2). When Ay/I" > 1, the tkwant results converge to the NEGF results (circles) derived in the wide-band
limit (Appendix C.1). Inset of panel (c): comparison of I]?(t) (red dashed line, given by Eq. (1.34)) and fg(t)
(black line, given by Eq. (1.35)) in the wide-band limit. In all panels, hy = 0.5I', AV = 2.5T", h (t) = hp(t) = 0,
T, =T/kpg,Tr =0, uy, = 0.5I',and i = —0.5I". The NEGF curves are independent of I". The tkwant curves
are functions of Ay/T" and not of the three parameters ), 7, and I taken separately.

Such a definition of the heat current was considered in e.g. Refs.[38, 219].

We have also benchmarked our numerical results against the ones obtained in Ref. [49] in the case
(ii) defined above. Finally, we have also checked that in the long time limit I't/h — oo, the tkwant
particle and heat currents converge to the static limits given by the Landauer-Biittiker formulas (hori-
zontal dashed lines in Fig. 1.9), as expected.

1.3.3. Going further: Quantum Point Contact

To illustrate the potential of our tkwant based numerical approach, we also report in Chapter 5 on
simulations of dynamical (electronic) heat transport in a QPC attached to two reservoirs held at different
temperatures. We focus on the possibility of extracting heat from the cold reservoir by Peltier effect
and ask whether or not Peltier cooling may be enhanced by applying time-resolved voltage pulses to
one of the two electrodes attached to the QPC (instead of a constant voltage bias across the system). We
consider a nano-ribbon of length L and width W connected through semi-infinite leads to two left (L)
and right (I?) electronic reservoirs maintained at temperatures 7, < T’y and chose the electrochemical
potentials 11;, = (g (see Fig.1.10 (a)) so that the stationary transmission 7'(F) is midway of a step
T(FE = pg)~ 0.6and ILQ (t <0) = 0. The system is discretized on a square lattice (with lattice spacing
a = 1). For times ¢ < 0, no time-dependent perturbation is applied and starting ¢ > 0, we apply in the
left lead a Gaussian voltage pulse V (¢) of width 7,,, amplitude V,, and center 37,,. Therefore, the system

Hamiltonian becomes H (t > 0) = H° + e Ve (t)él¢,, where HO is the stationary Hamiltonian.

1

Using tkwant along with our tkwantoperator extension [3] we compute the time-resolved
particle current 77 () and heat current I22(¢) in the left lead for different pulse parameters (7, V)
with a fixed pulse time-integral (to conserve the total number of dynamically injected electrons in the
left lead). The tkwant currents are compared to the adiabatic currents IiV’St(VL (t)) and I f’St(VL(t))
given by the Landauer-Biittiker formulas (see Sec.5.2.3.2). For small 7,, (short pulses, see panel (b)), the
particle current I (¢) shows a first positive peak centered around 37, corresponding to the injected
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1.4. Summary of chapter 6: numerical and semi-analytical study of the RLM

pulse and some time later, a second negative peak corresponding to the reflected part of the pulse. They
contribute to two main negative peaks in the heat current Ig(t). For long pulses, the tkwant currents
converge to the adiabatic currents characterized by a single peak centered at 37,,. We find that heat can
be extracted from the cold reservoir ([ d¢ I (¢) > 0) only in the limit of long pulses and, within the
set of parameters we chose, the time-integral of non-adiabatic heat current is consistently lower than
its adiabatic counterpart V7, [dt If/(t) < [dt[] f’St(VL (t)). Thus, the application of short voltage
pulses involving a non-adiabatic response of the quantum system turns out to be detrimental to Peltier
cooling, at least for the set of parameters considered here. The present preliminary investigation shows
the feasibility of further studies.
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Figure 1.10. - (a) QPC discretized model. The site color in the central region encodes the value of the QPC
potential (from 0 (white) to larger values (shades of blue)). A few layers of the left and right semi-infinite leads
are shown in red. A voltage pulse V; (t) is applied in the left lead, currents are evaluated at the interface shown
by a dashed blue line. (b) Left particle current 1 }JV (in blue, in units of 100y/h) and left heat current I f (garnet-
colored, in units of 4 /h) as a function of time ¢ (in units of /1/7), for a voltage pulse of width 7, = 1007,/~. Full
lines are tkwant results, dashed lines are Landauer-Biittiker adiabatic results. Parameters: W = 18, L = 48,
l, = 50,1, =5, pug, = 0.20607y, g = 0.2, Tf, = 0.018v/kp, V,, = 0.2 and T = 0.027/kp.

The naive approach in trying to ‘boost’ the Peltier cooling of a QPC by simply adding the time-
dependent ingredient is inconclusive and simply highlights that the effects at play are more complex
to grasp. Therefore, in the next chapter, we go back to the Resonant Level Model where analytical
expressions can be obtained more easily, in an effort to understand better the effects at play.

1.4. Summary of chapter 6: numerical and semi-analytical
study of the RLM

This chapter is dedicated to the study of the (non-interacting) time-dependent Resonant Level model. It
is a simple system made of a single energy level that can be driven in time, connected to two heat baths,
where electrons can hop in and hop out (see Fig. 1.8). Our goal is to achieve a better understanding
of the effect of time-dependent drive of the single energy level: Zhou et al. [219] reports a boost of
the thermoelectric efficiency of the model, when setup in an electric generator configuration, when
the energy level undergoes ‘fast’ driving. Using the definitions taken in that reference, we reproduce
within our own approach the reported results: it enabled us to further validate our approach then to
better understand the limitations of the used method and definitions. Then, we use the wavefunction
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1. Introduction and summary

approach introduced in Chapter 5 to perform an analytical derivation of the transport quantities (the
particle/energy/heat current and the driving power) under an arbitrary drive of the dot, in the wideband
limit (see Eq. (1.33)). We obtain generic formulas for all the transport quantities, which take the form
of integrals over the energy (weighted by the Fermi functions) of various terms written as a function
of the transmission amplitude of the model. We follow by a joint semi-analytical (we integrate our
analytical formulas) and numerical (using tkwant+tkwantoperator) study with a rectangle-like
drive of the dot, where we take into account the system-bath coupling term (see Sec. 1.2.2).

To define a heat generator efficiency in the driven regime, one must account for the driving input
power, and its effect, in the energy bill. On the other hand, defining an efficiency involves a distinction
between what is the ‘useful energy’ and what is the ‘spent energy’, and this distinction becomes rather
blurry and delicate in the time-dependent regime. We define what we believe is a physically inter-
pretable efficiency, different from that of Ref. [219]. After validating the match between the numerical
and the semi-analytical approaches, we use the latter to perform an automated exploration of various
parameters in search of an eventual advantage in the driven regime. Among the tested few hundreds
of thousands of points in phase space, many show promising behavior with an improved efficiency in
the transient regime but converges back to a lower value at long times, close to its stationary value
(see left panel of Fig. 1.11). The same behavior can be observed if the rectangular drive is periodically
repeated (see right panel of Fig. 1.11).
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Figure 1.11. — An improved transient efficiency of the RLM. When the dot level is driven by a rectangle function,
the particle and heat currents can behave in such a way that the efficiency 7(7) (defined in Eq. (6.74), under the
assumptions stated Sec. 6.3.3) is temporarily improved. The left panel is the resulting efficiency of a single pulse
whereas the right panel is the resulting efficiency of the same pulse, periodically cycled with a period 7,,. Both
curves are plotted in the inset of the right panel to show they coincide till 7 = 7,,. We notice that this has the
effect of delaying the return to a lower efficiency but does not seem to maintain a steady-state improvement.
Both curves have been obtained through tkwant+tkwantoperator simulations. This result is reminiscent
of the reported results of Ref. [178] on a Peltier cooler. Simulation parameters (energies are in units of I, times
are in units of 7/I): Ty = 87, T = 25, = —26,ug = 26,V = 55, AV = 2,At = 0.08,t, = 0.1,7, =
0.11, wb = 400,~v = 1.

Other limitations of such a behavior are yet to be studied as e.g. electronic interaction is not factored
in and may change the picture. More complex models can be investigated for which our extension to
tkwant comes in handy as it renders possible such explorations.
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2. Résumeé substantiel en francais

Ce dernier siécle est marqué par une accélération rapide du réchauffement climatique (voir Fig. 2.1a)
et cela est du a nos besoins toujours grandissants en énergie (voir Fig. 2.1b). La recherche actuelle
tente d’améliorer le rendement de nos procédés d’extraction et de transformation de ’énergie, tout
en réduisant leur empreinte écologique. Une loi fondamentale de la physique est la conservation de
I'énergie : elle ne fait que changer de forme; de plus, le deuxiéme principe de la thermodynamique
stipule que du “travail” ne peut étre extrait que de systémes hors-équilibre, par exemple ceux exhibant
un flux naturel de chaleur entre une partie “chaude” vers une partie plus “froide”. Ceci impose une borne
supérieure a la quantité de “travail” qui peut étre extraite de tels systémes, via le rendement universel
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RCP8.5 scenario (IPCC Fifth Assessment, 2014).
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(a) Adapté de [212] : Accélération du réchauffe-
ment climatique. “Si la terre chauffe de 2°C — la
température limite définie lors de I’accord de Pa-
ris sur le climat en 2015 — deux fois plus de per-
sonnes subiront les problémes liés au stress hy-
drique par rapport a un réchauffement de 1.5°C.
Ce demi-degré additionnel exposera aussi 1.5 mil-
liard de personnes a des extrema de température
mortels, et des centaines de millions feront face a
des maladies a transmission vectorielle telles que
la malaria, parmi d’autres maladies.”
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(b) Adapté de [209]. Evolution de la consommation énergé-
tique depuis 1990. La consommation énergétique mondiale a
augmenté de maniere stable avec une moyenne de 2%/an entre
2000 et 2018. La consommation mondiale a augmenté de plus
de 50% par rapport a 1990. Un ralentissement de 0.8% a été en-
registré en 2019 et une diminution de 4% en 2020, tous deux
attribués a la pandémie de COVID-19.

F1G. 2.1. — Une consommation énergétique et un réchauffement climatique accélérés

La thermoélectricité dans ce contexte offre une facon différente de réaliser des moteurs thermiques
et réfrigérateurs. Une partie des recherches actuelles en thermoélectricité s’inscrit dans le domaine
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2. Résumé substantiel en francais

de la physique mésoscopique, ou les effets quantiques sont explorés tels que la nano-structuration,
la manipulation des défauts ou I'ingénierie la structure de bandes [214]. La vaste majorité des études
en thermoélectricité ont été faites dans le régime stationnaire, utilisant le formalisme bien établi de
Landauer-Bittiker comme outil théorique. Une nouvelle vague de recherches a commencé a investi-
guer les régimes dépendant du temps, loin de I’équilibre. Cette vague s’inscrit dans le cadre plus général
de la thermodynamique quantique, un domaine encore a ses balbutiements dans lequel on cherche a
établir une formulation générale (a tout régime) et unifiée. La littérature dans le domaine de la thermo-
électricité mésoscopique hors équilibre s’avere étre essentiellement théorique et limitée a des modéles
jouets. Etudier analytiquement des systémes plus complexes dans le régime quantique dépendant du
temps s’avere étre difficile et seule la simulation semble étre viable : les recherches déja publiées sont
principalement théoriques sur des modeles jouets. Sur le plan numérique, la publication en 2021 (apres
plusieurs années de développement) de la bibliothéque tkwant — extension de kwant, la librairie de
simulation de référence pour le transport quantique — marque une étape importante dans le domaine du
transport quantique dépendant du temps car elle ouvre la voie a 'investigation de systemes complexes,
difficiles a explorer auparavant. tkwant est cependant seulement limité au transport de particules.

Les phénomeénes émergents dans ce régime sont encore pour la plupart inconnus et/ou non maitri-
sés théoriquement : les concepts de la thermodynamique classique tels que le “travail” et la “chaleur”
s’averent étre difficiles a appréhender. Les définitions proposées sont encore débattues et utilisent des
outils théoriques qui viennent de différents domaines de la physique, si bien que I’équivalence entre
ces différentes approches est encore a démontrer. Des études théoriques préliminaires [38, 219] vont
jusqu’a prédire une amélioration des propriétés thermoélectriques dans le régime transitoire. Cette
these intervient dans ce contexte et a pour objectif d’apporter de nouvelles réponses quant au role du
contrdle dépendant du temps dans les systemes thermoélectriques mésoscopiques (quantiques).

Pour décrire le transport d’énergie dans des systémes ouverts d’électrons, de maniére quantique et
sous l'influence de champs électromagnétiques dépendant du temps, on construit un cadre théorique
invariant de jauge qui se base sur la recherche actuelle sur le transport quantique de particules. Notre
approche est semi-classique : les champs électromagnétiques sont décrits par les équations (classiques)
de Maxwell, tandis que les électrons sont décrits par I’équation (quantique) de Schrédinger, en né-
gligeant I'interaction entre électrons. On utilise ensuite ce cadre pour étendre tkwant au transport
d’énergie, grace a un module qu'on a nommé tkwantoperator, permettant in fine de traiter des
modeles thermoélectriques complexes et dépendant du temps. De tels modeles peuvent modéliser une
large gamme de systémes mésoscopiques qui dépassent les modeles jouets. On illustre alors la puis-
sance de tkwant+tkwantoperator en investiguant brievement 'effet Peltier dynamique dans le
contact ponctuel quantique bidimensionnel, pour ensuite revenir vers le trés étudié modele (jouet) du
niveau résonnant et tenter d’avoir une compréhension plus fondamentale des phénomeénes en jeu : on
utilise notre approche, dans ses déclinaisons analytique et numérique, pour obtenir une vision plus
claire du potentiel de la thermoélectricité dépendante du temps dans des ‘points’ quantiques.

2.1. Résumé du chapitre 3 : vue d’ensemble et motivations

Dans ce chapitre, on expose une bréve vue d’ensemble de I'historique de la thermoélectricité puis des
développements et challenges actuels dans le domaine : la question des effets quantiques est discutée
ainsi que celle de I’émergence d’un courant de recherche plus général ayant pour but de construire une
théorie de thermodynamique quantique.
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2.1. Résumé du chapitre 3 : vue d’ensemble et motivations
2.1.1. Thermoélectricité stationnaire

Les dispositifs thermoélectriques dans le régime stationnaire ont été étudiés de facon exhaustive
dans les soixante-dix derniéres années. Un nombre caractéristique 27, appelé ‘facteur de mérite’, a été
introduit afin de pouvoir comparer différents matériaux et dispositifs thermoélectriques. Ce nombre
caractérise aussi bien les réfrigérateurs que générateurs thermoélectriques

52
=22 (2.1)
Ke + Kph

ou T est la température (absolue) moyenne de fonctionnement (la réponse linéaire est supposée pour
les réservoirs chaud et froid), S est le coefficient Seebeck, o la conductivité électrique, ~, et Kph €S-
pectivement la conductivité thermique due aux électrons et aux phonons. L’expression du facteur de
mérite illustre les difficultés liées a sa maximisation : les coefficients S, o et k sont fortement liés a
la densité de charges, a la diffusion des charges, et a la structure de bandes [145]; la contribution de
chaque coefficient au sein du facteur de mérite est en compétition avec les autres. Plus le facteur de
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F1G. 2.2. - Extrait de [197]. Comparaison du rendement réel des procédés de conversion utilisés dans les centrales
électriques avec les rendement théoriques des thermoélectriques. Les dispositifs thermoélectriques actuellement
commercialisés ne sont pas compétitifs, mais si leur facteur de mérite 27" arrivait a atteindre ~ 3 alors ils seraient
une alternative viable pour certaines applications.

mérite 27" d’un dispositif thermoélectrique est haut, plus son rendement est élevé (voir Fig. 2.2) : une
valeur 21" = 3 doit étre atteinte pour que des dispositifs thermoélectriques soient adoptés a grande
échelle pour de la conversion électrique et réfrigération [191]. La valeur du facteur de mérite des ré-
frigérateurs et générateurs thermoélectriques disponibles a ’achat est actuellement aux alentours de
2T =~ 1 ce qui restreint leur applicabilité.

2.1.2. Thermoélectricité dépendante du temps a I’échelle mésoscopique

La thermoélectricité proche de I’équilibre, dans le régime stationnaire, est relativement bien com-
prise et décrite de maniére satisfaisante par la théorie [75, 16]. Cependant, la description théorique
devient plus complexe quand les systemes sont poussés loin de 1'équilibre par de grandes tensions
électrochimiques, températures ou a travers un controle temporel ‘rapide’. L'un des objectifs des re-
cherches actuelles dans le domaine est d’établir une théorie de la thermodynamique dans les systemes
mésoscopiques (quantiques) dépendant du temps : une description locale en température et courants
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2. Résumé substantiel en francais

de chaleur est difficile voire impossible, en particulier quand un contrdle dépendant du temps non
quasi-statique est a prendre en compte. Des études théoriques récentes prédisent une amélioration des
propriétés thermoélectriques sur des modéles de ‘points quantiques’ [38, 219] (voir Fig 2.3), mais la
physique sous-jacente reste incomprise. De plus, ces études ne permettent pas de se prononcer sur
le cas de systémes plus réalistes. D’un autre coté, 'expérimentation a fait de grands progres dans le
domaine de la nanoélectronique haute fréquence, ce qui laisse envisager des expériences futures de
thermoélectricité dépendante du temps dans ces systemes.

steady

. 77/7788 . State

Efficiency

0 5 . 10 15
time

F1G. 2.3. — Adapté de [219] : “Booster le rendement avec un contrdle dépendant du temps”. Le modeéle du niveau
résonnant, un systéme a niveau unique connecté a deux réservoirs thermiques (avec un taux I'), voit son rende-
ment en générateur électrique multiplié par 4, par rapport au régime stationnaire, pendant le régime transitoire,
quand le niveau d’énergie ¢, (initialement a 0.5I') subit un saut abrupt de AV = 0.2I" (courbe noire), 0.3I"
(courbe rouge) et 0.5I" (courbe bleue).

Défis théoriques en thermodynamique quantique La théorie de la thermodynamique a pour
but de décrire simplement, avec un petit nombre de parametres physiquement interprétables a notre
échelle, des systémes a grand nombre de degrés de liberté microscopiques. Pour atteindre une telle
simplification, une moyenne est effectuée sur les degrés de liberté, le temps et I’espace. La théorie
(classique) de la thermodynamique se résume par trois postulats fondamentaux : (i) I'énergie est une
grandeur qui se conserve; (ii) 'entropie du systéme considéré et son environment ne peut qu’augmen-
ter (entre deux états a ’équilibre); (iii) un systéme ne peut atteindre le zero absolu en température en
un temps fini. Le rendement de Carnot 1, = 1 —T /Ty, ou T et T, sont les températures respectives
du réservoir chaud et froid, est 'une des grandeurs les plus connues en thermodynamique : aucune
machine thermique cyclique, quelque soit son fonctionnement interne, ne peut avoir un rendement
n = W /Qy supérieur au rendement de Carnot 7., ou W et Q) sont les moyennes sur un cycle du
travail produit par la machine et de la chaleur perdue par le réservoir chaud.

La physique quantique traite les systémes dont la taille est inférieure a la limite thermodynamique
classique, ou des effets quantiques entrent en jeu tels que l'interférence et l'intrication. Des premiers
travaux ont prédit que les lois classiques de la thermodynamique sont violées dans le monde quan-
tique, comme le second principe cité plus haut [219, 72, 7, 58]. Des recherches ultérieures, discutées
(entre autres) dans les références [107, 68, 198], ont construit une premiere formulation d’une théo-
rie quantique de la thermodynamique, utilisant I’approche des équations maitresses de Lindblad avec
I’hypothese markovienne (voir Sec. 3.3.3 plus bas) : ces recherches montrent qu’aucune violation n’a
lieu et que les lois classiques sont retrouvées dans certains modeles [70, 71, 156]. La thermodynamique
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2.1. Résumé du chapitre 3 : vue d’ensemble et motivations

quantique en est encore a ses débuts : un consensus est reste a étre atteint sur les définitions du ‘travail’
et de la ‘chaleur’, la recherche est en cours pour construire une description cohérente ou I’équivalence
(ou la différence) des différentes approches théoriques développées est comprise et démontrée.

2.1.3. Revue des approches théoriques

Dans la suite du chapitre 3, on expose brievement les principales techniques théoriques utilisées pour
décrire le transport quantique dépendant du temps des électrons, et de I’énergie qu’ils transportent,
dans des systémes mésoscopiques. Le contrdle dynamique (i.e. dépendant du temps) rend le trans-
port inélastique et complexifie considérablement le probléme. Plusieurs techniques ont été développées
avec différents degrés d’approximation et de complexité (inhérente a chaque outil) : le formalisme des
Fonctions de Green Hors-Equilibre, la théorie de la diffusion (dépendante du temps), les approches a
équation maitresse ou la théorie de la fonctionnelle de la densité dépendante du temps. Ces approches
peuvent étre combinées avec 'approche de Floquet dans le cas d’un controle périodique. Dans cette
thése, on se concentre sur la théorie de la diffusion qui se base sur les fonctions d’onde, utilisée dans la
bibliothéque tkwant.

Théorie de la diffusion La théorie de la diffusion s’applique a des électrons sans interaction (I'inter-
action a champ moyen peut néanmoins étre prise en compte). Elle décrit des systémes composés d’une
région centrale, appelée région de diffusion, connectée a des guides d’onde qui ménent vers différents
réservoirs thermiques (voir Fig. 2.4)
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Thermal Thermal
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F1G. 2.4. - Illustration de 'approche par diffusion. Un systéme central, appelé région de diffusion, est connecté a
différents réservoirs thermiques 5 par des guides d’onde. Des électrons quittent chaque réservoir B, avec des
énergies I suivant une distribution thermique, pour se diriger vers la région de diffusion a travers les guides
d’onde. Les électrons entrant dans la région de diffusion interférent et subissent diverses réflexions en son sein
puis sont finalement transmis via les guides d’onde vers les divers réservoirs B, soit a) avec la méme énergie F
dans le régime stationnaire, avec une probabilité T, 5( E), soit b) avec une énergie £’ a priori différente dans le
régime dépendant du temps, avec une probabilité T,, 5(E, £').

Chaque réservoir thermique remplit les modes incidents (vers la région de diffusion) des guides
d’onde suivant une distribution thermique, le systéme central quant a lui affecte quels modes sortants
sont remplis. Dans cet approche les réservoir thermiques ne sont pas affectés par les électrons qui leur
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reviennent : leur température et potentiel chimique restent constants. Un électron, représenté par une
fonction d’onde (voir 4.2.1.1), quitte un réservoir thermique « pour ensuite entrer dans la région de
diffusion, avant d’étre finalement réfléchis/transmis dans un réservoir thermique /3 avec une probabi-
lité T, 5. Les probabilités T,, 5 peuvent étre calculées en résolvant I'équation de Schrddinger, dans les
régimes stationnaire et dépendant du temps, et cela permet d’écrire les courants nets de particules et
d’énergie quittant chaque guide d’onde «. Il est a noter que le calcul de ces probabilités peut étre omis
dans une approche numérique (du type tkwant) qui calcule les fonctions d’onde directement. On uti-
lisera cette théorie tout au long de cette these, une description plus compléte est faite dans la section
5.1 (en anglais). Une revue du développement original de la théorie de diffusion de particules est faite
dans la Réf. [20].

Réponse linéaire Une approche complémentaire, qui peut étre utilisée conjointement avec la théorie
de la diffusion, est celle de la réponse linéaire. Dans un systéme a deux réservoirs ‘gauche’ L et ‘droit’
R (voir Fig. 2.5), cette approche est valide quand le biais en température AT = T} — T} et en potentiel
chimique Ay = p; — pg sont petits par rapport a leur valeur moyenne.

N N
F1G. 2.5 — Représentation d’un systéme thermoélec- 41‘) (IL
trique a deux terminaux. Connecté a deux réservoirs Tk
- gauche (L) et droit (R) — le systéme est traversé par System ’
des courants de chaleur I3 et de particules IY qui MR
partent d’un réservoir o =L,R a 'autre. 4Q> ‘T
I L I R

Dans le régime stationnaire, on considere sans perte de généralité les courants nets de particules
IN et chaleur II? dans le guide d’onde de gauche. et de chaleur . IlIs sont connectés aux biais AV /T
(AV = Apu/e) et AT /T? par la matrice d’Onsager L[29, 76]

N _ [Lkw Lkl [AV/T 2.2
2]~ L Lol |AT/T? '
L

ou L5 (AB=N,Q) sont les coefficients d’Onsager. Cette approche a été étendue au régime périodique et
lentement dépendant du temps (i.e. quasi-statique) dans la Réf. [118], 'approche de la réponse linéaire
est utilisée dans le régime non quasi-statique et il est observé que les coefficients d’Onsager étendus
a ce régime violent des contraintes liées au second principe (vérifiées dans le régime stationnaire). On
montre cependant dans la section 6.1 qu'une matrice d’Onsager résolue en temps n’est pas unique et
ne peut donc pas étre utilisée telle quelle dans des considérations physiques.

2.2. Résumé du chapitre 4 : fondements théoriques

Dans ce chapitre, on construit une théorie locale du transport quantique d’électrons sans interaction
et de I’énergie qu’ils transportent, sous 'influence d’un champ électromagnétique dépendant du temps.
Premiérement, on passe briévement en revue I’approche classique équivalente pour exposer certaines
idées qu’on transférera vers notre description quantique. Ensuite, on introduit la théorie du transport
quantique d’un seul électron, décrit par une fonction d’onde, dans l'espace continu et discret. Fina-
lement, on généralise cette approche a un électron a plusieurs électrons sans interaction. Ce chapitre
établit la théorie de transport thermoélectrique quantique, dont la partie énergétique sera implémentée
dans tkwant dans le chapitre 5.
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2.2. Résumé du chapitre 4 : fondements théoriques
2.2.1. Electrodynamique classique

L’approche classique du transport de charge sous I'influence d’'un champ électromagnétique est de
décrire le mouvement de particules chargées par la mécanique classique, en utilisant I'une des ap-
proches équivalentes parmi la mécanique Newtonienne, Lagrangienne ou Hamiltonienne; et de décrire
le champ électromagnétique et son interaction avec la matiére chargée par les équations de Maxwell.
Ces dernieres équations décrivent les relations entre le champ électrique E (7,t), le champ magnétique
B (7,t), la densité locale de charge p(7, t) et la densité locale de courant de charge j(7, t). Les équations
de Maxwell impliquent une relation de conservation de la charge

Oip(P,t) + V- j(F,1) =0 (2.3)
mais aussi de I’énergie, a travers ’équation de Poynting

ou—j-E estla puissance cédée localement aux charges, ugy = (¢, E? + I%OBQ) /2 est I’énergie électro-

magnétique locale et 7 = ExB /1o est le vecteur de Poynting, i.e. le champ décrivant le flux d’énergie
transportée par la lumiére. La dérivation de I’équation de conservation d’énergie (2.4) met en avant un
degré de liberté intrinseque quant a la définition de 7 : un probléme analogue sera rencontré quand on
tentera de définir le courant d’énergie transportée par des particules quantiques.

Invariance de jauge En mécanique Hamiltonienne (classique [141] et quantique [111]), 'effet du
champ électromagnétique sur la matieére chargée est décrit a travers des ‘potentiels’ : le potentiel scalaire
¢(7,t) et le potentiel vecteur A(7,t). Leur relation au champ électromagnétique (F, B) est la suivante
E=-V¢—08,A

L (2.5)

=VxA

Cette relation met en évidence la non-unicité des potentiels : un champ scalaire arbitraire A(7,t) peut
étre utilisé pour définir des potentiels différents. En ajoutant sa dérivée temporelle 9,A au potentiel

scalaire ¢(7',t) et en soustrayant son gradient VA au potentiel vecteur /I(T", t), le champ électroma-
gnétique (E, B) reste invariant d’apreés I'Eq. (2.5).

A =A—VA {ﬁ:E
_

- o 2.6
¢/:¢+8tA B/:B ( )

VA(T, 1), {

Etant donné que I'interaction entre le champ électromagnétique et la matiére chargée est classiquement
décrite a travers les champs (F, B) et non les potentiels, la physique reste invariante aprés un tel
changement sur les potentiels. La transformation donnée par I'Eq. (2.6) est appelée ‘transformation de
jauge’.

Energie mécanique : le probléme de la dépendance temporelle Quand on considére une parti-
cule chargée classique sous I'influence d’un champ électromagnétique dépendant du temps, la définition
usuelle de I’énergie mécanique - la somme de I’énergie cinétique et de I’énergie potentielle associée au
potentiel scalaire ¢ — devient dépendante de la jauge considérée comme on peut le voir dans I’équation
suivante :

40 = &, [Loi” () + a6(3(0), )| = 40,0(F(1), 1) — a0, AG(0), 1) - (1) (27)
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2. Résumé substantiel en francais

Cela rend la définition de I’énergie mécanique, originellement dans le stationnaire, non acceptable dans
le cas dépendant du temps : cette problématique apparait en physique quantique aussi, si ’'on considére
I’'Hamiltonien comme un opérateur d’énergie.

2.2.2. Electrodynamique semi-classique

Dans la section précédente, on a parcouru les bases de ’électrodynamique classique, en nous focali-
sant sur le transport de charge et d’énergie. Dans le cadre de cette thése, le comportement des électrons
est décrit par la mécanique quantique. Dans ce domaine, le transport de particules est connu et traité
dans les livres de référence; le traitement du transport d’énergie quant a lui reste marginal, en parti-
culier par rapport a I'invariance de jauge : on remet au gott du jour une telle approche a travers une
description compléte du transport d’énergie avec une équation de conservation invariante de jauge.

Mécanique quantique a un corps En mécanique quantique, a chaque instant ¢, les propriétés phy-
siques d’un électron (énergie, position, quantité de mouvement [56, Chap. 21-3], moment angulaire...)
peuvent toutes étre calculées a partir de la ‘fonction d’onde’ ¢)(7, t). L’équation d’évolution de la fonc-
tion d’onde est donnée par I'équation de Schrodinger

ihd (7, t) = h[y](F, 1) (2.8)

L’équation de Schrodinger admet plusieurs solutions qui forment un espace vectoriel, cela met en place
la description mathématique de la ‘superposition quantique’ : une particule peut étre dans une super-
position linéaire de telles solutions.

L’Hamiltonien h est I’équivalent quantique de ‘I'énergie mécanique’ : la somme de I’énergie ciné-
tique <, de I’énergie potentielle associée au potentiel (scalaire) électrique go[¢)] = qo(7,t) ¢ et d'une
éventuelle énergie potentielle additionnelle V' (7)

Y] = &[] + g $(F, ) ¢ + V(F)p (2.9)

— Transport dynamique de particules La densité locale de courant fw(?, t) et de particules
p,,(7,t) (qui s’expriment en fonction de la fonction d’onde 1) obéissent a une loi de conservation

Oypy (7, t) + V - j, (7, t) = 0 (2.10)

Ce résultat est connu et exposé dans les livres de référence en physique quantique [111, Chap. 10.3]
[172, Chap. 16.4][56, Chap. 21-2].

— Transport dynamique d’énergie Bien que non décrit dans la plupart des livres de référence en
physique quantique, la référence [127] introduit des définitions de grandeurs énergétiques locales —
I’énergie étant portée par des électrons (quantiques) — qui obéissent a une équation de conservation.
Pour une fonction d’onde ¢ donnée, I’équation de conservation a la forme suivante

0,05 (7, t) + V - 5 (7, t) = S (2.11)

ou py, jji et Sy, sont des candidats pour respectivement la densité d’énergie, la densité de courant

d’énergie et la puissance donnée localement aux électrons. Plusieurs candidats (indexés par I'exposant
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2.2. Résumé du chapitre 4 : fondements théoriques

€) sont possibles pour chacun de ces termes : ils peuvent étre définis en prenant comme opérateur
énergie 'Hamiltonien h, I’énergie cinétique < ou bien ‘1énergie totale’ € (définis plus bas). Chaque
densité pfp, ji, Sw, une fois intégrée sur 'espace, doit donner la valeur moyenne de I'opérateur associé,
sur 1’état 7). Dans le contexte d’une particule unique non-relativiste, les quantités quantiques locales
(pw, T S ) ne portent aucune signification physique car elles sont non uniques (pour un méme opé-
rateur assoc1e). En revanche, leur intégrale sur '’espace est bien unique (donnant la valeur moyenne de
Popérateur défini sur le systéme entier) [127, 8]. Des expressions génériques possibles pour la densité
d’énergie pj, et la densité de courant d’énergie j¢ sont les suivantes

elwelu] (2.12)
Re [e[v]" o¢] + o ole[]]] (2.13)

Py =

S
N~ =

'€
(4

Une contrainte additionnelle s’applique sur les opérateurs candidats pour représenter une énergie :
I'invariance de jauge. En effet, les potentiels électromagnétiques (¢, ff) peuvent étre remplacés par
changement de jauge, a travers I'Eq. (2.6), sans changer la valeur moyenne d’un opérateur énergie. La
valeur moyenne de I’'Hamiltonien ne respecte pas cette invariance : fondamentalement, seule I’énergie
cinétique k respecte cette invariance, a laquelle on peut ajouter une énergie potentielle stationnaire V'
- qu’on suppose indépendante du champ électromagnétique — pour définir I'opérateur énergie totale &

Et)y=rR(t)+V (2.14)

qui elle aussi est invariante de jauge [127, 102, 213]. L’expression du terme source S associé a cet
opérateur coincide avec I'expression classique de la puissance cédée localement aux électrons par le
champ électromagnétique (voir I'Eq. (2.4))

Se(F,t)=qj-E (2.15)

Bien que les expressions pour les autres opérateurs énergie soient dérivées dans cette thése, on utilisera
par défaut ‘I'énergie totale’ comme opérateur énergie car cet opérateur est invariant de jauge et permet
de retrouver les résultats établis dans la littérature dans le cas particulier du régime stationnaire (a
travers V).

Description quantique de systemes a plusieurs électrons sans interaction Quand on considere
un systeme quantique a plusieurs électrons sans interaction, ses états peuvent étre écrits a partir des
états a un électron mais en imposant la contrainte d’antisymeétrie totale : les électrons sont indiscer-
nables et au plus un électron peut occuper un état a un corps donné. Les états a plusieurs électrons sont
décrits en dénombrant les occupations des états a un électron, sans dire quel électron occupe quel état,
gréace aux opérateurs associés de création ci et d’annihilation ¢, . Dans une représentation en liaisons
fortes utilisant un ensemble discret de fonctions d’onde sans spin \; localisées spatialement sur des
sites ¢ (on utilisera c:r\ — cT) pour réaliser des représentation en liaison fortes, les opérateurs O sans

interaction s’écrivent
= "o,(t)éle; on o(t) = (il 6]5) (2.16)
ij

ou les coefficients o, ;(t) peuvent étre définis empiriquement, estimés par comparaison aux expériences
ou par des calculs ab initio’.
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2. Résumé substantiel en francais

— Opérateur énergie locale Dans notre description continue a un corps précédente, on a défini
des densités locales pj, (7, 1) telles que leur intégrale sur I'espace coincide la valeur moyenne de leur
opérateur énergie € associé, défini sur le systéme entier. Nous avons vu qu’une équation de conservation
(2.11) est vérifiée pour chacune des densités, avec une densité locale de courant ffp (7,t) et de puissance
délivrée Sfp(?, t) associées. Il n’y a cependant pas d’unique définition de densités locales d’énergie
ou de courant d’énergie [127, 8], dans les approches a un corps et a plusieurs corps. Ce probleme
affecte aussi la définition de I’énergie d’une sous-partie d'un systéme : il se traduit par un arbitraire
dans les proportions avec lesquelles 1’énergie de couplage’, qui réside sur la frontiére séparant le sous-
systeme considéré et le reste du systéme, est attribuée a ces deux sous-systémes. Dans des systémes en
représentation liaisons-fortes, cette problématique intervient quand on veut définir I'opérateur densité
d’énergie 3 ¢ d’un unique site 7 : on adopte la définition suivante

~ 1 N N
&S = 3 Z € c;rcj + €5 c}ci (2.17)
J

L’idée de considérer la moitié de la contribution des termes de couplage a été introduite par la Réf. [8]
dans le cadre d’'une étude sur des solides harmoniques désordonnées. Cette séparation a été ensuite
utilisée par la Réf. [210] pour définir un opérateur d’énergie locale dans une chaine 1D discréte. Enfin,
une définition générique dans un systeme liaisons-fortes a été introduite dans la Réf. [129] ou I'expres-
sion donnée est celle donnée par I'Eq. (2.17) mais pour 'opérateur Hamiltonien seulement (¢ = h).
Cette expression est déduite d’une séparation ‘naturelle’ [119] qui émerge de la discrétisation des dé-
finitions originelles dans I’espace continu (voir la dérivation qui aboutit 4 'Eq. (4.62)). Elle a aussi été
utilisée par les Réfs. [25, 143] mais en utilisant I'Hamiltonien comme opérateur énergie. De notre co-
té, on apporte un argument additionnel qui soutient cette définition avec un partage symétrique des
termes de couplage entre les sites dans 3 7 : elle permet d’obtenir une expression pour le terme source
S¢ qui concorde avec la version discréte du résultat classique donné a I'Eq. (2.4). D’un autre coté, cette
définition d’un opérateur énergie local (ou d’un sous-systéme) intervient dans un débat, toujours en
cours, qui concerne la définition d’un courant de chaleur, voir Sec. 4.3.4.2 (en anglais).

— Transport quantique a plusieurs corps On utilise la fonction de Green ‘lesser’ pour exprimer
les valeurs moyennes des opérateurs a plusieurs corps sans interaction
i

Gi(t) =+ GIGRIG) (2.18)

Cette fonction permet d’écrire les équations de conservation (particules et énergie) dans le cas a plu-
sieurs corps sans interaction. Ces équations ont la méme forme que leurs contreparties a un corps,
dérivées a la Sec. 4.2.4 (en anglais). Elles peuvent étre dérivées en appliquant I’équation de Heisenberg
(équivalente a I’équation de Schrédinger) sur la valeur moyenne p; = (p;) des opérateurs densité locale
de particules et d’énergie

Oor(t) = + ([AW20]) + @it O+ T T0) = S0

. . ) (2.19)
Equation d’Heisenberg (4.135) Equation de conservation

ou I;; est le courant net du site i vers le site j et S;(t) est le terme ‘source’. Dans le cas bien connu
du transport de particules la densité de particules s’écrit p;, = <cA;r 5i> = —ihG;(t), le courant a pour

expression I}, = 2Re[h,;(t)G;(t)] etle terme source est nul car aucune particule n’est créée ni détruite
du néant. Pour 'énergie, la densité peut s’écrire de la maniére suivante

pi(t) = (£5(1) = Y _Imle;;(1)G5,(1)] (2.20)
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2.2. Résumé du chapitre 4 : fondements théoriques

puis on utilise 'Eq. (2.19) pour obtenir une expression générique pour le courant d’énergie

1
I = % ZRe [sz’%’ 3<k: — €k;65i b (2.21)
e

ou €, est a remplacer par les coefficients de I'opérateur énergie considéré. Comme dans le cas continu,
'expression du courant d’énergie I; n’est pas unique mais doit donner la bonne divergence Zj Ij;. Le
terme source — la puissance cédée aux électrons — est dépendant de 'opérateur considéré et s’écrit de
la maniere suivante pour 'opérateur ‘énergie totale’

1
S(t) =Y —5a[@;(t) = &) I5 (1) + D 1m9,e,5(H)G5:(1)] (2.22)
J
Le premier terme de cette expression a une interprétation simple
1 — <>
> —sq[e;t) — ()] I (t) = =gV, - j; (2.23)

alors que le second terme doit étre retravaillé (fait en anglais dans I’appendice B.3) pour montrer la
réécriture suivante

> m[0,e,;(1)G5,(1)] = —0,4; - j; (2.24)
7

pour enfin que I'on retrouve pour S (¢) 'expression classique de la puissance cédée aux électrons j-E
(voir I'Eq. (2.4)), ou E = —Vé— 0, A est le champ électrique dépendant du temps.

— Courants dans les guides d’onde Les études théoriques de transport mésoscopique dynamique
considerent un systeme générique constitué d’un systéme central, sous I'influence d'un champ élec-
tromagnétique dépendant du temps, qui est connecté a des guides d’électrons £, semi-infinis. Chaque
guide est rempli d’électrons qui se dirigent vers le systéme central, suivant une distribution thermique
a une température 7, et un potentiel chimique x,, (voir Fig. 2.6). Le but principal est alors d’obtenir les
courants nets de particules et d’énergie qui sortent de chaque guide. Pour les calculer en utilisant les

courants locaux d’énergie I; et de particules I, ZN]., un flux est exprimé a travers une section dans chacun
des leads £ .
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2. Résumé substantiel en francais

Uniform

Lo Scattering
Region C

F1G. 2.6. — Systémes considérés dans les études de transport, composés d’une partie centrale (‘région de
diffusion’) € connectée a des guides d’onde semi-infinis. La partie centrale est sous 'influence d’un champ élec-
tromagnétique dépendant du temps, représenté par le potentiel scalaire ¢(7,t) et potentiel vecteur fi(?, t). Une
énergie potentielle stationnaire V' additionnelle est aussi prise en compte. Chaque guide £, est connecté a un
réservoir d’électrons a I’équilibre thermodynamique caractérisé par une température 7}, et un potentiel chimique

fo-

Les systemes qu’on décrit sont sans interaction, ce qui implique qu’aucun mécanisme de relaxation
thermique peut étre considéré : des températures et les courants de chaleur locaux ne peuvent pas étre
définis au sein du systéme. Cependant, une hypothése usuellement faite dans le régime stationnaire
[16] est de considérer que chaque électron quittant la partie centrale € du systéme, dans le guide £,
avec une énergie I, va finalement atteindre le réservoir thermique connecté a ce guide d’onde. Cet
électron finira par relaxer au sein de ce réservoir et apportera ainsi une contribution £/ — 1, au terme
de chaleur. En termes de courants, cela se traduit en un courant de chaleur stationnaire qui s’écrit
=1 St — 11, INSt ou I&* est le courant de chaleur net qui traverse le guide o. Définir un courant
de chaleur résolu en temps, dans le cas dépendant du temps, fait partie du domaine plus général de
la thermodynamique quantique. Ce domaine n’en est qu’a ses débuts et des recherches sont en cours
pour définir un cadre théorique solide : des questions fondamentales doivent étre résolues quant a la
séparation spatiale entre le systéme central, les réservoirs thermiques et leur couplage. Dans le régime
de couplage faible, une théorie robuste a été établie [23, 52, 107, 68]. Dans le régime de fort couplage,
en particulier quand ce dernier est dépendant du temps, définir un courant de chaleur résolu en temps
souléve une question fondamentale [31, 54, 44, 25, 143] : la partie I;T@a de ’'Hamiltonien total H , qui
couple le réservoir thermique au systéme central, n’est plus négligeable, peut étre dépendante du temps,
et doit étre prise en compte lors d’une tentative de définition d’un courant de chaleur a cette interface
(le probléme de définir un opérateur local d’énergie, exposé au paragraphe ‘opérateur énergie locale’
p.34, s’applique ici). Une expression du courant de chaleur résolu en temps dans un guide a été donné
par les Réfs. [119, 121] o le courant d’énergie inclut la moitié de la contribution du terme de couplage
H Ca

z 1 -~ = ~F A~
12" (t) = -, <Ha + 5H@a> — g IN(t) H,= > hyt)éle; +he. (2.25)
ijeL,,

Cette définition est consistante avec la définition usuelle utilisée dans le régime stationnaire ou ’Hamil-
tonien de couplage H®* n’intervient pas (9, <H eo‘> = 0). Des problémes ont cependant été soulevés

pour une telle définition [54, 142] (dans le cas ou HE dépend du temps) et un terme additionnel, qui
implique ’'Hamiltonien de couplage, a été suggéré [81] pour y remédier (mais ce terme est nul dans
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2.3. Résumé du chapitre 5 : simulation numérique avec tkwant

notre approche dans laquelle la perturbation temporelle provient uniquement d’un champ électroma-
gnétique externe). Etant donné que ’Hamiltonien n’est en général pas invariant de jauge, on modifie
cette définition de courant de chaleur I$" (¢) basée sur I'Hamiltonien en une définition IQ(t) = IS (¢)
basée sur T’énergie totale’ (ces deux définitions coincident sur des guides stationnaires et different si-
non, voir la Sec. 5.3.2.3 en anglais)

19(t) = I5(t) — S5() — o IN(0) (2.26)

ou IS (t) et S (t) sont respectivement le courant d’énergie dans le guide et la puissance cédée au guide
(entier)

ISt = > I5) Sa(t) = S5(t) (2.27)

ie L, i€ L,

jee
Calculer les courants d’énergie et de chaleur plus loin dans les guides évite la problématique du terme
de couplage dépendant du temps soulevée par la Réf. [54], les guides étant considérés indépendants du
temps’. Une approche par diffusion a la Landauer-Biittiker comme la notre a été adoptée par la Réf.
[24] dans le cas particulier d’'une dépendance temporelle lente. Notre approche quant a elle s’applique
a une dépendance temporelle quelconque (due uniquement a un champ électromagnétique), au-dela
des régimes quasi-statiques ou périodiques.

Maintenant que les courants résolus en temps dans les guides d’onde sont définis, on reléve deux
problémes liés : (i) a cause de la dispersion et du temps de propagation, les courants dans les guides dé-
pendent de la position de la section ot ils sont calculés; (ii) le courant de chaleur n’existe théoriquement
qu’apres relaxation des électrons dans les réservoirs thermiques. Les guides ne sont techniquement pas
les réservoirs et définir un courant de chaleur résolu en temps, et en espace, en leur sein est a priori
physiquement contestable. Un tel courant de chaleur peut cependant étre interprété de maniére ‘comp-
table’ [47], i.e. “la quantité de chaleur qui sera dissipée plus tard dans les réservoirs”. Pour contourner
ces deux problémes, on étudiera aussi des quantités intégrées en temps (en suivant par exemple la
méthode de la Réf. [44]).

2.3. Résumé du chapitre 5 : simulation numérique avec tkwant

Notre but est de décrire les courants et densités de particules et d’énergie (transportée par les élec-
trons) dans des systémes génériques pour tenter de mieux comprendre la thermoélectricité mésosco-
pique dans le régime dépendant du temps. Apres avoir dérivé, dans le chapitre 4, un cadre invariant de
jauge au transport thermoélectrique (ou les formules sont exprimées a I'aide de la fonction de Green
‘lesser’), on introduit dans ce chapitre la méthode numérique (basée sur les fonctions d’onde) utilisée
par tkwant, 'extension au régime dynamique de la bibliotheque de référence (kwant) pour la si-
mulation du transport quantique dans des systemes dans 'approximation des liaisons fortes (voir la
Fig. 2.7). Son développement, initié¢ durant le doctorat de B. Gaury [63], a notamment abouti a 1’écri-
ture d’une équation importante qui relie les fonctions de Green ‘lesser’ ij(t) et une base particuliére
de fonctions d’onde a un corps appelées ‘état de diffusion’. Dans le chapitre 5, on étend tkwant au
transport d’énergie a travers un module appelé tkwantoperator : on montre que cette extension
permet de retrouver simplement des résultats qui ont été publiés récemment concernant le ‘modéle du
niveau résonnant’ (RLM); puis on étudie le cas d’'un contact ponctuel quantique bidimensionnel, afin
d’illustrer le potentiel de tkwant pour la simulation de systémes complexes, dépassant les modéles
simplistes tels que le RLM.

! Aprés un éventuel changement de jauge, voir Sec. 5.2.1 (en anglais).
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2. Résumé substantiel en francais

M Lead «v

F1G. 2.7 - Systéme générique en représenta- H" = Z Fern €
tion liaisons-fortes que tkwant peut simuler. o
Une région centrale €, dont les sites et cou- i
plages sont dépendants du temps (coloriés en
gris), est connectée a des guides d’onde dont o
les sites et couplages sont stationnaires (colo- T i
riés en rouge). Un potentiel scalaire uniforme :
et dépendant du temps peut étre considéré H1 ®
dans chacun des guides : un tel potentiel est
en pratique inclus apres changement de jauge oo
en multipliant les couplages a la frontiére avec ?
le systéme central (couleur orange) par une
phase dépendante du temps particuliére (voir
Eq. (5.23))
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Etats de diffusion Définis comme les états propres de I'Hamiltonien h du systeme entier (région
centrale et guides) dans le régime stationnaire sans interaction, les ‘états de diffusion’ ¥* peuvent étre
étendus au régime dépendant du temps. Pour ce faire, tkwant utilise une approche astucieuse : les
systemes que cette bibliothéque peut simuler sont restreints a ceux qui sont stationnaire jusqu’a un
instant £, ce n’est qu’apres cet instant que le controle temporel peut démarrer. Cela permet a tkwant
d’utiliser kwant pour le calcul des états propres du systéme initialement stationnaire pour ensuite
les faire évoluer en temps, un par un (grace a ’hypothese de non-interaction), a I’aide d’une version
modifiée de I’équation de Schrédinger via I'algorithme ‘source-sink’. Cet algorithme ne calcule que
la ‘perturbation’ qui s’ajoute au dessus de I’état stationnaire a cause de la dépendance temporelle et,
puisque la dépendance temporelle ne se trouve que dans le systeme central a des instants ¢ > ¢, cette
perturbation est nulle partout pour ¢ < ¢ et est émise a des temps ¢ > ¢, a partir de la région centrale
(‘la source’) puis s’étend a vitesse finie dans les guides d’onde, ce qui la rend rend finie dans Iespace
et représentable dans un ordinateur. L’algorithme ‘source-sink’ apporte aussi une optimisation quant
au traitement des guides d’ondes qui par définition ne doivent pas réfléchir les ondes sortantes : la per-
turbation est alors absorbée (‘sink’) a partir d’une certaine position dans les guides et sur une étendue
finie pour ainsi réduire la taille des guides effectivement simulée. Le systéme simulé est alors de taille
finie et cette derniére est gardée petite méme a des temps de simulations longs, grace a I’absorption,
tout en gardant la valeur des fonctions d’onde arbitrairement proche de leur valeurs théoriques.

Calcul des courants et densités Une formule essentielle dérivée dans la Réf. [66] permet de relier
les états de diffusion résolus en temps W™ (¢) (tels que définis au-dessus) a la fonction de Green ’lesser’
ij (définie par I'Eq. (2.18)) pour dans systémes génériques illustrés dans la Fig. 2.7

Gi=1 > [ (E)UXNt)TN¢) (2.28)
A=a,n,E

ou ), a été utilisé comme raccourci pour > > i %, qui fondamentalement traduit une somme,
pondérée par f, (FE), sur tous les états de diffusion U indexés par les modes incidents n des leads «,
injectés a des énergies E, ou E est un degré de liberté continue; f,(E) = fr , (E) est aussi une
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2.3. Résumé du chapitre 5 : simulation numérique avec tkwant

notation raccourcie pour la fonction de Fermi

1
exp(%) +1

fru(B) = (2.29)

ou kg est la constante de Boltzmann. Eq. (2.28) est la piece manquante qui permet de calculer expli-
citement les courants et densités d’énergie définies dans la Sec. 2.2.2 en termes de fonction de Green
‘lesser’ ij(t) Grace a I'Eq. (2.28) ces quantités peuvent étre maintenant exprimées en utilisant les
états de diffusion

pit) =Y fulE) Z Re [U2 (1) e;;(1) U5 (1)] (2.30)

A=a,n,F

Ii; = A_Z Efa<E> ;Re[qlﬁ(@*em%q’}\(t) — U () ep 6,070 ()] (2.31)

Ces deux quantités peuvent étre calculées avec tkwant, dans le méme esprit que la densité (o} (¢)) et le
courant (/ f;(t)) de particules mais avec une somme additionnelle sur les sites du systéme. La puissance
locale moyenne S¢(t) délivrée aux électrons s’écrit quant a elle

S50 = 3"~ (630 — 6,(0)] aL (1)

Y LB Y Re[N1) 05 (1% (1)]

A=a,n,F

(2.32)

Ces quantités locales peuvent ensuite étre sommées sur I’espace pour obtenir par exemple I’énergie
d’un sous-systéme ou bien le courant d’énergie I, ,() et de chaleur I3 4 (t) dans les leads tels que
décrits dans le paragraphe ‘Courants dans les guides d’onde’ p.35.

2.3.1. tkwantoperator : extension au transport d’énergie

Pour calculer nos grandeurs énergétiques nouvellement définies, on a implémenté un module Py-
thon, appelé tkwantoperator : son code source est libre d’acces, disponible en ligne et accom-
pagné d’une documentation compléte (en anglais) qui décrit la procédure d’installation, d’un tuto-
riel et d'un guide technique, le tout a ’adresse suivante gitlab.kwant-project.org/kwant/
tkwantoperator. Le code source a été publié en méme temps que notre article de recherche [96].
Cing classes python ont été implémentées : EnergyDensity, EnergySourceetEnergyCurrent—
Divergence peuvent étre utilisées pour respectivement calculer p¢ (donné par I'Eq. (2.30)), S¢ (donné
dans I'Eq. (2.32) pour € = ¢), et Zj I%; sur une liste donnée de sites {i}; EnergyCurrent calcule

les courants I§; (donné par I'Eq. (2.31)) sur une liste donnée de couples de sites {(j,7)}; LeadHeat~

Current calcule le courant de chaleur 7, Sjé (donné par I'Eq. (2.26)) traversant le lead £,. La quantité
e utilisée en exposant peut faire référence a Iénergie totale ¢, 'Hamiltonien h ou bien un opérateur
défini par I'utilisateur en donnant les termes sur sites €,,. Un code illustrant I'utilisation de tkwant-
operator, en parallele avec Kwant et tkwant, est montré en Fig. 5.7 : ce code relativement court
est suffisant pour retrouver quelques résultats publiés dans des articles de recherche, voir la Sec. 5.3.2
(en anglais).

Le calcul des valeurs moyennes a plusieurs électrons des différents opérateurs implique une inté-
gration sur tous les états de diffusion ¥*, indexés par le paramétre \ (voir I'Eq. (2.28)). Etant donné
que I’évolution en temps de ces fonctions d’onde est 1’étape la plus cotiteuse en temps de calcul dans
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tkwant, il est crucial d’utiliser le plus petit nombre de ces états pour évaluer une valeur moyenne des
opérateurs, tout en garantissant un degré de précision spécifié en amont par I'utilisateur. Pour cela, une
méthode adaptive de Gauss-Kronrod est utilisée [204] pour calculer I'intégrale. De plus, I’évolution en
temps des fonctions d’onde peut étre faite peut étre faite en paralléle sur plusieurs coeurs de calcul,
chaque coeur se chargeant d’une sous-partie des fonctions d’ondes. Ces deux fonctionnalités, qui sont
déja implémentées dans tkwant, sont utilisées pour calculer les valeurs moyennes de nos opérateurs
d’énergie.

Une fois tkwantoperator implémenté, on a lancé des simulations tkwant de transport électro-
nique et de chaleur pour le modéle jouet du niveau résonnant (RLM), afin de valider notre approche
théorique et notre implémentation numérique. On a ensuite exploré le transport de chaleur dépendant
du temps dans le contact ponctuel quantique mis hors-équilibre par une impulsion de tension : sans
discuter de facon exhaustive la physique des phénomeénes en jeu, notre étude nous permet d’illustrer le
potentiel de tkwant, combiné avec notre module tkwantoperator, pour I'exploration de la ther-
moélectricité dynamique dans des dispositifs quantiques complexes.

2.3.2. Validation : modele du niveau résonnant (RLM)

Le modeéle du niveau résonnant (sans interaction) a été étudié de facon exhaustive dans la littérature
scientifique, pour I’étude du transport dynamique de charges (voir par exemple les Réfs. [92, 149, 158])
et plus récemment pour le transport dynamique d’énergie [38, 116, 55, 121, 120, 219, 44, 215, 113, 37, 51].
Dans le chapitre 5 (en anglais), on utilise ce modele (décrit dans la Fig. 2.8) comme outil de validation
de notre implémentation numérique. On considere deux cas : (i) quand (seulement) le terme sur site
hy(t) de la ‘dot’ subit un échelon en temps h(t) = V; + AVO(t), © étant la fonction de Heaviside, et
(ii) quand I’échelon de potentiel est appliqué a ’'un des guides. On calcule les courants résolus en temps
d’énergie et de chaleur : on montre qu’on reproduit, dans les limites attendues, les résultats antérieurs
de la littérature.

hy(t) hy(t) ho(t) hg(t) hr(t) -
IR
0 Y Ye Ye Y B / iR
-2 -1 0 1 2 _site
Left Scattering Right index
lead area lead

F1G. 2.8. - Représentation en liaisons-fortes du modeéle du niveau résonnant. Une chaine unidimensionnelle (1D)
est composée d’un site central 0 connecté, par des termes de couplage ., a des chaines gauche (L, sites i < —1)
et droite (R, sites ¢ > 1), semi-infinies et uniformes avec un terme sur site i (t) et un couplage inter-sites .
Chaque guide « est connecté, infiniment loin, a un réservoir d’électrons a I’équilibre, caractérisé par un potentiel
chimique j1,, et une température 7, supposés constants.

En particulier, on vérifie dans le cas (i) qu’on retrouve les résultats analytiques obtenus par ’approche
des fonctions de Green hors-équilibre, dans la limite ‘wide-band’ : celle-ci est obtenue dans tkwant
en modifiant les coeflicients de couplage 7y et 7y, selon [37] :

v—= Ay, Y. — \/X'yc et A — 00 (2.33)

de facon & garder le ratio I' = 2v2/~ constant. La concordance parfaite entre 'approche numérique
(tkwant + tkwantoperator) et I'analytique (fonctions de Green hors-équilibre, voir I’Appendice
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C.1) est illustrée dans la Fig. 2.9 ou 'on compare les courbes du courant de chaleur résolu en temps
dans le guide gauche obtenus avec ces deux approches

I2(t) = =0, <ﬁL> —p I3 (t) (2.34)

La comparaison est faite également pour les courants de particules gauche I (¢) et pour une définition
alternative du courant de chaleur I2(¢)

~
~

) = -0, (f) — w1t (239)

considérée notamment dans les Réfs. [38, 219]. Ici, 'Hamiltonian H ., utilisé n’inclut pas la contribution
du couplage H,y; entre la ‘dot’ et le guide d’onde gauche (son expression est une version modifiée de
I’Eq. (2.26) sans le terme Hp,, )

I2(t) = =9, <HL> — I (t) (2.36)
0.6 7(&) | 7 ‘V Yo V. y‘ y B
: > 1
0.4
= I 1=05 =
=02 = L
I 12 09 2z
02 05
0.4 F

2 ‘ 4 ‘ ‘ 4 %
¢ /1] ¢ /T ®mm

F1G. 2.9. — Adapté de notre article [96] : (a) Courants de particules gauche I }JV , (b) courants de chaleur % et (c)
I % gauche, en fonction du temps ¢, pour le modele RLM 1D schématisé sur la Fig. 2.8, quand le niveau d’énergie
de la ‘dot’h(t) subit un saut abrupt hy(t) = V, + AVO(t) (voir I'insert dans (a)). Les unités des axes x et
y sont indiquées entre crochets. Dans tous les panneaux, les données sont calculées par tkwant+tkwant-
operator pour différentes valeurs de \y/T" (1 (lignes rouges), 6.25 (lignes vertes), et 100 (lignes noires)). Les
lignes horizontales en pointillés, tracées pour A\y/I" = 1 (en rouge) et 100 (en noir) correspondent a la limite
stationnaire a grand temps I't/h > 1, données par les formules de Landauer-Biittiker (voir Sec. 5.2.3.2). Quand
Ay/T > 1, les résultats de tkwant convergent vers les résultats obtenus par la méthode des fonctions de Green
hors-équilibre (cercles) dans la limite ‘wide-band’ (voir 'appendice C.1, en anglais). Insert dans (c) : comparaison
de g (t) (lignes en pointillés rouges, données par I'Eq. (2.34)) et fg (t) (lignes noires, données par I'Eq. (2.36))
dans la limite ‘wide-band’. Dans tous les panneaux, hy = 0.5, AV = 2.5I', h; (t) = hr(t) = 0, T, =T'/kp,
Tpr = 0, u;, = 0.5I', et up = —0.5I". Les courbes calculées par les fonctions de Green hors-équilibre sont
indépendantes de I'. Les courbes tkwant sont des fonctions de \y/I" et non des paramétres A, v, et I pris
séparément.

On a aussi comparé nos résultats numériques a ceux obtenus dans la Réf. [49] dans le cas (ii) défini
plus haut. Enfin, on aussi vérifié que dans la limite des temps longs I't /A — o0, les résultats tkwant
pour les courants de particules et de chaleur convergent, comme attendu, vers les limites stationnaires
données par les formules de Landauer-Biittiker (lignes horizontales en pointillées, dans la Fig. 2.9).

2.3.3. Aller plus loin : contact ponctuel quantique

Pour illustrer le potentiel de notre approche numérique basée sur tkwant, on investigue aussi dans
le chapitre 5 (en anglais) le transport dynamique de chaleur (transportée par les électrons) dans un
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contact ponctuel quantique (QPC), connecté a deux réservoirs maintenus a des températures diffé-
rentes. On se concentre sur l'effet Peltier permettant d’extraire de la chaleur du réservoir froid et on
s’interroge sur la possibilité d’améliorer cet effet a I’aide d’un controle temporel, en I'occurrence en ap-
pliquant un pulse de tension sur I'une des deux électrodes (guide d’onde) attachées au QPC (a la place
d’une tension constante). On considere un nano-ruban de longueur L et largeur W connecté, via des
guides d’onde (électrodes) semi-infinies a des réservoirs thermiques gauche (L) et droit (R), maintenus
a des températures 1} < T'p. On choisit leurs potentiels chimiques p; = pp (voir Fig.2.10 (a)) de sorte
que la transmission stationnaire 7'( ') du QPC soit sur une marche (et non un plateau) de transmission,
T(E = pg) ~ 0.6 et que I]?(t < 0) = 0. Le systéme est discrétisé sur un réseau carré (avec un pas
a = 1). Le systeme est stationnaire jusqu’a ¢ = 0 puis la dépendance temporelle démarre : on applique
sur I'électrode gauche une impulsion gaussienne V7, (¢) de largeur 7,,, amplitude V), et centrée sur 37,,.
Ainsi 'Hamiltonien du systéme s’écrit H(t > 0) = H° + Y Vi (t)cAZT ¢;, ot HY est 'Hamiltonien
stationnaire.

En utilisant tkwant avec notre extension tkwantoperator [3], on calcule les courants, résolus
en temps, de particule I (t) et de chaleur Ig(t), dans le guide gauche, pour différentes valeurs des
paramétres (7, V,,) de I'impulsion tout en gardant constante son aire sous la courbe (pour maintenir
constant le nombre d’électrons dynamiquement injectés a travers le guide gauche). Les courants calcu-
1és avec tkwant sont ensuite comparés aux courants IiV’St(VL (1)) et [f’St(VL (t)), qu’on obtiendrait
si'impulsion était quasi-statique, donnés par les formules de Landauer-Bittiker (voir Sec.5.2.3.2, en an-
glais) a chaque instant. Pour des valeurs petites de 7, (impulsions courtes, voir Fig. 2.10(b)), le courant
de particules I (t) montre un premier pic positif centré autour de 37, donc du au pulse, puis montre

un pic négatif qui provient de la réflexion sur le QPC. Le courant de chaleur Ig(t) quant a lui montre
une évolution plus complexe. Dans la limite des longues impulsions, les courbes tkwant convergent
vers leurs valeurs quasi-statiques, caractérisées par un pic unique centrée sur 37,. On trouve, parmi les
paramétres testés, que de la chaleur ne peut étre extraite du réservoir froid ([ d¢ I (¢) > 0) que dans la
limite des impulsions longues et que I'intégrale temporelle du courant de chaleur est systématiquement
plus petite que sa contre-partie quasi-statique V7, [dt If (1) < [dt1 TSV, (t)). Ainsi, il semblerait
qu’appliquer des impulsions courtes, qui affectent le QPC de maniéere non quasi-statique, se révele étre
néfaste pour la réfrigération Peltier, au moins dans le régime de parametres exploré ici. Cette investiga-
tion préliminaire du QPC montre néanmoins la faisabilité de simulations sur des systemes complexes.
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F1G. 2.10. - (a) Modéle discret du contact ponctuel quantique (QPC). La couleur des sites du systéme central
refléte la valeur du potentiel QPC (de 0 (blanc) a des valeurs plus grandes (nuances de bleu)). Quelques couches
de sites des guides d’onde semi-infinis gauche et droit sont représentées en rouge. Une impulsion de voltage
V1, (t) est appliquée sur le guide gauche, les flux de courants sont évaluées a la frontiére indiquée par une ligne
verticale discontinue bleue. (b) Courants gauche de particules I} (¢) (en bleu, en unités de 100/h) et de chaleur
1 % (en grenat, en unités de 2 /h) en fonction du temps t (en unités de /), pour une impulsion de voltage d*une
largeur 7, = 100/ /7. Les lignes continues sont les résultats tkwant, les lignes discontinues sont les résultats
quasi-statiques Landauer-Biittiker. Parametres : W = 18, L = 48,1, = 50, [, = 5, puj, = 0.20607v, up = 0.27,
Ty, =0.018v/kp, V, = 0.2and Ty = 0.027/kp.

L’approche naive qui tente d’améliorer la réfrigération Peltier par un contréle temporel rapide est
peu concluante mais montre que la physique en jeu est plus complexe. Ainsi, dans le chapitre suivant, on
reprend 1’étude du modele du niveau résonnant ou des expressions analytiques peuvent étre obtenues,
pour tenter de mieux comprendre les effets en jeu.

2.4. Résumé du chapitre 6 : analyse numérique et
semi-analytique du RLM

Ce chapitre est dédié a I’étude du modele du niveau résonnant (RLM) sans interaction et dépendant
du temps. Il représente un systéme simple composé d’un niveau d’énergie unique qui peut étre dé-
pendant du temps, connecté a deux réservoirs thermiques, dans lequel des électrons peuvent entrer et
sortir. Notre objectif est d’avoir une meilleure compréhension de l'effet d’'un contrdle dynamique du
niveau d’énergie : Zhou et al. [219] prédisent un ‘boost” du rendement thermoélectrique du modéle
en configuration Seebeck quand le niveau subit une variation temporelle ‘rapide’. En utilisant les défi-
nitions prises dans cette référence, on reproduit, en utilisant notre approche, leur résultats : ceci nous
permet de valider une fois de plus notre approche mais également d’appréhender les limitations de leur
méthode et définitions. Ensuite, on utilise I'approche de diffusion avec des fonctions d’onde, introduite
au chapitre 5, pour obtenir des formules génériques semi-analytiques des grandeurs de transport (les
courants et densités de particules et d’énergie) pour un contréle temporel arbitraire du niveau d’énergie,
dans la limite ‘wide-band’ (voir I'Eq. (2.33)). Ces formules génériques sont des intégrales sur I'énergie
(pondérées par les fonctions de Fermi de chacun des réservoirs) de plusieurs termes impliquant I’ampli-
tude de transmission dépendante du temps du modele. On intégre ensuite numériquement ces formules
analytiques et les comparons a des simulations tkwant+tkwantoperator quand le niveau d’éner-
gie suit un créneau. Comme discuté au paragraphe ‘courants dans les guide d’onde’ p. 35, on calcule
les courants d’énergie en prenant en compte le terme de couplage avec les guides.
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Pour définir un rendement Seebeck, on doit prendre en compte la puissance délivrée aux électrons
par la dépendance temporelle, et ses effets, dans le bilan énergétique. De plus, définir un rendement
implique une différenciation entre ‘I'énergie utile’ et ‘I'énergie dépensée’ et elle devient délicate dans
le régime dépendant du temps. On définit alors un rendement qu’on pense étre physiquement interpré-
table, différent de celui utilisé par la Réf. [219]. Apres avoir validé la concordance entre nos résultats
tkwant + tkwantoperator et semi-analytiques, on utilise notre approche semi-analytique (plus
rapide grace aux formules pré-calculées) pour lancer une exploration automatisée sur les parametres
du probléme, et ainsi tenter de trouver une combinaison de parameétres qui améliore le rendement
qu’on a défini, par rapport au rendement stationnaire. Parmi les deux cent milles simulations ainsi
obtenues, plusieurs montrent des effets prometteurs ou le rendement est amélioré de fagon transitoire
mais converge vers une valeur inférieure, proche de celle stationnaire (voir le panneau gauche de la Fig.
2.11). Ce méme comportement peut étre observé si le controle en créneau est périodiquement répété
(voir le panneau droit de la Fig. 2.11).

1.27 T

7)/nc

=1.0- 1

0.8+ ; i ; ;
0.0 0.5 1.0 0 5 10

7 [n/T] T [n/T]

F1G. 2.11. - Un rendement amélioré du modeéle du niveau résonnant. Quand le niveau d’énergie suit une fonction
rectangle, les courants de particules et de chaleur peuvent se comporter d’'une maniére telle que le rendement
n(7) (défini dans I'Eq. (6.74), sous les hypothéses exposées en Sec. 6.3.3) est temporairement amélioré. Le panneau
gauche est le rendement résultant d’un unique créneau de longueur At alors que dans le panneau droit le controle
est périodiquement bouclé, avec une période 7,. Les deux courbes sont tracées dans la figure insérée au panneau
droit afin de montrer que les deux rendements coincident jusqu’au moment 7 = 7, ou le créneau est répété
dans le cas périodique. On remarque que boucler périodiquement le contréle périodique retarde le retour a un
rendement inférieur mais ne semble pas aider a obtenir un rendement amélioré, dans le régime permanent. Les
deux courbes ont été obtenues par des simulations tkwant+tkwantoperator. Ce résultat rappelle le résultat
expérimental de la Réf. [178] sur un module Peltier. Paramétres de simulation (les énergies sont en unité de T', les
temps en unité de /I') : Ty = 87, Ty = 25, py, = —26, g = 26,V = 55, AV = 2, At = 0.08,¢, = 0.1,7, =
0.11, wb = 400,~v = 1.

Les limitations d’un tel comportement restent a étudier car par exemple I'interaction électronique
n’est pas prise en compte ici et pourrait changer le résultat. D'un autre c6té, des modéles plus complexes
peuvent étre maintenant investigués numériquement avec ’aide de notre extension a tkwant.

44



3. Past and current developments in
thermoelectricity

Since its discovery in the late 18th century [75], the use of devices leveraging thermoelectricity re-
mained marginal as their efficiency for energy generation and cooling is a major blocker. The second
half of the 20th saw a rebirth of research in thermoelectrics, initiated by the boom in the semi-conductor
industry with the development of the transistor and the research made to miniaturize it, resulting in
the first experimental realizations of thermoelectric generators and coolers [90, 73]. The efficiency of
such devices remained unattractive, compared to traditional machines, and the field saw no further
breakthroughs till the early 1990s where the effects of quantum confinement have been theoretically
studied [86, 85] and predicted promising improvements. Those initial results started a second wave
of research that is still ongoing. Several new leads are being explored, many of which come from the
quantum understanding of matter such as band-structure engineering [145] and nano-structuring [95].

One interesting lead in improving thermoelectric conversion efficiency in mesoscopic devices is
through a time-dependent drive: initial theoretical works reported an improvement of the efficiency
in the transient regime [38, 219]. The field of time-dependent quantum thermoelectricity is at its early
stages and is part of the undergoing efforts in building a theory of quantum thermodynamics, where a
proper definition of what ‘heat’ and ‘work’ are is still under debate and research. Experimentally, the
field is still in its infancy [146] although first major developments have been reported in quantum ther-
mometry [201, 97] and in electron manipulation with e.g. the realization of a Maxwell demon [36, 106]
and single-electron sources [14]. The literature in the field so far is dominated by theoretical works,
with multiple goals: investigate the fundamentals of quantum thermodynamics [134, 119, 121, 205, 47]
; assess the applicative potential of high-frequency nanoelectronics for AC-driven thermoelectrics [38,
115, 35, 219, 44, 61, 123], heat pumping [132, 155, 147, 12, 82] or Josephson-effect-based refrigeration
[180, 199] ; or use energy current and noise as new probes of mesoscopic electron systems [13, 45]. From
a technical point of view, the theoretical tools used to describe dynamical energy and heat transport in
driven mesoscopic electron systems are diverse e.g. the Floquet theory in the AC regime [13, 134, 119,
121, 120, 61] ; master equation approaches such as Lindblad’s [190, 82, 107] or the DLVN method [167, 6,
218, 217, 216, 143] ; or the well-established (but cumbersome) NEGF technique [12, 38, 116, 55, 219, 44,
215] and more recently the wave-function [129] and the auxiliary-mode [113] approaches. The effect
of Coulomb interaction has been included within different frameworks, near the adiabatic regime [115,
163, 82, 47] and beyond [35, 34, 205]. Moreover, alternative methods have been developed to describe
transient particle and heat currents in response to the application of a temperature gradient [19, 49,
37, 117]. However, to date, the different methods listed above have only been applied to paradigmatic
systems ranging mostly from the single site Resonant Level Model (RLM) to the one-dimensional chain.
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3.1. Stationary thermoelectricity: a brief overview

Discovered in the end of the 18th century', thermoelectricity is a property of certain materials that
display an electrostatic potential gradient when under a temperature gradient and inversely. The ef-
fect where a temperature difference produces a voltage difference is called the Seebeck effect: its main
demonstration is done by connecting the ends of two metallic wires and heating it. The Seebeck ef-
fect manifests in a measurable non-zero voltage between the other edges of the wires, see Fig. 3.1.
The measurable voltage difference AV is related to the temperature difference AT, when on an open
electric loop (the electric current I¢ = 0), through a proportionality coefficient S, called the Seebeck
coefficient or the thermopower

A
s=—22

(3.1)

The ‘conjugate’ effect, where an imposed voltage forces heat to flow from cold to hot, also exists and is
called the Peltier effect.

Thot

Teola B

Figure 3.1. — Description of the Seebeck effect. a) The ends of two metallic wires are connected then heated, this
results in a measurable voltage difference between the other two ends a) A practical demonstration of the effect
by heating an aluminum foil, screenshot from the Youtube™ video “How to make a ThermoElectric Generator”
from the channel “Keystone Science”.

3.1.1. Thermoelectricity for energy conversion

The Seebeck effect naturally lent itself to a practical application in making temperature sensors as the
voltage depends on the temperature difference. In principle, this first practical implementation could
be used for electrical generation but it suffers from a prohibitively low efficiency and remained un-
used for energy conversion. Starting from the late 1950s, the semi-conductor industry boomed around
the manufacturing of micro-processors and new research had been undertaken to make thermoelectric
generators based on semi-conductors : a new wave of investigations was initiated by the Russian re-
searcher A. F. Ioffe who introduced a dimensionless parameter, 21" [75, 194, 90], later called the ‘figure
of merit’, as a simple but efficient performance indicator of each material he studied as a thermoelectric
generator

S2
=22 7 (3.2)
Kg + K,

!See the first chapter of Ref. [75] for a concise and thorough history of thermoelectricity.

46



3.1. Stationary thermoelectricity: a brief overview

where T is the average absolute working temperature (linear response is assumed for the cold and
hot baths), S the Seebeck coefficient, o the electrical conductivity, x; and k; are respectively the
electronic and lattice thermal conductivities of the material. Unfortunately S, o and « are strongly
correlated through the material’s charge carrier concentration, scattering and band structure [145].
One correlation that can be intuitively understood is between the thermal conductivity x; and the
electrical conductivity o as both are due to electrons and therefore cancel each other’s contribution
in 2T (see Fig. 3.2b for an illustration): the Wiedemann-Franz law for example, an empirical law
followed by some materials, states that these two conductivities are proportional [124]. Research has
been undertaken to find materials and systems that violate this law (e.g. see Refs. [189, 200, 160]) in
hopes of improving the efficiency.
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Figure 3.2. — Assessment of the values of the figure of merit 27" and its subterms

In the case of a two-terminal system in the linear regime near equilibrium, the highest attainable
electrical generation efficiency 7, is related to the figure of merit as follows [74]

B vZI'+1—1
nmax_nCm+1

where 1. = 1—T /Ty is called the Carnot efficiency: the theoretical maximum efficiency no system can
outperform, where 7| and 7}; are the temperatures of the cold and hot reservoirs. Note that the figure
of merit 27" also characterizes cooling performance of the same materials, when used in the Peltier
configuration. This system also highlights another important issue with any kind of heat engine so
far: the power output and the efficiency cannot be simultaneously maximized [9, 16] and a tradeoff
has to be made depending on the use cases. In the two-terminal linear response regime, under the

time-reversal symmetry hypothesis, the efficiency at maximum power 7(P,,,, ) is the following

(3.3)

ne 2T
p_)=-<
T]( max) 2 ZT + 2

(3.4)

zT'—0 2T —o0 .. . .
One can note that n(P,,,) —— 0 and n(P,,,) — 7c/2. The latter limit coincides with the

max max
linear response expansion of the Curzon-Ahlborn efficiency 7.,

Ic

I (3.5)

Nea =1—
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the (non-universal) efficiency at maximum power of a more realistic model of a cyclic Carnot engine
[42].

Current status of thermoelectrics When compared to traditional heat engines, thermoelectric gen-
erators have the advantage of not having any macroscopic moving parts but suffer from a comparatively
low efficiency (see Fig. 3.2a): the mainstream commercially available thermoelectric generators and
refrigerators present a 21" < 1 and are reserved to niche applications such as radioisotope thermo-
electric generators for deep-space exploration [208]. Attempts have been made to use thermoelectric
devices for seat cooling and heating in some high-end cars [114] ; to power autonomous low-power de-
vices such as pacemakers [18] or sensors [43] ; for fine-grained heat extraction on computer processors
[112] ; with mixed results or still ongoing development. For broad use of thermoelectricity for elec-
tricity generation and refrigeration, 27" ~ 2, 3 needs to be practically reached with low manufacturing
costs and low practical parasitic losses [191].

3.1.2. Improving thermoelectric devices

Initial implementations of thermoelectric devices by Ioeffe [90] and Goldsmid [73] in the early 1950s
presented a 21" ~ (0.5 [85], a decade later the figure of merit 27" reached a theoretical value of ~ 1
then stalled until the early 1990s. In 1993, Hicks & Dresselhaus [86] published an article where they
theoretically predict that a low-zT" Bi,Te; bulk material can see its figure of merit boosted by an order
of magnitude and reach 21" ~ 14 when cut down to thin square section (~ 0.5 x 0.5 nm), showcasing
that low dimensionality theoretically improves the figure of merit due to quantum confinement effects.
That result initiated a new wave of research where quantum effects are the leading motor in further
improvement of thermoelectric generators and refrigerators, see Fig. 3.3.
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Quantum thermoelectrics In traditional thermoelectrics at room temperature and large scale, the
charge carrier’s relaxation length is relatively negligible when compared to the system’s size. This
enables describing the transport within the bulk of classical thermoelectrics with smooth local thermo-
dynamical equilibrium at each point in space, such systems are usually well described by Boltzmann
transport theory (see Ref. [74]). When the thermal relaxation length becomes similar to the system’s
size, Boltzmann’s transport theory does not apply any longer. Moreover, when the quantum phase
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coherence length of the charge carriers is comparable to the size of the system, coherence quantum
effects manifest: particles have a (relatively) coherent wavelike behavior that can exhibit interferences
or strong correlations. In meso/nanoscale devices, electron-phonon and eventually electron-electron
interactions get inhibited when the temperature is lowered. Interactions being the main factor behind
relaxation processes and decoherence, transport is elastic and is accurately described within the quan-
tum theory: this opens up new doors to thermoelectricity and can potentially help with improving the
performance of thermoelectric devices in the long run. Opportunities offered by mesoscopic physics
for thermoelectrics are discussed in the review paper [148].

Current research Several leads are being explored for increasing the figure of merit 27" with an
end goal to improve one or several of its terms: increase the Seebeck coefficient S or improve the
electric conductivity o while simultaneously lowering/maintaining the thermal conductivities. Many
bulk materials have been researched — e.g. Skutterudites, Clathrates, Zintls, Half-Heuslers, GeTe, SnTe,
PbTe, Bi,_,Sb, Te; — where even a 271" ~ 5 has been predicted [87] but so far no single material stands
out as each has their pros and cons [176]. In parallel, optimization techniques are being developed
around band-structure manipulation, nanostructuring, superionic conduction and defect manipula-
tion (see Ref. [214] for an overview on the latest developments at the time of writing). In the next
paragraphs, we illustrate two of the various benefits of nanostructuring: energy filtering and phonon
thermal conduction reduction.

— Reduce the phonon thermal conductivity In the field of low temperature mesoscopic ther-
moelectricity, recent theoretical [211] and experimental [22] works highlighted a very effective way
in reducing the phonon’s contribution s (see Eq. (3.2)) to the thermal conductivity in nanowires by
changing the geometry of their surface, which breaks down the mean free path of phonons in the bal-
listic regime, and therefore reduces the thermal conductivity, see Fig. 3.5. The electrical conductivity
in the other hand is unaffected by the geometrical change. The resulting material is an electron crystal
& phonon glass.

— Energy filtering for electric generation Quantum dots are a popular test bed in mesoscopic
thermoelectric systems for both theoretical and experimental [181, 152, 188] approaches, due to their
relatively simple theoretical model and experimental implementation : an isolated ‘island’, with one
or many energy levels, where electrons can hop in and out from different heat baths (see Fig. 3.7 (a)
for a sketch). Such systems are predicted to be able to reach the Carnot efficiency (although with zero
output power), when used as heat engines [137]. Josefsson et al.[93, 94] experimentally showcased the
former prediction by measuring an efficiency close to the Carnot efficiency n ~ 70% 7. (see Fig. 3.4).
The experiment is performed at low energies (h[' ~ 6peV =~ ky7T'/10), so the Carnot efficiency can
be approached, and at ultra-low temperatures (7' ~ 1K, AT = 0.5K) so only one energy level of the
quantum dot is populated but also to freeze the phonons, higher temperatures would otherwise dras-
tically decrease the efficiency. More research is therefore needed for room temperature applications,
although efficient experimental techniques have been developed to reduce the phonon’s contribution
to the thermal conductivity, as noticed in the previous paragraph.
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Figure 3.4. - Adapted from [93]: a) “False-coloured SEM image of a nominally identical device to the one used
in the experiment. Metallic leads (yellow) make contact to the nanowire (green). Heaters (blue and red) run
over the contact leads and are insulated from them by a layer of high-k oxide. One of the heaters (red) is used
in the experiment for thermal biasing, and the other (blue) is unused. The resulting AT = T — T is set by
the temperature profile of the phonon bath”. b) Plot of the delivered power P, vs the efficiency n = P, /1%,
where 19 is the heat current, at different values of V (the gate voltage that controls the energy level of the
dot, the arrow indicates the direction of increasing values). Data points are based on the measured values of Py,
and the calculated 79 using experimentally determined parameters. The solid line is the result of a theoretical
calculation, using the same parameters. The spread in the data points at high efficiency is due to fluctuations in
the measured current as it nears zero (the reversal point in V).

3.2. Time-dependent mesoscopic thermoelectricity

Classical electric generation and cooling makes use of a heat transfer fluid that undergoes a cyclic
transformation for respectively power generation and heat extraction with e.g. Carnot and Otto en-
gines. Initial research in classical thermodynamics derived the first theoretical results, e.g. the Carnot
efficiency, with a hypothesis of an infinitely slow transformation so no extra entropy is generated and
the efficiency is the highest, however with a zero power output. Real world implementations need to
deliver finite power with finite time cycles, which put the efficiency of practical implementations below
the theoretical limit. Extensive literature has been published on the subject of ‘finite time’ (classical)
thermodynamics field, see e.g. Ref. [9] for a recent review.

The current thermoelectric devices used for electric generation and refrigeration work autonomously
within the steady state regime. This regime of functioning is relatively well understood and accurately
described by theory [75, 16] but it differs from the cyclic behavior, where a dynamical (time-dependent)
control is needed to drive the system and make its thermodynamical properties (volume, temperature,
pressure... etc) follow cycles. Some of the current endeavors in the field of mesoscopic physics are to
iron out thermodynamics in the driven quantum regime: local temperatures and heat current densities
can be ill-defined, especially when a ‘fast’ time-dependent control has to be taken into account. Recent
theoretical studies have even reported on an improvement of thermoelectric properties of ‘quantum
dot’ based models, although the reasons behind this predicted boost remain unknown. On the other
hand, experimentation in driven electron transport has made significant progress, which paves the way
to future driven thermoelectric experiments.
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Figure 3.5. - Adapted from [22]: a) “Thermal conductance x; of 5 ym long nanowires normalized to four
times the universal value of thermal conductance versus temperature. The thermal conductance of the straight
nanowire is much bigger than the thermal conductance of the S-shape nanowires” b) Another tested shape of
nanowire, it has also been shown to reduce the phonon thermal conductivity.

3.2.1. Theoretical challenges in thermodynamics

The theory of thermodynamics aims to describe simply systems with a very high number of degrees
of freedom with a few relevant parameters to our scale. To achieve this simplification over the degrees
of freedom, averaging over the degrees of freedom, space and time is done. Thermodynamics revolve
around three fundamental laws with regards to the evolution of such a system: (i) energy is conserved
; (ii) the total entropy of the considered system and its environment can only increase ; (iii) the system
cannot reach the absolute zero temperature in a finite-time transformation. The Carnot efficiency 7~ =
1 — T /Ty, where Ty and T are the temperatures of the hot and cold baths, is one of the most known
results of thermodynamics: no cyclic heat engine, no matter what its inner workings are, can have an
efficiency n = W /Qy that exceeds 7., where W and @y are respectively the cycle averaged work
produced by the heat engine and the heat lost by the hot reservoir.

Classical thermodynamics The aim of the original theory of thermodynamics is to describe macro-
scopically stationary, and in equilibrium, systems [29] with a high number of degrees of freedom like
gases, liquids and solids made of ~ 10%? atoms/molecules. The Carnot upper limit is obtained within a
simple model of piston-and-cylinder in the quasi-static limit, where the transformation (the movement
of the piston in the cylinder) is done infinitely slowly so that no extra entropy is produced other than
the one that is transferred from the hot reservoir to the cold reservoir. This quasi-static limit is an
ideal case that also theoretically results in a zero power output since the period of a cycle is considered
to be infinitely long. Even though obtained within a simple model, this limit applies to any practical
implementation of a heat engine with the extra constraint that it needs to deliver finite power with
finite-time cycles. This makes these realistic engines undergo an irreversible (non quasi-static) trans-
formation that produces extra entropy and result in an efficiency < 7. Within this real-life context,
the efficiency is not the only quantity of interest as power output, costs and ecology come into play
and cannot be simultaneously maximized. See Refs. [42, 10, 166, 98] for more information on classical
finite-time thermodynamics.
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Quantum thermodynamics Quantum mechanics is the current most accurate description of the be-
havior of fundamental particles at small scales and/or cold temperatures. Its relationship with classical
physics and how the behavior of matter smoothly transitions from the quantum realm to the classical
realm has been discussed and debated since the inception of the quantum theory, but this matter is yet
to be solved and ‘is still in its infancy’[27, p. 530] (see also Ref. [21]). However, from a more pragmatic
approach, some systems are accurately described by a classical theory and some others are not. In the
latter case quantum or semi-classical models are needed to alleviate the discrepancies between what is
observed and the predictions of classical models, see Fig. 3.6 for an example.
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Figure 3.6. — Adapted from [195]: Heat capacity C), at a pressure P = 1bar for liquid water (right graph) and
ice (left graph) as obtained from quantum path-integral simulations (solid line) and from classical simulations
(dashed line). Experimental results are given by solid black disks. We notice that simulations based on the
quantum approach describe precisely the heat capacity of water in both its liquid and solid state whereas the
classical simulation fails.

Quantum mechanics chronologically appeared more than a century after the initial development
of classical thermodynamics - e.g. works by Carnot [32] were published on 1824 — and was devel-
oped without consideration for thermodynamics for a few decades before researchers started working
towards recovering known results of thermodynamics: the first works in this context highlighted the
equivalence between a Carnot engine and a three-level Maser [174, 69]. Quantum mechanics deals with
systems whose ensemble size is below the classical thermodynamic limit, in non-equilibrium where
extra quantum effects come into play, such as interference and entanglement. Initial hopes were on
the emergence of a quantum theory of thermodynamics where classical laws are violated, such as the
aforementioned second law. Some results pointing towards such a violation have been published [72,
7, 58] but are only attributed to a derivation with ill-defined quantities. Further research, reviewed in
e.g. Refs. [107, 68, 198], built upon these first works to recover, within the markovian (quantum) Lind-
blad master equations approach (see Sec. 3.3.3 below), the quantum equivalent to the classical laws of
thermodynamics where no violation occurs and classical finite-time thermodynamics are recovered in
some models [70, 71, 156]. Technological advances recently enabled realizing real implementations of
the Maxwell demon in both the quantum [30, 36] and classical [162, 105, 196] descriptions, further im-
proving the understanding of thermodynamics and its intimate relationship with theory of (quantum)
information. The field of quantum thermodynamics is although far from being a closed subject as it
has been approached by scientists from different fields [198] (statistical physics, mesoscopic physics,
quantum information theory and other fields) who approached the question with different tools : the
Lindblad master equations approach sets up a first complete quantum description of thermodynamics,
but it is one approach amongst others and comes with limitations e.g. a weak, slowly driven (to remain
markovian i.e. not depend on previous times), system-bath coupling assumption. A consensus over
the definition of “work” and “heat” is yet to be attained, research is still ongoing on properly building
a coherent thermodynamical description where the equivalence or difference between each approach
is highlighted and understood. In this thesis, we tackle both the strong coupling and the fast driving
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regime using the non-interacting scattering approach with wavefunctions. We bring to the table the
necessity of electromagnetic gauge invariance of any energy quantity and bring extra elements to the
ongoing discussion over the definition of a heat current, see Sec. 4.3.3.3 and Sec. 4.3.4.2.

3.2.2. Exploring the new time-dependent regime

Many thermoelectric experiments have been done, in the stationary regime, in resonant tunnel junc-
tions, molecular junctions [159, 41, 151] and quantum dots. Gate-controlled heat engines [93, 94] and
heat valves [48] have been implemented. The theoretical approach used to described these experiments
is through the Resonant Level Model: a simple system with a single energy level connected to two heat
baths. This model has been extensively studied in the literature in the stationary regime, for both
particle and heat transport, in the non-interacting [15, 53, 125] and in the interacting regime where
Coulomb interactions [192] are taken into account in different regimes (e.g. Coulomb blockade [220]
and Kondo [108] regimes).

The Resonant Level Model (RLM) is a simple system and has been used as the test-bed for the current
developments around time-dependent quantum thermodynamics (including thermoelectrics). The non-
interacting time-dependent RLM has been extensively studied in the literature to simulate dynamical
charge transport (see e.g. Refs.[92, 150, 158, 79]) and more recently dynamical energy transport: Refs.
[116, 119] highlight the complex behavior of the energy currents in the time-dependent domain ; Refs.
[51, 121, 24] focus on thermodynamics and entropy, leading to initial developments of a theory of
thermodynamics when the time-dependent drive is slow [55, 24, 81, 17], periodic [120, 17] or generic
[143, 175] (but with different theoretical approaches) ; Ref. [215] investigate the full-counting statistics
(FCS) of energy flow ; Ref. [37] studies the limitations to the usually used wide-band approximation in
calculations in the RLM model ; Refs. [44, 51, 40, 80] study the cyclic drive to make heat engines and
heat pumps, stochastic cycles have also been studied [128]; Refs. [55, 142] raise issues while trying to
define heat currents when the system-bath coupling is also time-dependent.

Improve the thermoelectric efficiency ? Promising results are reported within the non-interacting
two-terminal Resonant Level Model, when its energy level undergoes a heaviside jump in time (see Fig.
3.7 (a) and (b)): Refs. [38] reports in improvement in the calculated Seebeck coefficient S (see Fig. 3.7
(c)) whereas Ref. [219] reports a ‘boost’ of the efficiency of the model when in the generator config-
uration (see Fig. 3.7 (d)), a similar boost is also predicted in the transient regime for a train of square
pulses. Those exploratory results hints at a positive impact of time-dependent driving on thermoelec-
tricity. However, it is important to notice that those results depend on the choice of the definition of
a time-resolved Seebeck coefficient and a time-resolved efficiency and the used choice in those papers
is questionable. Moreover, those studies focus on the transient regime at short times after the quench
and do not investigate the contribution at long times. Those two crucial points will be addressed in
Chapter 6 of this thesis dedicated to the RLM. Finally, it is clear that those results for the Resonant
Level (toy) Model remain to be confirmed (or refuted) in more realistic devices. In Chapter 5, we will
report on the numerical method we have implemented to investigate time-dependent thermoelectric
transport in generic (non-interacting) systems.

Towards time-dependent thermoelectric experiments The current progress in experimental re-
alizations already enables implementing promising thermoelectric devices in the stationary regime for
bulk materials at ambient temperature [89, 84] (see e.g. [214] for a review) but also nano-devices at

53



3. Past and current developments in thermoelectricity

©® Quantum Dot © Enhanced Thermopower

0.75 T T T T T
Crépieux et al. Phys. Rev. B (2011)

Seebeck coefficient

0 .4
' time
@ Fast time-dependence @® Enhanced Efficiency
o Zh 1. Scientific R (2015)
= t al. T
“go(t) §-g A ou et al. Scientific Reports
2} 4
\\'IJ
IAV s
D —— ~
<
> . p
~time g
Abrupt jump é
in the energy level w 0 = i s

time

Figure 3.7. — Reported thermoelectric improvements in the driven Resonant Level Model. (a) Representation of
the Resonant Level Model, a central single-level system connected to two heat baths via electron tunneling with
rate I'. (b) When the single level of the central ‘dot’ jumps by an energy AV, (c) the calculated Seebeck coefficient
of the system is reported to be enhanced [38] while (d) its efficiency is reported to significantly improve in a heat
engine configuration [219], in the transient regime. Note that the parameters used in each article are different.

ultra-low temperature that showcase the ‘quantum-advantage’ in electric generation [93] and thermal
conduction inhibition [22]. On the other hand, the field of high frequency nanoelectronics made sig-
nificant improvements over the past decade and now offers fine time-dependent control over electrons
through mesoscopic capacitors / single-electron boxes that can emit single electrons on demand with a
tunable energy or time resolution tradeoff (see Fig. 3.8 below) or electron pumps that can emit period-
ically electrons in the gigahertz range (see e.g. Ref. [14] for a review). Note that all these experiments
need to operate at very low temperature 7' < 0.5K and high frequency w = 10GHz to reach the
quantum dynamical regime where k57" < hw.

One of the initial main goal of these developments is single-electron quantum optics for quantum
information, although it is not far fetched to imagine that they also help shaping experiments in quan-
tum thermodynamics and mesoscopic thermoelectricity. Along with Josephson junction based quan-
tum devices that enable fast, time-resolved measurements of the electronic temperature [201], current
experimental progress deepens our understanding of energy and particle transfers at small time and
energy scales and paves the way for initial time-resolved thermoelectricity experiments. This thesis
intervenes within this context, we provide additional tools for theoretical research, which in turn we
hope it will motivate experimentation.

3.3. Theoretical frameworks for quantum transport

In this subsection we shortly highlight two theoretical approaches to describe quantum transport of
electrons and energy that we will use within this thesis: the scattering theory and the linear response.
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Figure 3.8. — Sketch of the inner workings of a mesoscopic capacitor. (a) Adapted from [131]. 3D representation
of a mesoscopic capacitor: an isolated cavity connected to a Fermi sea of electrons, through a quantum point
contact. (b) Redrawn from [14]. Energy resolved mesoscopic capacitor: initially, the capacitors levels are filled
till the Fermi energy. Then the energy levels of the capacitor are shifted, by the gate potential V., by exactly
the spacing A between two energy levels, this releases an electron with a well defined energy with a tunable
uncertainty (through the emission time 7). Finally the gate potential is shifted back to original value, the Fermi
sea fills back the empty space left by the previous electron, which creates a hole below the Fermi energy level.

The scattering theory will be extensively described in Chap. 5 whereas the linear response will be
used to recover a result from the literature in Sec. 6.1. Other theoretical frameworks for describing
transport, both in the stationary and time-dependent regime, will be quickly listed.

For a more complete study of the theoretical descriptions, Ref. [46] describes quantum transport in
the stationary regime, Ref. [16] is a review of the methods to describe thermoelectric quantum transport
in the stationary regime, Ref. [66] makes an overview of the time-dependent theoretical methods for
describing quantum transport and generalizes the non-interacting scattering approach to the time-
dependent regime. Ref. [139] describes electronic transport in both the classical and quantum regimes,
under stationary and time-dependent drive. For the classical approaches and practical thermoelectric
implementations, one can refer to Refs. [75, 74].
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3.3.1. Scattering Theory - Landauer-Biittiker formalism

This approach applies to non-interacting electrons (interaction can still be accounted for at the mean-
field level) and is based on considering a central system, also called a scattering region, that is connected
to several thermal baths through electronic waveguides called leads (see Fig. 3.9). The baths then influ-
ence which ‘incoming modes’ are populated within the leads whereas the system affects the ‘outgoing
modes’ in each lead although no back action on the baths is considered within this theoretical frame-
work. An electron, described by a wavefunction (see 4.2.1.1), leaves a bath o and enters the central
system to eventually be transmitted/reflected in a bath 3 with a probability 7, 5. The probabilities T, 5
can be derived by solving the Schrédinger equation, and this enables to write the particle and energy
currents that leave each lead ae. We will use this theory throughout this thesis, a more detailed descrip-
tion is done in Sec. 5.1. A review of the original development for particle transport is done by Ref. [20],
extended to heat and energy transport by Ref. [26].
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Figure 3.9. - Sketch of the scattering approach. A central system, called a scattering region, is connected

to several baths B through waveguides. Electrons leave each bath B, with energies E that follow a thermal
distribution, and enter the waveguide till they reach the scattering region where the undertake a first transmission
or reflection. Transmitted electrons in the scattering region undergo several reflections and interfere then they
eventually leave it to be transmitted in one of waveguides to reach the baths B a) with the same energy £ when
in the stationary regime, with a probability 7,, 5 or b) with a different energy £’ in the time-dependent regime,
due to the drive that causes energy redistribution within the scattering region, with a probability T, 5(F, E”).

Stationary regime An electron leaving a bath B, with an energy E gets transmitted to each bath
B, at the same energy F (see Fig. 3.9 a), with an amplitude d*?(E) whose absolute square T, 5 =

‘do‘ﬁ (E) ‘2 is the probability of getting transmitted to the bath 3. The particle current IY, the energy

current / E and the heat current /, 8 leaving a bath « are simply the net sum of the electron number, the
energy and the heat carried by each electron leaving the bath minus the one carried by the electrons
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3.3. Theoretical frameworks for quantum transport

entering, weighted by the probability of each event
-3 [ [Fa(B) = fo(B)] Tos(E)
p#a
= =S [ o B LB (B L)

dE
= _(E_ a) fa(E)_f <E> Ta (E)
%/27% ta) | 5(B)] Tag

—1
where f, = (exp( ) + 1) is the Fermi distribution of the bath 3, (also given in Eq. (5.28)), see
Sec. 5.1.2 fora descrlptlon of its implementation in the Kwant simulation library.

Time-dependent regime The time dependent regime adds one extra ingredient over the stationary
approach of scattering: inelastic events due to the time-dependent drive that redistributes the energy
of the electrons coming from each bath. Two equivalent approaches can be used to describe quantum
transport in scattering systems sketched in Fig. 3.9. Each one with its advantage and drawback over
the other.

— Scattering states — wavefunction approach This approach relies on time evolving a set of one-
body wavefunctions, called scattering states, to describe many-body transport in non-interacting tight-
binding systems, it does not need the computation of the transmission amplitudes to be able to express
transport quantities. One implementation of this idea has been developed by X. Waintal’s group [66,
203, 101], at CEA Grenoble, and has been used to implement the tkwant[101] simulation library. This
implementation is reported to be equivalent to the partition-free initial condition approach[109, 182] as
the electronic baths are attached to the scattering region from the remote past ; it also is a generalization
of the single-electron approach [78, 79] used within specific models. Although less useful for analytical
studies, the scattering states are extremely efficient for numerical simulation. In this thesis, we will
describe the method used by tkwant in more details in Sec. 5.1 and generalize it to energy transport:
see Sec. 5.2.3.1 for the end result of the generalization. In Sec. 5.2.3.2 we show that it recovers the
static limit described above, and Sec. 5.3 we describe its practical implementation within tkwant.

— Two-energy transmission amplitudes Under a time-dependent drive, electrons leaving the
bath o with an energy E will get transmitted in the other baths 5 with a different energy £’ due to the
time-dependent drive that pumps in/out energy (see Fig. 3.9 b): the transmission happens with an am-
plitude d*°(E’, E') whose expression is determined by the drive. The goal of this approach is therefore
to express or compute the transmission amplitudes d*?(E’, E) e.g. by solving the Schrédinger equa-
tion on a generic scattering state, by combining known subsystem transmission amplitudes (see Fig.
6.6 for an illustration) or, when the time-dependent drive is periodic, Fourier series enable a Floquet
approach to quantum transport [133, 135]. Using transmission amplitudes is adapted to an analytical
and semi-analytical study of systems as they are interpretable as-is, for example as energy filters [16].
In this thesis, we use this approach and determine the transmission amplitude d(E’, E) of the Resonant
Level Model (see Sec. 5.3.2.1 for a description of the model), when we use the ‘wideband limit’. See
Sec. 6.
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3. Past and current developments in thermoelectricity
3.3.2. Linear-Response - Onsager Matrix

To simplify the description, we consider two-terminal systems that are connected to only two, “left”
and “right”, electrochemical baths characterized by their temperature 7, and electrochemical potential
[y, & = L (left), R (right), see Fig. 3.10. A generalization to multi-terminal systems can then be made.
The “linear response” approach can be undertaken when AT = 7] — Ty and Ay = p; — iy are small
when compared to their respective average value ; or when the variation 67" of the temperature and dp
of the chemical potential, over the span of the relaxation length, are small with respect to their average
value 71" and p, in which case local equilibrium can be assumed. Equilibrium transport coefficients —
namely the electrical conductance G, the thermal conductance K, the Seebeck coefficient S and the
Peltier coeflicient II — can then be derived to predict the behavior of a thermoelectric system.

Figure 3.10. — Representation of a two-terminal thermoelectric system. Connected to two thermal baths — left
(L) and right (R) — the system is crossed by heat currents /, Qand particle currents IY that go from the bath o =L,R
to the other.

Stationary regime Under stationary biases AT and Ay, the system eventually reaches a steady state
characterized by constant particle currents /Y and heat currents I, Q. Without loss of generality, the left
particle current /Y and the left heat current T, 8 are related to the displacements AV /T (AV = Ap/e)
and AT /T? through the Onsager matrix L[29, 76]

I _ [k Lko| [AV/T (5.6)
2] [Léy Lbg| |AT/T? '
L

where L, (A,B=N,Q) are the Onsager coefficients. They verify the Onsager reciprocal relation

if the system is invariant with respect to the time-reversal symmetry and is not under the influence of
a magnetic field: the second principle of thermodynamics further constrains these coefficients

Ly >0 det(L) > 0 (3.8)

The right currents I and ]1%, with the same sign convention (positive when leaving the bath), are
related to the left currents as follows

N=—IY P+ IR=AV Y (3.9)

The Onsager coefficients can either be computed from a lower level approach (see next paragraph)
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3.3. Theoretical frameworks for quantum transport

or from experimentally measuring the transport coeflicients, to which they are related as follows [16]

G = ﬁ :@
AV AT—0 T
Q
K = i_ = %deLt—(L) (3.10)
Tl T? L
S = — AV _ 1Ing
 ATlp_g T Ly

Time-dependent regime Ref. [118] developed a consistent theory in the slow and periodic regime
where the relations in Eq. (3.8) and Eq. (3.9) are still valid but with cycle-averaged matrix elements. Ref.
[219] used the linear response approach in the ‘fast’ time-dependent regime for a non-interacting two-
terminal device: while the biases [AV, AT are still considered time-independent, the system is driven
by e.g. a time-dependent gate-voltage. In this article, the considered Onsager coefficients L{; () are
time-dependent: the ‘conservation’ relations Egs. (3.9)-(3.8) are reported to be violated which would
give hopes for a higher thermoelectric efficiency in the driven regime. In this thesis, we recovered the
reported results although we believe that the physical interpretability of a time-dependent Onsager
matrix, in the driven regime, is not straightforward: see Sec. 6.1 for a more complete analysis. The
Seebeck has also been generalized to the time-dependent regime S(¢) [38]. If one wishes to treat the
time-dependent control itself in the linear-response regime, i.e. as a perturbation over the stationary
state, a more fundamental and thorough approach to linear-response theory is described in Ref. [183].

3.3.3. Other theoretical frameworks for time-dependent quantum transport

We succinctly describe few other theoretical frameworks — some will be omitted, such as the Time-
dependent Density Functional theory [110, 109] that are out of scope within this thesis — to describe
time-dependent transport. Each framework comes with their own advantages, equivalences/similarities
and drawbacks when compared with the other frameworks.

Time-dependent quantum master equations Master equations describes the evolution of a quan-
tum open system & as a part of a global ‘total’ system J that is made of & and the environment £ with
whom it interacts and exchanges matter, energy and heat. The practical description relies on writing
a ‘master equation’ of the density operator ps of the total system or its reduction pg to the system
8. The most extensively studied theoretical framework within this approach relies on Lindblad master
equations [68, 173, 138] where, initially, two main assumptions are made over the nature of the cou-
pling between the system and the environment : it is assumed to be weak and of markovian nature.
The markovian assumption being usually attained by a sufficient condition of slow driving in time. No
other assumption in particular is made over the system of interest, it can be time-dependent and in-
volve interactions of arbitrary strength. Further works generalized the Lindblad approach to the strong
coupling, non-markovian regime [187, 179, 170, 186] while other studies developed alternative master
equation approaches such as the driven Liouville von Neumann (DLvN) method [167, 6, 218, 217, 216,
143] or NEGF-based [47, 175].

Non-equilibrium Green’s functions (NEGF) This is a powerful method for describing quantum
transport as it can theoretically fully handle electron-electron and electron-phonon interactions in the
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3. Past and current developments in thermoelectricity

time-dependent regime, in the weak and strong coupling regime with the baths. The price to pay
is its added complexity both in its theoretical framework and in computation. A quantum system is
fully described within this approach with the so called Green functions: the retarted, advanced, lesser
and greater Green functions. Various methods have been developed to derive these Green functions,
as the Nonequilibrium Equation of Motion method or the Kadanoff-Baym-Keldysh method. Practical
implementations to simulate electronic transport can be to directly calculate the non-equilibrium green
functions from their equations of motion but it is too expensive in terms algorithmic complexity [66]
and therefore unpractical. Other methods have been developed such as the Auxiliary-Mode Expansion
[39] for charge and energy currents [113]. It has been shown [66] that the NEGF approach is equivalent
to the wavefunction scattering approach in the non-interacting case, with a relationship linking the two
given in Eq. (5.26). For more information about the NEGF formalism, see e.g. [165, 183].
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4. Non-interacting time-dependent
quantum transport : Theoretical
apparatus

Ty Waveguide £ Ty

15 L2 : Uniform L3 13
42 Scattering

Region C p3

Figure 4.1. - Target system in which energy and particle transport will be considered

Made of a central area € called ‘scattering region’. It is under the influence of an external time dependent
electromagnetic field, represented by the scalar potential ¢(7, t) and the vector potential /((T“, t). The scattering
region is connected to semi-infinite ‘waveguides’ £ . An additional static potential energy V is considered to
model any potential created by the system itself e.g. the potential created by the nuclei of atoms. Each lead £,
is filled with electrons that travel towards the scattering region, according to a thermal distribution given by the
temperature 7, and chemical potential 1. In our approach, the time dependence only starts after an instant
to. Note that a time-dependent uniform scalar potential in each lead can be taken into account through a gauge
change, see Sec. 5.1.1.

In this chapter, we build a local transport quantum theory of non-interacting electrons and the energy
they carry, while under a time-dependent electromagnetic field. The goal is to describe a class of generic
scattering systems as described in Fig. 4.1. First, in Sec. 4.1, we briefly go through the classical theory
of charge and energy transport to highlight two driving principles that will be ported over to the
quantum description, i.e. local energy conservation and gauge invariance, but also discuss the case
of the ill-defined ‘mechanical energy’ in the time-dependent regime, the quantum equivalent being
the Hamiltonian. Then, in Sec. 4.2, we quickly redraw the well-known quantum theory of single
particles described by wavefunctions. We introduce the Schrédinger equation as a means to obtain
these wavefunctions, then we use these wavefunctions to expose once again the well-known local
particle transport quantities and their less known energy counterpart with a strong focus on gauge
invariance and the ongoing debates over defining an energy local operator. These local equations
are then re-derived in the discretized space (see Sec. 4.2.4) and in the many-body non-interacting
second quantization approach (see Sec. 4.3), after a concise introduction to second-quantization and
the constraints coming from considering many-body quantum physics. Finally, we expose in Sec. 4.3.4
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

how lead currents can be calculated as a flux of local quantities and discuss the ongoing research and
debates over the heat current. Note that Sections 4.3.3 and 4.3.4 constitute the main parts of this chapter.
They are leveraged in Chapter 5 where we discuss the (wavefunction based) numerical implementation
of this theoretical framework.

4.1. Classical electrodynamics

Classical electrodynamics are entirely described by joining classical mechanics — through the equiva-
lent Newton’s mechanics, Lagrangian mechanics or Hamiltonian mechanics — the Maxwell equations
that uncover the interplay between the electric field F(7, t), the magnetic field B(7, t), the local density
of charge p(7,t) and the local charge current density j(7, ¢). The description is given by the following
well-known set of four equations

V.-E=p/e, V-B=0

> o - I . (4.1)

VxE=—-0,B VXB:gatE+H0]
where c is the speed of light in the vacuum, ¢ is the vacuum permittivity, s, is the vacuum perme-
ability' and V is the gradient operator?.

4.1.1. Conservation equations

Using solely the equations above, one can derive a local particle conservation equation:
6tp<?7 t) + % ’ j(?v t) =0 (4'2)

Further derivation [91] enables us to write a local energy conservation equation, called the Poynting
relation:

dyugy +V - T=—j-E (4.3)
where Py, is the local power density that is ‘lost’ to the charged matter,

Ppy=—j-E (4.4)

ug), is the electromagnetic energy density and 7 is the Poynting vector, i.e. the energy current density
associated with light. They are given by

1 1
1 - -

T=—FKEXB (4.6)
Ko

What one can note with the energy conservation equation above, is that its derivation leaves a degree
of freedom for the definition of 7 : one can add to it the curl of an arbitrary vector field 5(?, t), ie.
7 = 7+ VxO while still having V-7 = V-7, therefore leaving equation (4.3) unchanged. Reference
[91] reports that relativistic considerations make the definition (4.6) unique. This same problem will
happen later on when we will want to define an energy current density carried by quantum particles :
the equivalent of the classical kinetic energy current density %mv2 v/v

!These constants are related by the following relation g poc? = 1

2In cartesian coordinates V = (8, 9,,0,)
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4.1. Classical electrodynamics

Integral conservation equation Using divergence theorem, the local conservation equations for
particles (4.3) and energy (4.2) can be also written in an integral way for a given volume U and its
envelope OU:

O, Ny (1) + / ds j(#,t) -1 =0 (4.7)
oU
OrEpm +/ dS 7(#,t) -1 = —/dgrf~ E (4.8)
oU U
where Ny (t) :/dgr p(7,t) and ey (t) :/dgr Ugp (75 1) (4.9)
U U

The divergence theorem states that the integral of the divergence V - E of a vector field E over U is
equal to its outgoing flux off the envelope OU:

/ &’V - E(Ft) = / dS E(#,t) - b (4.10)
U oU

where dS is an infinitesimal surface on OU and 7 is the unit normal to dS. And this translates the
intuitive understanding of conservation: the rate of change of the intensive quantity enclosed within
a volume can either be changed by an external source or by leaving the volume.

4.1.2. Gauge invariance

A way to theoretically handle the influence of electromagnetic fields on charged particles is to work
with the electromagnetic scalar potential ¢(7, t) and vector potential A(7, ¢) which substitute the elec-
tromagnetic fields in the Hamiltonian approach of classical mechanics [141]. Their relationship with
the electromagnetic fields is the following:

E=-V¢—0,A
L (4.11)

B=VxA
One caveat with those electromagnetic potentials is that they are not unique: given an arbitrary scalar
field A(7,t), one can add its time partial derivative 0,A to the scalar potential ¢(7,¢) and subtract its
gradient VA from the vector potential /I(?, t) while still keeping the relation (4.11) valid. Since the
interaction between electromagnetic fields and charged matter is classically described through fields
and not potentials, the physics remains unchanged after such a change. This transformation in the
electromagnetic potentials is called a gauge transformation.

A'=A-VA
¢ =9¢+ oA (4.12)
A arbitrary scalar field

One can summarize this with the following assertion:

A= A—VA

5 — 640 (4.13)

VA(F,t), {

—N—
U:\u Dy
1
o

where the electromagnetic fields verify equation (4.11).
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus
4.1.3. Mechanical energy: the issue of time-dependence

In this paragraph, I will explore the issues raised in classical mechanics by time dependent electromag-
netic fields. Ref. [103] does a similar but more extensive approach of this matter using the classical
Hamiltonian approach. I re-derived here on my own here an equivalent approach using Newton’s
equation instead.

A particle with a charge ¢ will be under the influence of the Lorentz force [91] F = q(E + 77X B),
where 7'(t) is its position at time ¢ and 7(¢) is its velocity. For this particle, Newton’s equation writes:

mi(t) = q [E(#(t),) + #(t) x B(F(t), t)] (4.14)
We can do the scalar product of both sides with 7(¢) and obtain, knowing that 7 - (7 x B) = 0:
mi(t) - 7(t) = qE(F(t), t) - #(t) (4.15)

After noticing that the left hand side is total derivative with respect to time, we end up with the well-
known Work-Kinetic energy theorem

1 .2 5 .
d, [§m? } (t) = qE(F(t), ) - 7 (1) (4.16)
We can note that the right hand side of (4.16) is the opposite of the right hand side of (4.3) (for a single
particle in this case): the energy lost by the electromagnetic fields is won as kinetic energy by the
particle.

Knowing that we can write the electric field with the potentials E(7,t) = —V¢(7,t) — 0,A(7, 1),
we can go further and express the time derivative of ¢(7(t), t):
did(F (1), 1) = 7(t) - VO(F(t),1) + (7 (1), 1) (4.17)
It is useful in rewriting the right hand side of (4.16)
E(7(t), ) - 7(t) = —di(F(t), 1) + 0,0(7(1), £) — O A (2), 1) - 7(1) (4.18)

that we can finally rewrite as

d [’ () = = duao
alt

F(t), 1) + g0 (F(1),t) — a0 A(F(H), 1) - F(t) (4.19)
) B(t)

The right hand side of (4.19) can be written as a sum of two terms, «(¢) and 3(t): these two terms are
clearly gauge dependent, whose sum is gauge independent by construction (because derived from the
gauge independent electric field). The term «(t) has been defined because it is a total time derivative

that can be moved to the left hand side of (4.19) and make it part of an alleged Mechanical/Total energy
U: it is — strictly speaking — gauge dependent

AU =4, [5m (0 + 46(0).0)] = @0 (0.0 — 00, 4G, 0) - (1) (4.20
B(t)

This makes the usual definition of mechanical energy non-physical and should be in principle avoided,
for the time-dependent phenomena at least. In the special case of stationary electromagnetic fields
E(7) and B(7), one usually takes for them stationary scalar and vector potentials ¢(7*), A(7):

0, x A

=0 (4.21)
—0 '

v

= JA®F),6(7) | {

o o
I
<
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4.2. One-body quantum approach — First quantization

Given the definition of the scalar potential and how it behaves through a gauge transformation, this
makes the scalar potential unique (among the stationary possibilities, while the vector potential is still
not® but is time-independent). In this case, equation (4.20) simplifies to:

4U = d, %m?z(t) +ad(F(1)] =0 (4.22)

Which is the usual mechanical energy conservation, which is unique and well defined among the sta-
tionary potentials. Although in principle only the kinetic energy has a real physical meaning in that
equation.

This issue with time dependence and mechanical energy will appear in the quantum case too, as we
will see in our quantum description of particles in sec 4.2.3.

4.2. One-body quantum approach - First quantization

In the previous section, we did a quick introduction to classical electrodynamics. In the scope of this
thesis, particle behavior will be described by quantum mechanics. In this section, we will make a
minimal introduction to one-body quantum mechanics along with the underlying mathematics that we
will use to describe particle and energy transport. The particle transport equations are well known and
tackled in general physics textbooks, the energy transport equations on the other hand, especially with
a gauge invariant conservation equation approach, remain rather marginal. In this thesis, we uncover
such an approach then do a more thorough description of energy transport with a gauge-invariant
energy conservation point of view.

4.2.1. An introduction to quantum mechanics of a single particle

We will expose in the following the base concepts and mathematics of quantum mechanics involving
a single particle. We will use these mathematical tools all along our approach to describe quantum-
mechanically particle and energy transport.

4.2.1.1. The wavefunction

In the quantum realm, at each instant ¢, physical properties of an electron (energy, position, kinetic
momentum, dynamic momentum [56, Chap. 21-3], angular momentum...) do not have a fixed, deter-
ministic, value. Instead, physical properties are fundamentally random, with a deterministic probability
distribution that can be probed through repeated same-experiments. For a given single particle, at each
time ¢, probability distributions for any physical property are entirely defined by a complex scalar field
(7, t), called the wavefunction, that completely characterizes the state of the particle.

Equation of motion The equivalent to Newton’s equation to describe the time evolution of the
position 7(t) of a single particle is the Schrédinger’s equation

ihd, (7, ) = h[y](7, 1) (4.23)

3V x (VA) =0
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

where the Hamiltonian . is a linear operator that acts on wavefunctions*. Wavefunctions that describe
the evolution of the particle’s state must abide by this equation. An equivalent evolution equation can
be written with the evolution operator u(t, t,)

?/)(7“’ t) = ﬁ<t7 tO)@D(?v tO) (4'24)

that time-evolves a wavefunction from an initial state at time ¢, to its state at time ¢. Its connection
with the Hamiltonian 4 is the following

ihd,a(t, ty) = ha(t, t,) (4.25)

The term “wavefunction” has been used in its plural form here to translate a fundamental aspect of
quantum mechanics: there are many wavefunction candidates (7, ¢) that can theoretically describe
the evolution of the state of a particle as long as they verify Schrédinger’s equation. Given that h is
a linear operator, any (complex) linear superposition of solutions to Schrédinger’s equation is also a
solution. A unique wavefunction can be defined with initial boundary conditions.

Given a valid candidate wavefunction 1(t), the modulus square |¢)(7, ) ]2 expresses the density of
probability p(7,t) of finding the particle at a point 7 at time ¢.

p(,t) = [, 1)) = (7, 1) $(7, 1) (4.26)

Hilbert space The interpretation of p(7,t) = |1)(7,t)| as being a spatial density of probability brings
an additional restriction to wavefunctions that describe a physically valid states: given that p(7,t) is a
probability density, its integral over space must be 1.

/ &r p(F,t) = / &Er (7 0O, t) =1 (4.27)

which means that, at each instant ¢, wavefunctions that bear a physical meaning live in the space
of square integrable complex functions® with the following inner product between two ‘vectors’ (7)

and ¢(7)

(W) = / Er (b ol ) (4.28)

to define a Hilbert space: a complex vector space with a hermitian inner product, more information in
[111, Chap. 4].

— Orthonormal bases There exist orthonormal bases ()\Z-(T“))i, where each function \; € /A and

Vi, </\Z-’/\j> = J,; for the Hilbert space J{ of square integrable complex functions of space, where ¢
is the Kronecker delta

I
5, — { (4.29)

0 otherwise

Note that 7 is in general a tuple of integer values ¢ = (iy,...,14;), i,, € Z. Examples of such bases are
the ones used for wavelet transformation [184]. Any vector ¥(7) from J can be written as a linear

*it can parametrically depend on the time parameter ¢ but this time dependence will not be made explicit as it will be
reserved to writing operators in the Heisenberg representation

Sa non-normalized, square integrable, wavefunction can always be normalized by a real valued factor
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4.2. One-body quantum approach — First quantization

combination of vectors of the given basis, the coefficients are obtained by using the inner-product to
perform projections

V() € Hp(E) = D lY) () (4:30)
The arbitrary basis (\; (7)), can be time-evolved with the evolution operator u(¢, t,) to define a time-
dependent basis (), (7, t)); of solutions to the Schrédinger equation, where \, (7, t,) = \; (7). At each
instant ¢, the base (\;(7,t)), remains orthonormal thanks to the Hermitian nature of the Hamiltonian
h. A wavefunction w(? t) that verifies Schrodinger’s equation defines a vector 1, (%) of J at each
instant ¢. It can either be expressed in the basis (\,;(7)), with time dependent coefficients or in the
basis (\; (7, 1)), with time-independent coefficients

Vip(7,t) ihd, = hly] = { (4.31)

When the Hamiltonian doesn’t parametrically depend on time, one can use its Eigenstates to define an
orthogonal basis thanks to the Hermitian nature of the Hamiltonian operator
RIAO)(7) = ENO(7) with E; € R (4.32)

A base of solutions to the Schrédinger equation are then simply obtained from this basis by time evolv-
ing it:

N(F 1) = A () exp (i) (139

While solving the Schrodinger equation, sometimes it is useful to define a base of solutions (., (7)),
that are not square integrable — ie. A\, ¢ J{ — where o can be a tuple of real and integer vari-
ables o = (o, ..., a;),a; € Ror Z. An example of such a basis are the plane waves ||, ; p(7,t) =

exp (ii(% — k- T“)) that are solution to the free Schrédinger equation.

— Braket notation A vector ¢(7) from the Hilbert space { can also be written like |1)), called a ket.
There is a 1-to-1 correspondence between a ket |¢)) and the linear form (1|, called bra, whose action
on a ket |¢) is the inner-product between ket |1)) and ket | o)

(W :H —C
[9) = (Yl9)

To move back to a wavefunction description from a ket |t)). One can introduce the set of kets |7*) whose
interpretation is “the particle is entirely located at the position 7”. The associated ‘wavefunction’ .
to the ket |7) is the dirac distribution ¢(7') = §® (7 — 7) which enables recovering the associated
wavefunction ¢ (7) from any given ket |¢)) as an inner product

B(F) = (Fl) = / & §O(F — (i) (434)

4.2.1.2. Physical properties - Operators

In this Hilbert space #, to each physical property ¢ corresponds a linear hermitian operator o that
acts within 7. Given a particle describe by a wavefunction (7, t) — i.e. normalized to 1 and verifies
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

the Schrodinger equation — the expectation value of the physical quantity @, at a given time ¢, that we
write (0) o t)é can be computed as the hermitian inner product, written as (.|.), between v and 6[1)]

@)= (Wl010) = [ & w7 031017 (435)

In braket notation, this expectation value also writes as (1(¢)|0(¢)]1(t)). From the operator o, the
adjoint operator 6' can be defined as the following

Vi, € H o (Plofe]) = (6'[¢]|¢) (4.36)

An operator 6 is called Hermitian if it’s equal to its adjoint operator 67

Vi, o € H (Plofg]) = (o[¥]le) (4.37)

which implies that its expectation (6(t)) , .. is real valued as any physical quantity must be.

Y(t)

Heisenberg representation So far the described operators 0 act on time-dependent wavefunctions
(7, t) that are solution to the Schrédinger equation, these operators are defined in the Schrédinger
representation. Given the deterministic evolution of the wavefunctions, one can define operators oy(t),
that we will simply write 0(¢) even if the operator o already depends parametrically on ¢, said in the
Heisenberg representation, that act on wavefunctions ¢ (7) at an initial time ¢,: they time evolve the
wavefunction first to time ¢ before applying the operator in the Schrodinger representation

o(t) = oy(t) = al(t,t,) 6 alt, ty) (4.38)
so that the expectation value of operators in the Heisenberg representation remains unchanged’
<6<t)>¢(t0) = <5>1/)(t) (439)

which justifies the ‘representation’ naming as it is only a different way the describe the same physics.
The time-derivative of the expectation value can also written in the Heisenberg representation

d i

SO0} gy = 7 (B(0,50]) (D310 (4.40)

P(to)
where 6(t), h(t) and 9,6(t) are obtained by transforming respectively o, i and 8,6 according to Eq.
(4.38). The [h, 0] operator is called the commutator and is defined as follows

~ ~

[, 6][¢] = h[o[4] — o[A[y]] (4.41)

The equation of motion (4.40) is also valid if the operators are in the Schrédinger representation if one
takes the expectation values with the wavefunction at time ¢ instead of ¢,.

®Note that the operator itself can depend on time, like the Hamiltonian when it describes a time-dependent electromagnetic
field.

(0(8) ) = (W(to)| BT (E, o) S0(t, o) [Y(t0)]) = (AT (£, o) [3(t0)I|O U, to)[1h(to)]) = (b()|0[1h(2)])
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4.2. One-body quantum approach — First quantization

Common operators The position operator 7 is defined as the following [111, Eq. 8.119]:

Fly] =7y (4.42)
which leads to the following intuitive expectation value of the position:
7, = [ EroEoreen = [drocor (4.43)

In the presence of a general electromagnetic field, represented by a scalar potential ¢(7, t) and vector
potential A(7,t), the velocity operator ¥ is defined as the following [56, Eq. (21.13)]:

A ih - q 2,
U[y] = ——Vo— — A7, 1) (4.44)
m m
~2
The kinetic energy operator & is then defined, like its classical counterpart < = %mﬁ 8
] = 2mi [9] = —— [~V — qd]” [Y] = —— [ihV — gA] - [-ihVy — ¢d
Aly] = 5mv [¢] = 5~ [—hY — gA]" [V] = o~ [=ihV — gA] - [<ihVv —gAu]  (445)

The Hamiltonian h is then the equivalent to the classical “mechanical” energy defined in the section
above: the sum of the kinetic energy operator &, the potential energy from the associated electro-
magnetic scalar potential q@[1)] = qé(7,t) ¢ and an eventual stationary potential energy V(%) from
another physical origin’

Wl = AlY] + 6007, )0 + VR = 5 [<inV — A 0] W] + 0 )6+ VE Y (446)

In the scope of this thesis, the time-dependence of the external electromagnetic field is considered to
start only after a certain time ¢,: the scalar potential ¢ is zero before then and vector potential A is
stationary

(4.47)

Qb(?? t < tO) = 0
ARt < ty) = A(F)

4.2.1.3. Gauge change

After having a look at the expression of the expectation value (0) v of a physical quantity O when on
a state 1), one can realize that it is independent from a global fixed phase of 1: ¢ can be replaced by
Y = e, a € R while still preserving any operator’s expectation value (o) v = (0) W

In the case of the interaction with electromagnetic fields, described by the Hamiltonian h given in
(4.46), an additional gauge invariance is respected [111, Chap 10.3][172, Chap. 7.4]: multiplying a
wavefunction 1) by a space and time dependent phase exp(—if A(#,t)) does not change the underlying
physics of the described system and only leads to a gauge change to the electromagnetic potentials in
the Hamiltonian. The expectation value of any operator o that bears a physical meaning must remain
unchanged:

VA1), V9, ¥é ¥ = exp(—iL A1) ) = (0), = (),
where 0”’s expression is the same as 0 except for the electromagnetic potentials that are changed from
(A, o) to (A", ¢") according to (4.12). One can check that ¥ verifies (4.48) and consequently & too.

(4.48)

$Note that V - [Ad}] =(V-Ayp+A- -V

°It can be for example the gravitational potential energy.
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

— Effect on the Hamiltonian Interestingly enough the Hamiltonian does not abide by Eq. (4.48),
one can derive the following relation by replacing (A, ¢) with (A’, ¢") according to (4.12) in (4.46)

TIT (= .q - 2 o N N
W) 1) = exp(—ig A1) [RIVI(F1) + g0 A 1) (7 1) (449)
which leads to the following relation for its expectation value
<h’>¢/ = <h>¢ +(qO),, (4.50)

The Schrodinger equation (4.23) in the other hand remains form-invariant — the same expression with
the gauge transformed potentials — due to its left hand-side

O (7,1) = exp(—iT A1) ) [(HO0(F, 1) + g A () V(7 )] (4.51)

and therefore writes

iho' (7,t) = W' [y/](7, 1) (4.52)

— Covariant derivatives In the next section, we define a particle current density whose value is
gauge invariant thanks to writing the space derivative D as covariant — at least in the sense of being
form invariant [111, Chap 7.4] - by involving the electromagnetic vector potential

-
"D
m

D[] = —ihVe — gAY — B=— (4.53)

One could do the same with the time derivative and define a covariant time derivative D,, inspired by
special relativity [91]:

ihD, ] = 1hd,h — q o(F, 1) ¢ (4.54)
then use it to define a new “Schrédinger equation”:

ihD,[y)] = —%f)? (W] + Vi (4.55)

where each term from both hand sides is form-invariant and whose expectation value is gauge invari-
ant. This elegant form of the Schrodinger equation highlights the operators < and V' that have the
dimension of an energy, a valid gauge invariant energy operator therefore involves these operators.
Further development on defining an energy operator is done in Sec 4.2.3.

4.2.2. Time-dependent particle transport

It is a well known textbook approach to define a local probability current density j(7,¢) that obeys a
conservation law [111, Chap. 10.3] [172, Chap. 16.4][56, Chap. 21-2] with the local probability density

p(7,1) o
Op(F,t)+ V-5 t) =0 (4.56)

where p = 19 (4.26) and j uses the velocity operator ¥ given in (4.44)

j = Re|wiy]] (4.57)
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4.2. One-body quantum approach — First quantization

The divergence of the current probability density writes

V-j= —%Im [;@*EW]] (4.58)

One can notice the interesting fact that the integral of j over space gives the expectation value of the
velocity:

@)W - / &7 i) = / &°7 Re [¢*5[¢]] - / &7 j(7, 1) (4.59)
¥ hermitian = €R

Given that j depends on ¥ which itself depends on the vector potential A, we can prove that j is gauge
invariant, i.e. that it keeps the same value when the vector potential A is changed to A" according to
(4.12).

4.2.3. Time-dependent energy transport

The conservation equation involving the particle probability density and the probability current den-
sity are well known and documented in many textbooks. The same approach for energy would make
understanding the underlying physics more intuitive. Although not considered in textbooks, Ref. [127]
defined various energy conservation equations. For a given wavefunction 1), they have the following
form

d,p5(F t) + V- 5, (7, 1) = S5 (4.60)

where pj, j_;i and Sy are candidates for, respectively, the energy density, the energy current density
and the energy source/power density. The € superscript is there to indicate the energy quantity that
we consider: it can either be the one related to the Hamiltonian A, to the Kinetic energy operator K
or the ‘total energy’ operator £ (that will define further down). Each density o, = P> fi, S,,» once
integrated over space must give the expectation value (4.35) of its associated operator 0 on the state 1

[ droyie = wlalw) = ), o)

In the context of describing a single non-relativistic particle, the local quantities (p°, j¢, S¢) bear
no real physical meaning while the expectation value (4.61) of their associated system-wide operator
does [127, 8]. This implies that any density candidate whose integral over space matches with the
expectation value of its operator is a valid candidate'*. We follow [127] to define a candidate for each
term of the conservation equation (4.60).

One possible expression for energy density is to take the real part of the integrand whose integral
computes the expectation value of the energy operator €

i, = Re[y"eu] (4.62)

19We will tackle further on the many body non-interacting problem where the big number of particles may enable us to
interpret the many-body energy density as a “classical” energy density just like with particle transport [56, Chap. 21-
4]. Although whether that interpretation is correct remains an open question since we build upon these single body
definitions that are not unique.
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

The energy current density we take is essentially the symmetrized quantum equivalent to the clas-
sical energy current density p .U/ ||, where p, is the associated energy density to the energy quantity

611

7 = 2Re[eful* 31wl + v ielu] (.63

2
On top of the non-uniqueness of the densities whose integral is unique. The energy current density
bears an additional degree of freedom as only its divergence is involved in the conservation equation
(4.60): as with the electromagnetic Poynting vector 7 defined Eq. (4.6), it is theoretically not unique
and an arbitrary curl of a vector field can be added to the energy current vector field while keeping its
divergence unchanged.

An additional constraint over the considered energy operators comes into play from considering
time-dependent electromagnetic fields: gauge invariance. Indeed, the electromagnetic potentials (¢, A)
can be replaced by their gauge changed counterparts Eq. (4.12) while each term of the conservation
equation (4.60) must remain unchanged. Further research [127, 102, 213] on defining a gauge invariant
energy operator rules out the Hamiltonian hasa potential energy operator (because of Eq. (4.50)) and
narrows down the possibilities to essentially the kinetic energy &, or the kinetic energy < plus the sta-
tionary potential energy V" which is considered to not be affected by gauge changes. We call the ‘total
energy’ operator £ the sum of the kinetic energy < and the stationary potential energy V.

Total energy The total energy operator ¢ is the sum of the kinetic energy operator < and the sta-
tionary potential energy V.

2] = R[Y] + V(7) 9 = hy] — q 6(F, t) ¢ (4.64)

The total energy operator is gauge invariant as we consider the stationary potential V' to not be affected
by gauge changes. The potential V' either originates from another physical interaction like gravity or
is still of electromagnetic origin but comes from another source, we discuss this matter further at the
end of the section. With this new energy operator, we take the following local densities that verify the
conservation equation (4.60)

oF = Re[" &[] = RelyR[u]] + Vp (4.65)
= SRe[elyl 0wl + v olefv]] (4.66)
§e — q]_"_ E (4.67)

where E = —V¢ — 8#1 and j the particle current given in (4.57). The explicit space and time depen-
dence of each term has been omitted for clarity. We notice here that S¢ is the opposite of the classical
energy power Py, given in Eq. (4.4), lost by light to the charged particles: we describe here how that
energy is then redistributed in space by matter, through a quantum description.

Kinetic energy The kinetic energy operator < proportional to the square of velocity operator T as
shown Eq. (4.45). In Appendix. A.1.1, we re-derive a textbook result which states that the velocity
operator v, as defined in Eq. (4.44), is gauge invariant. Therefore the kinetic operator is gauge invariant.

"When € = & is the kinetic energy, we have p” = %pfﬁ for the kinetic energy current, where p is the mass density field
and 4 is the velocity density field.
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4.2. One-body quantum approach — First quantization

We define the following candidates for the energy conservation equation

P (7 1) = Relu R[] (469)
7(7.1) = SRe[AL7lu] + v TlAL]] (469
SE(F ) =] - [qE — @V] (4.70)

where E = —V¢$ — 81511 and j the particle current given in (4.57). The explicit space and time depen-
dence of the wavefunction 1 and the result of applying operators on it have been omitted for clarity.

In the case of a charged particle under a time-dependent electromagnetic field represented by the

potentials (A, ¢) but also under a stationary potential energy field V (7) from a different physical origin,
the Hamiltonian A writes, according to Eq. (4.46):

Y] = R[Y] + g (7, 1) + V() (4.71)

Hamiltonian energy In time-independent systems, the Hamiltonian h Eq. (4.46) is considered to
be the energy operator. In this stationary regime, the ‘total energy’ operator and the Hamiltonian can
coincide if one merges the scalar potential ¢(7) with the potential energy V (7) — V'(¥) = V(7¥) +
q¢(7). The Hamiltonian can be considered as an energy operator (although with a fundamental issue)
in the time-dependent case: one could take the following densities and verify the conservation equation
(4.60)

p" = Re[y"hly]] (4.72)
7 = JRe ARl #ly] + v ilhfy]] (@73
SH =Re[v* (8, H)v] = qj- (—0,A) + q 0,0 p (4.74)

where p = 1/*1) is the particle density and 7 is the particle current density given in (4.57). A more
detailed derivation of the explicit expression of the energy source S™ is given in Appendix. A.2.2

— Gauge dependence The Hamiltonian’s expectation value is not gauge invariant in general (es-
pecially when the electromagnetic fields are time dependent). Indeed, we have seen in Sec. 4.2.1.3 that
a gauge transformation (4.12) of the electromagnetic fields along with a phase change of the wavefunc-
tion ¢ — 1" must keep the expectation value of operators that bear physical meaning unchanged, as
summarized in Eq. (4.48). However, the Hamiltonian’s expectation value is not invariant under such a
change

<H/>¢/ = <H>¢ + <atA>¢ (4-75)

This makes any Hamiltonian based energy density irrelevant since it bears no particular physical mean-
ing. Note that this result is not specific to quantum mechanics and the Schrédinger equation. Indeed,
we have seen in Sec. 4.1.3 that the mechanical energy U from Eq. (4.20) - the classical equivalent of
the Hamiltonian — of a particle under a time dependent electromagnetic field is also gauge dependent.

In what follows, we will be using the energy operator £ by default, along with its corresponding
densities.

Note: The potential energy V' that we will consider can theoretically be of electrostatic origin —
ie. V(7) = qp(7) where ¢ is an electromagnetic scalar potential. This leads to fundamental issues
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

[185] since ¢ should also be able to be gauge transformed and still keep the energy operator with an
invariant expectation value: the ‘total energy’ operator ¢ defined Eq. (4.64) in this case would not be
gauge invariant if the gauge change involves a time-dependent gauge function A(7,t). The kinetic
energy operator £ in the other hand remains gauge invariant. As stated in Sec. 4.1.3, this issue also
applies when one considers the Hamiltonian as an energy operator in the stationary case with a time-
dependent gauge-change. Just like with the Hamiltonian hin the stationary case, taking € as the energy
operator in the time-dependent case has an experimental meaning since the stationary scalar potential
 would come from another source (e.g. the atomic lattice) while the time-dependent control through
the electromagnetic potentials (A), ¢) is generated by an external device. Using the energy operator &
also enables recovering the well-known results from the Landauer-Biittiker scattering theory since it

coincides with the Hamiltonian in the stationary regime.

4.2.4. Discretizing the continuous space

In order to better understand energy quantum transport, numerical simulation is a powerful tool that
enables prototyping to test more quickly intuitions and ideas. As we will be using KwaNT along with
TKWANT that use a formalism defined on tight-binding systems, a way to derive tight-binding equations
is to discretize the continuous equations that we exposed in the previous sections.

4.2.4.1. Discretization process

The discretization process involves moving from describing points by their real space (x,y,z) € R3
coordinates to a single integer index ¢ € Z that indexes unique points on a lattice. We will describe
here the discretization process on a cubic lattice with a lattice parameter a

g discretisation <ka’la’ma) change 3 flattening
(2,y,2) € R3 L0 g 1 me? e L (klm) €T —— i (4.76)
a € R* of variables map f
+

Moving from 3D integer coordinates to a single integer coordinate involves a flattening map f

f: 73 — 7

(k,l,m) > i *.77)

that makes a 1-to-1 correspondence between 72 and Z, or at least in the region where the system is
defined. Let us define the maps n, (i) and p,, (i), « = z,y, 2, that are respectively the ‘next site’ and
‘previous site’ of a given site 7 in the direction «:

flk,l,m+1)
f(kalam_l)

po(i) = f(k=1,0,m) p,(i) = f(k,l=1,m) p,(i)
where (k,l,m) = f~1(i). Upon discretization, the continuous wave function ¥(x, vy, z,t) becomes a

vector [¢);(t)] and the Hamiltonian operator / becomes a matrix [h;;(t)]. The discretized Schrodinger
equation writes

(4.78)

1hoy; = ﬁ[w]z = Z h’ijwj (4.79)
J

To derive the Hamiltonian in discrete space, one needs to write the ‘flattened’ and discrete counterpart
to the gradient operator V. We use here the previously defined ‘neighbor’ maps to write it using finite
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4.2. One-body quantum approach — First quantization

differences, we therefore assume a to be small enough with respect to all characteristic lengths so the
discrete gradient is close to its continuous counterpart

L [V Ve

Vvl = % Uy (i) = Yp, ) = 2% Z <¢na(i) - %a(i)) €q (4.80)
Yno) =Y TV
This allows us to write down the discrete counterpart of ;L[w] given in Eq. (A.5)
h2
(Y = 25 + ¥p.0)

Muli= > | P

a:x’yrz + i

1
[(%m — W) AT+ 5w (An ) — Aga(i))] (4.81)

2ma
2
+ L g2y, 4 v,
2m
which gives the following for h, ;'*:

(> [nﬁgz +igd (Aia@—fl?a(i))] +%A2+Q¢i+‘/i for j=i

a dma
a=T,Y,z

h2 —}—i%Af‘ for j=mn,(i)

" 2ma?

hi: = < (4.82)
h2

" 2ma?

— i;‘n—qug" for j=p,(i)

0 otherwise

Given that these equations are first order Taylor expansions with respect to the lattice parameter a, we
can rewrite the previous Hamiltonian elements in terms of exponentials"

h? :1ga 1 2 C
(5 e[ (A g )] ¢ A0l e =

ma
a=T,Yy,z

gz &P (AT for = na (D)

ho = (4.83)
h2 .qa Ao . .

— exp (+142AY) for j=p,(i)

2ma?

L 0 otherwise

which gives rise to the usual Peierls substitution [88] used in tight-binding systems. Now that the
Hamiltonian is defined in discrete space, we can derive the discrete equivalent of the conservation
equations described in the previous sections.

4.2.4.2. Gauge transformation

We consider the following discrete counterpart to the continuous gauge transformation Eq. (4.12) when
we consider a discrete lattice, e.g. as described Eq. (4.76)

Aj(t) = A;(t) = VIA];
¢i(t) = &;(t) + 0,A;(t) (4.84)
A, (t) arbitrary scalar field

12One can notice that h; is not real in general due to the discrete counterpart of ¥V - A which, in the Coulomb gauge, is
taken to be equal to zero [172, Chap. 7.1]. We will assume in what follows that h;; € R
BSince 1 + za + O(a?) = e** + O(a?)
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where @[A] ; is given by Eq. (4.80). When applied to the discrete Hamiltonian h, it affects its matrix
elements in the following way

hii(t) +q O A;(t) for j =i
hi; = q (4.85)

his(t) exp (i [A,() — A,(D)] ) for i #
This expression can be derived in the same way it has for Eq. (4.83), starting from the action of the
Hamiltonian »’ on a wavefunction 1, Eq. (4.81), after having done the replacement (ﬁ, o) — (/i’, @)
according to (4.12). In particular, for ¢t < ¢, when ¢,(¢) = 0 and A,(t) = A,, the gauge-transformed
static Hamiltonian 1’ may become artificially time-dependent: in the rest of this thesis, we fix the gauge
when so that no time-dependent electromagnetic field exists for ¢ < t,. We choose the ‘natural’ gauge
in which A,(t <t,) = 0 and the ‘initial’ (before any gauge change) Hamiltonian is time-independent
for t < t,.

4.2.4.3. Particle transport

The discrete equivalent to Eq. (4.56) writes as the following

Dypi(t) + Z (4.86)

where p,(t) is the discrete equivalent to the continuous density p(7,t) defined in Eq. (4.26) and I g is
interpreted as the current density flowing from site i to site j'*

pi(t) = iy, (4.87)
I5(t) = —%Im [Wih,bs] (4.88)

I g being a scalar value, it is not directly the equivalent to the continuous current density vector field

j defined in (4.57). The connection between I g and the discrete counterpart fz of j is the following

ji= ) %[%m‘fﬂam] €a (4.89)

a=x,y,z
Each component j& of the probability current density vector field 7, is the net probability current going

through site 7 in the direction . A short derivation for Eq. (4.86) and Eq. (4.89) is done in Appendix.
Al2

4.2.4.4. Energy transport

We showcase here the discrete equivalent to the continuous one-body energy transport approach Sec.
4.2.3. The continuum energy conservation equation (4.60) becomes

0,p5(1) + Z (4.90)

4Where the necessary condition Iglj = —I?i needs to be met.
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where p{(t) is the energy probability density and S is the input power on site 1. Zj If;(t) is the
discrete equivalent of the divergence of continuous energy current density V- §¢(7,t), i.e. the sum of

the currents I;; flowing from a site ¢ to its neighboring sites j. The energy quantity € can either be the
total energy ¢, the kinetic energy « or the Hamiltonian h.

Such a derivation has been done in the literature without consideration for gauge invariance: Ref.
[210] has carried a derivation, in 1D discrete space, for various time-independent Hamiltonians while
considering extra degrees of freedom like the spin. Ref. [12] performed the derivation in a 1D chain
with a periodic time-dependence. We perform a derivation in a generic system described by the spin-
less and time-dependent electromagnetic Hamiltonian h given in Eq. (4.46). Starting with the dis-
cretized version p(t) of the continuous energy density p(t) given in Eq. (4.62)

P§<t> = RC[T/J = Re [Z wz 1] ] (4.91)

where ¢ = &, &2, h, we express its time-derivative with the help of the discrete Schrédinger equation Eq.
(4.79) and identify an expression for the energy current I; and the energy source Sf

pz€<t> == tpz( )+ZJ ’L_j( ) 6
Energy  Schrddinger Conservation (4.92)
density equation equation

To be interpretable as the energy current flowing from site ¢ to site j, I;; must verify I, = —I%;. For

the three energy operators we have considered (‘total’, kinetic and hamiltonian), we could identify a
generic expression for the energy currents I;; whereas the energy source .S; depends on the considered
energy operator:

1
If]<t> - —%Im [g[w]l ”w W]J sz ] (4.93)
- _% > Im[hege s — Ve (4.94)
%

On top of verifying I;; = —I5,, they also verify h;; = 0 = Ij; = 0 which makes them better suited
for practical calculations and interpretability. Just like with the continuous approach, the expression of
the energy current I is not unique: only the divergence Z ; seems to carry a real physical meaning,
we showcase in Sec. 4 3.3.4 another candidate, used in Ref [129]. The energy current density vector

field j:?, that is obtained by discretizing its continuous counterpart equation (4.73),

4,

Ji = gRe[elul: iy, + widlelyl] (4.95

can be expressed with the I{; scalars in the same way as with the particle current density:

= g[ff,nau)_le,pa()] Co (4.96)

aA=xT,Y,z

Each component j;, ; of the current density vector field f,f is the net energy current going through site
i in the direction o. A more detailed derivation of Eq. (4.96) is made in Appendix. A.2.1.

Since the Hamiltonian is not gauge invariant, we chose to work with the ‘total’ energy operator €. In
the following sections, we use the discretization process described in Sec. 4.2.4.1 to express the discrete
equivalent of the energy densities exposed in Sec. 4.2.3.
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

Hamiltonian energy To obtain the energy conservation equation (4.90) for the Hamiltonian h, we
follow the derivation process expressed in Eq. (4.92) and develop the time derivative of the Hamiltonian
energy density p/ given Eq. (4.91) (with € = h), using the discrete Schrodinger equation (4.79)

+ Re
J

81&,0? = %Re {Z lh[w]z hijb; — i‘hwh[w]j Zwi‘ (athij) 1/13} (4.97)
J

We can already identify the discrete power density S!* from its continuous counterpart in Eq. (4.74)

SP(t) = Re [Z¢ (0;hs;) w] (4.98)

By deriving the explicit expression of 9,h;; involving the electromagnetic potentials from the expres-
sion of h;; given in Eq. (4.82), we show in Appendlx. (A.2.3) that the source term writes as follows

St=0,V;p; + Z —0,A¢ qj¢ = q0,0, p; — 0,4, - qj, (4.99)

a=x,Y,z

This expression of the source term S? is the discrete counterpart to the continuous energy source
Sh =40, p+ qj - (—0,A) given in Eq. (4.74).

Just like the particle current, we interpret the first term of the right hand side of Eq. (4.97), with
an added minus factor, as the discrete equivalent to the divergence of the continuous energy current
density V - fh('?, t), i.e. a sum of energy currents I/ % flowing from the site ¢ to its neighboring sites j

S rh(t) = 37— Re bl — wihyhlul] (4100)
J J

To define I %, one could simply take the term inside the sum 3" as a candidate I"
% J ]

T05(t) = —Re B by, — 1th Al
1
:%Im{ [w]z ’L]¢ % iJ [¢]]j|

But this candidate I I verifies I h = =I; I and I # 0 which does not agree with interpreting I }; as the

energy current ﬂowmg from 51te 1 to site j. However, given that term Im [h[w];"hwwﬂ vanishes when

summed over j'°, we can swap its sign and define another candidate I Z

1 7 7 *
1
= _% glm wkhkzhzgw ¢khk3h]z¢ ] (4.102)
This candidate verifies [ Z’; =—1 jhl I = 0 and its sum over j gives the correct discrete divergence. We

show in Appendix. A.2.1 that this energy current density I ,Z is connected to the direct discretization
jI(t) of 7(7,), given in (4.73), through Eq. (4.96)

55 [Bllih i, = h[Ylh[y), € R
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Kinetic energy The kinetic energy matrix elements k,; can be expressed using the Hamiltonian

matrix elements %, ;, given in Eq. (4.82) the help of Eq. (4.46)

i (4.103)

{hii(t)qm(t)Vi for j =i
h;;(t) otherwise

The energy conservation equation (4.90) for the kinetic energy operator « is obtained following the
process described Eq. (4.92). We take the following expression for the kinetic energy source S

1
SE() =D —5 Vi = Vit ad — a0 IY + D Re[y0,yp5] (4.104)
k k

while the kinetic energy current I} is given by Eq. (4.94) with € = r. The kinetic energy source S;*(¢)
is the discrete equivalent to continuous energy source S given in Eq. (4.70). Indeed, ) —%[Vk —
Vi + q¢y, — qé,) I} is the discrete equivalent to j - [—¢V¢ — VV] ; showing that > Re[t); 0k 1] is
the discrete equivalent to —¢q j- 8,514_( is similar to the derivation done for the Hamiltonian source term
Eq. (4.99) in Appendix. A.2.3

Total energy operator The energy operator we will be considering is what we call the “total energy
operator” . Defined in the continuous space in Eq. (4.64) as being the kinetic energy plus the stationary
potential energy V, its matrix elements in discrete space are the following

£,(t) = (4.105)

{ hi;i(t) —q¢;(t) for j=1i
h;;(t) for j+#1i

where £, (1) are the Hamiltonian’s matrix elements given in Eq. (4.82). Following Eq. (4.92), we isolate
the discrete equivalent S (¢) to the continuous total energy source S¢ = j-qE given Eq. (4.67)

Si(t) = Z —% lgpr — a0, I} + ZRe[@bfatgikwk] (4.1006)
2 2

while the total energy current I7; is given by Eq. (4.94) with € = . It verifies I}; = —I7; and h;; =
0 = Ifj =0.

4.3. Non-interacting many-body quantum approach - Second
quantization

In the previous section 4.2 we described the mechanics of a single quantum particle under a time-
dependent electromagnetic field, described by the one-body Hamiltonian given in Eq. (4.46). To
describe realistic systems one needs to consider the many-body case involving the use of statistical
physics. In the scope of this thesis, we consider non-interacting systems which simplifies the under-
lying mathematics and enables us to have more easily a first understanding of our problem: time-
dependent energy transport.

79



4. Non-interacting time-dependent quantum transport : Theoretical apparatus
4.3.1. The many-body description in first quantization

In Sec 4.2.1 we introduced the base concepts to describe the behavior of a single particle in the quantum
regime. We will build upon these first concepts and expose the framework that describes many quan-
tum particles without interaction, i.e. each particle does not affect any other particle. We will follow
the development done in [171] and adapt it to our scope.

Let us consider N identical non-interacting particles under the influence of the same time-dependent
electromagnetic potentials (¢(7,t), A(7,t)) and the stationary potential energy V(7). The quantum
description of such a system through a wavefunction v involves the use of IV space variables 7'{, ... , 7
in its arguments ¢ 5 (71, ..., T, £).

In the non-interacting regime, the N-body operators 0] n simply involve a sum over the one-body
operators 0. The N-body Hamiltonian % can thus be written using the one-body Hamiltonians A,
given in Eq. (4.46)

N
hy=> h, (4.107)
p=1

where the p index denotes that the involved space variable in the potentials is 7,

~ 1 . R
hp[wN](Fh 7FN7 t) = % [_ihv?p - qA(va t)} i [wN] + q ¢<Fp7 t) wN + V(?p>wN (4-108)

The N-body Schrodinger equation therefore writes:
ihath(?b tee ?Nv t) = }LN[¢N]<?17 tee ?Na t) (4-109)

and the expectation value of an N-body operator O N Writes

(Wn()|ON|N (L) = / &1y o &y Yn (g, e s DO N[N (P, e Ty, T) (4.110)

Given the simple relationship between N-body and one-body operators in the non-interacting case,
one can use a time-independent one-body basis |A\)!® of the one-body Hilbert space F to define an
N-body basis (|Ay, ..., Ay)) of the N-body Hilbert space J 5, whose wavefunction is defined as

N
(oo PlAn, s ) = [T A () (4.111)
p=1

This ket | Ay, ..., A5) amounts to describing the N-body system as N numbered and discernable parti-
cles where each particle p = 1... IV is in the one-body state ‘)\p>.

Fermions, Bosons Quantum particles are fundamentally undiscernible and the N-body ket |\, ..., Ax)
described above does not reflect a physical state: one can only tell that the one body-state ‘)\p> is in-
volved without particle distinction within the N-body state. A physical N-body ket therefore needs
to respect a certain symmetry when swapping one-body states A; and A, this amounts to swapping

1We will use here ket notations as it makes writing N-body states from one-body states simpler. The basis is time-
independent therefore Schrodinger equation solutions write on this basis with time-dependent coefficients
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4.3. Non-interacting many-body quantum approach — Second quantization

the space coordinates 7*; and 7', in the N-body wavefunction. Let’s define the permutation operator P
that acts in 7
P‘ : | 7)\’i7 ceey )\]7 > — |... , A], ey )\7/, > (4.112)

)

There are two types of particles [171, Part. 1.1], bosons and Fermions, the state of the former must
be totally symmetric whereas the state of latter must be totally antisymmetric. This means that for
bosons, in a given physical state ¢, any permutation P;; leaves the N-body wavefunction unchanged.

For Fermions, any permutation P swaps the sign of the N-body wavefunction v

for Fermions V1, j P WH A )\j,...> = —’...,)\i,...,)\j,...> (4.113)

R

In the scope of this thesis, we are going to work with electrons, therefore with Fermions. To write
a physical N-body state for Fermions from a given basis ket |\, ..., A5) we need to perform all the
possible permutations between the one- body states \;,7 = 1... N while respecting the complete anti-

symmetry constraint and create the ket S |Afs oy A N) where S is the anti- symmetrization operator
. These permutations that create a totally antisymmetrlc state are what a determinant does, used in
this specific case it is called the Slater determinant

2) )‘2(: N) (4‘114)

(i) An(Fs) ~ Ay(iy)

If any of the one-body states are the same, i.e. ¢, = ¢, , then the result of this determinant is zero,
i J

oy Pl S A o Ay) = —

which means that there cannot be a non-zero N-body totally antisymmetric wavefunction where two
quantum particles share the same one-body state: this constraint is also called the Pauli exclusion
principle.

A=A = S\ Ay =0 (4.115)

As with the one-body approach described Sec. 4.2.1.1, one can build a base of solutions to the N-body
Schrodinger equation by time-evolving the base (|\;, ..., A\y)) using the N-body evolution operator
ﬁN(t, ty): it is written using the one-body evolution operator u(t,t,) to evolve each one-body wave-
function according to Eq. (4.24)

N
N — <7417 7FN| UN(t7tO> p‘la Ha t t() p> (4-116)

One can easily verify that the /V-body wavefunction 1),y defined above abides by the N-body Schrédinger
equation given in (4.109). To make it respect the anti-symmetry constraints for Fermions and define a
basis of “physical” states, the anti-symmetrization operator S_ can be applied

. LA A LN (7F,t) Ap(Po,t) o Ao )

Ty | S_U ) (A gy ey Ay) = ——= | 7200 2V VNG 4117

o P S0 10) P A = | 2 20T (@117)
An (T t) An(To,t) - An(Ty,t)

to define a base of totally anti-symmetric states (S_U(t, ty) | A1y ...y Ay)) that are solution to the V-
body Schrodinger equation. Note that the anti-symmetrization operator S_ commutes with the evolu-
tion operator U (¢, t,) by construction.
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus
4.3.2. The many-body approach in second quantization

In an N-body non-interacting quantum system of Fermions written from one-body states, a strong
constraint of total anti-symmetry must be followed by the wavefunction. The basis (S [\, ..., Ay))
respects this constraint and can be used to write any physical N-body state by linear combination.
One can take one step further and define a general many-body state where the number of particles N
is not fixed but finite: the associated Hilbert space for such description is called Fock space. A basis for
this many-body Hilbert space can then be described by a series of occupation numbers (n,) € N on a
given one-body orthonormal basis (|\))

‘n/\l,nkz,...,n/\i,...> (4.118)

where the occupation numbers n, can only be 0 or 1 because of the total anti-symmetry - the Pauli
exclusion principle - constraint. The occupation numbers n, also vanish above a certain index to
make the state describe a finite number of particles.

3k | Vi>k ny, =0

The number of particles N of a given many-body state |®) is therefore the sum of the occupation
numbers

N =) n,, (4.119)

The state |0) that describe a many-body system with no particles - N = 0 - plays a special role in
defining the annihilation and creation operators.

4.3.2.1. Operators in second quantization

Given a one-body basis (|)\)), we define the non-hermitian'’ creation operators CAI\ that act on kets in

the Fock space. Their action is to ‘create’ the totally antisymmetric ket S |15 Agy ooy Ay) defined Eq.
(4.114) from the empty state |0) as follows

S A A Ay =él el él 1) (4.120)
Given this general property of determinants
S AL A9 s An) = =S [ A, A, A (4.121)
we deduce the anti-commutation relation between creation operators

{a.ar=a.: +a.:é =0 (4.122)

2
and therefore (51) = (0 which translates Pauli’s exclusion principle: two particles cannot occupy the

same state. The state ’n A g 0 A s > given by occupation numbers, where the order between
one-body states A\ must be arbitrarily fixed, can be defined using these operators
(AN (A \™e (s Y™
‘nAl, Moo Ty > = (c)\1> (c/\2> (c/\N> |0) (4.123)

7They do not define physical quantities as-is but are used as mathematical tools to simplify the writing of other operators.
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4.3. Non-interacting many-body quantum approach — Second quantization

Further development can be read on [171]. We will state here useful results and definitions that will
be useful in our scope. These operators abide by the following anti-commutation relationships, for
Fermions

{cx, ‘ij} = 0j; {cr 00,1 =0 {CAT\, 513.} =0 (4.124)
They are used to define the number operator n,
fiy, = &5 Gy, (4.125)

that gives the density of particles in the one-body state |\;) within a given general many-body state
|®) that is a linear combination of the basis vectors ‘ SNy > Its effect on a vector of the same basis
is the following

~

ny

,n)\> (4.126)

7

.. ,nAi, > = n)\i

7

where n, is either or zero due to Pauli’s exclusion principle. The total particle number operator N is
the sum of the former operator on all possible one-body states ;.

N=>"él ¢, (4.127)
7

Note that this sum can be formally infinite but computing its expectation value on physical states
truncates it.

One-body basis change So far our many-body description relied on the use of a given fixed one-
body orthonormal basis (|[A)). We can do a basis change and move to another stationary basis (|x))
that can be expressed with the old basis according to Eq. (4.30)

) = (Alu) [N (4.128)

A

The operator CA}L\ adds a particle in the state |\). Given the above relation between the (|\) basis and
the (|4)) basis, the superposition » _, (A[x) cAir\ creates a particle in the state |u) and therefore

=" (Alu) e} (4.129)
A

Single-particle operators The non-interacting many-body counterpart O, that we will call “single
particle operator”, to the one-body operator 0, can be expressed with the creation and annihilation
operators and the matrix elements of 0

tj
An operator is therefore hermitian when its ‘matrix elements’ o,; verify the following relation

~

O hermitian < o,;(t) = 0};(t) (4.131)

which is the case when one-body operator 0 is Hermitian, i.e. verifies Eq. (4.37). The non-interacting
many-body counterparts, that we will write in capital letters, to the one-body operators defined in Sec.
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

4.2.1.2 can therefore be expressed. The many-body counterpart H (t) to the one-body Hamiltonian h
Eq. (4.46) writes

~ 1 N N L
H= ;/dST [%ﬁbii [—ihV — qA(t)]2 (D2, +a0(t) 83,00, +V3,0n | EL6r,  (4132)

where the parametric time-dependence has been made explicit and the space dependence with respect
to the integration variable 7 has been omitted for readability.

Heisenberg representation One can define the many-body evolution operator ﬁ(t, ty) by sum-
ming over the N-body evolution operators U ~(t,ty). This enables writing many-body operators in
the Heisenberg representation, introduced Sec. 4.2.1.2. Where the many-body equivalent to the one-
body Heisenberg representation of operators given Eq. (4.38) becomes

~

O(t) = Ut(t, t,) OU(t, t,) (4.133)

where we have followed the convention where writing explicitly writing the time dependence of op-
erators means that they are written in the Heisenberg representation. Single particle operators in the
Heisenberg representation write similarly to Eq (4.130)

@ﬂzikﬁmi@@ﬁ) (4.134)

where the creation and annihilation operators are replaced with their Heisenberg representation ac-
cording to Eq (4.133). The expectation value of many-body operators also follow the Heisenberg equa-
tion of motion defined for one-body operators in Eq. (4.40)

<(0m) = L (1A(1),00)]) + (12.01) (4.135)

4.3.2.2. Field operators

By formally using the non-physical one-body basis (|7*)) defined Sec. 4.2.1.1 one can define the field
operators using Eq. (4.129) for changing the basis

P =5, (1) & (4.136)
As

() =D ¢y, (1) &, (4.137)
A

As with any creation and annihilation operators, 1;; and 1;;4 verify the anti-commutation relations given

in Eq. (4.124). In this case, we will not write many-body states in the (SAY_ |71, ..., 7;, ...)) basis since the
one-body state “the particle is at the position 7” is not physical but a continuous linear combination,
i.e. an integral over space, can be used to describe a physical normalized state. The associated particle
number operator n;: defined through Eq. (4.126)

by = T (7)(7) (4.138)
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4.3. Non-interacting many-body quantum approach — Second quantization

acts as the particle density operator at position 7 on states ‘n Ay T > defined on the physical one-

body basis (JA)). The total particle number operator N defined through Eq. (4.127) writes intuitively
as the integral over space of the particle density operator

N = /d3r DT (F)(7) (4.139)

which is an expression equal’® to the one given in Eq. (4.127). Single-particle operators can also be
written in terms of field operators, the Hamiltonian H writes

H= / d’r % G (#) [—ihY — gA1)] D) + q o, ) D1 F)DF) + VE S F)OF)  (4.140)

where the gradient operator V acts on the space dependent coeflicients of the creation and annihilation
operators

V() = Z ﬁ%i(?) Ch, (4.141)
As

The formal analogy between these expressions of the many-body operators in terms of field operators
and the expectation value of the associated one body operators Eq. (4.35) gives rise the naming second
quantization where the one-body wavefunction becomes an operator that is used formally in the same
way. The first quantization referring to what happens to the mathematical description of physical
quantities when moving from the classical context to the quantum one: from scalars to operators.
We will use these field operators to derive our many-body, non-interacting, formulas in the second-
quantization formalism.

Many-body expectation values - Lesser Green Functions To compute expectation values of the
relevant operators in our scope we will use the lesser Green function G=(7,t,7’,t")[165]. It is defined
as the expectation value, on a given many-body state |®(%,)), of a specific combination of the field
operators written in the Heisenberg representation (described Sec. 4.2.1.2)

G<(F 47 t) = 5 (P )0 1) (4.142)
The state |®(t,)) will be made more explicit, but not properly defined, in Sec. 5.2.3. The lesser Green

function verifies the following relationship

G<(7,t, 7, t') = —G=(¥,t', T, t)* (4.143)

4.3.3. Time-dependent quantum transport in tight-binding models

The transport equations we are about to derive are not analytically tractable for realistic systems, we
therefore resort to numerical simulation. To perform simulations, the one-body basis (|A)) has to be
restricted to a discrete subset (]7)),. In this case, operators are said to have a ‘tight-binding’ represen-
tation. The non-interacting operators write

O(t) = > o,(t)elé; where o,(t) = (i|55) (4.144)
ij

BfErptF)hr) = 5, [dr ey (M)és (1) el én =X, el &,

J
(Xilx;)=83;
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

where the o,;(t) coefficients can be obtain through different means: from the finite element method
[83], from finite differences [99], from atomic orbitals in empirical tight-binding or Kohn-Sham orbitals
within the density functional theory [126, Chap. 14-15]. In this thesis, explicit expressions of the
coefficients h,;(t), given Eq. (4.82), have ben derived Sec. 4.2.4 with the finite difference method. In

this case the creation 63 and annihilation operators ¢; correspond to the discrete counterpart to the

field operators — defined Eq. (4.136) and (4.137) — on the discrete lattice points ¢ and j as defined in Eq.
(4.76). These per-site field operators follow the discrete counterpart to the (anti)commutation relations
given Eq. (4.124). We use (4.142) to define its discrete counterpart at the same time ¢:

G5 () = % GIOE0): (4.145)

The property it verifies in Eq. (4.143) writes
< _ < *
Gi;(t) = —G5;(¢) (4.146)
With the required mathematical tools now exposed to describe non-interacting many-body transport

of Fermions, we will derive in what follows the many-body counterpart to the particle and energy
transport described in Sec 4.2.2 and Sec. 4.2.3 in tight-binding systems.

4.3.3.1. Gauge transformation

A gauge transformation (4.84) can be applied to the many-body Hamiltonian H — H’ according to
Eq. (4.85) when its coefficients /;; are obtained by the finite difference method (see Sec. 4.2.4.1). The
electromagnetic gauge transformation can also be understood [104] as a change of basis of the one-
body orbitals on sites i associated with the operators ¢;: under Eq. (4.84) a unitary transformation

U

S .q AT A
U = exp (1% Z: A;(t)e; ci) (4.147)

is made on the annihilation operator
& =U¢U = exp (—i%AN&)) ¢ (4.148)

(3

so that the transformed Hamiltonian H’ can be written as [57]

H =UHU' —inU0,U" (4.149)
after having noticed that
ihU0,U" = q Z 0,Aéle; = q Z(¢z — ¢)éle; (4.150)
The Schrodinger equation R
iho, |¥(t)) = H|U(t)) (4.151)

written here for an arbitrary solution |¥(¢)) is form invariant under the local gauge transformation
when the wavefunction |¥(¢)) is transformed as follows

W(t)) =U|U(t)) (4.152)
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and the Hamiltonian is transformed according to Eq. (4.149)
iho, |¥(t)) = H' |W'(t)) (4.153)

While any Hermitian operator 0= Zij 0; ch;r ¢; that transforms as

~ ~ A A

O =UoUt (4.154)

under Eq. (4.84) — or Eq. (4.12) if the matrix elements are computed according to Eq. (4.144) - has a
gauge invariant expectation value

(WO |W) = (W[ 0 |0) (4.155)
the Hamiltonian does not (see Eq. (4.149)): its expectation value is in general not gauge invariant
(W] T W) + (V'] 77 [0) (4156)

and thus we show here with another approach that it cannot be considered as the energy operator.

4.3.3.2. Time-dependent particle transport

We derive here the well known many-approach of particle transport in tight-binding systems. The
derivation is very similar to what have been done in the one-body approach of for particle transport
Sec. 4.2.4.3 where we obtain the particle conservation equation

Op;i+ > 1N =0 (4.157)
7

where p; is the expectation value of the particle density operator p,(t) = cjr (t)¢;(t) (from Eq. (4.138))
at site i, it expression is straightforward using the lesser Green function (given in Eq. (4.145))

pi(t) = (py(t)) = —ihGF(t) (4.158)

The time derivative of its expectation value is given by the Heisenberg equation of motion (4.135) where
the commutator ; < [H (1), ﬁl(t)} > writes, using the lesser Green function, as follows

>

<[ﬁ(t)’ﬁi(t)]> - _ZQRC [hij(t)G?i@)} (4.159)

which enables us to write

0,pi(t) + > 2Re[h (1G5 ()] =0 (4.160)

I(t)
from which we identify the particle current flowing from site 7 to site j
IN(t) = 2Re [h;(£)G5;(t)] (4.161)

The small derivation of the particle’s conservation equation is done in Appendix. B.1.1
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4.3.3.3. Local energy operator

In Sec. 4.2.3, we defined local energy densities 0,,(7, t) such that their integral over space computes the
expectation value of the associated system-wide operator 0 in Eq. (4.61), then an energy conservation
equation is verified for that density, with an associated current density and source density. There is
however no unique definition of a local energy density nor current [127, 8], both in the one-body
approach and in the many-body second quantization approach. This arbitrariness also applies when
defining the energy of a spatial sub-region of the system, it translates through an apparent arbitrariness
in splitting the localized energy at the boundary between the considered subsystem and the rest of the
system with the so called ‘coupling term’.

To define the ‘coupling’ energy, let’s spatially split the system in two parts .4 and B and then try to
define the energy & 4 and & 5 for each subsystem. Given the expression of an operator in tight-binding
Eq. (4.144), where the summation indexes indicate position in space, we can restrict the summation to
the indexes that refer to positions in space that belong respectively to A and B

o A 2 ae
Eu= 2 lld €= D eijtié; (4162)
i,J€ i,jeB

However, the sum of these two subsystem energy operator does not give the system’s original energy
operator

E—(EY+ER) = Z ewcjcj — ewcjc] — eijj Ci (4.163)
i,jeA i,jeB
= Z €Cle+ ) eyele (4.164)
1€B €A
JeEA JjEB

~

An extra hermitian term & c that is made of the matrix elements that cross the boundary between .4 and
B - which justifies the naming ‘coupling term’ — is needed to give the system’s total energy operator

é

ég = Ze”cjcj + eﬂc;cl (4.165)
i€A
jEB

Ee=Ey+ &+ & (4.166)

One can define the subsystem energy operators & 4 and 3 5 differently where there is no ‘coupling’
energy. They can be defined using the previous operators by splitting the ‘coupling’ term 3 c symmet-

rically between 3 4 and é B

e (4.167)

001)
_|_

£ =&+ &6 Ey=2E5

N | =

These operators simply add up to form the system’s energy operator
£+ 85 =E° (4.168)

The definition of & 4 given Eq. (4.167) can be obtain by a bottom-up approach where one first defines
the local site-wise energy operator &,. It must be Hermitian and its sum over all sites must give the
energy operator £. An expression can be obtained by analogy to its one-body discrete counterpart Eq.
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(4.91) or by bringing the argument that it must be isotropic as there’s no reason to favor a site over any
other, this leads to writing the system energy operator & as

gﬁ:zez’jjAjZZ %Z € C1C; + €5 CI¢; erﬁ (4.169)

L) ? J

~

Ce

(2

which gives the following expression for 3 ¢
Z € cl C;+ € c;cZ (4.170)

where € refers to the considered one-body energy operator: ‘total energy’ € Eq. (4.64), kinetic energy
k Eq. (4.45) or the Hamiltonian h Eq. (4.46). The energy of the subsystem A is then simply the sum of
the energy of each of its sites. This recovers the previous definition that includes the ‘coupling’ term
Eq. (4.167)

- ~ 2 12
5;:Z£§:€;+§£g (4.171)

The idea of considering half the contribution of the hoppings within the definition of a local energy
density operator, as we did with éf in Eq. (4.170), has already been introduced in Ref. [8] when
considering disordered harmonic solids. It has then been used by Ref. [210] in its definition of a
local energy operator in a 1D discrete chain. And finally, it got generalized for a generic tight-binding
Hamiltonian in Ref. [129] with the same expression as 3 ¢, given in Eq. (4.170), while only considering
the Hamiltonian operator € = h.

When considering the equivalent problem of defining an energy operator of a sub-system, for ex-
ample the Hamiltonian energy & of a lead £, in a system described Fig. 4.1, Ref. [119] justifies
the half-half split of the ‘coupling’ term Eh, given Eq. (4.166), between both sub-systems to define
subsystem energy operators as described Eq. (4.167), with several arguments

o It is the ‘natural’ splitting as it emerges from the discretization from continuous models. We
performed a different derivation than the one described in Ref. [119] through Eq. (4.91), which
results from the discretization of Eq. (4.62).

« This definition admits an energy conservation equation, and therefore abides by the first law of
thermodynamics. As we show in the following paragraphs.

This definition was also later endorsed by Refs. [25, 143], while using the Hamiltonian as the energy
operator. On our end, we provide a few more arguments that justify this symmetrical splitting, that
rose through our derivations

» The hopping/coupling Hamiltonian coefficients h;;,i # j (given in Eq. (4.82)) are the discrete
representation of the continuous Kinetic energy part < (defined in Eq. (4.45)) part of the Hamil-
tonian h (defined in Eq. (4.46)). It is usual to take into account the local kinetic energy in a local
energy density.

« Defining the local energy density as the expectation value of the local ‘total’ energy operator 3 <

(given in Eq. (4.170) with e — ¢) enables us to recover, for the total energy source term S (given
Eq. (4.188)), the classical expression of the power given to electrons in Eq. (4.4)
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In the following, we will use this ‘natural’ definition of the local energy operator 3 ¢, givenin Eq. (4.170),
to define a local energy density and subsystem energies. However, this definition of a local/subsystem
energy operator rises issues while trying to define a time-dependent heat current and is still under
debate, see Sec. 4.3.4.2.

4.3.3.4. Time-dependent energy transport

The same energy conservation equation (4.90) derived Sec. 4.2.3 in the one-body approach can be done
in the many-body approach and obtain the same energy conservation equation

9,5 (t) + Z (4.172)

where the € superscript is indicates the considered the energy quantity: the ‘total energy’ operator ¢,
to the Kinetic energy operator < or the Hamiltonian h. Note that these operators differ only through
onsite potentials, therefore we have

ps (t) is the many-body expectation of the local energy operator 3 ,(t) written in the Heisenberg picture,
it can be further expressed using the lesser green functions defined Eq. (4.142)

pi(t) = (E5(t)) = Zlm le,()G5(1)] (4.174)

An energy conservation equation for the operator E(t ;(t) is then obtained by interpreting the energy
divergence Z ;; and the energy source S from the expansion of the Heisenberg equation of motion

Eq. (4.135) (See Sec. 4.3.2.1) of 52'( )
ira ~ ~
€ — € € = §¢
Opi(t) = 5 ([H®),E®)]) + (0,E51)) . Opp5 (1) + 32 I55(1) =5
Heisenberg equation of motion (4.135) Conservation equation
As we will see in the following sections, and as shown Eq. (4.94) in the discrete one-body approach, the

expression we derive for the local energy current, for each energy operator, has the generic following
form

ZRe[em €ij jk ekj€jiGz‘<k] (4.175)

where ¢,; is to be replaced by the coefficients of the considered energy operator: ¢;; for the ‘total

energy’, k,; for the kinetic energy and h,; for the Hamiltonian energy.

Total energy operator The total energy one-body operator ¢ is defined in Eq. (4.64) as the being
the Hamiltonian h without the energy term associated with the time-dependent scalar potential

E=h—qoF t)] (4.176)
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4.3. Non-interacting many-body quantum approach — Second quantization

where I is the identity operator and ¢(7,t) is the electromagnetic scalar potential. The associated
second quantization many-body operator £° is a single-particle operator, therefore follows Eq. (4.130)
in its second quantization expression

() = Z £ (1) & (1);(t)

eij(t) = (il €17) = hy;(t) — q (i 6(F, 1) |3)

(4.177)

where
(i1 67, 1) ) = / &r A7) S DA (4.178)

given that the one-body states |i) are orthogonal due their separate spatial localization, the dot product
(1| ¢(7,t) |7) is non zero only when ¢ = j, therefore

(] (7, 1) [7) = ¢i ()0 ¢i(t) = /d37“ N 6(7, 1) (4.179)

This enables us to establish the following connection between the energy operator &¢ and the Hamil-
tonian /1

~ ~

E5(t) = H(t) — q®(t) (4.180)

where @(t) is the associated many-body (single-particle) operator associated to the electromagnetic
scalar potential ¢ (7, t)

B(t) = 3" 6,(0) A1) (4.181)

where p,(t) = 53 ¢, is the number operator at site . The operator & °(t) represent the energy density on

site 4. Its expectation value p5 (t) = <é ¢ (t)> where & ° is given by Eq. (4.170), writes using the lesser
green functions defined with Eq. (4.142) as

pi = (&5(1) = ol —adi(D)ps = Y Ime;; (G5 (1)] (4.182)

The time derivative of this expectation value follows Heisejlberg’s equation of motion (4.135)
0, (&) = - ([A®). & 1)]) + (0,7) (4.183)
= % ([E(1) +q®(t), & (1)) + (0,€5) (4.184)

One can notice when summing over 7 that the commutator part vanishes partially:

S ([EW) +q),E0)]) = ([E5(t) + q@(1), & (1)] ) = ([a2(t), & (1)]) (4.185)

7
The local energy current I; should vanish when summed over all sites j and ¢ as it should verify
If; = —I5; to be interpretable as the net energy current flowing from ¢ to j. This gives a hint to write

the continuity equation where we identify —+ <[(§ e & f]> as the local current divergence Zj I¢;. This
former identification leaves a unique possibility for the source term S5 (¢)
i

9,05 (1) — % ([E=(t), & (1)) = 7 (lg @), &0)]) + (9,55 (1)) (4.186)

> I5() B0
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

and we therefore obtain the conservation equation (4.172) for the ‘total energy’ operator

QiP5 (t) + > Ig(t) = S5 (4.187)
J

We can show that the source term S7 is the many-body equivalent of the continuous energy source

j(#t) - E(7,t) given in Eq. (4.67). Expanding the term i <[q o (1), gf (t)]> enables us to identify a
part of the continuous energy source —V¢,(t) - qj;(t). Then, using the explicit expression of g;;(t)
coefficients in Eq. (4.105) and h;; in Eq. (4.82), we show that <8téf~ (t)> corresponds to —3, 4, (t) - ¢, (t)

1

S5(t) = D=5 [#,(t) = &) aL () + Y _Im[o,e;; ()G (1)] (4.188)

—Vo,(t) - qji(t) —0,4,(t) - qji(t)

where [ g (t) is the many-body particle current flowing from site i to site j, given in Eq. (4.161), and L
is the particle current density vector whose relation with I g is given by (4.89). A complete derivation of
Eq. (4.188) has been done in Appendix. B.3 where an explicit expression of h,; has been taken from Eq.
(4.82). When the hopping Hamiltonian coefficients h,;(t), # j are written in terms of exponentials,
as in Eq. (4.83), or more generally with a Peierls substitution approach [122]

hi;(t) = hii<t)5ij + h?jei’%%-j(t)(l - 51-3-) (4.189)

ij
where , (1) = j;_r] A(7,t) - d7 is a Peierls phase (A(7,t) is supposed to have a slow spatial variation
between 7; and 7;), the source term S5 (¢) simplifies to

1

S5(t) =D =5 [6;(6) = 6:(t) = Bypis (O] 4L} (1) (4.190)

To define the energy current however, just like in the one-body derivation done in Sec. 4.2.3 there is
no unique way to write the expression of an energy current /() flowing between two sites i and j,
given an energy current divergence ) I;; at site i. A possible candidate that we derived, that verifies
h;j =0 = I = 0ontopof I, = —I}; and whose divergence gives the correct result, is the
following

1
I = % Z Re [%igijij - gkjgjiGrfk} (4.191)
k
A complete derivation of this energy current has been done in Appendix. B.2.1.

The approach followed by [129] to define a Hamiltonian based local energy current can be used here
too to define another candidate /7, for the local “total” energy current
i

~ ~ A 1
If; = z <[€;?, €§]> =2z zk;Re [leijji + e84 Gri + Emfiijk] (4.192)

For a complete derivation, please refer to Appendix. B.2.2

Kinetic energy operator The kinetic energy one-body operator & is defined in Eq. (4.45). It is equal
to the Hamiltonian ~ without the energy terms associated with the time-dependent scalar potential
qo(7, t) and the potential energy V ()

E=h—[qo(Ft)+ V(I (4.193)
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4.3. Non-interacting many-body quantum approach — Second quantization

where I is the identity operator. The derivation for this kinetic operator is mathematically equivalent to
the previous derivation for the ‘total energy’ operator £¢ by doing the following symbolic replacement
in all the derived expressions

qp —qp+V and € = K (4.194)

we obtain the following expressions for the kinetic energy density p;’, energy current I;; and energy
source S

pr = (E5(t)) =) Im[r;(£)G5(1)] (4.195)
7
I = %ZRe [“ki“iijk - “kj/‘éjink] (4.196)
k
SEt) =) — % [90;(t) + V; — g, (t) = Vi I (8) + > 1m[0,,,()G5(1)] (4.197)
J J

S—
|
S
)
~.
o
S

—[aVe;(t) + VVi] - ji(t

Hamiltonian energy operator As with the one-body approach Sec. 4.2.3, and even though the
Hamiltonian is not gauge invariant, we can interpret the expectation value of the onsite Hamiltonian
density operator p' = <ﬁ i>, where fAI,L is given by Eq. (4.170), as an energy density this time in the
many-body case. Its time derivative is given by the Heisenberg equation of motion (4.135)

~

0,00 6) = + ([A(0), A, (0)]) + (0, (1)) (4198)

One can notice when summing over ¢ that the commutator part vanishes. This gives a hint to write the
energy conservation equation:

i

o) -+ (1@, B,0]) = (9,8,0)) (4.199)
S Ih(1) SH(t)

where the energy current vanishes when summed over i. The energy current should be real and verify
I Z —I; " to be interpretable as the net energy flowing from i to j per unit of time. However, there is
no umque deﬁmtlon of a current flowing between two neighboring sites ¢ and j, we only have a unique
definition of total energy leaving a site, ie. ). [ 1’; Further derivation, similar to the one performed
in Appendix. B.2.1, leads to the following expressions for the Hamiltonian based energy current and
energy source

ZRe{hm JOC5() — By (D, ( G5, (0)] (4.200)
= Zlm[athij St )] = qp(t ) + Zlm[ — @0,;6:()G5. ()] (4.201)

—0,4; - j;

The current respects the extra constraint that the current is zero for sites that are not “connected” by
the Hamiltonian h;; = 0 = Iihj(t) = 0. Another candidate I,ihj for a Hamiltonian based energy
current has been defined in [210, 129]

By g 1A = g S Relhih G+ G G) (a2
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4. Non-interacting time-dependent quantum transport : Theoretical apparatus

that has the correct divergence but does not does not respect h,; = 0 = Iihj(t) = 0 which makes
it more complex. The derivation has been done for the total energy operator in Appendix. B.2.2. That
same derivation could be done for the Hamiltonian operator.

4.3.4. Computing lead currents
4.3.4.1. Particle and energy

Transport studies aim to compute the currents that hop-in and hop-out of the leads, in systems sketched
in Fig. 5.5. To do so using our hopping energy currents /{; and particle currents / ZI‘; for which expres-
sion have been derived in Sec. 4.3.3, we simply compute the current flux through the section that
separates the lead o from the central system € (see Fig. 4.1). This amounts to summing the currents
over all the hoppings that connect the lead to the central system

=) N Ig= )Y I (4.203)

nel,, nel,,

ieC ieC
Given that we explicitly consider the spatial span of the leads within our approach, currents can also
be computed through a section that is taken further away in the leads (see Sec. 5.2.2 for the practical
definition we use within tkwant). This is a generalization with respect to the usual approach taken by
previous works in the literature. The latter defines the lead’s particle and energy current as being the
time derivative of the expectation value of the lead’s particle operator IV, and the lead’s Hamiltonian

~

Ha = ﬁa + %ﬁealg
IN=-0,(N,) Il = -0, (H,) (4.204)

where the operators N and ﬁ are written with creation and annihilation operators in k space instead
of real space, which prevents writing spatlally resolved currents within the leads. In our approach, we
write the lead partlcle number operator N and energy operator 5 ¢, as a sum of the local operators
p; = ci ¢; and Ef (given in Eq. (4.170)) over the sites ¢ in £, (c.f. Sec. 4.3.3.4)

=Y 5 &= & (4.205)

icL,, icLl,,

Summing the local particle conservation equation (4.157) and the local energy conservation equation
(4.172) over the sites 7 of the lead £, enables us to link our lead current definitions, given in Eq. (4.203),
with the usual definition taken in the literature, given in Eq. (4.204)

IN=1N —IS+ IS =S¢ (4.206)

where I¢ is the generalization of I”, given in Eq. (4.204), to the other energy quantities ¢ (see Sec.
4.3.3.4). A few remarks:

« Each lead is considered to be time-independent. The term S, is non-zero only due the sites that
are at the boundary between the lead and the central system that make up for either a time-
dependent hopping or have a time-dependent onsite Hamiltonian coefficient h;;,;(t) (See e.g.
Eq. (4.188)). If one chooses the arbitrary boundary that separates the lead £ from the central
system C further away in the lead, we would have S{, = 0

19We consider directly here that the lead’s Hamiltonian F o, that contains half the contribution of the coupling Hamiltonian
Hp,,, that links the central system € with the lead £, . See Sec. 4.3.3.3 for a more complete discussion over this choice.
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4.3. Non-interacting many-body quantum approach — Second quantization

« We write the lead’s energy operator 3 ¢, given by Eq. (4.205), as a sum of local energy operators
3 ¢ defined in Eq. (4.170). The latter include surrounding hoppings terms in their definition and
therefore Eq. (4.167) applies here. When the considered energy quantity ¢ is either the ‘total
energy’ (e = €) or the Hamiltonian (¢ = h), which both coincide when considered in the lead as
it is time-independent, the lead’s energy operator 3 ¢, writes as the following

. . . s 1 ~

E =E=H, =H,+ §H€a (4.207)
where H®® contains the hoppings that connect the sites of the lead £, to the scattering region
C, See Sec. 5.2.1 for more information.

« Within our approach, we can compute current fluxes further away in the leads. In the time-
dependent case, this raises some fundamental questions as the values of the computed currents
will depend on the position on the lead. Indeed, the time-dependent perturbation that originates
from the scattering region travels at a finite speed in the leads. Also, the lead’s dispersion relation
produces modes at different energies, which travel at different speeds. When considering lead-
related quantities in the time-dependent regime, it is therefore more physical to work with time
integrated quantities to avoid the arbitrariness of choosing where to compute the time-resolved
quantities in the lead.

4.3.4.2. Heat

The systems we describe are non-interacting and no relaxation process within the system are taken into
account. We therefore cannot define a local temperatures nor local heat currents within the system,
from first principles. However, a common hypothesis that is made in the stationary regime [16] is that
each electron leaving the scattering area € with an energy E into a lead £, will eventually reach
the electro-chemical reservoir of temperature 7, and chemical potential 1, then undergo thermal
relaxation and contribute £/ — 11, in heat to the thermal bath. In terms of currents, this translates as
the following expression for the heat current stationary 7, st

Ig,st — I;’St _ uaI(I;T,St (4.208)

where 15" and IN*! are respectively the stationary lead £, energy current and particle currents, as
defined in Eq. (4.203) while in the stationary regime. The equation (4.208) has then been used in a
system with a periodic time-dependent drive over cycle-averaged quantities [12]. Note that in the
stationary and periodic case (for cycle-averaged quantities), the coupling Hamiltonian H®® has no
contribution to the lead’s energy current IS and is not considered in the literature: I is simply

defined as the opposite of the total time derivative of the lead’s Hamiltonian H ., Without consideration
for the coupling Hamiltonian H¢®

~

I9% = -9, <FI a’st> (4.209)

Defining a time-resolved lead heat current in the time dependent regime lies within the emerging
field of time-dependent non-equilibrium quantum thermodynamics. This field is new with ongoing
research over defining a proper and definite theoretical framework. Fundamental issues have arisen
with respect to the conceptual spatial separation between the central system, the thermal baths and
their coupling. In the weak coupling regime, a consistent theory has been established [23, 52, 107,
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68] whereas in the strong coupling regime, especially when the coupling is time-dependent, defining
a time resolved heat current raises a fundamental issue [31, 54, 44, 25, 143]: the part H Ca of the
system’s total Hamiltonian H that couples a lead to the central system is no longer negligible, can
be time-dependent, and must be accounted for when one tries to define a time-resolved heat current.
Following our discussion in Sec. 4.3.3.3 over the definition of a local energy operator that also applies
for a subsystem, an expression to the time-resolved lead heat current in has l)een given by Refs. [119,
121] where the lead’s energy includes half the contribution of the coupling H®

I&"(t) = =0, (H,) — nIN(t) = =0, <P7a + %FI@“> — g IN(t) (4.210)

This definition recovers equation (4.208) that gives the heat current in the stationary case as the cou-
pling Hamiltonian H¢* would not contribute 0, <ﬁ €a> = 0. Ref. [54] raised two issues with time
resolved heat current [ 8”1(15) given in Eq. (4.210), within a particular model?: (i) while slowly driven,
the evolution is reversible and the heat current is expected to be a state function. Ig’h(t) is reported
to not be a state function in this case because of the coupling Hamiltonian HC® has been added in
its definition. (ii) Whether the coupling Hamiltonian is considered in Lg’h(t) or not, the heat current
I2"(t) is reported to not abide by the third law of thermodynamics, i.e. I2'"(t) /T., does not converge
to zero when 7' — 0 and diverges instead, 7, being the temperature of the (single) reservoir. In the
other hand, Ref. [142] reports that the symmetrical splitting of the coupling fails to describe energy
fluctuations. Finally, Ref. [81] proposes a remedy to these issues by proposing adding an extra term
Wy(t) to the heat current 1" (t). Wy(t) is non zero only when the modulus of coupling strength
is time-dependent: in our approach where the time-dependence comes solely from a time-dependent
electromagnetic field, the coupling Hamiltonian HC can only be time-dependent to account for a uni-
form time-dependent scalar potential in the lead £, after a gauge change (c.f. Sec. 5.2.1). The coupling
strength involves only a time-dependent phase, its modulus remains time-independent and WB (t) is
therefore zero.

Given that the Hamiltonian is in general not gauge dependent, we change the Hamiltonian based
definition of the heat current IS (t), given in Eq. (4.210), to a ‘total energy" based definition IS (t) =
I2*(t) (note that the two definitions coincide on time-independent leads and differ otherwise, see Sec.
5.3.2.3)

19(t) = I (1) — S5(t) — o IN(0) (4211)

where we used the lead’s energy current I (¢) and the lead’s input power S¢ (¢) instead of —0, <g g>
to facilitate defining the heat current it farther away in the lead (see Sec. 5.2.2). Computing energy
and heat currents farther away in the lead avoids the issue with the eventual time-dependent coupling
and circumvents the issues brought up by Ref. [54], just like it has been done by Ref. [24] through its
scattering Landauer-Biittiker approach in the special case of slow time-dependent driving while still
in the strong coupling regime. In Sec. 5.2.3 we expose the final pieces where we extend the approach
of Ref. [24] to the arbitrary time-dependent regime, although we do not tackle the entropy transport
problem but can be planned for future research.

Now that the time-resolved lead currents properly defined, we highlight two shortcomings of such
an approach: (i) due to the travel time and dispersion, time resolved lead currents are dependent on
where they are computed; (ii) the heat current can theoretically only be accounted for after electrons
thermally relax within the bath. The lead is is technically not the heat bath and computing a space

#The Resonant Level model (c.f. Sec. 5.3.2.1) with a single lead where both the ‘dot’ and its coupling with the lead are
slowly driven.
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and time resolved heat current within the lead is a priori ill-defined, although it can be interpreted
differently in terms of bookkeeping [47], i.e. “the amount of heat that will eventually be dissipated
later on”. To workaround these issues, we also study time integrated lead quantities (following e.g.
Ref. [44]), thanks to conservation. Time integrals fit better with what an experimentalist can measure
by probing temperature changes, over the course of an experiment, to detect a potential signature of
the time-dependent drive

Q(r) = /T dt 13(t) (4.212)
t

0

Given that we consider that electrons leaving the scattering region in the leads only reach the thermal
bath infinitely away in the bath, the quantity QQ(7) is to be taken with a relative origin of time when
it is considered experimentally, where leads have a finite length. This definition of )(7) also supposes
that the relaxation time-scale within the bath is orders of magnitude faster than the variation of Q(7)
so one could consider the temperature of the finite and realistic bath 7, to evolve according to the
classical equation that links the incoming heat current in a system to its temperature variation

Ca [Ta(T + toffset) o Ta (toffset>] = Q(T) (4'213)

where C,, is the thermal capacity of the realistic electrochemical bath a.
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5. Transport simulations of open quantum
systems

Our goal is to describe particle and energy currents and densities in scattering systems, in hopes to
better understand thermoelectricity in the time dependent domain. In the previous chapter we out-
lined the theoretical framework that enables calculating local electron currents and densities and their
associated energy currents and densities, given a one-body wavefunction (7, t) (or its discretized
version 1,(t)) or a many-body lesser Green function G;(t). Here, we briefly review the approach
behind Kwant, a simulation library of reference in quantum transport, and its extension tkwant to
the time-dependent regime. The development of the latter package, initiated during the PhD thesis of
B. Gaury [63], exposed one important equation (5.26) which links the many-body lesser Green func-
tion ij(t) and a specific set of system-wide one-body wavefunctions, the ‘scattering states’, defined
in systems described by Fig. 5.1. This last result completes the scattering wavefunction description of
energy transport. We use it to extend tkwant to energy transport through a module called tkwant-
operator: we show that tkwant + tkwantoperator enables us to more easily recover previous
results of the literature on the extensively studied ‘Resonant level model’. The main strength of this
simulation tool is that it enables simulating bigger and more complex systems, beyond that ‘toy’ model:
we illustrate this aspect by simulating the Quantum Point Contact.

5.1. A scattering approach to time-dependent quantum
transport

The theoretical framework to describes entirely particle and energy transport, for non-interacting spin-
less particles in tight-binding systems without phonons, has been exposed in Sec. 4.3.3. To be able to
compute the transport quantities, the last step is to define more precisely the one-body basis to use
to compute the transport quantities on the specific class of systems described in Fig. 5.1, whose tight-
binding representation is done in the next section. We will rely on the Kwant and tkwant simula-
tions libraries for numerical computation. These libraries use a wavefunction approach to quantum
transport, they compute a specific one-body basis of wavefunctions called the ‘scattering states’. De-
fined as the eigenstates of the system’s total Hamiltonian H (¢ < t,) = H,, in the stationary regime,
the ‘scattering states’ are the building blocks of the scattering theory in its stationary [28, 26] and
time-dependent [20] formulation. Following tkwant’s theoretical framework [101], the systems we
consider are stationary until a given time ¢,. This enables using Kwant for computing the scattering
states in the stationary regime for ¢ < ¢,. Starting ¢t > ¢, they are time-evolved one by one (thanks to
the non-interacting hypothesis) by tkwant according to Schrédinger’s equation (4.23).

In this section, we adopt a continuous description of transport for a more intuitive understanding
of the concepts at play (the discretized case will be dealt with in the next section 5.2). First, we write
down the generic Hamiltonian that describe our target systems. This enables us to define the station-
ary scattering states, whose discrete version is computed by Kwant. Then, we summarize how these
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scattering states are time-evolved by tkwant’s algorithm.

5.1.1. Writing the Hamiltonian

We describe here more precisely the generic systems that tkwant is able to simulate (see Fig. 5.1). They
are made of a central area € under a static potential energy V' (7) and time-dependent electromagnetic
fields, represented by the vector potential A(7,t) and scalar potential ¢(7,t). The central area €, also
called scattering region, is connected to ‘waveguides’, indexed by «. The role of the probes is to lead in
incoming ‘hot’ electrons at a given electrochemical potential 1, and temperature 7, ; but also transport
out electrons from the scattering region. These probes, also called leads, are semi-infinite and periodic
along one direction, with a period €,,.

Scattering
Region C

Figure 5.1. - Continuous representation of a generic system that can be simulated by tkwant: a central area
C - called scattering region — connected to semi-infinite ‘waveguides’ £, called leads. The leads can have an
arbitrary periodic shape along their infinite direction €, where a static and spatially periodic potential energy
V., (7) resides. The scattering area € is under a time dependent electromagnetic field, represented by the potentials
(fi, ¢), and an additional static potential energy V(7). Each lead £, is attached to an electronic reservoir in
thermodynamic equilibrium, at temperature T, and chemical potential y,,, from which electrons leave and travel
towards the scattering region. In our approach, the time-dependent electromagnetic field is only switched on

after an instant ¢,.

A stationary potential V_ (7) can be considered in each lead £, and follows its periodicity V(7 +

é,) = V,,(7) (a stationary vector potential can also be considered but is omitted in our considerations).

The incoming electrons in each lead « follow the Fermi thermal distribution f,,

fo(E) = ! (5.1)

where 1, and T, are respectively the chemical potential and the temperature of the connected reservoir
to the lead .. In our approach, the time dependence only starts after an instant ¢,

ARt <ty) = A(F) 52)
=0 '

Qb(??t < tO)

For this particular system, the general Hamiltonian h can be written as a piecewise function of space,

100



5.1. A scattering approach to time-dependent quantum transport

using the general definition from Eq. (4.46)

. G2y L V(P with V,(F+E,) = V,(F) for 7€ L,
h[¢] = ~ . 9 (5.3)
o [V — qAF 0] W+ qdF DY+ V()Y for Fee

Time-dependence in the leads It is theoretically possible to have an additional spatially uniform
time-dependent scalar potential ¢, (¢) in each lead £ ,. Indeed, its effect can be accounted for through a
gauge transformation, given by Eq. (4.12), with a gauge function A that takes the following expression
in each lead

t
Are L,,t)= —/ du ¢, (u) (5.4)
tO
This will bring the leads back to being time-independent but changes the scattering region’s Hamilto-
nian h — h’! while leaving our quantum (particle and energy) description invariant

— L2+ V(P + (8, (1) + ,A) for e £,
W) = ) o Tzo_/ (5.5)
L [V — q(A = VA)] [+ a (6 + M) 6 + V(7)o for 7 e €

In an actual device, a time-dependent voltage driving in the leads may induce a variation of the chemical
potential 1, in the affected electronic reservoir, in addition to a variation of the electric potential. This
is not taken into account in our non-interacting approach as it requires modeling relaxation inside the
reservoirs. A qualitative discussion of the role of electrostatics in realistic devices (reported in Sec. 8.4
of Ref. [66]) shows that this approach already has a broad applicability in the field of time-dependent
quantum nanoelectronics.

5.1.2. 1 < {,: stationary scattering states - kwant

In this subsection we define the stationary scattering states. Given our assumption that the time-
dependence only starts after a time ¢, we consider here ¢ < ¢ so that the system is entirely stationary.
The usual approach to solving the Schrédinger equation with a time-independent Hamiltonian is to
diagonalize it as described in Eq. (4.32)

R W](F) = B\ WA(F) (5.6)

where It = ?L(t < t) is the Hamiltonian before the time dependence starts. This eigenstate equation,
within the specific class of systems we consider, with a finite central region connected to semi-infinite
periodic leads is solved by the Kwant library [77] by computing an orthogonal basis of wavefunc-
tions called ‘scattering states’. A scattering state is the system-wide wavefunction that results from an
incoming conducting eigenstate of a specific lead that travels towards the system.

Given the periodicity and the semi-infinite nature of each lead, the eigenstate problem, when spa-
tially restricted to a lead, is solved with the Bloch theorem:

G € £,) = 63(F) exp(iki9™z,) where £5(F +E,) = £5(F) (5.7)

The gauge function A has been intentionally left undefined in the scattering region €. It can be essentially zero but needs
to be differentiable in space (and in time): it needs to smoothly decrease from its value at the boundary with each lead
«, to zero within €
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where E is the energy, n is the transverse mode and z, is the z-coordinate in the lead-specific axis
parallel to the lead’s infinite and periodic direction €, km/ o is the wave vector along that axis and
is linked to £ and n through a dispersion relation that comes from solving the Schré')dinger equation.
kMo can be real, in which case wa m/out io a conducting/traveling mode: the ‘in’ superscript in k™™
1r1dlcates that the wave travels towards the central system whereas the ‘out’ superscript 1r1dlcates the
opposite. k2" can also be imaginary, in which case the mode is evanescent and can only exist at the
boundary W1th the scattering region.

An explicit set of solutions can for example be written for the waveguide of constant rectangular
section [0, L,] x [0, L, ], represented in Fig. 5.2

) = sin () sin (- ) explaive)

z Yy

where E/, V., p, ¢ and k are connected through the following dispersion relation

h2k.2 h2 2 2 h2q271'2
+

E=Y,
i 2m  2mlL2 ~ 2mlL2

[e%

Oéln

An eigenstate ¢, in the lead « that travels towards the scattering region will, in the stationary

Figure 5.2 — Illustration of a waveguide lead with a
rectangular constant section L, X L,

regime, cause reflected modes % ,(E) anu,t in the same lead, a specific wavefunction ¥}, in the
. . . ap B;ou

scattering region and transmitted modes d ', (E)Y';" ) ' in the other leads 3. The resulting system-

wide wavefunction W} is called a ‘scattering state’ and is fully characterized by the incoming mode

%12 in lead «, therefore A = «, E/, n. It is an eigenstate of the total one-body Hamiltonian 5

{sz (B) v

\I,/\:(oz,E,n),st :|: a,in +§ :rnn %7(;;1/t:| + \I;)\,st
"

1ncom1ng reﬂect1on reflected " ™" transmission transm1tted (5.8)
mode amplitude ~ mode Central amplitude mode
region
Lead o Lead 3

t
where 9% njout ond

Note that the stationary scattering states W are time dependent but follow a trivial time evolution
with exp(iEt/h) as a global pre-factor, as shown in Eq. (4.33). The stationary transmission amplitudes
dsg ,(E) and the reflection amplitudes r® ,(E) can be computed by the Kwant simulation library [206,
77, 168] as part of the ‘scattering matrix’ that contains both the transmission and reflection amplitudes.
In practice, scattering states are computed in two steps in kwant: first, the conducting modes in the
leads are computed by diagonalizing the lead hamiltonians ; second, the scattering state in the central
region and the scattering amplitudes are calculated by solving a large linear system (corresponding to
Eq. (5.6) truncated to the central part € of the system).

@ are respectively non-zero only in the lead £, and the scattering region C.

obtained by solving the linear eigenstate stationary problem. An illustration of a scattering state and
how it is computed by Kwant is illustrated in Fig. 5.3
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5.1. A scattering approach to time-dependent quantum transport

Scattering region C

lead (8 lead «

T
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Zp Za
Schrédinger wave Schrédinger wave Schrodinger
equation matching equation matching equation
< < t
| | E : a ( a,0u
d B,out | \.st | Tnn/ E E n/
E.n’ ! m y | X_transverse
’ I C I n’ o 11’1 quantum
B,n’ Energy i i —|— ¢ numbers
| |
1 1

Kwant » Stationary Scattering State \I/A st

Figure 5.3. - Illustration of a scattering state and how it is in theory computed by Kwant: an incident eigenstate
fg/}aE”iZ in a mode n and energy [, in the lead £, is considered as an initial boundary condition to the eigenstate
equation (5.6). The whole scattering state is calculated by kwant: it solves the Schrédinger equation in each
part of the system and imposes that the wavefunctions match of at the boundaries between the scattering region
and the leads, see comments bellow Eq. (5.8).

5.1.3. Time-evolving the scattering states — tkwant

After the time ¢ the central part PAI@ (t) of the system’s Hamiltonian H becomes time-dependent. In
what follows, we consider that {; = 0 without loss of generality as it can be recovered with a translation
of the time ¢ parameter.

Time translation: ¢t —t, — ¢ (5.9)

The orthogonal basis formed by the stationary scattering states U} defined in the section above (see Eq.
(5.8)) can be time evolved according to the Schrédinger equation (4.23) while remaining an orthogonal
basis

(5.10)

ihd, U (t) = h[U](¢)
VAt =0) =T}

Given that the leads are still time independent, the time-dependent scattering states ¥*(¢) in each
lead £, can still be decomposed as a linear combination of eigenstates of the lead. However, the time
dependence redistributes the energies within the system: the transmitted and reflected modes can have
a different energy £’ than the initial incoming mode [66].

\Ij)\:a,E,n@) :|: 1/)(1 ,in _lEt/fL
_,_/

E E/) ¢QE0“t —1E’t/h:|

incident reflection reflected
mode amplitude mode
Lead o
(5.11)
t
+ ¢ |:§ E ’/ da’B E E/) ¢50u 1E/t/h:|
_/——“ —,_/
Central transmission transmitted
region amplitude mode
Lead 3
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5. Transport simulations of open quantum systems

The transmission dzg ,(E, E’) and reflection 7% ,(E, E’) amplitudes now express the probability am-
plitude for being transmitted/reflected from energy F to energy E’. The time-dependence of each lead
stationary eigenstate needs to be added, using Eq. (4.33). Note that this equation (5.11) is equal to
Eq. (5.8) when ¢ < 0 but does not simplify to the same stationary expression, as the former must also
describe the time dependent regime ¢ > 0 while Eq. (5.8) does not. tkwant does not compute these
complex transmission and reflection coefficients but time evolves the stationary scattering states U™
for t > 0 instead, using the ‘source-sink’ approach.

Source-Sink algorithm Solving numerically equation (5.10) for ¢ > 0 (¢, = 0) is difficult as the
scattering states span, with non-trivial behavior, over the entire infinite system. The deviation from
the stationary state U*, defined as [203]

D7, t) = e R [T (F 1) 4+ WA (7)] (5.12)

exhibits more interesting properties for numerical solving

ihd, T = [h(t) — E,| [T + SA(t
0,9 = [f(1) — B,] [9%] + (0 o1
TNt =0)=0
where S*(t) is a ‘source’ term in the previous Schrédinger-like equation
A () = [h— h[W3] (7 1) (5.14)

The Hamiltonian being time-dependent only within the central scattering region, the ‘source’ term
SA(t) is zero in the leads. For this reason and as (i) the wave function W*(¢) vanishes at t = 0 and
(ii) is only composed of outgoing modes in each lead, it is sufficient to solve Eqs. (5.13)-(5.14) in a
finite system around the scattering region C; i.e., it is possible to truncate the leads® yet still describe
exactly the scattering states on the remaining sites. Given that the time-dependence in the scattering
region € creates outgoing modes that propagates in the leads at finite speed, it is necessary to truncate
the leads far enough so they do not reach the border. For long simulation times, this approach can
become untractable and a different one is needed [203]: ‘absorb’ the outgoing modes when nearing
the end of the lead while keeping the calculated scattering state accurate outside of the absorption
area. The practical implementation of this idea is to add an imaginary on-site potential ¥, ,, the
‘sink’/‘absorbing’ term, over the last lead units cells @ = a,, ... , Gyuncation- 1t 1S diagonal and uniform
in each lead cell a and varies smoothly with a in order to absorb the outgoing waves, it has a caveat
of producing spurious back-reflections but they can be arbitrarily minimized (i.e. smaller than a target
precision). The exact expression for %, , is given in Ref. [203] and is more thoroughly studied in
Appendix B of Ref. [101]. The equation of motion of W* that is solved within the absorbing region is
the following

ihd, WA = [h(t) — By —ix] [U] + S (1) (5.15)

Using kwant’s output of the stationary scattering states W)} as a starting point, tkwant uses W™ (¢ =
0) = 0 and Eq. (5.12) to time-evolve them into the time-dependent scattering states ¥*(¢), described
in Eq. (5.11). tkwant uses for that purpose a Dormand-Prince method of the Runge-Kutta family
of ordinary differential equation solvers. Contrary to Kwant, reflection and transmission amplitudes
are not computed. Using the source-sink approach theoretically reduces the complexity of the time-
evolution algorithm from O(Nt2, ) to O(Nt,,. ), where N is the number of sites in the central system
C and t,,,, is the maximum simulated time, but in practice the exact sink term 3, , is not computed
415

and a rougher approximation is used, leading to a practical complexity O(Nt >

[101]).

22 in the leads is computed beforehand by Kwant with other means, more information in Ref. [207].

) (see Appendix. B of
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5.2. Practical tight-binding simulation with tkwant

5.2. Practical tight-binding simulation with tkwant

1 Lead «

n - . ‘
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o Figure 5.4 - Generic tight-binding system
that can be simulated with tkwant (the dis-
crete equivalent of Fig. 4.1). It is made of
*-o a time-dependent central scattering area C,
‘ whose sites are colored in gray, connected to
T, "\’ time-independent leads, whose sites are col-
11 ored in red. A uniform time-dependent scalar
-0 potential can be considered in each lead al-
B though in practice it is gauged out into an ad-
; ° ditional time dependent phase: it is added to
the hoppings connecting each lead to the cen-
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Kwant [77] is a free and open source Python simulation library, available at kwant-project.
org. It describes quantum transport in general non-interacting tight-binding systems in the stationary
regime. It enables simulating a wide range of phenomena: superconductivity [154, 59, 193], quantum
Hall effect [144, 169], topological insulators [67, 130], graphene [62, 33], spintronics [136]. It has be-
come the numerical tool of reference for quantum transport in mesoscopic systems as hundreds of pub-
lications have made use of the tool given its wide range of applicability and its flexibility. tkwant ex-
tends Kwant to the time domain and enables computing time-resolved electronic quantities, in generic
systems described Fig. 5.4, and uses a wavefunction approach that is strictly equivalent to the NEGF
approach (see. Sec. 3.3.3) but faster [66]. Its development has been led by X. Waintal’s group at CEA
Grenoble and has been iteratively developed for the past years — by B. Gaury [66], J. Weston [203] and
T. Kloss [101] — while being internally used at the same time to study time-dependent systems [65, 202,
60, 5, 164], till a first public release in 2021 [101]. tkwant is free and open source and is available at
tkwant.kwant-project.org.

5.2.1. Tight-binding model

The practical tight-binding systems that tkwant simulates are the discretized version of the continu-
ous system described in Fig. 5.1. The tight-binding systems tkwant handles are represented diagram-

matically in Fig. 5.5: a central system, whose Hamiltonian is H @, is connected to each lead o with
a coupling Hamiltonian H eo- Each lead Hamiltonian H ., is entirely characterized by a Hamiltonian

H cell of one of its repeated unit cells and a coupling Hamiltonian Wa that connects each unit cell to its
next neighbor (expressed in Eq. (5.19)).

3The tilde notation indicates that subsystem operators do not include coupling terms with other subsystems, see Sec.
4.3.3.3.
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~

[Wl ﬁfell oy: 2 é‘ """ ’é‘ """ ’é oo [:gell W2A cell Wz]

H,y He H,

Figure 5.5. — Generic representation of a tkwant tight-binding system. A central system €, described by

a Hamiltonian H @, is connected to semi-infinite leads through a coupling Hamiltonian ﬁC’, o- Eachlead « is

considered to be periodic, its Hamiltonian H is defined by a unit cell Hamiltonian Heell o and an inter-cell coupling
Hamiltonian W,

The system’s total tight-binding Hamiltonian H therefore writes as sum of three terms that illustrate
the spatial separation we have made to the system [101]:

ﬁ:ﬁ@JerIaJrZFI@a (5.16)

The scattering region Hamiltonian H @ is a generic second quantization non-interacting Hamiltonian
that follows Eq. (4.144)

1jeC

The lead o Hamiltonian H ., 1s stationary and describes the periodicity of the lead
: o0
HOt = Z Z h%mé\l«né\am + w%mé\lnéafl,m + h.c. (5.19)
a=0 nm

where c}tn and ¢, ,, are the creation and annihilation operators of an electron at the site indexed by n
in the unit cell a of the lead « (see Fig. 5.5). A%, and wS,, are the matrix elements of respectively the

unit cell Hamiltonian H ., and the inter-cell coupling Hamiltonian W, in the lead « (see Fig. 5.1). The
Hamiltonian H eo connects the lead « to the scattering region €

Hoo= Y h§oéle, y, +he (5.20)

1i€Cnel,

Time-dependence in the leads A prerequisite for tkwant is the absence of time dependence in
the leads. However, as we did in Sec. 5.1.1 in the continuous case, we can account for a uniform time-
dependent scalar potential ¢, (t) in each lead £, by means of a gauge transformation (see Sec. 4.2.4.2
and Sec. 4.3.3.1): given an initial Hamiltonian H given by Eq. (5.16), that does not have the extra scalar
potential ¢, (£), it can be changed to H’ to account for it

H =He+H,+> Hp, (5.21)
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5.2. Practical tight-binding simulation with tkwant

according to Eq. (4.85) with the following gauge function A, ()

t
— | du¢,(u) for i€ L,
A(t) = { b (5.22)
0 for el
where H o, 1s related the original H eq given by Eq. (5.20) through Eq. (4.84)
ﬁéa = Z hf’g exp (i%An (t)) cjéa:(m + h.c. (5.23)

Equation (5.23) assumes setting the gauge function A, (t) to zero in the scattering region € although it
is only a matter of choice and it can be chosen arbitrarily: the particle and (non-hamiltonian) energy
currents remain invariant no matter the gauge change.

5.2.2. Expressing lead currents

In Sec. 4.3.4, we exposed how we define lead currents given a generic tight-binding system that contains
“leads”, as described in Fig. 4.1. The structure of the tight-binding Hamiltonian has been described in
more details right above in Sec. 5.2.1 and it includes in particular the spatially periodic lead Hamiltonian
H o given in Eq. (5.19) (represented in Fig. 5.5). We define time and spatially resolved lead currents as
fluxes at the coupling interface between each unit cell of a given lead (see Fig. 5.6):

N = Y N0 I = Y I5,0) (5.24)

nely, nely,
meLe ! meLe

where [ g’a and I, , are respectively the particle and energy current flowing from the lead’s £, unit

Scattering
Region C

Figure 5.6 — Representation of the spa-
tially resolved lead currents [, , and
I, =1, inalead £, with respect to
the scattering region C. [, , is either the
particle current I gia or the energy cur-
rent I, as defined in Eq. (5.24).

cell a to its unit cell « — 1, which enable having spatially resolved currents within the lead. IY = T CI;I’O
and I§, = I , are the currents that flow from the lead £, to the scattering region C, as defined in Eq.

(4.203). For the lead heat current 7, 8 defined in Eq. (4.211), its generalization /, 3,a to further sections of
the lead is simply the following

1§.=15, — p N, with a > 1 (5.25)

a,a
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5. Transport simulations of open quantum systems

Indeed, since the leads we consider are time-independent, once away from the potentially time-dependent
coupling He,,, i.e. for a > 1, there is no local input power and S;, = 0 for sites n that are in unit cells
a > 1 of the lead £,. This explains why IS,G, given in Eq. (4.211), differs from 18 in Eq. (5.25)

5.2.3. Computing currents and densities

With the one-body basis of ‘scattering states’ defined in Sec. 5.1, we can introduce an important result
from Ref. [66] that expresses the lesser Green function G (defined in Eq. (4.145)) using these scattering
states, for systems described in Fig. 5.1

Gott) =i Y f ()TN )TNt (5.26)

A=a,n,FE

Here, ) |, has been used for compactness as an equivalent to

> ZZ/%h (5.27)

A=a,n,E lo'

which fundamentally expresses a sum over all the scattering states A, where E is a continuous degree
of freedom. W)(¢) is the scattering state A computed at site i and time ¢ ; f (E) = fr . (E)isa
shorthand notation for the Fermi function

frp(B) = — 1

exp( >—|—1

with kg being the Boltzmann constant. Note that some of the scattering states A may be evanescent
in some leads but they do not contribute to the currents. Eq. (5.26) is the last missing piece to enable
computing the densities and the currents exposed in Sec. 4.3.3, it reflects that the incident modes

& om ., (appearing in Eq. (5.11)) have been filled according to Fermi statistics in each lead £ . The core
version of tKwant (already available at the beginning of this thesis) the calculation of the particle
related quantities: the local particle density p;(t) = —ihG5;(t, ), given in Eq. (4.158), is directly given
by Eq. (5.26)

(5.28)

Nty=n Y fa(E)]\IIQ(t)]Q (5.29)

A=a,n,F

while the hopping particle current [ ZN (t) is given by Eq. (4.161)

NG ==2 Y f (B)Im[T}(t) R, ()T ()] . (5.30)
A=a,n,E

Both quantities are computed with tkwant by integrating over the scattering states which were ini-
tially occupied at ¢ < ¢,,. In practice, the integration is preferably done in momentum instead of energy,
to avoid divergent behavior of the integrand in the vicinity of band openings. This integration over
the scattering states is one of the central points of tkwant’s implementation as a compromise be-
tween precision and computation time needs to be attained: if too many scattering states are taken, the
computation time becomes prohibiting; on the other hand, if too few scattering states are considered,
the computed results are not accurate. One of the main issues are that the accuracy of the computed
operators may decrease at longer simulated times ¢ > ¢, : the already computed scattering states may
no longer form a dense sampling in the relevant integration region or the number of scattering states is
simply not enough anymore. When that happens, new stationary scattering states need to be computed
at ¢, then evolved to the currently working time ¢, resulting in a stall in tkwant’s parallel algorithm
till these new states reach the time ¢. For more information, see Ref. [101].

108



5.2. Practical tight-binding simulation with tkwant
5.2.3.1. Generalizing to energy transport

One of the sub-goals of this thesis is to extend tkwant to energy transport. In Sec. 4.3.3.4, explicit
expressions for each energy quantity and operator have been derived. The ‘generic’ local energy density
ps = <g f> and local energy current I{;(t), written as a function of the lesser Green’s function G'7;(t, )
in Eqs. (4.174) and (4.175) respectively, can be readily expressed in the wave-function formalism with
the help of Eq. (5.26)

pilt) = Y fulB)D Re[W}(t)e,;(t)¥(2)] (531)

A=a,n,F
and
If = Z fo(E) ZRG (DR (1) €97 (1) — O () €65, 97 (t)] (5.32)
A=a,n,FE k

Both quantities can be computed with tkwant, in the same spirit as pj (t) and I};(t) but with an
additional sum over the system sites. The electric power density S5(¢) can be computed as well for
each energy operator: it is given by Eq. (4.188) for the ‘total energy’ (¢ = ¢)

S:0) =3~ [, — au(0)] a1 (1)

J (5.33)
+ D fulB)) Re[WR () yey (1) (1)]
A=a,n,F 7
by Eq. (4.197) for the kinetic energy (e = k)
1
Spt) =) =5 lady() +V; —aoy(t) = V] I (1)
J (5.34)
D falB) Y Re[WR(t) Dy (1)U (1)]
A=a,n,E i
and Eq. (4.201) for the Hamiltonian (¢ = h)
Si(t) = Z fo(E) ZRe [0 (1) 0hy (1) 03 ()] (5.35)
A=a,n,FE 7

Those local quantities can eventually be summed up over space to deduce for instance the lead energy
currents I, ,(t) and the lead heat currents I3 .(t) as described in Sec. 5.2.2 in Egs. (5.24) and (5.25)
respectively. We notice here that these non-interacting many-body expectation values, for particle and
energy currents and densities, are linked to their one-body counterparts, described in Sec. 4.2.4, by
simply summing the aforementioned one-body contributions according to Fermi statistics in each lead.

We have implemented an additional Python package, tkwantoperator([3], as an extension to the
tkwant package [101] to compute these quantities and have shown that the extra CPU time needed
for computing these quantities is small in comparison to the time needed for calculating the scattering
states.

5.2.3.2. Static limit - Landauer-Biuttiker

Note: this section is adapted from our published article [96]
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5. Transport simulations of open quantum systems

When t < ¢, and no external time-dependent electromagnetic field is applied, the system Hamilto-
nian is time independent i.e. H(t < t,) = H*®. Within the static Landauer-Biittiker formalism, the
particle, energy, and heat currents in the lead £, read (see Sec. 3.3.1 and Refs. [26, 16])

dE
=3 [y (B (BN sl (5360
Bta
dE
[hst = / fuo 2 (E) = f 1, (E) ET5(E) (5.36b)
B#a
Ig,st — ]g’St _ ual(i\f,st (5.36C)

where f, 7(E) = [1+ exp(%)]_l is the Fermi function (k 5 being the Boltzmann constant), the sum
over 3 is a sum over leads £ 4 and T, 5(E)

-2 Sl 65

is the probability for an electron at energy E to be transmitted from the lead £4 into the lead £,,,
df‘ni my (E) being the scattering amplitude from the mode n4 at energy E in £ to the mode n,, at
energy E in £, as defined in Eq. (5.8).

In Appendix B.1.2 and B.2.3, we show that the initial ¢ < ¢, lead particle current I, energy current
I¢, as defined in Eqs.(4.203) and (4.208), are equal to the standard static Landauer-Biittiker current
formulas

IN(t < tg) = INst (5.38a)
IE(t < ty) = IEst (5.38b)

even in the ‘artificial’ time-dependent gauge (see the comment below Eq. (4.85)). The equality for the
heat current I, 8 becomes straightforward

It < ty) = I (5.39)

On the other hand, if the external time-dependent electromagnetic field converges to a static limit
at long times ¢ — oo, i.e h(t — 00) = h*', the static currents are also given by the Landauer-Biittiker
formulas (5.36). Although this time with p, — u, + q¢ and T, 5 — T, p> where ¢ is the limit of

the uniform scalar potential ¢*t = ¢, (t — 0o) applied in the lead £, while T, 3 denote the Landauer-
Bittiker transmissions with h*t, given by Eq. (5.37). In Appendix B.1.2 and B.2.3 we show

IN(t — 00) = INst (5.40a)
IE(t — 00) = 1Bt — qgt N5t 4 SE(t — o) (5.40b)

The relation for the heat current, as defined in Eq. (4.211), ensues
IR(t — 00) = IP5t — (p,, + eVHIN st = [Host (5.41)

Thus, in the static limit ¢ — oo, the energy currents I (¢ — o00) in the leads £, differ from the usual
static energy currents I st This is due to the fact that IZ5! is calculated by defining the energy
operator & as being the Hamiltonian H** while IZ(t — 00) is calculated using £°(t — oo) = H*t —
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q®(t — o) (see Eq. (4.180)). The discrepancy I5(t — co) # IE5t is the price to pay for a gauge-
invariant energy current I (¢) that also satisfies IS (t < t,) = I 25!, It stems from the definition of £ in
Eq. (4.64) as the sum of the kinetic energy and of the static potential that is present on the system from
the remote past. In the peculiar case where the external electromagnetic field converges to a static limit
(and then varies again), it might be relevant to redefine the energy operator with respect to this new
static configuration and forget the past. More importantly, the heat currents 1 o (t) which are written
as a difference of energy currents are not affected by this choice of the reference static potential. We
find that IS (t) converges to the usual static heat current in the static limit (see Eq. (5.41)).

5.3. tkwantoperator: tkwant extension to energy transport

Note: parts of this section have been adapted from our published paper [96].

To calculate our newly defined energy related quantities, we have implemented a Python pack-
age, tkwantoperator[3], as an extension to tkwant[101] to energy transport. It is open source
and freely available at gitlab.kwant-project.org/kwant/tkwantoperator along with a
complete documentation, available at kwant-project.org/extensions/tkwantoperator,
that provides install instructions, a tutorial and a technical reference. The code has been published at
the same time as our research article [96], with Philipp Reck and Geneviéve Fleury.

5.3.1. Overview

A first implementation® has been done by Philipp Reck (postdoctoral researcher in the group) at the
early stage of this thesis. At that time, the local conservation equation approach (c.f. 4.3.3.4) described
within this thesis had not been properly and entirely formalized, the initial work started off the usual
approach in the literature by defining only lead currents (see Sec. 4.3.4) through the time derivative of

the lead’s Hamiltonian H or H (see comments above Eq. (4.207)) ; while still considering the Hamilto-
nian as the energy operator. I wrote another implementation from scratch to undertake a more fitting
approach where the local, site-wise, energy quantities are implemented first: related code has been
written for the energy densities pf(¢), the hopping energy currents I;(¢) and the energy sources Sf (?).
It can compute these quantities for the Hamiltonian (¢ = h), the total energy operator (¢ = ¢, called
kinetic+ within the code) and a ‘custom’ energy operator where its onsite terms ¢,; are provided
by the user to offer more flexibility. Since the two extra energy operators, namely the kinetic energy
k and the total energy &, share their matrix coefficients with the hamiltonian h on hoppings (see Eq.
(4.173)), the code has been optimized to share code between energy operators, thus the equations (5.31)
and (5.32) in the beginning of Sec. 5.2.3.1 using € as a ‘generic’ energy operator. Lead quantities have
then been defined, and implemented, as fluxes through a given section within the lead, as described
in Sec. 5.2.2. tkwant’s code was also receiving updates by Thomas Kloss (postdoctoral researcher in
X. Waintal’s group at CEA Grenoble) with whom I was regularly in contact so I could coordinate my
development with his changes® but also contribute back speed optimizations to tkwant®

“This ‘legacy’ code is available at [4] in the energy-args-1legacy branch. This branch also contains a generalization
for computing generic operators that could be re-used in future works to implement additional operators.

*Development history is available in [4]. A first implementation has been made in the energy-args branch, then got
updated to accommodate tkwant’s changes in the energy-params branch

SNamely, faster initialization time and reduced memory footprint, available at gitlab.kwant-project.org/
AdelKS/tkwant in the faster-init and memory-saving-v2 branches, respectively.
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5. Transport simulations of open quantum systems

In tkwantoperator, five Python classes have been implemented to compute energy related quan-
tities : EnergyDensity, EnergySource and EnergyCurrentDivergence can be called for
calculating respectively p§ (given by Eq. (5.31)), S, and Zj I%; over a given list of sites {i}; Energy-
Current for calculating the current I; (given by Eq. (5.32)) flowing through a given list of hoppings
{(j,i)}; LeadHeatCurrent for calculating the heat current I3, (given by Eq. (5.25)) in a given lead
£, The energy quantity e can either be the total energy &, the Hamiltonian h (more information in
Sec. 4.3.3) or a ‘custom’ operator where the user provides the onsite matrix elements €;;. A code snip-
pet showcasing the use of tkwantoperator, along with Kwant and tkwant, is displayed in Fig.
5.7: that relatively small code snippet is sufficient to quickly recover several results from the literature
dealing with the time-dependent Resonant Level Model (see Sec. 5.3.2).

The calculation of the many-body expectations values of the various operators involves an inte-
gration over all the scattering states U* indexed by the \ parameter (see Eq. (5.27)). The resolution
of the Schrodinger-like differential equation (5.13), that gives the evolution in time of the scattering
states U (¢), is the most time-consuming task of tkwant’s algorithm (see below). In practice, it is
crucial to use as few scattering states as possible to evaluate expectations values. For this purpose,
a Gauss-Kronrod adaptive scheme [204] is used when integrating the contribution of each scatter-
ing state. It determines the needed number N, of scattering states for a given precision on the
expectation value of a given quantity (controlled by the argument error_op when instancing the
tkwant .manybody.State class, see Fig. 5.7). Moreover, the time evolution of the scattering states
can be done in parallel on multi-core computers where each core deals with a subset of the scattering
states. Both functionalities, implemented within tkwant, are leveraged to compute the expectation
values of our energy operators.
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5.3. tkwantoperator: tkwant extension to energy transport

#!/usr/bin/env python3
import kwant
import tkwant

import tkwantoperator

import numpy as np
import matplotlib.pyplot as plt

import functools

from mpi4py import MPI
rank = MPI.COMM_WORLD.Get_rank()

y =1.0 # nearest-neighbor hopping term in the leads

yc = 0.2 # nearest-neighbor hopping term between the
# central site and the leads

a=1.0 # lattice constant

r=4"%*yc*yc /vy # Energy scaling unit

V =0.5*T # initial dot energy level

AV = 2.5 * T # change in dot energy level at t>0

tmax = 6. / T # Maximum simulation time

dt = 0.01 / T # Simulation time step

def gdot_potential(site, time, V, AV):
if time > 0:
return V + AV
else:
return Vv

lat = kwant.lattice.chain(a, norbs = 1)
builder = kwant.Builder()

# lat(0) is the dot, the rest belongs already formally to the leads
builder[(lat(-1))] = ©

builder[(lat(©))] = qdot_potential

builder[(lat(1))] = ©

builder[lat.neighbors()] = - yc

# Define the occupation for each lead

UL = 0.5 * I # Chemical potential in the left lead
MR = -0.5 * I # Chemical potential in the right lead
TL = 1.0 * T # Temperature in the left lead
TR = 0.0 * I # Temperature in the right lead

occupation = [None] * len(syst.leads)

occupation[0] = tkwant.manybody.lead_occupation(chemical_potential=pL
temperature=TL)

occupation[1] = tkwant.manybody.lead_occupation(chemical_potential=pR,
temperature=TR)

# Create list of all time steps
times = np.arange(0, tmax, dt)

# Instance the lead heat current operator
heat_current_left_op = tkwantoperator.LeadHeatCurrent(syst,
chemical_potential=pL

added_lead_sites=added_sites_left)

# Instance empty list that wil be filled with values
# of the energy current at each time
heat_current_left = []

# Initialize the solver (to solve t-dep SEQ)
# with workaround for our time-discontinuous potential
onebody_wavefunction_type = functools.partial(
tkwant.onebody.WaveFunction.from_kwant,
perturbation_type=tkwant.onebody.kernels.PerturbationExtractor)
scattering_state_type = functools.partial(tkwant.onebody.ScatteringStates,
wavefunction_type=onebody_wavefunction_type)
solver = tkwant.manybody.State(syst, tmax, occupation
params={'V': Vv, 'AV': AV},
error_op=heat_current_left_op,
scattering_state_type=scattering_state_type)

# Have the system evolve forward in time
# while calculating the operator values at each time step

for time in times:
# evolve scattering states in time
solver.evolve(time)
solver.refine_intervals()

# Define the right lead

lead = kwant.Builder(kwant.TranslationalSymmetry((-a,)))
lead[lat(0)] = ©

lead[lat.neighbors()] = - vy

# Evaluate operators at the specific time then save the values
# Attach the lead to the central site from the right heat_current_left.append(solver.evaluate(heat_current_left_op))
# add one site to the central system

added_sites_left = builder.attach_lead(lead, add_cells=1)
# Append lat(-1) to the list

# to calculate the heat current between lat(-1) and lat(0)
added_sites_left.append(lat(-1))

if rank == 0:
# Rescale results
times = np.array(times) * I
heat_current_left = np.array(heat_current_left) / r**2

# Plot the results

# Attach a reversed copy of the same lead to the left plt.plot(times, heat_current_left, 'r-', label = "Left")
# add one site to the central system
builder.attach_lead(lead.reversed(), add_cells=1) plt.xlabel('Time [h / T']")
plt.ylabel('Heat current [F2 / h]')
# Create finalized system plt.legend()
syst = builder.finalized() plt.show()

Figure 5.7. — Code example using tkwantoperator[3], along with Kwant and tkwant, to compute the
heat current in the left lead of the Resonant Level Model, as described in Fig. 5.9, where the dot level performs a
Heaviside jump at ¢ = 0, given by Eq. (5.50). This code snippet outputs the green curve of the graph (b) in Fig.
5.10. The simulation can be sped up by running the code snippet on N cores with MPL This code snippet takes
22s to complete when run on 8 cores with an AMD Ryzen 5950X™ processor at 4.6GHz.

Hereafter, we analyze the extra CPU time cost due to the evaluation of the energy operators. Given
that the computation times for evolving the scattering states (between times ¢,,_; and ¢,,) and for cal-
culating a many-body expectation value (at a time ¢,,) grow linearly with the total number N, of
scattering states, we compare these two computation times for only one wave function ¥. The wave
function is initialized (at ¢, = 0) with uniformly distributed random complex values on each system
site, in the [—1, 1] x [—i,i] complex square. The computation time for the stationary problem, done
once for a given system, is not considered here. Investigations of the tkwant CPU times are done
for a closed (i.e. without leads) square system with N = L? sites lying on a square lattice. The onsite
potential h,; is disordered and shifted by a time-dependent perturbation for £ > ¢, as

hy;(t > 0) = w; + O(t — t,)[ sin(at) e P

+ n(1 4 tanh(dt))] (5.42)
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where t; = 0.8, = 8,48 = 15,7 = 0.3,6 = 10, and w, are random values that are normally
distributed around zero with a standard deviation of 0.025. Hopping terms between sites i # j are
fixed to h;; = v(= 1) up to the 2-th nearest neighbors and are zero beyond. Each site i thus has
M connected neighbors. We note M, = ). M7. In Fig.5.8, we compare the computation times
used for making the wave function W(t) evolve by a time step and for calculating its contribution

to the various particle and energy operators. Its contribution reads for instance Zj Re[We, ;W] for

the energy density operator evaluated on site 7 (see Eq. (5.31)). Each point in Fig. 5.8 is obtained by
averaging the computation times of 200 measurements performed at times ¢,, (or over the intervals
[t,,t,.1] for the evolution of W(t)) evenly spaced between ¢, = 0 and ¢,,,, = 2. CPU times are

expressed in seconds and result from simulations run on a single core (Intel Xeon Silver 4114™ CPU at
2.2GHz).

--e-- \Wavefunction evolve --®-- Energy density --®-- Particle current
Energy current --o-- Energy source --®-- Particle density
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Figure 5.8. — Extracted from our published article [96]: Comparison of the computation times needed for the
evolution of a single wave function by a time step and for the evaluation of its contribution to the particle and
energy operators. Data (bullets) are shown for the square system made of N = L? sites defined in the text. Its
Hamiltonian includes hopping terms up to the z-th nearest neighbors. Dashed lines are linear fits. (Left) CPU
times for evaluating operators and evolving the wave function, as a function of the size of their input site/hopping
tuples (varied by increasing L, for fixed z = 1). The input size equals N = L? for the wave function and the
density/source operators, while it equals the number of hoppings M|,_;)/2 = L(L —1) for the current operators.
(Right) CPU times divided by the input size N or M, /2, as a function of the average number of neighbors per
site M,/ N, varied by taking z = 1,2,3, and 4 at fixed N = 10* sites.

We check on the left panel of Fig.5.8 (i) that the CPU time used for evolving a wave function by a
time step grows linearly with the number of sites IV (as already reported in Refs.[66, 203]), and (ii) that
the CPU times corresponding to the computation of the contributions to the various operators grow
linearly with the size of the lists of sites or hoppings on which they are calculated. The relative positions
of the straight lines in this panel (obtained for z = 1) show us that it takes (much) longer to calculate
the energy operators than the particle ones (which is obvious in view of the mathematical expression
of the operators) but that the global CPU time used by the simulation is nevertheless dominated by
the calculation of the wave-function evolution. In the right panel of Fig. 5.8, we investigate how this
picture is modified when second (z = 2), third (z = 3), and fourth (2 = 4) nearest-neighbors are
included. The CPU time used for the wave-function evolution is unaffected (except for z = 4 due to
unknown - probably memory - reasons), as well as the CPU time corresponding to the particle density
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5.3. tkwantoperator: tkwant extension to energy transport

and the CPU time per hopping corresponding to the particle current. On the contrary, the CPU times
corresponding to the energy operators are much increased since their expressions involve a sum over
neighboring sites.

It is to be noted at that stage that often, in practice, the operators only need to be calculated on a
subsystem while the wave function must be calculated over the entire system. For instance, the lead
(particle, energy, heat) currents are calculated at the interface between the leads and the scattering
region which involves a negligible number of hoppings in comparison to the total number M, /2 of
hoppings in the system. For this reason, we conclude that evaluating operators has a low-to-negligible
impact on the global tkwant computation time for most practical situations. For completeness, let us
add that the CPU times needed for evaluating the operators and evolving the scattering states depend
at a quantitative level on the simulated systems and on the hardware used. Additional (not shown)
data indicate that this should not affect qualitatively the conclusion given above.

Extensive validation has been performed with various arbitrarily chosen systems (square and hon-
eycomb lattice, with and without magnetic field) where gauge invariance, local energy conservation
and Landauer-Biittiker static limits have been verified. The validation code and results is available at
the git repository [4], in the validation-params branch, inside the validation-scripts
folder.

In the following, we perform tkwant thermoelectric transport simulations (using our tkwant-
operator module) in the paradigmatic time-dependent Resonant Level Model (RLM), in order to
validate our approach and our numerical implementation. We also report on an exploratory investi-
gation of time-dependent heat transport in a Quantum Point Contact (QPC) driven by voltage pulses.
Without discussing deeply the physics involved, we illustrate the strong potential of tkwant, with
our tkwantoperator module, in studying dynamical thermoelectricity and caloritronics.

5.3.2. Resonant Level Model as a benchmark

The (noninteracting) time-dependent RLM has been extensively studied in the literature to simulate
dynamical charge transport (see e.g. Refs. [92, 149, 158]) and more recently dynamical energy transport
[38, 116, 55, 121, 120, 219, 44, 215, 113, 37, 51] in a single level quantum dot or molecular junction
connected to two electronic reservoirs. Hereafter we use this model, as described in the following
section, as a test bed to benchmark our numerical approach described above. We consider two cases:
(i) when (only) the dot onsite Hamiltonian coefficient h () is varied in time as hy(t) = V, + AVO(1),
O being the Heaviside function, and (ii) when the time-dependent step-like perturbation is performed
in one of the two leads. We calculate the time-dependent energy and heat currents with our numerical
approach and show that we reproduce in the expected limits the results obtained previously in the
literature.
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5.3.2.1. Model
hu (1) hy(t) ho(t) he(t) hr(t)
Ty,
)@= 0-—0-0-—0
v Ve Ye Y
—2 -1 0 1 9 site
Left Scattering Right index
lead area lead

Figure 5.9. — Schematic representation of the Resonant Level Model: a one-dimensional (1D) chain made of a
central site 0 connected through a nearest-neighbor hopping term v, to two semi-infinite left (L, on sites ¢ < —1)
and right (R, on sites 7 > 1) leads with uniform on-site Hamiltonian coefficients h; (t) and hy (), and a nearest-
neighbor hopping term ~. Each lead « is attached from the remote past to an electronic reservoir at equilibrium
with static electrochemical potential y,, and temperature 7, defined for ¢ < 0. They remain at equilibrium for
t > 0. The chemical potential and the temperature are supposed to remain constant.

We consider a one-dimensional (1D) infinite chain connected through nearest neighbor hoppings so
that the Hamiltonian H writes

H = Z hyi(t) 5;[51‘ + Ry (t) Cj@iﬂ + Ry ,;(t) 5ZT+1CA¢ (5.43)
5

The chain is separated into a central site 0 with an onsite Hamiltonian coefficient h,(t) = h(t), that
acts as a ‘dot’, connected to it’s neighbor sites through constant hoppings hy ; = hg; = .. The
sites on each side of the dot make up for the left and right lead. Each lead a = L, R has uniform
onsite Hamiltonian coefficients terms Vi € £, h;;(t) = h,(t) and uniform stationary hoppings
h;iv1 = hip1; = 7. See Fig. 5.9. This enables us to separate spatially the Hamiltonian H as a sum
of three subsystem Hamiltonians (each of them including half of the coupling Hamiltonian(s) with the
neighboring subsystem(s))’

where lfIL is the Hamiltonian of the left lead

A 1

Fu(t) = —5elafo + v @8l + 3 (t) 6 el =yl (5.45)
I:IR is the Hamiltonian of the right Lead
Byt) = 5 beéléy + el + P e L e L (5.46)
And H,, is the Hamiltonian of the central dot
Ay = holt) e — 1.[61 + & 2] — Svileléy + b ) (547)

The time dependence is allowed to begin only for ¢ > 0. Note that within the tkwant approach, the
time-dependent lead on-site terms terms h_ (t) = hY + ¢,,(t), with = L, R, are accounted for with a

"This is not the approach that is usually taken in the literature. See paragraph ‘Local energy operator’ in Sec. 4.3.3.4.
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gauge transformation where the dot-lead hopping term +, acquires a dynamical phase (see Sec. 5.2.1)
with the following gauge function A, (¢)

Ag(t) =0
Ai(t) = = [ du gy () for i <0 (5.48)
A (t) = —ftz du ¢g(u) for >0

The onebody Hamiltonian matrix elements h, ., used by tkwant to compute scattering states, is there-

fore the following

13’

( ho(t) if i=4j=0
. t . .o
-, exp(—l% fto du qﬁa(u)) if i,j=0,1(a=R)or0,—1(a=1L)
hig =193 —. eXp(i% ftz du cba(U)) if i,j=1,0a =R)or —1,0(a=L) (549
— if i=j+1
L 0 otherwise

Finally, each lead « is attached from the remote past to an electronic reservoir at equilibrium with static
electrochemical potential y, and temperature 7, defined for ¢ < 0. They remain at equilibrium for
t > 0. Only the electric part of the electrochemical potential may become time-dependent (depending
on the gauge). The chemical potential and the temperature are supposed to remain constant.

5.3.2.2. Time-dependent dot energy level

Let us first consider the case where h, () = 0 for « = L, R, while a step-like variation is applied to the
dot energy level (see Inset of Fig.5.10(a))

holt) = Vo + AV O(t) (5.50)

This configuration has the advantage of being analytically tractable with the NEGF technique in the so-
called wide-band limit approximation. Moreover, since the time-dependent perturbations are restricted
to the dot at ¢ = 0: the lead’s total energy operator & ¢, given Eq. (4.207), coincides with the lead’s
Hamiltonian H o, given in Eqs. (5.45)-(5.46)

Hereafter, we calculate with tkwant the time-dependent heat current in e.g. the left lead given by
Eq. (4.211) (see Eqgs. (4.206) and (4.204))

IR(t) = 12°(t) = 12" (t) = =0, (Hy) — p 1) (t) (5.51)

and compare it to the one obtained within the NEGF formalism under the wide-band limit approxi-
mation (see Appendix C.1). A similar comparison is done for the particle current I3 (¢) and for an

alternative heat current fg(t) with the Hamiltonian & .. that does not include the contribution of the
lead-dot tunneling Hamiltonian, as defined Eq. (4.162)

) = -0, (f) - m 1 (0 (5.52)

Such a definition of the heat current was considered in e.g. Refs.[38, 219]. Note that in the wave-
function formalism, we have for the present model

0, <]§TL> =2 Z fo(B) vy, Im[UA, ()" W) (¢)] (5.53)

A=a,E,n
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This allows us to compute f%(t) with tkwant. IV (t) = IiVLO(t) and I%(t) = 1% o(t) — 5%, (1) —
,uLIiVl’O(t) are calculated using Egs. (5.30), (5.32) and (5.33).

Wideband approximation To make the comparison between the tkwant and the NEGF results
in the wide-band limit, we follow the scaling approach used in Ref.[37]. We vary simultaneously the
hopping terms in the chain by replacing the v and v, parameters with

vy =y (5.54a)
Yo = VM, (5.54b)

where A is a scaling factor. When A is increased, the width [—27, 27] of the (single) conduction band
in the leads widens while the ratio I'

=2
r =2l (5.55)
Y

remains fixed. In the limit A\y/T — oo (keeping ~ finite), the retarded self-energy Y7 (E) of the
(identical) time-independent left and right leads,

E 2| E E\’ r
For (ZL <1 sy e | B o (—_> — —ig (5.56)
207 ~ |2y 2y A—oo 2

converges to —ig i.e. the real part of ¥%(FE) becomes zero and its imaginary part becomes energy

independent. This corresponds to the wide-band limit hypothesis.

02/h]

2 4
t [T t [1/T] ? t [R/T) !

Figure 5.10. - Adapted from our published article [96]: Left particle current I iv (a) and left heat currents % (b)
and | % (c) as a function of time ¢, for the 1D RLM defined by Eq. (5.44), when the dot energy level is modified
as hg(t) = Vy + AVO(t) (inset of panel (a)). Units of the x and y axes are indicated in brackets. In all panels,
data are computed numerically with tkwant+tkwantoperator for different values of A\y/T" (1 (red lines),
6.25 (green lines), and 100 (black lines). The horizontal dashed lines plotted for Ay/T" = 1 (in red) and 100 (in
black) correspond to the static limits at large times I't /4 >> 1 given by the Landauer-Biittiker formulas (see Sec.
5.2.3.2). When Ay/T" > 1, the tkwant results converge to the NEGF results (circles) derived in the wide-band
limit (Appendix C.1). Inset of panel (c): comparison of Ig(t) (red dashed line, given by Eq. (5.51)) and f?(t)
(black line, given by Eq. (5.52)) in the wide-band limit. In all panels, Vi, = 0.5I', AV = 2.5I', h (t) = hp(t) = 0,
T, =T/kp,Tpr =0, uy, = 0.5I',and i = —0.5I". The NEGF curves are independent of I". The tkwant curves
are functions of \y/I" and not of the three parameters ), 7, and I taken separately.

In Fig.5.10, we plot IN(t), I2(t), and fg(t) calculated with tkwant for various values of the ra-
tio My/T" = A(7/7.)?/4, keeping the other parameters fixed.® We check that in the wide-band limit

8The set of fixed parameters corresponds to the one used in Ref.[38].

118



5.3. tkwantoperator: tkwant extension to energy transport

Ay/T' > 1, the tkwant results (black lines in Fig.5.10) converge to the NEGF results’ given in Ap-
pendix C.1 (circles in Fig.5.10). Moreover, in the inset of Fig.5.10(c), we compare I(t) and I2(t) and
show that both quantities coincide in the long time limit I't /A — oo. This is illustrated in the wide-
band limit Ay/T" — oo but holds for any value of A\y/T" (though the smaller \y/T, the slower the
convergence). Such an equality between I2(¢) and fg(t) at long times is expected as the energy may
be stored only temporarily in the lead-dot coupling region. Finally, we also check that in the long time
limit I't/h — oo, the tkwant particle and heat currents converge to the static particle and heat cur-
rents [ g/ Qst given by the Landauer-Biittiker formulas (horizontal dashed lines in Fig.5.10), as expected
from Eqgs.(5.40a) and (5.41). Further development in the linear response regime enables us to recover
the alleged efficiency boost reported by Zhou et al. [219], see Sec. 6.1.

5.3.2.3. Time-dependent voltage bias

We continue studying the RLM but now consider that a voltage bias is suddenly applied in the left
lead, i.e. h(t) = V,O(t), while hy(t) = V|, and hg(t) = 0 (see Inset of Fig. 5.11). This model under
the same configuration has been studied in Ref. [37] with an exact (partition-free) numerical approach
[49] which is formally equivalent to the tkwant approach. The authors calculated the time-dependent
particle currents I (¢) in the leads & = L and R, as well as the Hamiltonian based time-dependent heat
currents I$", without performing a gauge change to move the lead time-dependence to the lead-dot
coupling Hamiltonian as we described in Eq. (5.49). Using Eq. (4.182), we connect the Hamiltonian
based heat current Ido*’h(t), given by Eq. (4.210) and the gauge invariant ‘total energy’ based heat
currents 12(t) = IQ(t), given by Eq. (4.211)

I2(t) = I2°(t) = I2"(t) — Vi, [IN(t) + N (£)6(t)] (5.57a)
IR(t) = IR (t) = 12" (t) (5.57b)
where N = . . P;is the particle number in the left lead, and p; is the particle density given in Eq.

(5.29). Using IY(¢) and 1, 9 data ! issued from Ref. [37], we compute the corresponding ‘total energy’
heat currents I° data for t > 0 according to Eq. (5.57) and compare them to the ones calculated with
tkwant+twantoperator. We find a perfect agreement (see Fig. 5.11). This provides an additional
validity check of our approach and highlights the difference between the gauge invariant heat current
IS¢ and the gauge dependent heat current I&" when a time-dependent voltage is applied in the lead
.

5.3.3. Going further: Quantum Point Contact

To illustrate the potential of our tkwant based numerical approach, we simulate hereafter dynamical
(electronic) heat transport in a QPC attached to two reservoirs held at different temperatures. We focus
on the possibility of extracting heat from the cold reservoir by Peltier effect and ask whether or not
Peltier cooling may be enhanced by applying time-resolved voltage pulses to one of the two electrodes
attached to the QPC (instead of a constant voltage bias across the system).

Note that we did not investigate in details the behavior of the NEGF data at small ¢ = 0. While the tkwant heat currents
are observed to be continuous at ¢ = 0, the NEGF heat currents calculated by integrating numerically Eq. (C.3) (with
standard routines) turn out be numerically unstable in the vicinity of ¢ = 0. This is probably an (irrelevant) artifact of
the wide-band limit approximation that leads in some cases to pathological singularities, as pointed out in Ref.[37].

Data are courtesy of Florian Eich. They are the same data as the ones shown in Fig. 8 and in the lower panel of Fig. 9 of
Ref.[37] (for A = 1).
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Figure 5.11 - Adapted from our published ar-
ticle [96]: Left heat current I]? (inred) and right
heat current Ig = Ig’a (in blue) as a func-
tion of time ¢, as defined in Eq. (4.211) for the
1D RLM defined by Eq. (5.44), when a voltage
step hy (t) = VL ©O(t) is applied in the left lead
(sketch in inset). Units are indicated in brack-
ets. The data issued from Ref.[37] (solid lines)
and those calculated with tkwant+tkwant-
operator (circles) are superimposed. The
horizontal dashed lines show the static limits
ISif " at large times given by the Landauer-
Biittiker formula (see Sec.5.2.3.2). Parameters
are fixed to Vi = 0.2v,, V;, = 2v,, h(t) =0,
v =57 Ty = Tg = 0.01v./kp, and pj, =
tr = 0.

[v.I'/2R]

I3

We consider a nanoribbon of length L and width W connected through semi-infinite leads to two
left (L) and right (R) electronic reservoirs maintained at temperatures 7, < T and electrochemical
potentials ;1;, = 1 (see Fig.5.12 (a)). The system is discretized on a square lattice (with lattice spacing
a = 1). For times ¢t < 0, no time-dependent perturbation is applied and the system Hamiltonian

H(t < 0) = H° reads

HO =Y (v +Upele,—~> éle (5.58)

where 1y is the nearest-neighbor hopping term and U, is the QPC confining potential modeled by

Y, 2 2x, 2 2x, 3 2- l
0 if Jz;| > & .

Here [, and [, are two parameters controlling the QPC shape and the site of coordinates (z;, ;) = (0,0)
is taken at the center of the ribbon. The staircase-like transmission function 7'(E) of the QPC in the
static configuration (computed with Kwant) is plotted in Fig.5.12(b) for a given set of parameters used
hereafter. We also fix T;, < Tj and choose pup so as T(E = pgp) =~ 0.6 (guided by the fact that
thermoelectric effects are to be sought near transmission steps in the adiabatic regime). The value of
[t = jip is determined by the condition I2(t < 0) = 0.

From time ¢ = 0, we apply in the left lead a Gaussian voltage pulse V; (t) = V, exp|—4In2

(t—3 Tp)2
z

of width Tps amplitude V;) and center 37'p. Therefore, the system Hamiltonian becomes H (t >0) =

HO+ Y., Vi(t)éle,.
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Figure 5.12. - (a) QPC discretized model. The site color in the central region encodes the value of the onsite
potential U, given by Eq. (5.59) (from 0 (white) to larger values (shades of blue)). A few layers of the left and right
semi-infinite leads are shown in red. A voltage pulse V} (¢) is applied in the left lead. Currents are evaluated at
the (green dashed) interface indicated by the green arrow. (b) Transmission function 7'(E) of the QPC defined
by HO (see Eq. (5.58)). (c) fooo dt [IN(t) — IN (¢t = 0)] (in blue, in units of 1/27) and fooo dt Ig(t) (in red, in units
of v/2) as a function of the pulse width 7,, at fixed n,, = 0.2. Squares with full lines are tkwant results, circles
with dashed lines are Landauer-Bittiker adiabatic results. Lines are guides to the eye. (d) to (g) Left particle
currents [ i\f (in blue, in units of 100+ /h) and left heat currents IE“) (in red, in units of 72 /h) as a function of time ¢
(in units of 7/), for different widths of the voltage pulse (7, = 20 1/~ (d), 100 1/ (e), 200 /1 /7y (f), and 800 72/~
(g)) at fixed n,, = 0.2. Full lines are tkwant results, dashed lines are Landauer-Biittiker adiabatic results. In all
panels, parameters are fixed to W = 18, L = 48,1, = 50,1, = 5, puy, = 0.20607, up = 0.2, T}, = 0.018vy/kp,
and T = 0.02y/kp.

Using tkwant along with our tkwantoperator extension [3] we compute the time-resolved
particle (IY) and heat (I]?) currents in the left lead. Data are shown in panels (d) to (f) of Fig. 5.12
for different pulse parameters (7, V,) with fixed n,, = (e/h) [ V,(t)dt = (eV,,7,)/(4hv/7In2) (total
number of electrons injected by the voltage pulse in the left lead). To avoid spurious effects that appear
when the edges of the system’s conduction band are probed [66, 64] we consider relatively long pulses

with 7/7,,V,, < iy, pr (but short enough to investigate the non-adiabatic regime). The tkwant

currents are compared to the adiabatic currents [ iV’St(VL(t)) and [ g’St(VL(t)) given by the Landauer-
Biittiker formulas (see Sec. 5.2.3.2). The latter depend parametrically on time through V; (¢). They are
computed for static systems by using Kwant and a numerical integrator over the energy. For small 7,,
(short pulses, see panel (d)), the particle current I (¢) shows a first positive peak centered around 37,
corresponding to the injected pulse and some time later, a second negative peak corresponding to the
reflected part of the pulse. Both peaks are well resolved in this (non-adiabatic) regime. They contribute
to two main negative peaks in the heat current I]?(t). For large 7, (long pulses, see panel (g)), the
tkwant currents converge to the adiabatic currents characterized by a single peak centered at 37,
We note that the particle current converges more slowly to its adiabatic limit than the heat current.
The crossover between the two regimes is shown in panels (e) and (f). Obviously, the time-resolved
tkwant currents in the non-adiabatic regime depend on the position of the interface in the left lead
at which they are calculated (green dashed line in Fig. 5.12 (a)). However, the currents integrated over
time are independent of this position. In panel (c) of Fig. 5.12, we plot [dt [/} (t) — IN (¢t = 0)] and
[ dt I2(t) as a function of o (I2(t = 0) = 0 by construction). We find that heat can be extracted from
the cold reservoir ([ d¢ I2(t) > 0) in the limit of long pulses only and for all 7, we have [ dt It <

[ dt II:Q’gt(VL(t)). Thus, the application of short voltage pulses involving a non-adiabatic response of
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5. Transport simulations of open quantum systems

the quantum system turns out to be detrimental to Peltier cooling (at least for the set of parameters
considered here). The present preliminary investigation shows the feasibility of further studies. Indeed,
the set of tkwant curves shown in panels (d) to (g) of Fig. 5.12 required a few hours (d) to a few days
(g) of computation time on a single CPU core.

The naive approach in trying to ‘boost’ the Peltier cooling of a QPC by simply adding the time-
dependent ingredient is inconclusive and simply highlights that the effects at play are more complex
to grasp. Therefore, in the next chapter, we go back to the Resonant Level Model where analytical
expressions can be derived, in an effort to understand better the effects at play.
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6. Application: Time-dependent Resonant
Level Model

The Resonant Level Model (RLM) is a paradigmatic toy model extensively studied in the field of time-
dependent theoretical thermodynamics and energy transport [52, 51, 38, 116, 219, 55, 54, 215, 142, 44,
121, 120, 24, 113, 37, 40, 143, 157, 79]. With a recent successful experiment in the stationary regime
[93] (see Fig. 3.4 in Chapter 3), thermoelectric properties of this model have been predicted to be
improved [38, 219] in the transient regime while under a time-dependent regime. Zhou et al. [219]
predicted a ‘boost’ of the transient thermoelectric generation during the transient regime by a factor
of 4 with respect to the stationary regime, when the dot’s onsite Hamiltonian undergoes a step-like
or square-like variations, and for a given set of parameters. In the following, we recover their results
using tkwant+tkwantoperator and identify several shortcomings of their study. Then, we use an
analytical wavefunction approach in the wide-band limit approximation to better understand energy
transport in the time-dependent RLM. The results we obtain with our further work (and confirmed
by our numerics) point instead towards a negative impact of time-dependence in the thermoelectric
conversion, both in the transient regime and at long times.

In this chapter, we study the resonant level model described in Sec. 5.3.2.1 where we consider a
time-dependent drive of the dot’s onsite potential h ()

ho(t) =Vy+V(t) with V(t<ty,) =0 (6.1)

while the leads are stationary with a zero onsite Hamiltonian. (see Fig. 6.1 for a sketch).

0 0 ho(t) 0 0
TR
N 0 Ye Ye ~ a /l R
—2 —1 0 1 2 _site
Left Scattering Right index
lead area ea

Figure 6.1. — Schematic representation of the Resonant Level Model: a one-dimensional (1D) chain made of a
central site 0 connected through a nearest-neighbor hopping term v, to two semi-infinite left (L, on sites ¢ < —1)
and right (R, on sites ¢ > 1) leads with uniform zero on-site Hamiltonian and a nearest-neighbor hopping term
~. Each lead « is attached from the remote past to an electronic reservoir at equilibrium, with an electrochemical
potential 1, and temperature T, that are supposed remain constant.

The matrix elements /;; of the Hamiltonian H, given in Eq. (5.49), simplify to the following

Vo + V(t) if 1=7=0
_ ) e if  4,j=0,4lor £1,0
hig=4 5 if i=j+1 (62)
0 otherwise
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6. Application: Time-dependent Resonant Level Model

We introduce the following notations, that we will adopt all along this Chapter

IR = Il,O(t> _[R@ = I|I|"‘,E|71(t) Wlth X 2 2 (63b)

where I;; is a current flowing from i to j.

6.1. Linear-response regime

In this section, we attempt an extension of the Onsager matrix L, whose definition in the stationary
state is given in Sec. 3.3.2, to the time dependent regime of a driven dot and stationary leads (described
by the Hamiltonian Eq. (6.2)). Such a generalization has been performed by Zhou et al. in their paper
entitled “Boosting thermoelectric efficiency using time-dependent control” [219] where a heaviside
drive of the dot is reported to improve the electric generator efficiency of the model, under a given
set of parameters. However, we show that a time-dependent Onsager matrix that connects currents to
AT and Ay biases is not uniquely defined in the time-dependent regime. This matrix is therefore not
physically interpretable though it can be blindly used to compute linear response quantities. We also
highlight a few shortcomings in the definitions used by Ref. [219].

6.1.1. (lll-defined) Onsager matrix

The heat [, 8 and electric Ig currents, where o = L,R, vary in time due to the time dependent control
but are also affected by the statically set bath temperatures (T, 7)) and electrochemical potentials
(1p, ptz). Thus, as functions, we have IN(t, jup, pup, T, T;) and 12(t, pip, pip, Ty T, @ = L, R.
Mathematically, these currents can be linearized for small Ay = pp — pp and AT = Tp — T},
but that needs a change of variable from (ug, 1y, Tr,T7) to (pt, A, Ty, AT). One can think of the
following map, with x € [0, 1]:

p=xpp+ (1 =xX)pg
T=xTp+(1—-x)Tg

Ap=pp—pg

(6.4)

We will note the currents after the change of variable with a bar, I. Their first order linearization writes

IN(t, p, Ap, T, AT) = IN(t, 11,0, T, 0) + Op, IN(t, 11,0, T, 0) App + Op g IN(, 11,0, T,0) AT (6.5a)

I3 L1 /q Ly/T
IS (t, o, Ap, T, AT) = IS (t, 11,0, T, 0) + Op, I8 (£, 12,0, T, 0) A + OapIa(t, 1, 0,T,0) AT (6.5b)
jg,o L%, /q Lg,/T

which can be rewritten in a Matrix equation, the connecting matrix L (¢) being called the Onsager

Matrix: ) )
| - [ L )3

L. (1)
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6.1. Linear-response regime

Note that in the time- independent regime, zero bias gives zero current, which implies that IN (1,0, T, 0) =
0 and fg(u, 0,7,0) = 0, which simplifies the equation above. In the time-dependent case however,
these un-biased currents are non-zero in general as the time-dependence can still cause energy and
particle (displacement) currents in each lead.

Since we only have access to the original currents 79N that depend on (¢, pg, pir,, Tg, T}, ), we need
to write the relationship between the partial derivatives of I and I to compute the Onsager matrix:

Oppd (1, A =0) = x 0, Ipp=p,pup=p) — (1 —x) 8, I(pp=p, py=p) (6.7)

This shows a dependence on , which can be arbitrarily chosen and hence calls into question the phys-
ical meaning of the Onsager matrix L. To answer this, let’s consider, without loss in generality, the
conservation equations of particles (given Eq. (4.157)) and energy (given Eq. (4.172)) with a dependence
only with respect to (¢, iy, i p):

— It pg pig) — IR (E pups o) + Bppo(t i, pig) = 0 (6.8)
_IE <t7 wr, :U’R) - If{(t? K, NR) + 8tp6<t> Kr, MR) = S8<t> Kr, MR) (6-9)

where p, is the particle density in the dot and pf; the energy density.

Stationary regime: In the static case, p,(t, pt1, (1) is stationary and has a zero time-derivative:

pp,pp) + I (pp, ) =0 = 0, I (g, pg) + 0, Ip(pp, g) =0 (6.10)

Given the central symmetry of the RLM with respect to the dot, we can swap L and R indices

auRIII\%I(:uLaHR) = auLIE<NRaHL) (6-11)

and finally end up with
auRIJI':I(MLv 1R) = _8“[21(#1%,/%) (6.12)

On the other hand, using Eqs. (4.211) and (6.9) in the stationary regime (with a zero time-derivative of
the dot density and zero source) leads to the following relationship between the heat currents J 2

12413 =— AulY ~0 (6.13)
second order

in Ap, AT

This allows us to follow an analog derivation to the particle current and obtain

8MRI%<ML7,UR) = _auLIg(uRhuL) (6'14)

This renders Eq. (6.7) x independent for both the particle and heat currents: the Onsager matrix is
unique in the stationary regime and is side independent (the left and right Onsager matrices differ only
with a global sign, i.e L, = —Ly).

Time dependent regime: The time derivatives of the dot densities are no longer zero and the deriva-
tion done in the stationary case no longer applies as we have

—IN— 1IN =—9,p, (6.15a)
—IP — I} = St — Oupfy + -+ WKL (6.15b)

125



6. Application: Time-dependent Resonant Level Model

This implies that Eqs. (6.12) and (6.14) are no longer verified

auRIE@v,UJLnuR) 7& _auLIg(t7MR7HL) (6.168.)

8HRI%<t7,UJL,:U’R) # _a,uLI%(t?:U’R,:U’L) (6-16b)

and thus the Onsager coefficients L{}, defined in Egs. (6.5) are x dependent (through Eq. (6.7)). This
makes the time-resolved Onsager matrix ill-defined as it is no longer unique.

Another interesting equation can be obtained by writing equation (6.8) in the linear response regime.
For that, we first need to linearize 9, p, with respect to AT and Ay, like we did for IY in equation (6.5a):

_ A AT
Oy po(t, pt, Ap, T, AT) = 0, pp + C11 E+ Cro— T (6.17)
where Cyy 15(t, 11, T) = q[Op,, a7, P0) 2% . =) and the partial derivatives of 9, p, and 9, p, are connected

through an analog of equation (6.7). We can now write (6.8) in the (time-dependent) linear response
regime
Ap AT

0,0y — I}fo I§0+(LL1+L +CH)T+(LL2+L + Cis) — T =0 (6.18)

This equation can be further simplified by noticing that 9, p) — IIIjO — Iﬁ{ o = 0 since it is equation (6.8)
with the following parameter values (u, Ay = 0,7, AT = 0). We finally obtain:

A AT
VAH,AT ‘small enough’ (Lll + L + Cll) TM —+ (L + L12 + 012) T =0 (619)

from where we conclude the following, as Ap and AT are independent
LE () + L) + Cy(t) =0 and  Liy(t) + Lib(t) + Cp5(t) =0 (6.20)

Equation (6.20), along with its heat current analog (involving L, and L,,), yields the interesting result
that the Onsager coefficients for the right and left side of the dot are in general not equal in the time

. . . . L R . . .
dependent regime (while they are equal up to a minus sign, L;; = —L;7, in the stationary regime since
C;; = C5 = 01in that case).

To conclude, a time-resolved Onsager matrix, that links the currents to the temperature and electro-
chemical potential biases, is ill-defined since it depends on an arbitrary choice of the reference chemical
potential ;1 and temperature T'. No physical interpretation can be made based on this time-resolved
matrix alone. On the other hand, time-averaged Onsager coefficients have been considered in Refs.
[118, 153] in the periodic regime: it solves only partially the arbitrariness issue in the definition of the
Onsager Matrix as e.g. the time-averaged total source term, over a period 7, % fOT dtSG from Eq. (6.15b)
is still non-zero and will make the time-average of Eq. (6.7), for the heat current, still x dependent. Ref.
[118] performs a study to the first order over the adiabatic regime, on a two-terminal system, where
the considerations over the change of variable (given Eq. (6.4)) are omitted ; whereas Ref. [153] uses a
single reservoir and therefore the issue we highlight does not apply.

Numerical illustration

We compute the partial derivatives of the left particle current IN(¢, pup, p17, T, T} ) and the left heat
current I2(t, jup, iy, T, T}, ), with respect to (pi, fig,, T, T} ), using the finite differences method:
1
Ot TN, g ) ~
€

9
>
9
O 1 Ty )~ = [I9NC Ty + 5, 0) = 19N T, = 5,

[[Q/N(_7 1y, + ;_) —ION(_ . —
(6.21)

—_ |
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6.1. Linear-response regime

where ¢ is a small displacement: from a numerical point of view, it has to be small enough for Eq. (6.21)
to be correct but not too small to guarantee that the limit of tkwant’s precision is not reached. In
practice, we find that ¢ = 0.01 is a good choice. In Fig. 6.2 we plot the resulting partial derivatives of
the electric and heat currents, for a given set of parameters, where we highlight numerically Eqgs. (6.16)

x 1072
0.000 - 0 =
= —0.0251 ~— =
it e — . _2-
Z c
= —0.050- e P
Qi HL+L ij_ HLTL
_9. N —0,, I
—0.0751 prAL —4- HRAL
1072 102
O_X X
= g
: N——| £ || )
~
© —4+ —8TRIEI © -4 _8TRIIC:2
\/
0 5 10 0 5 10
t w1 t [nT]

Figure 6.2. - Partial derivatives of the left electric (I¥(#)) and heat (Ig(t)) currents, computed with the finite
difference method (see Eq. (6.21)). In each panel, the blue and orange curves are clearly not superimposed : this
illustrates Egs. (6.16), which makes Eq. (6.7) x dependent, and hence the Onsager matrix is in general ill-defined
as it is not unique. Simulation values (in units of I'): t;, = 0.1,y = 4,7, = L, u;, = pp = 0,17, =0.1,T =
0.1,A=1,V, =0.5,AV = 0.5,lead = L,z = 0.01.

6.1.2. An alleged boost of the thermoelectric efficiency

In this subsection, we perform a numerical computation of the currents’ partial derivatives using the
parameters used by Zhou et al. in their article “Boosting thermoelectric efficiency using time-dependent
control” [219]. We recover their results, including their reported ‘boost’ in the efficiency, then perform
a critical analysis of their approach and highlight a few shortcomings. In our next section, we will raise
some fundamental issues that make difficult defining a heat engine efficiency.

In Ref. [219], the onsite Hamiltonian matrix element A (¢) undergoes a step-like variation

and transport quantities are computed within the wide-band limit, that we achieve in our numerical
simulations with a parameter A that we use the scale, according to Eq. (5.54), the hoppings v and 7,
in the Hamiltonian H given Eq. (6.2). Note that we follow here Ref. [219] and calculate the left heat
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6. Application: Time-dependent Resonant Level Model

current on the hopping (—1,0) without taking into account the coupling Hamiltonian H (between
the dot and the left lead) and using the Hamiltonian as energy operator’ (see Sec. 4.3.4.2 for a more
thorough discussion)

2 = -0, <H L> — Iy (6.23)

Ref. [219] presented some results involving the time-dependent Onsager matrix: the evolution of the
ratio Ly, (t)/L15(t) and its determinant det(L ), within the wide band limit. The purpose was to point
out that the thermodynamic constraints on the Onsager matrix in the stationary case (see Eq. (3.8))
are relaxed in the time-dependent regime. Our results are plotted in Figs. 6.3: we find a very good
agreement with Ref. [219] for x = 0.5 while the results significantly differ for x = 0 (data not shown).

—— thkwant A\ =3 —— tkwant A\ =5 " 1
tkwant \ =4 ° tkwant \ = 8 ou et al.
x10~4
- .‘ oy X107 ;
2.01 )
—0.7
—0.8
1.51 0o
G ~1.0
£ 1.0 -1
3
0.5 T
\
0.0 \/
O : 10 15 0 5 10
t [n/T) £

Figure 6.3. - Comparison between Zhou et al. [219] and tkwant in the calculated Ly, /L5 and det(L).
tkwant simulations have been performed for various A values and with y = 0.5. In the limit of large A (corre-
sponding to the wide-band limit), tkwant’s data is in good agreement with the reported results (Data from [219]
have been manually extracted using WebPlotDigitizer [161]. Uncertainty: Loy, /Li5 — +0.1, det(L) — 1075).
Values (in units of I'): ¢; = 0.1,y = 1,7, = 0.2, x = 0.5, = pp = 0,1, =Tr = 0.1,V = 0.5,AV =
0.5,lead = L,e = 0.01.

To express the efficiency, Ref. [219] considered an additional virtual load resistance I?; put in series
with the system so that a voltage bias Ay (t) is created when the current goes through it. To take into
account the time-dependent electrochemical potential bias A (¢) in our numerical approach, we use
the computed partial derivatives of the currents: if the load resistance is small enough, the voltage bias
it creates is small enough so the partial derivatives can be used to compute the new linear-response
currents, taking into account the back-action of the load resistance. To match with Ref. [219] results,
we make the hypothesis (although implicit in the reference) that the bias created by the load resistance
is symmetric with respect to the left and right baths, i.e. x = 0.5, as other values do not match (data
not shown).

!Computing quantities without the coupling term is not offered by tkwantoperator as we consider it to be non-
physical. We used here our first implementation of the extension tkwant to energy, which offered it, it is available at
[4] in the energy-args-1legacy branch
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6.1. Linear-response regime

To obtain the linear-response currents using the time-dependent Onsager matrix (for x = 0.5), one
can first write that the voltage bias is due to the current going through the load resistance

Ap(t)/q = —RpIN(t) (6.24)

This relation can then be used along with the Onsager matrix, defined in Eq. (6.6), to give an expression
for the electric current under the influence of the load resistance I,

N AT
IN,load — I(I;I _LllRLIN,load + Ll2£ — IN,load _ IO + L12T

6.25

T 14+ LRy (6.25)

The expression of IN1°4d can then be used in the heat current’s part of the Onsager matrix, so we obtain
L 1 AT L

[Qload = @ 4 2L Nload 4 det(L)— " + [det(L) — —22]I) 6.26

O+L11 +e()L11T+[e() L12]0 ( )

Egs. (6.25) and (6.26) are used by Ref. [219], with I () = 0 and I$(t) = 0 (even though they are not
zero), to write the following thermoelectric efficiency of the heat-to-work conversion of the model

2
- RL (IN,load>

B JQload __ %RM (INload) with Ry =1/Ly, (6.27)

2

We implement this expression of the efficiency and compute it with our time-dependent Onsager matrix
coefficients and finally recover the results of Ref. [219], see Fig 6.4.

—— tkwant
Zhou et al.

H~

|
} Figure 6.4 — Plot of Ref. [219] rescaled effi-
! ciency 7n(t)/n(t = 0), given by Eq. (6.27). We
t find a perfect match between their results and
% our tkwant+tkwantoperator simulation
:‘ in the wideband limit (with A = 5). The real
1
\
\
\

w
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efficiency starts at 2.2 x 10™%. Values used (in
units of I'): 5 = 0.1,y = 1,7, = 0.2, x =
05,0 = pp = 0,1, = Tr = 0.1,V =
’ 0.5,AV =0.5,lead = L,e = 0.01

Rescaled Efficiency

—_
L

Critical analysis

The means used to recover Ref. [219]’s results puts into question the alleged ‘boost’ of the RLM as a
generator, when the central dot is driven by step-like variation. Indeed, we raised a few issues while
deriving the results:

« The calculated heat current IS, defined in Eq. (6.23) does not contain the coupling with the dot.
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6. Application: Time-dependent Resonant Level Model

« When computing the efficiency 7, given in Eq. (6.27), the electric current I () = IN(t, u,0, T, 0)
and heat current / g(t) = I9(t, 1,0, T,0) have been taken equal to zero, in this non-interacting
model, while they are actually not.

« In the expression of the efficiency 7, given in Eq. (6.27), an additional term in the denominator,

2 ‘ : .

—%R v (INad) Hig considered to take into account that ‘half of the joule heating goes back the
thermostats’ and we do not understand this assertion as the calculated heat current is expected
to be a ‘net’ heat current where no other contribution is to be added.

+ The input power from the time-dependent drive has not been considered in the efficiency.

+ The used definition for the efficiency involves time-resolved quantities in the ratio between work

energy and spent energy. However, it is more physical to use finite-time integrated currents,
fOT I9(t) and fOT INload(4)2 'in the ratio.

« The efficiency ‘boost’, shown Fig 6.4, actually jumps from a rather low initial efficiency (2.2 X
10~%) and can be largely improved upon within the stationary regime, in the same model.

+ The time resolved Onsager matrix in the time-dependent regime is ill-defined and its coefficients
cannot a priori be physically interpreted or used in entropy considerations as more than a math-
ematical first order development (given in Egs. (6.5)) with a specific (x dependent) change of
variables (given in Egs. (6.4)).

Given these open questions, we have decided to further continue the study of the RLM model in the
next section, for an arbitrary time-dependent variation of dot energy level. In Sec. 6.3.3, we attempt a
definition of a heat engine efficiency and enumerate a number of fundamental challenges to consider
and overcome. We will study in further detail the case of square-like variation of the dot level where
some numerical curves will be presented.

6.2. Analytical treatment of the generic RLM in the wideband
limit: deriving the scattering amplitudes

In this section and the next one, we consider the 1D Resonant Level Model sketched in Fig. 6.1 and keep
arbitrary the time-dependent onsite potential h,(t) = V4V (¢) in the dot. We adopt a generic analytic
approach and start in this section by calculating the scattering amplitudes d and r (defined in Eq. (5.11)).
First, we give the self-consistent formulas d and r verify by solving the Schrodinger equation. Then,
under the wideband limit, we give a simpler approach to compute them. In this section, we take 7 = 1.

6.2.1. Scattering states

To express the scattering amplitudes r and d with Eq. (5.11), the scattering states need to be expressed
then injected in the Schrodinger equation (4.79). The lead’s eigenstates || have no transverse mode
due the unidimensional nature of the model. They are plane waves that are solution to the discrete
Schrodinger equation (spatially restricted to the leads)

1 . ,
| ——FEriEt where ki, > 0and kp = —kL (6.28)

:t’E:
T
|UE|
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6.2. Analytical treatment of the generic RLM in the wideband limit: deriving the scattering amplitudes

k7, verify the following dispersion relation
E = —2vcos(k%) (6.29)
from which we can express the velocity vy = 0, FE
vy = 2ysin(kz) = £v/492 — E? (6.30)
The previous two relations gives a useful additional relation

w E  vE E E\’
i VB _ 1o (2 6.31
= iy =y (27> (6.31)
that links e'*= to the retarded lead self-energy X7 (E) given in Eq. (5.56)

r .
YE(E) = ZelkE (6.32)
The generic expression for a scattering state, given in Eq. (5.11), simplifies to the following for our 1D

Resonant Level Model

KH;;’E +/d—E |-F »(E’,E) if <0

PLE _ | dzg/ (6.33a)
/g |HF d(E',E) if >0
(H;’E +/ dE” ||;7E/ r(E',E) if x>0

PRE _ J dzg/ (6.33b)
/g |HF d(E',E) if 2<0

\

where 7(E’, E') and d(E’, F) are respectively the left-to-left reflection and left-to-right transmission
amplitudes, from energy E to energy E’, whereas the primed amplitudes are about the other side. Given
that the system is symmetric with respect to the central site 0, the left and right amplitudes are equal

d'(E',E) = d(E', E) ' (E',E) = r(E’, E) (6.34)

Wide band approximation

To be able to explicitly express the scattering states without the energy integrals over E’, we use
the so called wide band approximation. Described in Sec. 5.3.2.2, it amounts to consider that the
RLM’s characteristic energies are negligible when compared to 7 (characteristic band width in the
leads) so that the transmission amplitude d(E’, FE) and reflection amplitude d(E’, E) are relatively
sharply peaked around F, as function of E’. Integrals of the type [ dz—]fr/ |=F" I(E’, E), where | = r,d
can therefore be approximated. One can think of two levels of approximation:

Approximation 1 [WBL1] 1 is relatively big enough so we can consider the approximation done
in Eq. (5.56) as valid. Using Eq. (6.32) and Eq. (6.30), it translates to the following

vE = 42y elfe = 44 (6.35)
The integrals [ ‘12—2 |=E" I(E’, E) simplify to the following
/ dE’ | 1 [dE’ ~
2m

/ . 4 1
SE B E)~+i— | —e'FY(F,E) = i I(t,E) (6.36)
where [(t, E) is the inverse Fourier transform of I(E’, E) along E’.

2y 27 ol
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6. Application: Time-dependent Resonant Level Model

Approximation 2 [WBL2] A more accurate approximation is to linearize the term k%, around F

E'—FE

k%, = ki + s (6.37)
E
While still considering the approximation |ng, = |vg| = 27, we can write the following:
dEl ’ dFE kE+ ] s
SE (B E)~ — [E o [T iE (BB
[ e e~ o [ e (I B)
_ L ikl / B -i'-5%) 15, B)
27 27
Which finally gives:
/ W o8y By~ Lol T~ 2 ) (6.38)
27 2y 427

6.2.2. Solving the Schrodinger equation

We take here a first (unsuccessful) approach and obtain equations for the scattering amplitudes by
solving the discrete Schrédinger equation (4.79), with the Hamiltonian matrix elements /,; given in
Eq. (6.2) and the scattering states U“* given in Eqs. (6.33)

0V = =Y  +[V+VE©O)] Y- 9, (6.39b)

Further derivation leads to the following self-consistent equation involving the transmission and the
reflection amplitudes

d(E,E') = d(E) 27 6(E' — E) + o(E') / ‘;l; HE — U)d(U, B) (6.402)

dU

. o(E —=U)r(U,E) (6.40b)

r(E,E') = 7(E) 21 6(E' — E) + a(E’) [5(]5/ —BE)+ /

where d(U) and 7(U) are the stationary, non-wideband limit, transmission and reflection amplitudes

AU = %z sin(ky) a(U) (6.412)
FU) = [(vo ) % cos(kU)] a(U) (6.41b)

with
a(U) =7 [r(u—uv,) + 2exp(iky)] o(U) = /dtv(t) et Ut/h (6.42)

and
r= 71 u= % vy = % W(t) = Vf) (6.43)

Solving Eqs. (6.40) has proven to be difficult. A more simple approach can be taken within the wide-
band limit.
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6.2. Analytical treatment of the generic RLM in the wideband limit: deriving the scattering amplitudes
6.2.3. Composing subsystem scattering amplitudes in the wideband limit

We describe here a different route to obtain analytic expressions of the scattering amplitudes of the
time-dependent RLM in the wide-band limit. We proceed in two steps: first, we do a gauge transfor-
mation to move the time-dependence in the dot to the hoppings connected to the dot ; second, we use
the fact that the group velocity is infinite, within the wide band approximation, and move the time
dependent hoppings (that come from the gauge transformation) one site away from the central dot.
This enable us to separate the system into three subsystems so we can adopt the approach from Ref.
[63]: we obtain the scattering amplitudes of the total system by composing the (known) subsystem
scattering amplitudes.

Let us start with the first step. We perform a gauge change, according to Eq. (4.84), with the following
gauge function A

p(t) if i=0 '

A() = { Vi iap with e = [ V (u)du (6.44)

which leads to the following equivalent Hamiltonian (see Eq. (4.85)):

Vo if i=7=0

0 if i=7%#0
hij =13 —7v.e " if 4,j=0,1or0,—1 (6.45)

—7.e¥® if §,j=1,00r —1,0
— if iF ]

Second, we use the fact that in the wide band approximation, the dispersion relation becomes linear
and the group velocity is infinite. That means we can move the time-dependent hoppings one site away
from the dot and still describe the same system, because the changes propagate fast/instantaneously
(see Fig. 6.5): we will check numerically in Sec. 6.4 that this simplifying assumption is indeed justified
and provides the correct results under the WBL approximation.

hYy 1 = —cel?®

— —
hl1 0= 7ce—i<p(t) f}/

R_y0= e

“l Wide-band limit

0
/ 1 2= _,7ew(t) h’1,2 = _’yeiw(t)
— —’ [— — —
Lo1= —’76_“”(” e e By = —ye7ie®
»
Site
index

N ==

—2 —1 0 1

Figure 6.5. - Quantum dot approximation procedure. (a) Original tight-binding representation of the resonant
level model, described Fig. 6.1, after the gauge change given in Eq. (6.44). (b) Thanks to the wide band approxi-
mation, moving the time-dependent hoppings (due to the gauge change) one site away from the central site will
not affect the underlying described system as the changes propagate instantaneously.

This additional approximation enables us to subdivide the system then describe its transmission ma-
trix using the matrices of each subsystem. The subsystems are (from left to right): ‘Mirrored’ heaviside
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6. Application: Time-dependent Resonant Level Model

pulse in the (infinite) left lead, the stationary dot, and the heaviside pulse in the (infinite) right lead.
electrons do not reflect against the abrupt heaviside voltage drops in the leads (see Appendix. C.2), a
left incoming mode ||}*¥ will first be transmitted by the left pulse, with the transmission amplitude
dy (e, E), then transmitted or reflected by the stationary dot, whose scattering amplitudes are d,, and

2 2
dy—19 =1 = ro(e)” + Ido ()" =1 (6.46)

with
I'=2v2/y (6.47)

to finally be transmitted by either of the pulses again. The scattering process between the subsystems
is sketched in Fig. 6.6.

Reflected
mode
i ||+’E,’m Transn&itted
< mode
d (e, E)ro(e)d,(E', e
P( ) ) 0( ) D( ) ) ||+,s,:v ||+,E’,z
7 5 >
I d;(s, E)dy(e) dy, (g, E)do(e)dp(E', €)
+,FE,x
= >
| .
"tode

Figure 6.6. — Scattering process for the approximating model to the time-dependent quantum dot. d,, and d}', are
respectively the left-to-right and right-to-left transmissions of the pulse in the right lead (described in Appendix.
C.2). Note that the pulse on the left of the stationary dot is its spatial mirror, which means its left-to-right
transmission/reflection is the original pulse’s right-to-left transmission/reflection. d;; and r are respectively the
transmission and reflection amplitudes of the stationary quantum dot given in Eq. (6.46).

The transmission and the reflection amplitudes of the entire system can then be written as the sum
over all the possible transmitted-to energies ¢:

A(E,E) = / g—i 0, E) do(e) dy (E, ) (6.482)
r(E'E) = / g—i 01, E) ro(e) dy (B €) (6.48b)

where the transmissions amplitudes dI’) and d,, are given by (See appendix. C.2)

d/(e,E) = K(e — E) d(E'\e) = K*(e — E) (6.49)

with K being the Fourier transform of e '

K(U) = / dt e?Ut=iv(t) (6.50)

Time domain To calculate the currents in the next section, we also need the fourier transformed
transmission and reflection amplitudes along their first argument:

dE’ e dE’ g
d(t, E) = / % d(E/,E) C_IE ¢ T(t,E) = g’f'(E/,E) e_‘E t (651)
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6.3. Analytical treatment of the generic RLM in the wideband limit: deriving the transport quantities
Using Egs. (6.48) and (6.50), along with the fourier transforms (JO, 7o) of (dy, ), we obtain

d(t,E) = e#®) /du eie(w)—iBu g () (6.52a)

r(t, B) = ot / due WU () (6.52b)

where an analog derivation is made for the reflection amplitude. These can be seen as a convolution

between u 1 e PWTEY and d; or 7.

Useful relations Within the particular class of RLM system we are considering (stationary leads,
time-dependent dot), one can use the Schrédinger equation (through Egs. (6.39)) along with the wide-
band limit (exposed Sec. 6.2.1) to prove the following relation between the scattering amplitudes (see
Appendix. C.3)

rit,B) =d(t,E) —e P = |r]>=d] — 2Re[d elP?] + 1 (6.53)

Also, the following relations can be derived using Eqs. (6.52a) and (6.46)

—[V(t) + V] |d|* = Im[d*0,d] + T Im[e"*Zd] (6.54a)
['Im[eP'd] + Im[e'P'0,d] = — (V(t) + V,) Re[e'Fd] (6.54b)
9,|d* = —2T (|d|* — Re[e/"d] ) (6.54¢)

6.3. Analytical treatment of the generic RLM in the wideband
limit: deriving the transport quantities

In this section, we derive generic expressions for the time-resolved energy (and particle) currents and
the time-resolved input driving power. Then, we expose their time-integrated counterpart to finally
attempt a definition of an efficiency in the time-dependent regime.

6.3.1. Time-resolved currents and densities

Here, we write the expression of the time-resolved lead particle, energy and heat currents for the RLM,
using a generic transmission amplitude d(¢, E') within the wide-band limit. Note that we make use of
the system’s left-right symmetry through Eq. (6.34). More thorough derivations are done in Appendix.
C4.

Particle current The wideband approximation is used to obtain simple expressions, as described in
Sec. 6.2.1. The development done in Appendix. C.4.1 leads to the following expression for the lead
particle currents within the WBL1 approximation

10 = 10 = [ 57 1u(B) [1- (e B)] — £u(E) la (e B (6.55)
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6. Application: Time-dependent Resonant Level Model

where o« = L, R is the considered lead, f, is the Fermi distribution, and « is the other lead. If the
WBL2 approximation is used, we find

2
| (6.56)

dE 2
N, _ 0.5 0.5
40 = [ 5 ful®) [1= e+ 2522, B[] - fa(B) [ate + 2422, )
We notice that the strongest approximation WBL1 leads to a position independent expression of the
particle current, whereas WBL2 enables taking into account that the group velocity is in practice finite:
the particle current at further sites takes the same current as closer sites but shifted in time. WBL2

is nevertheless still too coarse to describe the spreading of the electronic pulse due to the (nonlinear)
dispersion relation in the leads (see Eq. (6.29)).

Dot’s particle density In appendix C.4.2, we make a short derivation for the dot’s particle density
Po(t)

) L, 2
Po:/%(fRJrfL)fW (6.57)
This quantity is useful for understanding the transient regime. Indeed, electrons may be temporarily
stored in the dot: they contribute to the displacement current but also receive input work from the
external driving dot potential.

Input power Given its expression in (5.33), power is given to the system only on the sites —1, 0 and
1. We obtain the following expression for the input power in the right and left leads

1
Sa(t) = =3V (@) (6.58)
The total input power S = 5S¢, +55+ 57 in the system writes using the particle conservation equation
(4.157)

dE 1 2
S°() = ~VO [+ ] = V(O o = V() [ 57 Unt S po 1A 659
We can simply interpret this equation as: each electron leaving the site 0, at an instant t, takes an

energy V (t)

Energy current In Appendix. C.4.3, we derive formulas for the energy currents using the WBL1
approximation (see Sec. 6.2.1) in two special cases : far in the leads and for the hoppings that are
connected to the central site 0. When far within the leads the expression for energy current is the
generalization of the stationary Landauer-Buttiker formula (5.36b) with time-dependent transmission
and reflection probabilities (and the Hamiltonian energy currents (/, gw) coincide with the “total energy”
current (I3 ) in these stationary leads)

dE

() = / o B [fa(B) 1 = lr(t. B)] = fa(B) ld(t, B)["] (6.60)

Just like with the particle current, the above expressions are position independent. Note that in the
time-dependent regime the transmission and reflection probabilities are not trivially connected

1—|r(t,B)" # |d(t, E)|* but /dt [1—|r(t, B[] :/dt (ld(t, B)|] (6.61)
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6.3. Analytical treatment of the generic RLM in the wideband limit: deriving the transport quantities

The expressions we obtain for the energy currents I, evaluated on the hoppings (—1,0) and (0, 1), are
different as additional terms are non-zero when considering the expression (4.94) on those sites (see
Appendix C.4.4)

E[fo (1=1r[*) = faldI"]

IS(t) = Sa(t) + / oo | = (fo + f2)Im[A,A"] (6.62)
- fa Re[atA]
where
A= —ielflq (6.63)

The formula in Eq. (6.62), that applies on the neighboring hoppings of the central site 0 is different
from the one in Eq. (6.60): we have observed (data not shown) that Eq. (6.60) yields results that do not
match with tkwant simulations, for energy currents evaluated far in the leads®. Using WBL2 instead
of WBL1 did not improve the mismatch. The reasons of the discrepancy are not yet clear but are (at
least) related to the fact that Eq. (6.60) do not account properly for the source term S¢, i.e. the input
driving power. The time integral should not depend on whether the currents are evaluated near the
dot or far in the leads, this will become clearer in Eq. (6.70) where we express the time-integral of
the ‘dynamically injected’ energy current in each lead. In the following, we will calculate the currents
between the sites 0 and -1 (or 0 and 1) using WBL1 since our analytics in that case are confirmed by
exact tkwant simulations, this will be illustrated in Sec. 6.4.1.

Heat current Writing the heat current, as defined by Eq. (4.211), is straightforward by using the
energy current from Eqgs. (6.62) and (6.58)

(B —p1o) [fo (1= 1r1") = f5 1d["]
IS(t) :/@ — ] * 6.64
a or | = (fa+ f)IM[AD,A" (6.64)
_fozRe[atA]

Note that if we do not take into account the coupling Hamiltonian ﬁ()a between the lead o and the
central system, the resulting heat current I (defined in Eq. (6.23) in Sec. 6.1 in our linear response
study) will have the same expression but without the f, Re[0,A] term. This implies that, for a finite
pulse V(t), the time-integral of IQ(t) — I(t) gives zero, given that the coupling Hamiltonian stores
only temporarily some energy.

6.3.2. Time integrated currents and densities

The time-resolved formulas for the transport quantities we gave in the previous section are generic:
they are valid under the WBL 1 approximation for any drive V (¢) of the dot. When V'(¢) is finite in time,
the contribution of the time-dependent drive can be assessed by computing ‘time-integrated deltas over

>The comparison was done in the case where V'(t) is a square pulse. As shown later in Sec. 6.4, the scattering amplitudes
d(t, E) and r(t, E) can be calculated exactly in that case, so that Eq. (6.60) can be evaluated independently from
tKwant.
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6. Application: Time-dependent Resonant Level Model

the stationary regime’ (see proper definitions in the next paragraphs) for each quantity. For that pur-
pose, we define T%™ as the time-integral of the ‘dynamical’ - the time-dependent part — transmission

probability |d(t, E)|*> — |dy(E)|”
ron(E) = [ at [t B - |dy(B)F] (669
Using Egs. (6.53), (6.54c) and (6.46), we show that

ron(E) = [ dt [ln(E) - It )] (6.6)

where d, and r are the initial stationary scattering amplitudes of the RLM, given in Eq. (6.46). We show
that the time-integrated currents have expressions that (partially) behave like stationary Landauer-
Biittiker formulas with %™ as an effective stationary-like transmission probability, like the one defined
in Eq. (5.37). An explicit expression for T%"(E) will be given for the specific case of a square drive of
the dot in the next section. These ‘dynamical’ quantities are in general non-zero, which shows that the
time dependent-drive leaves a signature even when a time-integration is performed. We will use these
expressions (although with a finite-time integration) in the next section in our definition of electric
generation efficiency.

Particle number The dynamically injected number of particles No® throughout the pulse, in the
lead q, is straightforward to write using 7°%™:

n dE
NI = [t (180 — o) = [ 52 TOE) L (B) — f(E) (667
This expression is a 1-to-1 analog to its stationary Landauer-Biittiker formula for particle currents in Eq.
(5.36a): all the theoretical developments made in the stationary regime can apply to this expressions
(e.g. linear response).

Input work The integration of the time resolved input power can be easily written from equation
(6.59)

et — / dt S¢ = / ‘;—fw(E) [fr+ f1] with w(E) = —% V(t)d, |d(t, B)[’ (6.68)

Energy In this paragraph we will highlight a subtlety that explains our choice in defining the heat
current in Eq. (4.211). Let us write the energy conservation equation (4.172) at site —1, subtract the
stationary energy current If ,(t = 0) = I (t = 0) and time-integrate it

[t 1ol I aleo] = [ a0 = S50~ Tolool + 10T (669)

0
where we used the convention expressed in Eq. (6.3). This conservation equation shows that the time-
integral of the energy current on hopping (—2, —1) differs from the one on hopping (—1,0) by the
source term Sf on site —1. In other words, the total 'dynamically injected’ energy é’ilyn is given by the
left-hand side of Eq. (6.69) if it is evaluated on hopping (—2, —1) while it is given by the right-hand side
of Eq. (6.69) - including the source term S{ - if it is evaluated on hopping (—1, 0). The two definitions
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6.3. Analytical treatment of the generic RLM in the wideband limit: deriving the transport quantities

coincide in virtue of energy conservation. Further derivation, done in Appendix. C.5.1, leads to the
following interesting result

dE

1
et = [t 1150 = S0~ Kloo) = [ 5o [ETu(B) (fa— L] 30> (670

where we see that the total dynamically injected energy in the lead « is a sum of two terms. The
first term can be seen as an effective Landauer-Biittiker formula and translates the fact that the NSY“
electrons dynamically injected in the lead « at different energies E carry with them that same energy.
This term vanishes at equilibrium (u; = pgp, Ty = Tg). The second term is half of the total input
energy W, meaning that 50% of the input driving energy is dissipated as heat in the left lead and
50% in the right lead, regardless of the electrochemical potential and temperature of each lead. Note
that this a consequence of the symmetry of the system, the dot being symmetrically coupled (with
hopping term ,) to the left lead and to the right lead. Moreover, we notice that Eq. (6.70) coincides
with Eq.(53) of Ref. [50] derived for a random telegraph process V' (¢) modeled by a sum of square pulses
of different widths in time, after averaging over the random processes. In that paper, the derivation is
done with the NEGF formalism within the WBL approximation. On the contrary, we derived Eq. (6.70)
with a wave-function approach valid (in the WBL approximation) for an arbitrary pulse V' (¢) of finite
duration.

Heat Writing the dynamically injected heat Qiyn in each lead is straightforward, using its definition
in Eq. (4.211) and the expression of Edyn given in Eq. (6.70)

dE

dm /dt [12(t) — 12],_o] = /g (B — 1) Tagn (B) (fo = fa)] = %W“t (671)

With the plausible assumption that the input work is positive (W > 0, energy is given to the system),
this term can bring some difficulties when trying to define a heat engine efficiency as it can be the
dominant term and therefore heat both the reservoirs.

6.3.3. Electric generator efficiency

We try now to characterize the efficiency of the device when it operates as a heat engine. The elec-
tric heat engine efficiency is usually defined as the ratio between “useful power” and “spent power”:
identifying both terms is cumbersome in the time-dependent regime and several efficiencies may be a
priori defined, depending on whether one wants to take into account the potential effect of finite-size
baths, characterize the efficiency of the total process or only of the thermoelectric conversion.

In the stationary regime, the useful power is harvested from electrons climbing a chemical potential
bias between the two reservoirs, and the spent power is the heat current leaving the hot reservoir. A
necessary and sufficient condition to have a Seebeck effect is to have hot electrons climb a chemical
potential bias: let us assume that and consider 7; > Ty and y; < pg. The stationary efficiency writes:

w_ (pp—p) 0

o (6.72)

n

with I > 0 and I2* > 0.
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6. Application: Time-dependent Resonant Level Model

One could naively extend this stationary definition to the time-dependent regime by adding the
(driving) input power while considering the time-dependence of each quantity

(fr — 1) [_IE“)]
IR(t) + S5(t)

"n(t)" =

(6.73)

Note that it would be important to pick —IN(t) instead of IN(t), and I22(¢) instead of —I2(t), as they
are not equal : work is done only when electrons have effectively climbed the chemical potential and
reached the target lead ; and the spent heat is the one leaving the ‘hot’ reservoir. However, there are
several fundamental issues that need to be considered before going any further in attempting to define
an efficiency

1. The particle current Y, the heat current I]? and also a priori the source term S(t), can change
sign in the time-dependent regime and the system will not always (at each time t) perform as
an electric generator: "n(t)" will not always be strictly positive nor smaller than the Carnot
efficiency. There might also be some specific time intervals where IRQ(t) > Oi.e. heat is extracted
from the cold source even if 77 > Ty and p; < pg.

2. The time-dependent drive on the dot has a symmetrical contribution on the electric currents that
can blur out the notion of “useful energy”. To illustrate this, one can think of the case where the
time-dependent drive temporarily lowers the dot level up to the point where particle currents will
flow towards the dot from both leads. And conversely, when the dot level may be increased high
enough so that its particles will temporarily leave towards both leads where the potential is lower.
The notion of electrons traveling from one bath to the other while ‘climbing’ an electrochemical
potential bias would not apply in this considered transient regime.

3. The external time-dependent drive inputs energy W in the system through the dot, that energy
will eventually leave towards both leads through electron-carried, and outgoing, energy and heat
currents. If the input power is high enough, it can even counterbalance the ‘natural’ hot to cold
heat flow (see Eq. (6.71)) so that both the left and right reservoirs are heated at the same time
(IIE2 < 0, Il% < 0). In this case, one needs to think about the heat’s contribution to the “spent
energy’: the hot bath effectively would not lose but would win heat, which would naively indicate
that this heat should be subtracted from the ‘spent’ energy, which would positively impact the
efficiency. However, the cold bath does get heat nonetheless.

It is possible to define a more fitting, but still debatable, efficiency with some additional assumptions
and restrictions. Inspired by periodic drive studies [44, 150], we use a time-resolved ‘average behavior’
of the system and account for ‘net’ quantities: the ratio between the net useful energy and the net
spent energy, fromt =tyandt =7

[ — pp](—=Ng(7))

n(r) = QL) + ot () (6.74)
where

N (7) VNG

Qu(r) = [ dt |I3(t) (6.75)

wet(r)y o [Se()

For this heat engine efficiency to be interpretable, we make the following restrictions and hypotheses,
on top of our initial setup where 7; > Ty and p; < pg
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6.4. Rectangle drive of the dot

« For periodic steady-state regime, or finite-time pulses where the stationary regime is a Seebeck
regime, we consider that ‘useful’ energy is effectively harvested when there exists a time 7,
where we have

Vr>7, Ni(r) <0 and N (1) >0 (6.76)

so that a net (positive) amount of electrons went from one lead to the other and ‘climbed’ an
electrochemical bias.

« In the end, the efficiency is a matter of practical implementation of real life heat engines: in the
usual case where the hot bath is obtained artificially and the cold bath is the outside environment,
then it is physically understandable that the part of the input power that goes towards heating
the artificial, and finite-size, hot bath should not be counted in “spent energy”. We therefore
make this assumption and the efficiency 7(7) defined right above properly accounts for this
subtraction. Note that, within this hypothesis, the sign and value of Qg (7) has no impact on the
efficiency: heat can be lost to, or extracted from, the outside environment but the only energy
we spend is the sum of heat that the artificial hot reservoir loses and the driving input power.

In the next section, we undergo a numerical study of the RLM in the specific case of rectangle drive
of dot, using both tkwant and the analytical expressions derived previously. We will showcase the
issues 1, 2 and 3 outlined above and study the efficiency 7(t) with the restrictions and considerations
we exposed here.

6.4. Rectangle drive of the dot

In this section, we consider a specific drive V' (¢) in the dot’s onsite Hamiltonian h(t) (see Eq. (6.2))
that is a rectangle function

V(t) = AV O(t)O(At —t)
The phase (t) from the gauge change in Eq. (6.44) writes:

t
o(t) = —/ duV(u) =—t x AV O(t) O(At —t) — AVALO(t — At) (6.77)
0
K, defined in (6.50), has the following expression in this case:
AV . .
KE) =j——— IAL(E+AV) _ 1 iAtAV 1\ §(E 6.78
E) =igmran )+ (e22Y 41) 6(E) (6.78)

Given the expression of the scattering amplitudes of the stationary dot in (6.46), their Fourier transforms
write as:
dy(t) = T e e itVo O(¢) Folt) = —8(t) + dy(t) (6.79)
This enables us to use (6.52a) to calculate the transmission amplitude d(t, E'). Using a CAS software
(like Mathematica), or the residue theorem one can show that it simplifies to
d(?e*“E if t<0
d(t, E) = { dFe tE 4 e Tt-it(VorAV) [gl _ gE] if 0<t<At
d(])Ee—itE + e—(F—i—iVO)(t—At) [e—At[i(VO-Q—AV)—i-F} _ e—iAtE] [d(])E _ df‘] if At<t
(6.80)
where d and dF are shorthand notations for dy(E) and d,(E) = dy(E — AV) (transmission of

the stationary dot after the AV jump) given in Eqgs. (6.46). The reflection amplitude (¢, E') can be
expressed with d(¢, F/) by using equation (6.53).
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6. Application: Time-dependent Resonant Level Model
6.4.1. Comparing the analytical formulas to tkwant

We use the expressions derived in the WBL approximation for the time-resolved and time-integrated
currents and densities (see Sec. 6.3) and numerically integrate them. On the other hand, we per-
form tkwant+tkwantoperator simulations using the scaling procedure described in Sec. 5.3.2.2,
parametrized by the wide band parameter wb defined as

wb = \y/T (6.81)

We compare our data obtained with both approaches in the limit of large wb > 1, where the WBL is
reached.

First, we compute the time-resolved particle (IY), energy (I5) and heat (12) currents, as well as
the energy input power/source (S¢) and their finite time-integrals as defined in Eq. (6.75). We find
good agreement in the WBL between tkwant simulations and the analytical expressions, over an
example set of parameters (see Fig. 6.7) and showcase some interesting dynamics. The considered
RLM is initially put in a stationary heat engine configuration then the dot level undergoes a rectangle
function with an upward jump. The transient regime can be split into two phases: during the pulse
and right after. During the pulse, electrons that were on the dot, win energy, then are expelled towards
both leads. The energy they carry has a heat contribution that reduces the outgoing heat from the hot
reservoir and increases the heat going to the cold reservoir.

Moreover, we perform another comparison between tkwant+tkwantoperator and our analyti-
cal formulas for the ‘dynamical’ time-integrated quantities exposed in Sec. 6.3.2. In Fig. 6.8, each point
corresponds to the time-integrated response of the system to a single square pulse of width At. Data
are plotted for various values of At, keeping constant the area AtAV of the pulse (so that the limit
of short pulses coincides with the Dirac pulse limit). Once again, the WBL is approached numerically
with tKwant by increasing the parameter wb. We find perfect agreement between analytics and tKwant
simulations for large At while larger and larger deviations appear when At is decreased (at fixed wb).
This behavior can be understood after noticing that the time-dependent drive induces inelastic scat-
tering processes in an energy range of width AV around p;, pz. When At decreases, AV increases
and becomes comparable to the band width in the leads given by 2\y = 2wbI'. In that case, wb is not
large enough to reach the WBL. However, increasing wb also increases the effective size of the leads
in tKwant (see Sec. 5.1.3) so that treating large values of wb is computationally expensive.

Besides, we notice that all data shown in this section have been plotted after a proper scaling with
I'. Indeed, the previously used variables can be made dimensionless by expressing them in terms of I':

(Vo, AV, p1g, T,) = T (Vy, AV, i, T,) (t,At) = 1T (t,At) (6.82)

And these can be used to define dimensionless currents and powers as they do not depend on I" any-
more:

N (t, At, Vo, AV, . T,,T) =T IN(t, At Vy, AV, fig, T,) (6.83)
(15, I, S¢)(t, At, Vo, AV, p,, Ty, T) = T2 [I5, 1", S¥)(t, At, Vy, AV, fi,, T,,) (6.84)
Using analytical formulas derived in Sec. 6.3.1, it is easy to show that the dimensionless (overlined)

currents and powers are independent of I'. This scaling has been tested numerically and is illustrated

in Fig. 6.9 for two values of I, both for the analytical calculations and for the tKwant simulations in
the WBL.
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6.4. Rectangle drive of the dot
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Figure 6.7. — Full tkwant+tkwantoperator (full lines) and analytical (dots) simulations of the RLM when
its dot energy level h(t) undergoes a rectangle drive h(t) = V; + AVO(t)O(At — t) while initially in a high
efficiency (> 0.87¢) heat generator configuration. The time-resolved particle current I, energy current I, heat
current I and total input power S¢ are computed (top panels), along with their finite-time integration (bottom
panels), as defined in Eq. (6.75). In the transient regime, a sudden burst of electrons flow from the dot to both of
the leads, while carrying energy and heat from the external drive. These additional energetic electrons contribute
negatively (i.e reduce) to the heat leaving the hot left bath while they heat the cold bath more. This transient
regime has a positive impact on the heat-engine efficiency 7(7), as defined in Eq. (6.74) (see Fig. 6.10), while
noting that W**(7) has a negligible value with respect to the other terms. The dot’s particle density is then
slowly filled back by electrons from both reservoirs and the system goes back to its original stationary state.
Simulation parameters (energies are in units of I and times in units of 1/I"): T = 87, Ty = 25, uy, = —26, ug =
26,V, = 55,AV =2, At = 0.08,¢; = 0.1. tkwant specific parameters: wb = 400,y = 1
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6. Application: Time-dependent Resonant Level Model

Figure 6.8 Comparison between
tkwant+tkwantoperator (dots
connected with solid lines) and our
analytical expressions (dotted lines)
for the time-integrated ‘dynamical’
transport quantities, described in Sec.
6.3.2. tkwant simulations are run for
three values of wb (shades of colors)
to study the convergence towards the
WBL. We test here the limit of short
pulses with constant area. For that
matter, we change simultaneously AV
and At (see Eq. (6.77)) so their product
is constant. We see here that higher
values of wb enable tkwant to match
analytical curves for shorter pulses
(though the limit of very short pulses
At < 0.5 - for which AV = 20 - is
not reached even for wb = 300 - for
which the band width 2wbl’ = 48 is not
big enough compared to AV). Values
taken: I' = 0.08,v = 1,t;, = 0.1,V =
0.5, AV 9.75/At,up = 0.5,ug =
—0.5,7; =113 =0

Figure 6.9 — Transport quantities as cal-
culated from analytical formulas (sym-
bols) and by tkwant (lines), for two val-
ues of I' (I’ 0.04 (circles and light
colors) and I’ 0.08 (triangles and
dark colors)). The set of data for both
values of I' are perfectly superimposed.
The discrepancy points between analyt-
ics and numerics for the energy and heat
currents, at the time of jump ¢ = ¢t,
is a signature of a singularity appear-
ing in the WBL [37]. For I 0.04
and T 0.08, the other values being
fixed to t, = 0.1,At = 3.9V, =
05,AV = 05, = —01,jz =
0.1,7; = 0.11, Ty = 0.09, wb = 500

144

b =100
—— «a = Left —e— tkwant v
. . — wb =200
a = Right e analytical
_9 — wb =300
x10
5] 0.0
o g
S 0 Ry
= 0.2
_5-
—0.4
0.01 0.61
g
RS *; 0.4
—0.21
0.2
," | | 0.04 ] ,
0 2 4 0 2 4
At At
—— « = Left tkwant — ['=0.04
o = Right eo v analytical — ['=0.08
x10~2 x1072
Yooy ?"n.
— 0 T, — () e y S‘-& = Py
= Y = LT
= - I ”;
Z’\'d —51 .‘Ta‘_ e e —5
x 102
A
= 0.00 e 0 e =4
o R Niiede o0 2 gpepeset o] IR
& o R R et =3
. < w 27
s 0.05 &
—0.10—= : : 01 , i
0.0 0.5 1.0 0.0 0.5 1.0
t [n/1 t [1/T]



6.4. Rectangle drive of the dot
6.4.2. An improved, but unusable, efficiency in the transient regime

Our goal is to identify if there exist some regimes where the heat engine efficiency is improved by such
time-dependent drive. For that, we derived analytical expressions for the finite-time integrated quan-
tities®, described in Eq. (6.75), and ran an algorithm that randomly explores various sets of parameters
(T, 1o, Vy, AV, At) while still trying to make equidistant points with respect to the corresponding
stationary efficiency (we used a Python package called Adaptive [140] to achieve that). The effi-
ciency 7(7) we were monitoring is the one defined in Eq. (6.74) and discussed in Sec. 6.3.3. Various
(T, pto, Vo, AV, At) sets turn out to show an improved efficiency in the transient regime, including
the one used in Fig. 6.7: its efficiency in the transient regime even exceeds the Carnot limit but decreases
back to its stationary value at long times, one can also note that the input energy W is negligible and
does not affect the efficiency. One may think of cycling the drive, at a period 7,, that coincides with a
high transient efficiency of the first pulse 7(7p) > 1, but the efficiency 7(7) — that accounts for net
(integrated) quantities between ¢ = 0 and ¢ = 7 — also converges to a lower value (smaller than 7.),
the steady state periodic value: further research (with e.g. a Floquet approach) is needed to assess the
steady state value 7)(7) is converging to, but we find empirically that this value is close to the initial
stationary efficiency n*. Cycling does although make the back-to-stationary convergence time of the
efficiency longer (see Fig. 6.10). This transient improvement of the efficiency cannot be leveraged as-is
in real world heat engines, as what is initially won eventually ends up being given back. A similar
behaviour was observed in the classical experiment reported in Ref. [178] where a Peltier cooler has
its cooling power temporarily improved when driven by a rectangular electric current pulse, see Fig.
6.11

n(7)/nc

1.01 T

0.8 : = : :
0.0 0.5 1.0 0 5 10

T [n/T] 7 [n/T]

Figure 6.10. — An improved transient efficiency of the RLM. When the dot level is driven by a rectangle func-
tion, the particle and heat currents can behave in such a way (see Fig. 6.7 for a description) that the efficiency
n(7) (defined in Eq. (6.74), under the assumptions stated Sec. 6.3.3) is temporarily improved. The left panel is
the resulting efficiency of a single pulse whereas the right panel is the resulting efficiency of the same pulse,
periodically cycled with a period 7,,. Both curves are plotted in the inset of the right panel to show they coincide
till 7 = 7,,. We notice that this has the effect of delaying the return to a lower efficiency but does not seem to
maintain a steady-state improvement. Both curves have been obtained through tkwant+tkwantoperator
simulations. This result is reminiscent of the reported results of Ref. [178] on a Peltier cooler. Simulation pa-
rameters (energies are in units of I, times are in units of 1/T"): 7} = 87, Ty = 25,y = —26, ug = 26,V =
55,AV =2, At =0.08,t, = 0.1,7, = 0.11,wb = 400,y = 1.

3They are not given in this thesis since each of them is heavy to write (i.e. is several lines long) and is hard to inter-
pret. However, these analytical expressions make the numerical evaluation much faster. This allows us to perform a
systematic and fine investigation of the parameter space.
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6. Application: Time-dependent Resonant Level Model
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6.5. Limitations of the model and perspectives

The time-dependent drive heats both the hot and cold reservoir, regardless of the electrochemical or
temperature biases. One would want to not waste extra heat in the cold bath, both in a heat engine and
cooler configuration, even more in the latter case. A possibility is the make the system not symmetrical
with respect to the dot by making the lead-dot matrix element -y, defined in the Hamiltonian in Eq.
(6.2) side-dependent

Ye = M OF R (6.85)

We have explored this lead and re-derived the formulas expressed in this chapter: they simply get re-
normalized according to a dimensionless asymmetry factor a = (I'y — ') /(T'gy + I'y) where ', =
2v2 /~. This offers an extra knob in controlling the current flows between the left and right leads, it
is however too ‘global’ as it plays on the coupling strengths I' , that affect all the transport quantities:
e.g. lowering the coupling with cold bath indeed reduces the heat flow towards it but also the particle
flow, which lowers the ‘useful’ power output. On the other hand, since the equations have the same
(re-normalized) form, no extra effect will arise from this change.

Further models can be studied to attempt to work around the limitations of this simple RLM model.
A few possibilities can already be considered

+ Add stationary dots, for energy filtering purposes, around the central time-dependent dot. If
the central dot’s Hamiltonian matrix element h(t) is driven between Vj, and V; + AV, the
stationary filter dots can be fine-tuned so that (i) the dot in contact with the hot bath (77, 1)
has a relatively narrow transmission window around Vj; ~ p; whereas (ii) the dot in contact
with cold bath (Ty, p1r ), with Ty < T} and pg > pi, has its transmission window tuned around
Vo + AV & pp. This approach may offer better control on where the drive-generated heat goes,
thanks to the filter dots.
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6.5. Limitations of the model and perspectives

« For cooling, one could consider using a third bath to redirect the extra generated heat to, and
avoid “staining” the cold bath with the spurious heat that would come from the time-dependent
drive. The means to achieve this have although to be thought through.
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7. Conclusion

With the current progress in high frequency quantum experiments at low temperatures, theoretical and
numerical tools have been developed jointly, and initially, for particle transport. Research in quantum
thermodynamics and mesoscopic thermoelectricity (which is a subcategory of the former) have been
led in parallel and the question of time-dependence is a central building-block for a consistent theory.
This thesis work is one more contribution in these developments: it bridges the gap between one of the
theoretical tools developed for time-dependent particle transport and time-dependent thermoelectric
transport.

The objective was to bring new insights of the possible effects of time-dependence in quantum ther-
moelectrics. We started by going through the already developed scattering theory of non-interacting
particle transport, the theoretical description in this thesis has nearly entirely avoided the use of the
NEGF formalism thanks to the fruitful work behind the tkwant [1] simulation library, initiated dur-
ing the PhD thesis of B. Gaury [63] (in X. Waintal’s group at CEA Grenoble), that resulted into an
intuitive and simple description through system-wide one-body wavefunctions. Then, we brought the
pieces together from past literature to build upon the wavefunction particle transport: no new con-
cept has been developed in this thesis, our work consisted in formulating properly and consistently a
framework for time-dependent energy transport in arbitrary non-interacting systems. Our approach
abode by two driving principles: electromagnetic gauge invariance and a specific form of local en-
ergy conservation where the source term recovers the quantum equivalent to the classical definition
j(#,t) - E(7,t) - where j is the charge current density and E is the time-dependent part of the elec-
tric field - as the considered Hamiltonian H is semi-classical (light is not quantified). We derived the
energy conservation equations in the one-body and many-body approaches, in both the continuous
space and discrete spaces, the similarities between each approach were highlighted and understood.
We then use this framework to extend tkwant, a powerful library that offers time-resolved simula-
tions of realistic quantum tight-binding systems. A relatively substantial part of my work has been
spent on understanding the inner workings of tkwant to extend it to energy transport and to a lesser
extent, improve some functionalities ; a proper Python module, tkwantoperator has been written
from scratch with extensive documentation and testing. tkwantoperator is open source and freely
available at gitlab.kwant-project.org/kwant/tkwantoperator.

Once we finished developing and validating the module, we showcased the potential of the extended
tkwant by simulating a Quantum Point Contact model, in the Peltier regime, made of more than
thousand sites, and for long simulation times. The first results over the thermoelectric performance of
such a model where difficult to grasp due do its complexity. To avoid blind exploration, we decided to
go back to a simpler model, the Resonant Level model. Our goal was to better understand the reported
predicted boost [219] of its thermoelectric efficiency: using exactly the model and definitions used in
that reference, we reproduced within our own approach the reported results. The same comparison was
done against other theoretical works. This allowed us to validate our approach and to better understand
the hypotheses assumed in those papers. Then, we performed an analytical derivation of the transport
quantities under an arbitrary drive of the dot, in the wideband limit, and obtained generic formulas for
all the transport quantities where some general features were highlighted. We discussed the underlying
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7. Conclusion

issues in defining a heat engine efficiency in the driven regime: the distinction between ‘useful energy’
and what is the ‘spent energy’ is a delicate subject ; and one must account for the driving input power,
and its effect, in the energy bill. A joint semi-analytical (we integrate our analytical formulas) and
numerical (using tkwant+tkwantoperator) study followed, with a rectangle-like drive of the dot,
where the system-bath coupling has been taken into account (see Sec. 1.2.2). We found that the time-
dependent drive can temporarily improve the heat generator efficiency of this model but does not
seem to bring a lasting advantage. Other models, inspired by our understanding of the RLM, could be
investigated for which our extension to tkwant comes in handy as it enables testing out ideas on any
tight-binding system.

Perspectives

The tkwant + tkwantoperator platform offers is a first milestone towards the simulation of time-
dependent (charge and energy) quantum transport in realistic nanodevices. The full potential of the
numerical approach is yet to be leveraged by further studies as the only complex system we quickly
explored is the Quantum Point Contact. On the other hand, our framework suffers from intrinsic
limitations whose roles remain to be evaluated. The following points may be worth evaluating in
additional studies:

Heat current There is no still no consensus in the literature about the proper definition of a time-
resolved heat current. In this thesis, we have defined electronic heat currents in the leads at a given
position and time, with the idea that electrons relax afterwards in the electronic reservoirs (a ‘book-
keeping procedure’ also used in Ref. [47]). Far in the leads, we wrote time-resolved heat current
I9 = ¢ — pIN, where I¢ is the total energy current and IV the particle current and y is the bath’s
chemical potential. This expression is based on the stationary hypothesis that electrons entering the
bath at energy E bring in an £ — y heat contribution. This definition may need further studying from
first principles while taking into account relaxation processes (e.g. with electron-electron or electron-
phonon interaction) within a finite-size baths to fully understand the separation between the ‘work’
and ‘heat’ part of the incoming energy flux in the bath. Ref. [6] already led an initial study with ‘Fermi
mesoreservoir’ with a finite number of energy levels that relax in turn in Lindblad baths. Having a clear
understanding of the separation between ‘work’ and ‘heat’, especially in the time-dependent regime,
will help bringing in more definite answers to the role of dynamical driving in thermoelectrics.

Electromagnetic back-action - electron-electron interaction In our approach, the considered
electromagnetic control is externally imposed and electrons do not affect it. A first approach is to
consider electrostatics and solve the Poisson equation self-consistently while the electrons are still
described quantum mechanically

Pi (t)
€o

V2Vi(t) + =0 (7.1)

where p;(t) is given Eq. (4.158), this problem is called the ‘self-consistent Hartree’ or the ‘Poisson-
Schrodinger problem’. X. Waintal’s group is currently actively working on implementing this within
kwant in the stationary regime [11] and tkwant in the time-dependent regime [100, 164]. One could
take the development further by also treating the electron’s radiation in the time-dependent regime
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with the electromagnetic potentials’ wave equations [91]

in the Lorentz gauge 0,¢/c+ VA=0. Although the conditions of applicability need to be studied too.

Spin and energy The development made in this thesis describes electrons without consideration for
the spin. A first step towards considering spin is with the Zeeman coupling within the Pauli equation
[172] for which it is straightforward to extend the energy quantities. In the basis that diagonalize §Z
the Pauli equation writes

o ¥ ( Lo 2 ) (G hq Y

ho, | "7 = [ =— (P —qA)? V9)t|'t| —— B~ + 7.3

oy LP— 5 (D —aA)" +aqo+ o | am a_;” Ta |y (7.3)
where 1 is the two-dimensional identity matrix and (o, 7,,0,) are the 2 x 2 Pauli matrices. Given
that the resulting Hamiltonian is diagonal with respect to the spin for the term ﬁ (p— qu)Q +qp+V,

the source term \S; will still give rise to the classical term (—@gbz — 8tA’i) . j—; (as given in Eq. (4.188)),
and an additional term

S N 0,BM0, Gy = Y. (9,B7) tr[0°Gy] (7.4)

a=x,Y,2 go’ a=x,Y,z

However, further research is needed when a Hamiltonian with relativistic corrections — such as spin-
orbit coupling, the relativistic mass correction or the darwin term [171] - is considered : issues such
as defining a proper energy operator, deriving a local energy conservation equation and figuring out
regimes where the extra terms have non-negligible contribution need to be tackled.
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Appendix A. First quantization derivations

In this appendix, we derive the main equations of Sec. 4.2, written for a single electron described by a
wavefunction ).

A.1. Particle transport

In this section we expose the derivation of the particle conservation equation, both in its continuous
and discrete version.

A.1.1. Continuous

We derive here the continuous one-body particle conservation equation expressed Eq. (4.56).

— Current divergence Using the definition of the velocity operator ¥ given in (4.44), the particle
current writes

Dt (99)] — Lyrpa (1)

m

j=

this enables us to write its divergence

v fzé(hlm[ Vo - Ve +w*Aw]—q[w(W*- A) 4y (Vo A) + gV A]) (A2)
ek = Im{-]=0 —2Re[y (V- A) | =2 1mfiv (Vep-A) =K
=Im2i¢p* (Vep A )+ yp V- A)
which finally gives
V.j= lIm [ A — 2iqys* (Vi - A) — iqrepV - A] (A.3)

— Density time derivative The time derivative of the probability density is

Oip = (0" )Y + ™ (9)

The Hamiltonian can be used to express the time derivative of the wavefunctions

00 =~ hly] and 90" = hHly) (49

h
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Appendix A. First quantization derivations

— Conservation equation By writing the explicit expression of the effect of the Hamiltonian on a
wavefunction:

>

Y] = % [—h2AY +ihg (2VY - A+ 9V - A) + PA%Y] + qo v + Vi) (A.5)

we obtain an explicit expression for the density time derivative (A.6) . Given that g2 A%1*1) and ¢*1)
don’t have an imaginary part, we obtain:

d,p = %Im [ A + 2ige* (V- A) + iqrypV - A (A.6)

By comparing (A.3) with (A.6), we verify (4.56).

— Gauge invariance Lets write the expression of ¥’ in the ‘original’ gauge:
¥ =—i—V——(A—VA) (A7)

Its action on the wave function ¢ = exp(—ifA ) is then:

v = {—iﬁA — 1E6¢] exp(—i%A) — %(/_f —VA) exp(—i%A>¢ (A.8)
= [ %vw — % w] exp(—i%[\) = [)] exp —i%A) (A.9)

Hence:
7 = Re["'y/] = Re exp(if A )y (o] exp(—if A ) | = Refyrov] =/ (a10)

A.1.2. Discrete

To derive here the particle conservation equation given Eq. (4.86), we use Eq. (4.87) and time derivate
it

Owp; = [dy ;] + F [dyady]

then, by inserting the discrete Schrodinger equation (4.79), we find
1 ,
i =3 Y~ [Uthig; — i) (A11)
j

which gives the conservation equation (4.86).

To derive relation Eq. (4.89) between the hopping particle current / and the discrete particle current

density vector ji, we use discretized version of the gradient operator Eq. (4.80) to write the current
density vector from the continuum Eq. (A.1)

fi= X (o tmlb (b — )] — Luiviac] ., (A12)

a=T,Y,z
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A.2. Energy transport

On the other hand, to express I} we use h[4]; given in Eq. (4.81) to expand the discrete current density
fi given by Eq. (4.89)

% e~ Wit

*

a *
:_ﬁlm[ i (¥ ) — ihz’,pa(ﬂ%a(i)]

_ * h .4 4, h . q .

=m [wi ([Qma I%Ai] i) [Qma * I%Ai} wpa(i))]
RN A N R N

- Im Wi (%Q(i) - %Q(i))] - EAi Re {wi 5

2ma

The latter formula coincides with the o component j§* of j_; in equation (A.12) to the first order in the
lattice spacing a' which concludes the derivation.

A.2. Energy transport

In this section we outline a more thorough derivation of the energy conservation equation, in the
continuous and discrete space.

A.2.1. Expressing the current density vector with the hopping current

We will derive here the relation (4.96)

=) %[ff,w—fipam] €a

aA=T,Y,z

that connects the hopping energy current I; given by Eq. (4.94)

1
[.€j = —% Z Im [w;;ekieijlbj — wzﬁkjejiwi]
k

and the discretized energy current density vector ff given by Eq. (4.95)

—

Ji = e[l 31, + il

where € can either be the Hamiltonian A, given by Eq. (4.82), the kinetic energy operator s given in
Eq. (4.103) or the total energy operator ¢ given by Eq. (4.105). We will use the Hamiltonian as the base
energy operator although the derivation still applies for kinetic and total energy operators as we have
Eq. (4.173): h;; = Kk;; = ;5 fori # j

— Expression of [?z[zp]ﬁ)[z/}]o‘] :  Let us start by expressing 13)[2&]10‘ by using the definition of ¥ Eq.

7

(4.44) and the discretized gradient operator Eq. (4.80):

A —ih
B¢ = 5 (Yt — Yput) — ALY, (A.13)

"~ 2ma

lwi ~ <"pna(i) + wpa@)) /2
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Appendix A. First quantization derivations

We need to write the expression above using only Hamiltonian terms h,; and the wave function and the
wavefunction ¢);. While having in mind the expression of ; ; Eq (4.82) that come from the discretization
process with a being a small cubic lattice parameter, we can try the following:

i iy (i) = Pip ()P ()

«

h? hq h? . hg
— |- i g — |- Ao .
{ 2ma? + 2ma } V(i) { oma2  '2ma } o i)

h2 hg .
=53 [Ynutd) ~ ¥pati)] +1_A [Yn) + Ypi0)) /2
~ap;
h ik haooo
= o o [ = Y] — ZAzw] = Sl

where we have used ¢, = [zpna(i) + wpa(i)] /2, since a is a small lattice parameter. We have

h[W)o[y)e = S h[yl; [hi,na(z‘)wna(i) - hi,pa(i)%a(i)] (A.14)

— Expression of [wﬁ[ﬁ[w“a] :  We express now the second term of the right hand side of Eq. (4.95)

OIS = 5 (Rl ) = My, o) — - ATRIV, (A15)

From the matrix expression of the discrete Hamiltonian in equation (4.82), we can express the term
—ih .,
2ma °

—ih ia . hg
oma R ( imall) 12maAi ) (A.16)
ia Chg
— 2 (Hip o+ i A7) (A.17)

Which enables us to further simplify the expression of ¢ [ﬁ[w]]?

ia

R[]l = [ghi,n Oha %Aa} ), )
ia ol s
- [ghi,pau) — 5 A ] hld]p, )
— LA,
ia 5 5 A.18
= 7 [hm i) = hip MW )] (A.18)
(6% 7 q (0%
+ mAz 9 [h[w]na(z) + h[¢]pa(z)] EAZ h[w]z
%h[i/’]z
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A.2. Energy transport

— Expression of jjf Using Eq. (A.14) and Eq. (A.18), we can express the projection along the
o =z, 9, z direction of the energy current vector density

e = Re[Rlulilouls + v [0HU]]

1

= ERC{% [il[¢]j [hi,na(i)¢na(i) - hid’a(i)wpa(i)]

+ Y5 [hi,na(i);l[@b]na(z‘) - hi,pa@)ﬁ[wpa(i)] H (A.19)

And in the other hand, we have:

1 A ~
E E _ * *

L )~ Lip. ) = glm{ = h[Ylih ) ¥n, i) — Vi lin, () P[V)n )

+ h[w]:hz Do (1) w + wz 1,Dq [w]p (z):|
) (A.20)

= —#mlhm? [hz’,nam%a(z) R o %a(z)}
+ 0 [Pisn, [, ) = PR 1)) }

— Comment on the second term: One could have taken % h[t[¢) ]]¢ for the second term given
that [0, H] = —i[h/mV, q¢ + V] is pure imaginary and the current’s expression involves taking its

real part

Yrh[v[y Z Wih, 0[]

_Z i P Ve = P )Y )]

However, the resulting expression for the current vector density does not easily match with Eq. (A.20)
1 ia
H | ga — P
Ji €= QRG{ 27 (hz‘j%’ i) — P9 ¥pa)]
J
+ Ui [ (%m0 ) P pa )Y )]

+ Z Wi [Rjm ¥ ) — Pip ) Vpats)] ]

A.2.2. Hamiltonian energy source: continuous

We derive the explicit expression of the Hamiltonian source term given in Eq. (4.74). Let’s start by
expressing the term [0, H |1, we can derive it by taking the time partial time derivative of equation
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Appendix A. First quantization derivations

(A.5) and keep only the terms that do not involve 0,1
1 - — — — — —
0,H] = o~ lihg (20,A- Vi + ¢V - A) + 20g2 9, A - A] + 40,V (A.21)
And thus we get for S = Re[¢*[0, H]] :

5= %Re lihg (2070, A- Vi + gV - A) + 20" 0g? d,A- A| + 90,V (A22)
= % [—2hq 0, A - Ty V] + 2079 ¢? 0,A - A| + ™0,V (A.23)

The term Im [@ZJ*@@ZJ] being part of the expression of the particle current J (c.f. A.1), we can do the
replacement:

S = ﬁ [—2hq 9,A - [%j + W] + O A A ] +rd,V (A.24)

= q;' (—875/1) + 0, Vp (A.25)

A.2.3. Hamiltonian energy source: discrete

To give an expression for the source term .S; = Re [@bj@tﬁ[w] J , we need to express 3,5% from (4.82):

@0t + Y ifL (9,A2 o —0,A% )+ L (5,AF) AY for j=i
a=x,Y,z
'Qmaa A¢ for j=mn,(i)

190,48 for j = p, (i)

2ma

_ 0 otherwise

The onsite term is:

Re[t); 0, hiith] = q 0,050 + Z (9, A2) Agtap; (A.27)
a=x,y,z

The hopping terms are:

;Re [w;kathz]wj] = Z Re |:12i:r;]a t i [wna(i) _wpa(i)H (A28)
J7 aA=T,Y,z
= D> A} —2Za1m [ [¥n0) = Ypo0]] (A.29)
a=T,Y,z

The source term is then:
2

Si=adoivivs + Y AL gyt [0, — U] + L @A) Auie (A30)

o= x’yﬂ

g0+ Y 047 q (o tm[v1 [0 — 0] - Lazeis) s

o= m’y7

J§
Where we recognize the expression of the component along the o axis j§* of the particle current 7, from
equation (A.12):

Si=qd Vi, + Y —0,AL i = q 0,0, p; — O, A; - 4, (A.32)

aA=I,Y,z
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Appendix B. Second quantization
tight-binding derivations

This appendix is reserved to derivations done with the lesser Green functions G< in a second quan-
tization approach. We derive the particle and energy conservation equations in discrete/tightbinding
systems.

B.1. Particle current

This appendix is dedicated to the derivations of the main equations of Sec. 4.3. The second quanti-
zation approach is used. In particular, we derive the particle and energy conservation equations in
tight-binding systems as well as the expressions of the particle and energy currents and source power.
They are expressed in terms of the lesser Green’s function Gﬁ. (t,t). We also show the convergence
of the currents to their static limits (when the external time-dependent electromagnetic field becomes
stationary at long times) using the wavefunction approach introduced in Chapter 5.

B.1.1. Derivation of the particle current

We shortly derive here the expression of the particle current g, given in Eq. (4.161), that flows from
site 7 to site j, in second quantization.

We start by developing [PAI ] , the explicit time dependence of all terms is omitted for compactness:
[FI, ﬁz} Zhjk) [C Ck:? ] (Bl)

A general relation between commutators helps us rewrite the commutator in the previous equation as
the following:

éley,cle,] = ¢l (e el] ey + [e], el epey + el (65,60 + 2l [el, é)) & (B.2)
Using the commutation relations Eq. (4.122), the above equation simplifies to
[515% 5:;54} = 023104 — 041650, (B.3)
from which we obtain

[701] = 3 sty =l (B.4)

Taking its expectation value gives rise to the terms with the lesser Green functions G< in Eq. (4.142)
and obtain Eq. (B.1)
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Appendix B. Second quantization tight-binding derivations
B.1.2. Convergence to the static limit

Note: This section has been adapted from our published article [96].

We derive the connection, given in Eq. (5.40a), between the Landauer-Bittiker formula for the par-
ticle current and the generic lead particle current we give in Eq. (4.203), when the Hamiltonian H ()
defined in Sec. 5.2.1 converges to a static limit H(t — 00) = Het at long times.

First, we focus first on the static problem defined by H*! for all times. The local particle current for
this static problem is given by Eq. (5.30)

D=2 ST f e (B) [0 hst e (B.5)
A=B,mg,E

where the shorthand notation ), is defined in Eq. (5.27), \Ifj";t is the stationary scattering state,
computed at site i, that corresponds to an incoming mode n in lead £; with energy £, as defined in
Eq. (5.8) (but here in discrete space). Note that the static electric potential Vj is included in the leads (i.e

hSt = hY + qVy if i € L) and in the reservoirs through the Fermi-Dirac distribution. We now make
use of the periodic pattern of each semi-infinite lead built of identical unit cells, labeled z = 1,2,.
from the scattering region. In the stationary case, the total particle current / éV’St
by Eqs.(4.203) and (B.5)) is invariant along the lead axis and we have for any a

in the lead £ (given

- -\t _
>\7 S
pt=-2 ) Fugrev,m,(E) Im{(‘l’x‘gD W, W t} (B.6)
A=B,mg,E

)‘ st being the vectorial value scattering state in the a-th cell of the lead £45 and W, the coupling

matrlx connecting neighboring unit cells in £, (see Fig. 5.5). Using the notat1ons of Ref [66], we write
the scattering state W)t as a superposition of plane waves

. in
mgE,st

a,x = 5045 mﬁ e_Zk%LB
h|,vzn |
gout .
+ zk"“ xdaﬂ B.7
2 g ®

where the sum runs over the modes m_, in lead £_,. The vectors gfma (E) and £2"), (E) defined on
one unit cell are the transverse parts of the incoming and outgoing modes m, with energy £ in lead
L., kfﬁa (E), kgt (E), and vgfma (E), v3", (E) are the corresponding mode momenta and velocities.
d%fi mg (E) is the scattering amplitude of an electron injected at energy E from the lead £ in mode
mg into the mode m,, in lead £, as defined in Eq. (5.8) (with d** = r®). By inserting Eq. (B.7) into

Eq. (B.6) and by using the relations [206, 66]

i e ™e Wy — eI WLIER =6, L, Bl (B.8)

iR e W, — e M WAE =5, hg! (B.9)

i(E ) Te ki W, — e R W g = o (B.10)
it can be shown that I, N:st reduces to the standard Landauer-Biittiker formula

dE -
1% =3 [ T By sevin, (B =y oevr, () B.11)
B
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B.2. Total energy current

whereTﬁ—Z Z |aa,ma|2'

Let us now consider the time-dependent problem defined by H (t). In that case, the local particle
current [ ]QV (t) given by Eq. (4.203) reads

2 ", (B) Im[W () hy, ()W ()] . (B.12)

A=B,mg,E

To calculate I ;j (t — 0o) using H (t — co) = H*!, it is important to notice first that E in the equation
above labels the energy of an incoming mode m; in lead £ g in the remote past i.e for ¢t < ¢,. In that

case, the on-site potential in £ 4 is h;;(t < t;) = hJ; while hst = ho + qVj (if i € £). For this reason
the time-dependent scattering states converges to a stationary, energy shifted, scattering state

ci05(t) \IIA.:’B’mB’E(t) \I/ =(B8,mg,E+qVjp),st

J t—o0

(B.13)

where 0;(t) is an (irrelevant) spatially constant phase. Doing the change of variable £’ = F + eV in

Eq. (B.12) and comparing with Eq. (B.5), we find 1 jZV (t - o0) = Iﬁ’sﬁt. We deduce Eq. (5.40a) by using
Eqs. (4.203) and (B.11).

B.2. Total energy current

B.2.1. Deriving our definition

In Sec. 4.3.3.4 we have given the expression we chose for the total energy current. We give more details
here on its derivation. We start from the continuity equation (4.186) and start from identification of
the divergence of the energy current:

S I = 2 ([2(0), &) B.14)

To come up with an expression for (), we start by expanding [é & Z] :

[6’,51} = sklckcl , ZgwcZ ¢;+ 5320;02 (B.15)
kl
=3 Z%z ( €ij [cle, e Téj] + 5j¢[5115175;5i]) (B.16)
k,l,j
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Appendix B. Second quantization tight-binding derivations

then we use Eq. (B.3)

5 2 Z ~f A
[5751} 5k15135110k 5k15ij5kjcicz+5k15ji5ljckci_5k15 5sz G
k,l,J
= - 5 + s i 8,.Cle, + 5.l
= €ki€ij lzckc €ki€ji ljck 5 €ki€ij%%;Ci C1 T €ki€5i0kiC5C
de k,ljg
1 S a1 L de 4 oa
= 2 €ki€iiCrC5 €k5€5iCLC; 9 €4€i56 €i1€5iC;C (B.17)
j l?j
_1 n a1 1 da 4 ate
=3 %Z%Ck €k5€5iCLCs 9 €4k€i5C; Ci €ik€4iC;Ck
k.j k,j
1 Af A g )+ i, e
- 92 ‘Skzigijck glkgjl J C, 8]6]8 € €jk5” i Ck
k?j

5 4 1
<[575¢]> 15 Z <€kz € G — ikgjiGZj> + <€kj€j¢Gi<k - gjkgijGEJ
7]
1 x
= —15 (skis 3Gt {%Z%GM] ) (5kj5jiGi<k + [skjejink] ) (B.18)
—1 [%ﬁijGﬁ; + gkjfjink}
k.j

from which we finally obtain:

i {[6ED) = o Relrue G+ il ®19
J

Given the identification we made in Eq (B.14) between + < [é’ &, ] > and the current divergence Zj I5 (),
the sum on the right hand side of the equation (B.19) gives Re [ams G5+ gkjgjink} as a first can-

ij " gk
didate for I7;(¢)'. We notice that this first candidate is invariant when i and j are swapped, therefore
we would not have I7,(t) = —I,(¢) with this expression as-is. Swapping the sign of the first term, i.e.

Re [—5“5”ij + 6kj€jiGz’<k] , would fit that constraint. To prove that this term is also correct, we need
to prove that the divergence of this new candidate gives the correct result

{680} 2 5 SR eueu it e ®20
]

To prove the above equation, we will prove instead that > kj Eki€i jG;k € iR so its real part gives zero.
Let’s write its complex conjugate and prove it is equal to its opposite

[ngieijG;k] = ey ( f;.f (B.21)
kj kj

It is theoretically also possible to identify the j index in Zj I7;(t) with the k index in
>k Re[€m€ing<‘k +€kj5jz‘Gi<k]
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B.2. Total energy current

The total energy operator & is hermitian thus it coefficients verify €7, = €, (Eq. (4.131)). The Lesser
Green Function verifies G5, (t)" = —G;(t) (Eq. (4.146))

*

kg
{Z €xi€i;G ok Z engiGry = Z €5 €k G5 = Z €ri€i;Gk (B.22)
kj Jk cc
Therefore the following equation is verified
i/r5 5 1
7 <[é’, é’lb == ZRe [—6M€ijij + skjejiGﬁJ (B.23)
kj

and gives the expression for the total energy current Eq. (4.191)

1
I = =7 D _Re|—e4e;; Gl + ey85:Gi (B.24)
k

B.2.2. Deriving the energy current of Ref. [129]

Ref. [210, 129] defines the energy current for the Hamiltonian operator as
S Sy N,
I = 7 <[H7,7H]]> (B.25)

where H are onsite many-body Hamiltonian operators defined in Eq. (4.170) with ¢ — h. We can
replace these onsite Hamiltonian operators H with the onsite total energy operators 5 and define a
total energy current analog

Iy =3 (6. 4)) (B.26)

Given that we have identified the energy current divergence expression in Eq. (4.186), this candidate
also gives the correct divergence

Z <[é< ), &,(1)]) (B.27)
We will derive in what follows the explicit expression of this energy current candidate

I; = ZRe[ encriGii & Ejka‘l‘sszUG]k] (B.28)

Note that we obtain the expression its Hamiltonian counterpart by simply replacing the total energy
operator coefficients ¢,b with the Hamiltonian coefficients /,;,. The following derivation proves the
expression for both the Hamiltonian and Total energy operators.

Let’s start by expanding the commutator [é s 3 ;] by expressing the local onsite total energy operators
from Eq. (4.170):

£,,8)] = % Zejkajék +eghls . Y eqdle +eudle
l
== Z%k@l [c ck,cjcl] + €k [cTck,clT Z] (B.29)

o i o At
+ €€ [Ckcj7cicl + €kl |CkCyr €1 G
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Appendix B. Second quantization tight-binding derivations

Then we use the relation Eq. (4.124) to further simplify the commutator
s 11 At Sia sta
[5]’,52'] =1 Z‘gjkgil[ékicjcl - 5le¢ Cy) + 5jk5u[5kzlcj 5 i€l Ck]
kl
e eul0a6ie, — 0Ele) + ey ieu[046LE — 0l E ]
kj<ill¥ji% k™l kl™i%~j kj=lel¥ i~k ki~ %y
_ 1 e &e, A o A
= - Z —E€jk€ijC;i Cp T EjkERiCiCi — Ekj€ikCi G T E1j€5iCrCy

4
) k (B.30)
‘I’ Z Z €j’i€ilé\;6l - 5”5“6;-6]
l

Z
~ A
4 ﬂ E €k lek;Cl €4k€1iC Ck;

Q

Let’s show that Q2 = 0, let’s first replace inside the sum j with 7 since it’s zero when i # j:

_ ~F 4
Q— 1 i E Ei€ zCkCz €ik€1iC Ck

= 4 jZ |: Z €k zlckcl Z 8zkglzcl Ck :| (B.31)
—/_/

k=1

= 4 j’L ngz zlckcl ilgkié\l:é\l =0
We finally obtain, after replacing the dummy index [ with £ in the term Z

s o711 S ste
[gj’gi] = ZZ €ik€kiCiCi — Ekji€ikCi €5
k
a e
+ Eks€5iCrCi — EjkisCi Ch (B.32)

NN ~F A~
+ €5i€ikCiCr — €4j€kiCCy

This explicit expression of the commutator is then used to express the total energy current I ;j given
Eq. (B.26), with the help of the lesser green functions defined equation (4.145):

1
I;} - E gkjesz; - 5jk5kiGi<j
4h -

< <
+ i€k G — €5i€ikGrj

164



B.2. Total energy current

To further simplify the expression, we use Eq. (4.146) and Eq. (4.131) to swap indexes in some terms
It = % ; ei€ikGi + [ekjeiiji]*
+ &G+ [EneiiGh) (B.34)
+ €6k G + [5ij5kiij] *
and we finally obtain the expression given (4.192)

1

B.2.3. Convergence to the static limit

Note: This section has been adapted from our published article [96].

We derive the connection, given in Eq. (5.40b), between the Landauer-Biittiker formula foAr the energy
current and the generic lead energy current we give in Eq. (4.203), when the Hamiltonian H () defined
in Sec. 5.2.1 converges to a static limit H (¢ — co) = H*! at long times.

Let us consider first the static problem defined by H*! for all times. For this static problem, we use

the Hamiltonian based energy operator &h = H*'. With this definition, the local energy current given
by Eq. (5.32) simplifies to

h st Ast) ™ st st
iy 3 f“WV&TB(E)EIm[(mj Y hst v t] (B.36)
A=B,mgz,E

after using the static eigenstate relation (5.6) that the stationary scattering states verify. To calculate
the energy current I/ in the lead £, it is convenient to go further away within the lead using Eq.
(5.24). This does not change I/*! as static energy flow is constant throughout the lead. By using Eqs.
(B.36) and (B.7)-(B.10), we find

_ dE -
B =3 [ G BT B evm, (B)— Fy e, (B (837

Note that Eq. (B.37) is the usual Landauer-Biittiker formula for the lead energy current in the static
case, which we recovered upon defining in this case the energy operator as the Hamiltonian H*'.

Let us consider on the other hand the time-dependent problem defined by H (t). We consider now
the ‘total energy’ operator £¢, defined by Eq. (4.177). Using Eqs.(5.32), (B.13), and finally (5.6), we find
for the local energy currents in the long time limit

I5(t = 00) = 15" = 2V, + V) I (B.38)

where V, = V,(t — 00) is a shorthand notation for the long time limit of the external time-dependent
scalar potentials V,(¢). We deduce from Eq. (4.203)
IE(t = 00) = It — eV TNt 4 SE(t — o) (B.39)

since V; =V, ifi € £, and 0,¢;; — 0 (for a Hamiltonian given with a Peierls phase, given by Eq.
(4.189)) in the static limit ¢ — oo. This concludes the proof of Eq. (5.40a).
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Appendix B. Second quantization tight-binding derivations

B.3. Total energy source term

In the total energy conservation equation (4.186), we defined the total energy source term as the fol-
lowing
1

S70) = 3 (la®(), &(0)]) + (0,,(0) (B.40)

In this appendix section we further expand this expression to be able to identify the known classical
form for the power 7 - E, where E = —V¢ — 0, A is the electric field.

We start by expressing [q ®(t), é .(t)] by replacing the scalar potential operator ®(¢) with its expres-
sion Eq. (4.181) and the onsite total energy operator &£, with its expression Eq. (4.170) (with € — ¢)

[qq) qublclcl? Zgzjczc]—'_gjz ; G
_ ot sta ata
= Z Q¢z5¢j Cl s G Cj] T a0igj; ¢ c cjci]
then we use Eq. (B.3)
[a ®(t), &( Zfﬂbz% [6:812; — Spele) + adie s 19,,80¢; — 6yélé)
1 e oote
- quz] ¢2z 3 ]+q€]l[ CC gbljl]
N RS
= a;le;iCiC; — €4;C;C5] + adylei ;¢ — €565

Its expectation value writes with the Lesser Green functions Eq. (4.145). We use directly Eq. (4.146)
and Eq. (4.131) to swap indices and further simplify the result

3 080, £:01) = 5 3 06,1046 + Gl +06,0e,67 + Gl
= ZQ¢jRe [5jiGi<j] +qo,Re {623G;:|
J
= Z —q¢,Re [5ijG;‘] + qo,Re [éijG;]
J

Given the expression of the particle current / ZI\]I Eq. (4.161):

IN = 2Re|n,;G5| (B.41)

’lj Je
we can identify particle current terms and obtain

a0, E0) = 3~ [0, — o] at)

J

_6@ ) qu‘

where we can recover the discrete —@(bl - qj, if we interpret j as coming from the discretization process
described Sec. 4.2.4.1 Eq. (4.76) where j € {n, (i), @ = z,y, z} and j, is given by Eq. (4.89)
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B.3. Total energy source term

Now we show that <8tgi(t)> — —8,4, - qj,. By expanding it using Eq. (4.170), Eq. (4.145) and Eq.
(4.146) we obtain

<8t(§,i(t)> = Z hIm [8,551'3»6‘;]

To be able to go further, we need an explicit expression for 9;¢,;. If we use the expression of h,; in Eq.
(4.82) derived by the discretization process Sec. 4.2.4.1, we can compute 0,€,; by using its relatlon with
h;; given Eq. (4.105):

S AL (A7 = 0,AY )+ L(0,AP)AY for j=i

a=z,y,z
—|—12Z‘3a8 AS for j=mn,(i)
—'2fgaa A for j=np,(i)

L 0 otherwise

Given that G;; is a pure imaginary number, and that only the imaginary part of d,¢,,Gj; gives rise to
a non zero term, we get for Im[0,¢,,G5;]:

2
q o (0%
m[0,e,,G5] = a:% . zIm {E(atAi )AS G;} (B.43)
The hoppings terms are:
hq
<] = - a (< <
j%ij Im|0,e,,G5;| = a_% yj m [IQmaatAi (G i — Gpa(i)’i)] (B.44)

The sum of both is then:

hq

Zlm[ﬁteijGﬁ-] = >y Imlg(ﬁtA?)A?Gfi+1 9, A? (G;a(i)’i—c;;a(i)’i)] (B.45)
J

aA=T,Y,z

We now need to replace G;; with 3 [GZ (i T G (@) l] which must be the case since a is the step

e

taken to perform finite differences to define the operator V Eq. (4.80):
Xj: Im[0,e,G5) = Y 1 [2 (0,40 A2 (G i+ G i)

a:$7y7
. hq - _
+ 12ma Ll <Gna(i)7i o Gpa(i)7i>

S, = X odramli (g -1 A) G

J a=z,y,z
h
— i —AO‘ S
' <2ma - om > Gpa(””}
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Appendix B. Second quantization tight-binding derivations

h,;, terms given Eq. (4.82) can be identified

o a [ h? . hqg
Zlm[atgijGji} - Z 0 A; qglm{l <W _12maAi > Gzo‘(w’i
7 a=x,Yy,z

(2 hg ) e
— <2ma2 + 12maAi > Gpa(i)"‘}

1,04 (7)

Particle current terms I/, g given Eq. (4.161) can be identified then replaced with the discrete particle
current vector field j; given Eq. (4.89)

S o605 = Y 9,40
J

stmlih oG — i, Gy )

a=x,y,z
% 3 —@A?qg {2Re P G ] — 2Re [y )G ] }

e N EAR

1,m,,(7) 1,04 (1)
1 a
=7 a:;, Al ey = B
i
Z —0, A} 477"
a=x,Y,z
= _atgi ) qu’

—

We have show that the source term S5 is equal to the discrete classical electromagnetic power Ez i

S;

—Vo, - qj;’ — 0, A; - qj_; =E,- qu‘ (B.46)
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Appendix C. Resonant level model
derivations

We derive in this appendix the main equations pertaining to the Resonant Level Model studied in Sec.
5.3.2.1 and in Chapter 6.

C.1. Resonant Level Model within the NEGF formalism

In this appendix, we give the RLM formula for the lead particle current I (t) and the lead heat currents
Ig(t), I3 (t) that are used in Fig. 5.10 to plot the NEGF curves. The model under consideration is the
one introduced in Sec. 5.3.2.1 with €, (t) = ¢, +eV,O(t) and €/, (t) = € (t) = 0. The lead Hamiltonians
ﬁa and the tunneling Hamiltonians between the dot and the leads lfIOa are written in the reciprocal
space, as

ﬁa Z ek C]-|{-: ék (Cl)
kOL

Hyp =Y "V, @l 25+ hec. (C.2)
k

[e)

where ¢, = z]. ca eika ¢;is the annihilation operator of an electron with momentum k,, inlead o = L
or R, V, =~,sin(k,) the hybridization term, and ¢, = —27 cos(k,,) the dispersion relation (with a
lattice sﬁacing fixed to unity). Then the currents are calculated within the NEGF formalism under the
wide-band limit approximation, i.e assuming that I' ,(F) = —2ImXf(E) = 27 Zka Vi, [P0(E —¢;,)
is energy independent (I';, = I', = I'/2). This is true in the limit \y/I" > 1 as noticed in Sec. 5.3.2.2.
We refer to the seminal paper [92] of Jauho et al. for the derivation of the particle current and to
Refs. [38, 219, 44, 121] for its extension to the energy and heat currents. We gather here the results.

Introducing the notations KN = N, = 3. ico Ajc], KE=H_ + Ho and KX E — H,, we have for
A= N, F and E

A
<dK > Z / — [5(E) T)45(E,t) (C.3)

where the sum over (3 is made over both leads L and R, and

INE, 0 =1 [FIAGE 0P + 6, m[AE, ] )
JE(Et)=EIN,(E t)+F - Im[A(E, t)— oA (E.b)] (C.5)
P AP ot '

0A

~ T
E _qgFE
IESE 1) =TE(B,) + 50, 5Re [at

(B, t)] (C6)
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Appendix C. Resonant level model derivations

while the spectral density A(FE,t) reads

. .7
E — € + Zg _ e%ez(E—eO—eV0+z§)t/fL

A(E,t) = .

(C.7)

—<dﬁa) and the NEGF heat

)] in Fig.(5.10) (circles). The

We used the formula above to plot the NEGF particle current I2(¢)

currents 19(t) = —[(5£) — 1, (4] and I9(t) = —[(5£) — o (°

integrals over the energy were computed numerically.

>, |l

C.2. Spatially semi-infinite uniform voltage pulse

In Sec. 6.2, the scattering amplitudes of the time-dependent RLM are evaluated in the wideband limit by
combining the scattering amplitudes of three elementary building blocks: (i) an abrupt voltage pulse
in a semi-infinite lead, (ii) the stationary dot, and (iii) a (reversed) abrupt voltage pulse in the other
semi-infinite lead. In this section, we compute the scattering amplitudes associated to (i) and (iii). The
system is defined by the following Hamiltonian

V(i) if i=jandi<0
0 if 7=jandi>0

hii =N =5, i i,j=010r1,0 (C3)
—y if iFJ
V() V() V(t) 0 0
I I I I I
-Q@=0—0—0—0-
+ + 4 t + >
—2 -1 0 1 2 Site
index

Figure C.1. - Homogenous chain with a semi infinite homogenous voltage pulse.

With the following gauge change:

C(e(t) if i<0
Ai(t)‘{ 0 if i>0 (C9)
where
t
1) = — V d C.10
o(t) / (u)du (C.10)

we can rewrite an equivalent gauge transformed Hamiltonian, according to Eq. (4.84)

0 if =3
h;j = —7Ce_i""(t) if 72,7=0,1 (C.11)
—v,e?tif g5 =1,0
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C.2. Spatially semi-infinite uniform voltage pulse

0
— _7 eup(t)
- hio = —vee” D
: >
-9 — Site

index

Figure C.2. - Gauge transformed system: homogenous chain with a semi infinite homogenous voltage pulse.

Transmission and reflection amplitudes

We use the gauge transformed Hamiltonian, given by the matrix elements h;; expressed in Eq. (C.11), to
compute the scattering coefficients r,(E’, E) and d,(E£’, E'). An incoming mode ||,  , (defined in Sec
6.2.1) from the left at energy F creates a scattering state UL:F. It can be expressed in the following way,
using the left-to-right transmission amplitude d,(E’, E') and the left reflection amplitude r,(E’, F)

dE’
WE | | 5 17 (B By it <0
yLE — C.12
' PbB — dE” I d(E' E)ifz>1 1
T - o +,E ,x Y% ) =

We can now write the Schrodinger equation for x = 0 and x = 1 (we will omit the indexes L and
because not useful)

10,05 = —y 0" | — v,e ¥yl (C.13a)
10,04 = — WL — A g (C.13b)

Given that U, and ¥4 are a superposition of plane waves that satisfy the Schrodinger equation of the
homogenous chain Vx, W%, and ¢ also satisfy it, in particular for z = 0 and = = 1:

i0,0f) = —y¥", — U] (C.14a)
10,04 = —yWd — g (C.14b)

Taking the previous four equations together we obtain

YU = e et gd (C.15a)
AU = 7 PO ur (C.15b)

We can then replace each term by its respective expression:

dE’  _ , Ye i dE’ ,
7 [ S I BBy = Tt [ SR B E) (o)
dE’ dE’ ,
%e‘wt / [ d,(E',E) = +’E+/ o o7 r,(E', E) (C.16b)
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Appendix C. Resonant level model derivations

Wide band approximation To proceed further in the calculations, we will use the WBL1 approxi-
mation from the general considerations in Sec 6.2.1:

elkE—iBt | oikp rp(t, E) = %eiw(t)eikzwdp(t, E) (C.17a)
Yo —i
_ *Wd (t, E) = e Pl 4 r (t, E) (C.17b)

Using (C.17b) to replace 7, (¢, E) in (C.17a), we get:

elkp—iBt 4 oikp (le_i“"(“dp(t, E)— e_iEt) = Ee_i“’(’:)eimEdp(15, E) (C.18a)
Ye Y
{ﬁe—np(t)eikg _ ik le—icp(t):| d(t,E) = ik b—iBt _ qikpa—iBt (C.18b)
Y Ve
o) [ V2 okt Vo [ okt '
e ie(t) [—;eglkE — 1} dp(t, E)=-= [eZlkE — 1] e 1Bt (C.18¢)
Y Y
2ikE -1 . .
d,(t, E) = k%ewﬂ_lm (C.18d)
Y 1—Ce21kE —1
/ 2ik} ’
/ A ppert =2 €0 7] / A5 ettt (C.18¢)
2r P v Le2ikp 1) 27
Which finally gives
2ikt 1
dy(EE)="1 o "~ K"E-E) (C.19)
Y %tekE -1
where K is the fourier transform of e ¥
K{U) = / dt e?Ut—ie(t) (C.20)

It is important to note that the calculations and results of this section have been done, and in a
more general way, in [63, Chapter 4]. Given that that the previous approximation also implies that
cos (k) = 0 and sin (k) = 1, the previous expression simplifies to:

, ] N 20
d,(E',E) = K*(E—E >72+72 (C.21a)
27.y
E' E) = ¢l _1|2n6(E—E’ C.21b
BB B) = | L 1| 2o - ) c21b)
When v = ., we get:

d,(E',E) = K*(E—E’) (C.22a)

(B, E) =0 (C.22b)

For the right incoming modes, the right transmission amplitude d}(E’, E) is related to the left trans-
mission amplitude d,(E’, E):

d\(E',E) = d,(E,E')" (C.23)
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C.3. A relation between the reflection and the transmission amplitudes

C.3. A relation between the reflection and the transmission
amplitudes

We now come back to the whole system and derive the relation (6.53) that links the transmission
amplitude d(E’, F) and the reflection amplitude r(E’, E). Note that the scattering amplitudes are
introduced in the scattering states ¥*=%¥ in Eq. (6.33) and their Fourier transform is defined in Eq.
(6.51).

Let’s write the Schrodinger equation on site —1 and site 1, for the left scattering state:
10,9, p_1=—7 by — 1, ‘I’B’E
10,057 = 4 wbP 4 wp”
Which gives the following relation:
10,087 4y whY = 9,007 4 wh P

Given that i0, ||, p,= F ||, g, the previous relation writes, after expression the scattering state
with plane waves and the scattering amplitudes:

dE’
E — E’
Iy e1—7 llip 2 +/ o [E |

dre’ . _, ,
— [ S [ o =7 o] d(E', )

—E' -1 Hf,E/,fQ] r(E', E)

Plane waves satisfy the homogenous Schrodinger equation on the leads

i0, ||i,U,m: —y 0, |i,U,m—1 —7 0, ||i,U,m+1

which means we have:

U ||i,U,a: +7v 0, ”i,U,a:il: —y 0, ||i,U,azﬂF1

Let’s apply it to the equation involving the scattering coefficients:

dE’
E /
7 [ G = o B E) =

dE’
2

— | —7llgF d(E', E)

1
Using equation (6.28), we have ||, g o= |vp| 2 e

1 dE’ 1 dE’ IR
ol Fe s [ Sl et ) = [ g e e )
™

If we use the hypothesis that r(E’, E) is peaked around FE, as a function of E’, we can factor out
1 1

the |vg/| 2 in the integrals and take it equal to |v;| 2. Which then we can remove entirely from the
equation:

. dE" de’
elEt—l-/—elEtT(E/,E) — /TelEtd(E/,E)

27 T

Which lead to the result in the time domain:

e B 4 r(t,E)=d(t,E)
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Appendix C. Resonant level model derivations

C.4. Expressing time-resolved transport quantities

Here, we write the expression of the time-resolved lead particle, energy and heat currents within the
Resonant Level Model, using the scattering states expressed in Eqs. (6.33). As stated in the end of
Sec. (5.2.3.1), the discrete one-body expressions for currents and densities that have been expressed
in Sec. 4.2.4, can be used to compute the contribution of each scattering state ¥* to the many-body
expectation value to finally obtain Landauer-Biittiker formulas with the time-dependent transmission
d(t, ). The approach taken in our derivation consists in expressing first one-body contributions then
integrating them over the scattering states with Fermi weights (following Eq. (5.26)).

C.4.1. Particle current

The contribution I’ e +1 of the scattering state U= to the many-body particle current I} 21 flowing
from site x to site z + 1 can be expressed by jointly using the definition of the hopping partlcle current
I ZNj, defined Eq. (4.88), and the expression of the scattering state U* using the scattering amplitudes

r(E’,F)and d(E’, E), given by Eq. (6.33).
A A *
I:I;I,x—&-l - ng-i-l =2 Im[(\I/;‘) hm,erl\IléJrl] (C.24)
For sites = ¢ {—1,0}, we have h, , .1 = —

L2, =2yIm[(0)) W) ] (C.25)

T, T+

Let’s consider first the current following through the left lead, i.e. z < —2. Let’s start with A = (L, £),
the scattering state generated by an incoming plane wave from the left (given in 6.33a):

dE’
o< (R s =[10F s [

dE’ ,
[ e

E r(E”,E)r

for A\ = (R, F) (scattering state given in 6.33b):

. dE’ . dE’ o
v -2, (URF) \DE=[/ IoF d/(E, E)} [/ I as 4, E)}

Using WBL1 We use the approximation 1 from 6.2.1. After rewriting k = —kpL, we get for A =
(L, B):

r < —2, (‘IIL’E>* \Ij:c+1 lvg|

x

ikpz—iEt + e—lk'Em (t, E)} *
eifp(z+1)—iBt 4+ e ik L(z+1) T’(t,E)]
e—lk}x—HEt + elkEw (t E)*}
E(z+1)—iEt + e*lk (x+1) (t,E)]
= |vg|” [elkE + e ikp |r(t,E)] + e—ik}(2x+l)+iEtr(t,E) + eika(2m+1)—iEtT(t’ E)*]

a+a* = Imfa+a*]=0

’UE|

e
[
g
e
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C.4. Expressing time-resolved transport quantities

Andfor A= (R, E) :
p <=2, (URE) ULE ~ fog| " etn |d/ (¢, B)[°

This approximation makes I A 1 position independent but still side dependent: the expressions written
so far only apply to the left s1de (i.e. x < —2). Itis to be noted the = independence can only be achieved
if the group velocity is infinite: the approximation done thus implies considering an infinite group
velocity v, — oo.

WBL1 = I;IIH is v independent = vy =2y = el =i (C.26)

Which enables us a to write a Landauer-Biittiker-like equation of the particle current, using Eq. (C.25)

v <=2, L PP ) =2y |vg|  ImeE + e e |r(t, B)*] = 1 — |r(t, B)[* (C.27)
The same approach applies for A = (R, E') and results with the following:
7>\: ) / 2
LAt = a4 B) (C.28)

Summing over the scattering states, as described in Eq. (5.27), gives the following for the particle
current in the left lead z < —2

10 = [ S B R0+ faB) L2 1) (C29)

where f; and fp are respectively the left reservoir and right reservoir Fermi distributions. And in our
current WBL1 approximation, it is position independent. A similar derivation calculation can be made
in the right lead, resulting in the following expressions for the right and left lead particle current

1) = () = [ 57 1(B) [1= e B ~faB) B (€300
RO =150 = [ 50 1a(E) 1= 1B~ (E) e B (€30

Using WBL2 We will use the approximation 2 from 6.2.1:

(q,I:;E> ‘I’I;ﬁ ~ |,UE‘7 |:1k:EJ: 1Et_|_e[ B U’Z] (t_v_ E)}
E

[eikE(erl)—iEt +e [kE UE]($+1) r(t — T+ 17E)}

_ i . . i|kt—£
gl e LT 4 2 e
Vg
- -
eifk(z+)—iBt | o {kE ug}<$+1)r(t+ xtl’E>
Vg
1. . —i|kt—E xr+1 x
= ’/UE‘ 1[e1k}§;_|_e {E 0 T(t+—+,E)T<t+—+,E>*+G]
Vg Vg
Where
o+ E
G = e iFpr+iBle {W TE](HDT(%L t1>E)+eikE(w+1)—iEtel[kE vg]xr(t+£+,E)*
Vg Vg
—ikt(2z4+1)+HiE (z+1)+iEt 1 ik} (2z+1 Et
_ o G EIREL ; E) 4 e BET A e r(t+vi+,E)*
E E
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Appendix C. Resonant level model derivations

We want to place ourselves in conditions where we can have Im[G] &~ 0. To have that we need
e E/Ve Byt i—?) ~r(t+ %, E) Therefore we will make two additional hypotheses, that lead to two
consecutive approximations that justify Im[G| ~ 0:

L |i(t, E) |2 have negligible values around the edges of | — 2+, 2], so we can do the approximation
i-E
vh A vh_o=2vinl(t + x/vg, E), where l = r,d,r’,d’,and ine “.
2. 7y is big enough to consider that [(¢ 4 x2—ny1,E) ~ U+ 55, E) ~ Ut + %,E) where | =
r,d,r’,d". And ey & 1

Ii’:‘fl(L’E) (t) then writes:

_ _ L —ilkp—E 05 I
PEE 1) = 2 |5 4 ¢ LE \r<t+”§ E)
’ Y
- —i[kp—£ 05 |
= |og| " [UE+2fyIm[e [E ”E]] r(t+x; E) ]
N v ) (C.31)
| FE E E 0.5
=1—2v|vg] 1{—sin—++v—Ecos—+} r(t+x+ ,E)
2y v 2y (s 2y
E . E E 05 |
:1—{—+sin—++cos—+} r(t—l—x+ ,E)
(o (o (5 2y

A closer look at the pre-factor U£+ sin U@ +cos v@ (Fig C.3) shows that it’s a mainly flat curve (equal to
E E E
1) on the interval | — 27y, 2] and diverges at its edges. Given that this pre-factor comes as a multiplier
2
of ‘T(t + %3‘5, E)‘ for which we made the hypothesis that it has negligible values on the edges of

| — 27, 27, we can do the approximation pre-factor = 1 (The same result would have been achieved if
B
we took €'27 a1 for its other occurrences). This finally gives:

_ 05 |
L) =1 |r(t+ r+90 gy (C.32)
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151
A~
W[ 10y
~
S 5
_|_
A/~
Qe 0
~
8
) _5-
Sies
—101_ . i
—2 —1 0 1 2
E
Y

Figure C.3. — Representation of the pre-factor that appears in (C.31)

Now with A = (R, F), i.e. the scattering state U»~%¥ created by the incoming right-to-left plane
wave || g

‘ dE’ o 10T dE o
(W) \Isz{/ ||;vEd<E,E>} [/ ||,E/,md<E,E>]

2 2T
— ilkp—-E |z " kg% | (2 1
slopl [¢b5 Al @ - Zop)| [ebeElen g - T g
Vg Vg
1| ik —ikp—E|(z , 1
= |UE| 1 [e[ E “E] d/(t—|— %,E)* e [ E UE]( +1)d (t+ $7E):|
Vg Vg

1 —ilkhL—E 1
= |vg| Te [ £ ”E] d’(t+ g,E) d’(t+ %,E)*
Vg Vg

Where d’(E’, E) is the right-to-left transmission. We use the hypotheses made in the two bullet points
above, along with the approximations they enable, to obtain:

_ L x4+05 _ )
DT () = —|d/ (1 + 5 B (C.33)
The total particle current writes:
dE NA=(L,E NA=(R,E
Ben®) = [ S 1E) L2210 + falB) DT (1) (39

where f; and fj are respectively the left reservoir and right reservoir Fermi distributions. And in our

approximation, its expanded expression is (note that the x, x + 1 index means from site x to site x + 1):

d’ z+0.5 E 2
(t+ =525 B)

2,0 = [ 5 5ulB) [1- e+ 2522, )] - fa() (35

2 dE
Ig’z+1,x(t> = \/% fR(E) |:1 —

27 2y 7

"t — $+0‘5,E)’2] — fr(B) Jdt— =23 B)” (C35b)
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Appendix C. Resonant level model derivations

which has the same form as Egs. (C.30) with the benefit of taking into account the finite speed propa-
gation in the leads, with a finite and fixed group velocity v = 2+. Note that here x is negative in the
left lead and positive in the right lead.

C.4.2. Dot’s particle density

To obtain the value of the particle density on the dot (i.e. site 0), we need to express the scattering sates
on that site. Let’s express it starting off the Schrodinger equation:
1

1
Given that the wave functions start with v,* where vy = 27 in our current wideband approximation.

If we express that prefactor out of the wavefunctions & = vgl/ 9’ we get that :

1 v
= —i— & — — !
0 Y2y U /2y 2 (C37)
1 1 :
- i 0,0 — )

VeV 2y I

Another thing to consider from the wideband is that it symbolically amounts to taking v — oo and
7. — oo while keeping I' (given in 5.55) constant. That means that #ﬂ — 0 in the previous expres-

sion:
1

Ny

We can now use the calculations carried in C.4.4 to express ®, with e’*z = i as a result of WBL1

P'ppo=—[eF +r'(t,E)] =—d(tE) (C.39)
' po=—d(l, E) (C.40)

Therefore, the particle density p, writes:

dFE 1
Poz/g(fﬁ’,*'f/;)fwﬁ (C.41)

Note: Eq. (C.38) implies that p, o< p, but a tkwant simulation shows that it’s not the case. The final
expression of p,, however, matches with simulation.

C.4.3. Energy current: far in the leads

The lead time-resolved energy current I, , in an arbitrary position x of left « = L and right &« = Rlead
can in theory computed using the scattering states defined in Eq. (6.33): by summing the contribution
I 2’2 of each scattering state U*, given by Eq. (4.94) (with the total energy operator as the energy

operator € = ¢), according the Fermi distribution of each lead (see Eq. (5.27)), one obtains I, ,. The
contribution [ ;2 .1 to the energy current flowing from z to = + 1, of the scattering state ¥*, writes
(4.94):

E,A

I:c,x+1 = Z —Im [(\I’2>* Ek,mgm,x+1‘y;}n\+1 - (leg)* 8k,z+1€x+1,m\119>3\] (C'42)
k
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C.4. Expressing time-resolved transport quantities

Let’s develop this formula, knowing that in the leads we havee, , =0,¢, .., = —7:
€, A * A AN A N %
Im z+1 — —Im (\I[I—1> gm—l,wgm,x+lqjm+1 + (\I]w> 6a:,9: gzr,a:—i-l\ljx-i-l + (‘Ij:c—i-l) €m+1 =z x+1qjm+1
~——
=0 €R

A * by A * A A * A
- (\Ilac) 5m,m+15m+1,qum - (qlw+1> E:c+1,ar:+1 5m+1,mqjaz o (lIlw—&-Z) 8$+2,m+15m+1,:€\11m
_

eR =0
(C.43)
Which simplifies to:
I ;\+1 = Im[(\lfi‘f ) L ATPIE A ‘P;\] (C.44)

Using WBL1 This approximation makes I ’x 11 2 independent but still side dependent. We will take
x = 0 to simplify the notations. Same as with the particle current, we will consider the Left current
(positive when flowing towards the central system). Let’s start A\ = (L, F):

dE’ T
A+ [ e B)]
n

dE’
[ (B E>}

(eF) e = |

|

LE * LE - —ikT—iEt 1k:
(\1171) Uy~ |ugl [ BT te

Using the approximation (6.36), we get:

ikt pHiEt +e—1k
ikE—iEt +e —ik™

O
= |'UE|7 [
[e

= Jog| " [ + e 2k |r(t, E>|2 +eiBtr(t, ) + e-iBtr(t, B)" ]

a+a* = Imfa+a*]=0

Now we can use (6.31) to express Im [eﬂikﬂ :FQWUEE
* * E
LE\* yL.E] _ LE\* ¢L.E| _
| (05F)" 057] = —1m| (w5") i "] = 52 [1—|r(t, B)*] (C.45)
We finally get:
. 2
If y=E[1—|r(t,E)|’] (C.46)
For A = (R, E') we have similarly:
, 2
Ipp=—Ed'(t, B (C.47)

The total Left energy current, going towards the central system, writes:

dE

I5(t) = / 5 B [1(B) L= Ir(t. )] = fn(B) |2'(t, B)["] (C.48)
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C.4.4. Energy current: hopping (0,1)

The contribution Igi/\ to the energy current flowing from site 0 to 1, of the scattering state ¥*, can be
expressed using Eq. (4.94):

e\ _ A* A A* A
Iy = E :_Im{q]k €k,0€0,1 V1 — Vi €r,1€1,0%0 (C.49)
k

_ X A A* A A* A

= —Im|:\Ij_1 5_1708071@1 + \IIO 6070 6071\:[[1 ‘l‘ qjl 61706071\:[]1 (C.SO)
=Vu eR

A* A A* A \* A

— WG €01€1,0%0 —¥7T €11€1,0%0 — V3 €2161 0V (C.51)
N ——— — Ha/
€R =

which simplifies to:
A * * *
I = —Im[y205 03 — 4 V0% 00 — 7.3 0] (C.52)
The contribution [ /]\V o1 of U to the particle current, from (4.88), writes:
¥y, = —2m [0 Hy, 03| = 29, Im [0 0]
We can replace in the previous equation:
% 1
7)\ *
I =Tm[yy, 0303 — 205 0] + §VOI£{01
P, can’t be expressed with the scattering coefficients, but can be with the Schrédinger equation:

YV = —i0, ¥ — ¥,

Thus we get:
. 1
E5Y . *
I5" = Im [~y 03" (10,97 +793) =205 03] + Vol Yoy
* * 1
— Im{ — 703 10,97 —~* ¥y Uy —73‘113,1‘1’?] +5Vo o
R
Which finally gives:
e *, * 1
I = —Im |30, 97| —72Im |W3 93] + VoL, (C.53)

— WBL1 We will use here the approximation given in (6.36) for expressing the wave functions on
all sites except 0.

A = (R, E) Let’s write the expression of the scattering state on each site (except 0), after remem-

bering that sites at negative position bring a minus sign with them (e.g. for site —1 we will have
e(_l)ikE = eik}t});

|

\IIR,E,l _ |UE| 3 [e—ikg—iEt + olk r’(t,E)]
[Ee*ikg’iEt + el¥5 10,7 (t, E)}
|

. A
6721k:E71Et + tek:E 7a/ (t, E)]

180
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Each term of (C.53) can now be expressed:
| ‘I’E,E,2iat\pR,E,1 — {e—zikg—iEt + e2ik T’(t,E)r [EefikgfiEt + elkE iatr’(t,E)}
Ve UE L W — efik:};ﬁ d’ t,E)* efik:j{;fiEt + eik:}:; r tE
E| ¥*R,E,~1*R,E,1

The symmetry of the system enables using equation (6.34) that links left-to-right and right-to-left scat-
tering amplitudes. Also, using the WBL1 approximation implies taking e!* = i (see equation C.26) and
vy = 27. Therefore to two terms simplify to:

2y U 1510, Uy = [e P8 +7(t, B)] [iBe P + 9,r(t, B)]
29U g Vg gy = d(t, E)" [—e Bt 4 r(t, E)]

Now, using (6.53), we reach the following expressions:

2y Uy 910, Vg g, = d(t, E)* [2iFe P! + 0,d(t, E))
27Uk g1 Ve gy = d(t, E)* [—2e 1t + d(t, E)]

A= (L,E) Let’s write the expression of the scattering state on each site (except 0):

Each term of (C.53) can now be expressed:
0| Ui 210, ¥,y = e *E d(t, E)i0,d(t, E)
el ¥l g1V el = [e_ikg_iEt + ¥ p(t, E)} Tekh d(t, E)
Same as with A = (R, F), we can use e/ = 1 and vy = 2 due to the WBL1 approximation:

29V} 510V gy =d(t, )" 0,d(t, E)
2y lI’i,E,—llllL,EJ = [_e_iEt +r(t, E)] d(t, B)

Now, using (6.53), we reach the following expressions:

27 \I!i,E,Q iat\IjL,E,l = d<ta E>* 8td(t7 E)
27V} o Uy gy = [2e7F 4 d(t, E)] d(t, E)

Total energy current The total energy current writes, knowing that Im[d*d| = 0:

dE  fg [1/2Im[d*8,d] — 1/2T Im[e"Ftd]]

1
Ig ==V ,IN _/ ‘ C.54
0,-1 7 9707071 fi [V/2Im[d*9,d] + 1/2T Im[e'F'd] + E Rele'F!d]] (C.542)
1 dE 1/2Im[d*0,d] — 1/2T'Im[eiFd
I = SVolor _/_ fulpm * A= € iBt ) iEt (C.54b)
2 2 fr [Y/2Im[d*9,d] + 1 /2T Im[e'*'d] + E Re[e'"!d]]
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Appendix C. Resonant level model derivations

With I' = 2+2/~. These formulas can already be used as-is for numerical integration, although it is
more useful to make the source terms 5%, and S§ appear so the heat current can easily computed. To

achieve this goal, let’s use the relation (6.54a) to replace Im[d*0,d]:
2 i
Ly (4B A[F IV + Vlld —imfeEd]
T2 g [ V) + Vi)l 4 EReled)]
We can now try to factor out S, whose expression is given by Eq. (4.106):

1 1
P =s[o-vm|m = v

With I} given by (C.30) with a minus sign:
dE 2 2
N _
1= [ 5 g1 = fa(®) [1- 1]
Then we can use (6.53) to express everything in terms of d:
2
o pap f V)l
Sy = on T 2 iBt
T fR[aV ) 1dI — V(ERe[d e
which gives the following for the energy current
2 .
o rdE A [-eVeld? —Timfesa))
IOl — §V0101 + Sl - % + 2 Bt
fo[=1/2Vo ldI” + [E = V()] Re[e*"d]]
We can factor out another ), term:
2
o dE Yl
2Volgy = | 5= + 2 B
21 fa[1/2V0ldI” ~ VoRe[d e
and obtain the following for I;:
dE  f.[-TIm[e"Fd]]
Is, = VoI, SE—/— g |
o= AT [ o T B - V() - V] Rele™d]

When squashing all the terms together, we get:
_ dE  f1 [—[1/2V t)+ Vgl |d]” — FIm[eiEtd]]
Iy = — / o

)’ — FIm[eiEtd]]

]
I
I
J1d|* + [V, + E]Re[ePd]]

) /dE fr [~V (¢
L
’ 2r [—[1/2‘/ t
The energy current plus the source term writes
o gp_ [4E S [FVO Y d|” — T Im[ei#d]]
v 20 f [F V@) + Vol [dI + [Vy + V(1) + E] Re[e!d]]
P / dE  fr [~V + Vol " ~ T Im[e¥"d]]
e 20 fy [V + Vol d + Vo + V(1) + E]Re[ed]]

(C.55)

(C.56)

(C.57)

(C.58)

(C.59)

(C.60)

(C.61)

(C.62)

(C.63)

(C.64a)

(C.64b)

which is useful for the heat current I %0 and ;Ql,o’ that are defined using Eq. (4.211) as the following:

IR =I5y — S — il
IIZQ = 131,0 — 55 — ”LIEILO
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C.5. Time-integrated quantities

C.5. Time-integrated quantities

C.5.1. Energy

We are interested in the dynamically injected energy throughout the pulse (i.e. finite in time) in lead
o

e — / dt IE(t) — IE(t = 0) (C.67)

Where [ g,a is the stationary energy current before the start of the pulse, given by the standard Landauer-
Buttiker formula:

d

I5(t=0) = / ; E [DOfL —[1— Ry fR} (C.68)
d

I§ 1(t=0)= / ; E [DOfR —[1— Ry fL} (C.69)

Given that [ dt I # [ dtI{; (because of S{’ # 0) and also that Vo > 1 [dtIf5 = [dtIF, |, and

since we are interested in the currents far in the lead, it is more fitting to consider 7, (ﬁ + 8 1E because of
the following :

Oy, + I + 15 = SF —s e, + IE = IE + SF — /dtIlEQ _ /dtl(ﬁ +SE (C0)
To proceed further, we will use the following equivalent expression for the energy current:

frlE[ r]? = 1] + Im[A8,4*] + Re[d,4] |
I + 57 = v, [ t o (C.71)

e 0 simiage

FolE[1r? = 1] + Im[A8,A7] + Re[0,4]
Iy, + S = d_E+ [ , T e (C.72)
2 fp|B ol o+ m[A9,A"

Where
A = —jetftd (C.73)

The above expressions can be split like the following:

d
1§ +87 = / S E[flal — Fa (L= )] + (o + Fo) Im[A0,AY] + frRel0,A] (€74
d
If_ +SP = / §E[f3|d|2—fL (1= 1r[*)] + (fi + fr) IM[AD, A" + f, Re[0,A]  (C.75)

Now we subtract the initial stationary current (given in C.69 and C.68), knowing that S ’t:o =0:

[ E [fL (’d|2 - Do) —Ir (RO - MQN
Iy +SP =10l = | 57 |+ (fo + fz) Im[40,47] (C.76)
| + frRe[0,A]
g | Elfr(dl =Do) = i (Bo—IrT")]
Iy + 85— I(fflL:O = /g + (fr + fr)Im[AD, A (C.77)
| + f1, Re[0, A]
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Appendix C. Resonant level model derivations

Now we can calculate the time integral from ¢ = 0 to ¢t = 00, let’s start with 9, A, while having in mind
(6.79) and (6.63):

/ dtRe[d,A] = Re[A|t:OO - A|t:0] ~0 (C.78)
0 ——idy,  =—idy

using the definition of T}y, in (6.65):

- [dE
/gE(fL _fR)Tdyn
/dt 1 +sE-18l ] = |+ 15 (C.79)
[ 5 dt (7 + f) i,
- [dE
/%E(fR_fL)Tdyn
/ dt [I(f_lJrSﬂ— I(f_l\tzo] = |+ 4B (C.80)
[ 5 dt (7 + f) i,
L T
Given the relation (C.70) and that vV I, +1| = Ig) ‘t:O’ we have:
/dt 50 +SF — 4l ] = /dt e - Il
(C.81)

/dt |:IS,—1 +SEI_ IS,—l‘tZO] - /dt [1517—2 - Iilv—z‘tzo]

To further simplify the equations above, one can write the conservation equation on the group of sites

—1,0 and 1:
Oyle 1 +eo+e | +IE _,+If=8% (C.82)

where S¥ is given by (6.59). The time integral of this relation gives:

[e_1 + e+ z—:l]zg" + / dt [I7 _,+1F%] = / dt S (C.83)

=0 (back to initial state)

The term [ dt [ o+ 1 1 2] can be expressed by summing (C.80) and (C.79). With (C.81) in mind and
I ot I—lv_z‘tzo

dE
/dt (15 o+ 1] = /dtSE = /Z—dtQ (fr, + fr)Im[A0D, A*] (C.84)
And this enables writing a simple formula for g,
dyn dE 1
“n —/dt [Ii2 - I t:O] :/ o E(fR_fL)Tdyn+§/dtSE
dE 1
5(2 —/dt [I o 151,—2‘t0]:/ o E<fL_fR)Tdyn+§/dtSE

(C.85)
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Titre: Transport thermoélectrique dépendant du temps dans des systémes quantiques

Mots-clés:
de la diffusion

Résumeé: Ce dernier siécle est marqué par
I’évolution alarmante du phénomeéne de réchauf-
fement climatique. A son cceur repose la contin-
uelle augmentation des besoins en énergie « utile »
pour nos activités. Ainsi, une grande pression re-
pose sur la recherche pour réaliser des usines de
production électriques plus efficaces et plus re-
spectueuses de I'environnement. Dans ce contexte,
la thermoélectricité offre une fagon différente et
prometteuse de réaliser des machines thermiques
et réfrigérateurs. Les dispositifs se basant sur cet
effet sont cependant peu démocratisés car ils souf-
frent d’un rendement relativement bas par rapport
aux machines traditionnelles. Durant ces dernieres
années, de nouvelles pistes prometteuses ont été
explorées pour améliorer la performance des dis-
positifs thermoélectriques, en s’appuyant notam-
ment sur une meilleure compréhension du com-
portement quantique de la matiére et sur les pro-
gres technologiques en miniaturisation. Une de ces
pistes propose de s’intéresser aux (nano)dispositifs
mis hors-équilibre, en particulier dans un régime
dépendant du temps. Bien que la grande ma-
jorité des études en thermoélectricité ont été mo-
tivées par des arguments uniquement valides dans
le régime stationnaire proche de ’équilibre, des
développements théoriques récents prédisent une
forte amélioration du rendement dans le régime
quantique dépendant du temps, loin de ’équilibre.
D’autre part, les progres en nanoélectronique haute
fréquence permettent aujourd’hui de mesurer le
transport quantique a de courtes échelles tem-
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porelles et spatiales, remettant en question les lois
classiques de la thermodynamique.

L’objectif de cette thése est d’explorer les op-
portunités offertes par le transport thermoélec-
trique dynamique a ’échelle mésoscopique. Pour
ce faire, nous construisons dans un premier temps
une approche invariante de jauge décrivant (outre
le transport de charge déja traité dans la littérature)
le transport d’énergie dépendant du temps dans
un systéme quantique ouvert sous 'influence d’'un
champ électromagnétique dynamique. Cette ap-
proche est basée sur une description semi-classique
ou le champ électromagnétique est décrit par les
équations (classiques) de Maxwell, tandis que les
électrons sont décrits par I’équation (quantique) de
Schrédinger. Puis, nous utilisons ce formalisme
pour étendre tkwant, une bibliotheque de simula-
tion quantique de systemes modélisés en liaisons-
fortes, au transport énergétique: cette biblio-
theque étendue permet alors de simuler la ther-
moélectricité, avec dépendance temporelle, dans de
larges systémes mésoscopiques, au-dela des mod-
éles jouets. On illustre ensuite la puissance de
cette bibliotheque en investiguant leffet Peltier dy-
namique dans un « Contact Ponctuel Quantique »
bidimensionnel. Enfin, nous nous intéressons au
trés étudié modéle jouet du niveau résonnant pour
avoir une meilleure compréhension fondamentale
des phénomeénes en jeux : une étude numérique et
semi-analytique nous permet d’apporter un nou-
vel éclairage sur le potentiel de la thermoélectricité
dépendante du temps dans les points quantiques.
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Abstract: This past century has seen a very
quick rise to the prominent issue of global warm-
ing. Atits root is the ever growing need for “work”
energy in our activities, this pressures research
into making energy production facilities more ef-
ficient and more environmentally friendly. Ther-
moelectricity in this context offers a different and
promising way to make or complement traditional
heat engines and coolers. Devices leveraging this
effect are however still not broadly used as they
suffer from a relatively low efficiency when com-
pared to traditional coolers and heat engines. In
the recent years, new waves of ideas came from
technological progress in miniaturization from the
semi-conductor industry and further understand-
ing of the quantum behavior of matter. A new
research avenue in thermoelectricity suggests in-
vestigating (nano)devices far from equilibrium, in
particular in the time-dependent regime. While
the vast majority of studies in thermoelectrics have
been motivated by arguments valid in the station-
ary, near equilibrium regime, recent theoretical lit-
erature predicts a boost of thermoelectric efficiency
in the far from equilibrium, dynamical quantum
regime. On the other hand, progress in experimen-
tation at mesoscopic scales with high frequency
control enables probing quantum transport at short
length and time scales and bring into question the
(classical) laws of thermodymanics.

Time-dependent thermoelectric transport in quantum systems

time-dependent, quantum transport, thermoelectricity, quantum simulation, scattering

Research is ongoing in building a consistent the-
ory of quantum thermodynamics in all regimes
and this thesis intervenes in this context:
build a gauge-invariant framework for describing
energy transport, on top of the currently pub-
lished research on time-dependent charge trans-
port, in an open electronic quantum system un-
der the influence of a time-dependent electromag-
netic field. This framework is based on the semi-
classical approach where light is described by the
(classical) Maxwell equations and electrons are
non-interacting and described by the (quantum)
Schrodinger equation. We then use this framework
to extend tkwant, a tight-binding time-resolved
quantum simulation library, to energy transport:
this extended package makes possible the simula-
tion of time-dependent thermoelectric transport in
large scale systems that can model a broad class
of mesoscopic devices beyond toy models. We
illustrate our numerical approach by investigat-
ing briefly the dynamical Peltier effect in a two-
dimensional Quantum Point Contact then go back
to the extensively studied Resonant Level (toy)
Model to be able to grasp a more fundamental un-
derstanding of the effects at play : we use our ap-
proach, in both its numerical and analytical adap-
tations, and obtain new insights on the potential of
time-dependent thermoelectricity in quantum dots.
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