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Synopsis

In this thesis, we have looked at the development and application of both
computational and analytical methods to study quantum many-body systems
out of equilibrium. The thesis consists of six chapters and two appendices.

In Chapter 1, we introduce and motivate the subject matter of the thesis
from both the phenomenological and method aspects. In Chapter 2, we im-
plement the steady-state Keldysh second order perturbation theory (KPT2)
and study the transport through a quantum dot connected to leads with spin-
orbit coupling (SOC) with a DC bias. In Chapter 3, we look at the effect
of valence fluctuations which arise through the gate voltage of the quantum
dot connected to leads with SOC by applying the steady-state interpolative
approximation (SSIPA). In Chapter 4, we develop the steady-state local mo-
ment (SSLMA) approach by generalizing the LMA out of equilibrium. In
Chapter 5, we implement and use the transfer matrix method to study the
effect of piecewise constant driving protocols on the topology and dynamical
quantum phase transitions in the Kitaev chain. In Chapter 6, we derive the
time-dependent projection operator method to obtain the effective Kondo
Hamiltonian of a single impurity Anderson model (STAM). We summarise
and conclude in Chapter 7. The appendices consist of an introduction to the
Keldysh field-theoretic method and the detailed calculation of the second-
order self energies used in chapters 2 and 3.

Chapter 1 is an introduction to quantum many-body systems out of equi-
librium. We begin with the motivation for studying such systems including
the applicability to a wide variety of systems and the possibility of novel
phases of matter not present in equilibrium. We next move to phenomenology
and explain the general differences between equilibrium and non-equilibrium
quantum many-body systems with a detailed look at some experimental re-
sults. The third section of the chapter deals with the extant methods and the
motivates the need for development of methods in the thesis. We conclude
with an overview of the structure of the thesis.

In Chapter 2, we implement the KPT2 method to the STAM coupled to
leads with SOC. We begin with extensive benchmarking of the method in



both equilibrium and out of equilibrium. Next, we study the scaling and
universality in the linear response regime of the system. The system has two
parameter regimes viz. a weak-intermediate coupling and strong coupling
regimes. We calculate the spectral function and conductance in both these
regimes and are able to explain the experimental observations in an equivalent
system.

In Chapter 3, we apply the SSIPA method to the system considered is
in Chapter 2 along with a gate-voltage applied on the quantum dot. This
takes the system away from the particle-hole symmetric limit and controls the
cost for valence fluctuations. We evaluate the IPA ansatz self-consistently
and derive the self-energy. This is followed by evaluation of the current
and the details of the numerical implementation. We conclude with the
results including benchmarks and the effect of particle-hole asymmetry both
in equilibrium and when a DC bias is applied across the leads.

Chapter 4 deals with the development of the SSLMA method which is a
generalization of the equilibrium LMA, and its application to the steady-state
SIAM. The formalism of the method is presented followed by some analytical
limits of the theory and details of the numerical implementation. The method
is extensively benchmarked in both zero and finite temperatures with the
equilibrium results. Some results concerning the transport and universality
calculated by the application of the method are also presented.

In Chapter 5, the transfer matrix method has been used to study the
effect of piecewise constant driving in the Kitaev chain. The chapter firstly
deals with the details of the Kitaev chain, including the topological phase
diagram and the general form of the ground state. This is followed by a
derivation of the transfer matrices for the square wave, noise and quench
driving protocols. The definition of the Loschmidt echo and characterization
of dynamical quantum phase transitions follows. In the last part, the results
including benchmarking and for the three driving protocols are presented.

Chapter 6 involves the derivation and application of the time-dependent
projection operator method (TDPOM) to the driven STAM. We begin with
the derivation of the TDPOM in the general case and use it to calculate the
effective Hamiltonian of the driven STAM. In particular, we consider the case
of sinusoidal driving and look at the effect of driving on the nature of the
emergent Kondo model and calculate the time-dependent Kondo coupling.
We look at the dependence of the Kondo coupling on the parameters of the
driving in the U = oo limit and at specific values.

Chapter 7 consists of the summary of the thesis and concludes with the
major findings of all the chapters. We also look at the future outlook.
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Chapter 1

Out-of-Equilibrium:
Phenomenology and Methods

1.1 Motivation

While it has been almost a century since the time-dependent Schrodinger
equation was proposed, the field of non-equilibrium quantum physics is still
in its nascency with multiple groups exploring a wide variety of systems
with even more fundamental questions remaining unresolved definitively.
Non-equilibrium quantum phenomena are ubiquitous from nuclear particle
physics, to both Fermionic and Bosonic condensed matter physics, all the way
up to early universe cosmology!. In particular, many-body quantum systems
are all the more ubiquitous since most realistic systems involve interaction
or correlation between their constituent particles.

Non-equilibrium many-body quantum physics not only makes an appear-
ance in all sorts of phenomena across time, energy and length scales but also
leads to novel phases of matter not present in or near equilibrium. Given
the ubiquity, these phenomena have naturally seen much sustained interest
from both the theoretical and experimental quarters. In particular, recent
experimental methods like optical lattices?, quantum point contacts?®, ultra-
fast spectroscopy?, etc. have opened new avenues for exploration. These
phenomena are not just of interest to the academic but also have a large
number of applications in diverse fields like spintronics, quantum informa-
tion, heat/charge transport in electronic devices, etc.

7



1.2 Phenomenology

A question which immediately arises when one begins research into non-
equilibrium quantum phenomena is: what are the general differences between
equiltbrium and non-equilibrium systems? While the question can be an-
swered in a large number of ways with varying levels of detail, let us consider
a few phenomena which will make the answer a bit more apparent. The
first phenomenon of interest would be the origin of irreversibility out of equi-
librium, given that the microscopic laws that govern the systems are time-
reversal symmetric. Another phenomenon is the non-ergodicity of systems
out of equilibrium compared to their equilibrium counterparts. A defining
feature of non-equilibrium systems is the presence of particle and/or energy
currents either within the system (closed systems) or with external baths
(open systems). Non-equilibrium systems can also vary from equilibrium
due to the presence of noise, fluctuation and other such stochastic processes.

Each of the phenomena considered above leads to a class of systems and
correspondingly a class of methods to solve the said systems. While the
general comparison is fruitful, non-equilibrium systems also allow for specific
novel phenomena which do not have any equilibrium counterparts. Consider
the prototypical example of a quantum dot connected to leads across which
a source-drain bias has been applied and is subject to a split-gate voltage.
While a detailed analysis of this model is carried out in chapters 2 and 3,
the experimental findings in quantum point contacts (QPCs) in heterostruc-
tures like LaAlO3/SrTiO3 see the presence of both integer and half-integer
quantization in the conductance in units of 2¢/h. This is seen in Fig. 1.1
and the presence of half-integer plateaus is only possible out of equilibrium
when the source-drain bias is finite.

Another possibility is the emergence of new phases which have no equilib-
rium counterparts when systems are subjected to driving. A great example
of such a phenomenon is the observation of time crystals. Both discrete® and
continuous time crystals” have been experimentally observed when systems
are subject to specific driving protocols. In particular, driving a chain of Yb
atoms with inter-atomic coupling as seen in Fig. 1.2 in a tripartite periodic
protocol which involved a global rotation, interaction and disordered parts,
resulted in a discrete time crystal. This was characterized by the magneti-
zations of each of the individual ions getting locked into the sub-harmonic
response, i.e. the peak of the Fourier transform of the time-dependent mag-
netizations is at w/2, where w is the driving frequency.

Thus depending on the system under consideration, the phenomenology



S 0.00
(O]
n
>

-0.05

-0.10

0.5 0 0.5
Vsq (MV)

Figure 1.1: The differential conductance plotted as a colour map with varying
source-drain voltage Viq and split-gate voltage Vg, for the LaAlO3/SrTiO;
quantum point contacts. Notice the integer quantization of conductance (in
units of Gy = 2¢2/h) in the V.4 = 0 case and the appearance of half-integer
plateaus when Vi # 0. Figure taken from A. Jouan et al.®

would involve getting an accurate theoretical description of various quanti-
ties like current and conductance (for transport) or time-evolved states and
effective Hamiltonians (for novel phases), etc. Each such quantity is best
calculated using one of the various methods that exist to study systems out
of equilibrium.

1.3 Methods

Let us now focus on the theoretical methods to study quantum systems out
of equilibrium. In trying to study non-equilibrium systems, we see that the
familiar aspects like fluctuation-dissipation theorem, time-reversal symme-
try, conservation laws, Luttinger theorem, Ward identity, Gell-Mann Low
theorem, Wick’s theorem, etc. are either absent or need to be modified to a
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Figure 1.2: A discrete time crystal was observed by J. Zhang et al.® in
a Yb spin chain (shown in the bottom) with interatomic interactions as
shown (top part) when subject to a tripartite periodic driving protocol. The
time crystal was characterized by a sub-harmonic response in the individual
magnetizations of the ions. Image taken from Prof. N. Yao’s research page

large extent. Thus, generalising equilibrium methods to non-equilibrium is a
non-trivial task and hence has seen sustained interest across the fields of con-
densed matter physics, nuclear physics, atomic physics, high energy physics
and cosmology. The challenges in the generalization of equilibrium methods
have also led to a lack of definitive conclusions and a lack of consensus in the
resolution of many fundamental questions.

For example, unlike in equilibrium, where the methods of Bethe ansatz
and numerical renormalization group (NRG) act as benchmarks in the study
of Kondo physics, there have not been any such defining methods in the
case of non-equilibrium. Even the generalizations of the Bethe ansatz® and
NRG? to out-of-equilibrium systems have their limitations either in the abil-
ity to capture all the energy scales or in computational limits due to the
exponentially growing density matrices. While quite a bit of progress has
been made in the steady-state case, the time-dependent driving is even more
difficult to tackle due to the increased size of matrices required or in the case
of Floquet theory!®) to truncate the Magnus expansion to O(271) terms.
Accounting for interactions in the Floquet method is especially hard due to
the occurrence of higher-order terms in the Magnus expansion.

Another class of methods which allows access to both closed and open
systems are the methods based on the quantum kinetic equations or Boltz-
mann transport. While these methods capture the relaxation to a thermal
state, they involve weak-coupling perturbation in addition to a semi-classical
approximation or a gradient expansion!!. Thus it is the need of the hour
for the development of novel methods to study even simple non-equilibrium
systems.
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1.4 Outline of the thesis

While the plethora of methods which already exist to study non-equilibrium
quantum systems may seem more than sufficient at first glance, the short-
comings of each method warrant the development of novel methods which
can tackle at least some of these shortcomings. In this thesis, we develop and
apply methods to study transport, the effect of driving on topology, noise
and emergent effective Hamiltonians.

In chapter 2, we numerically implement and apply the steady-state inter-
polative approximation'? (ssIPA) to study transport through a quantum dot
coupled to leads with spin-orbit coupling across which a DC bias is applied.
The system described above is generalized to include valence fluctuations
through the means of a gate voltage in chapter 3 and requires a modifica-
tion to the ssIPA ansatz. Chapter 4 deals with the generalization of the
local moment approach!'® (LMA), a very successful and inexpensive method
in equilibrium to study steady-state transport in the single impurity Ander-
son model (STAM). We change gears in chapter 5 where we implement the
Transfer Matrix method!* to study the effect of piecewise constant driving
(including square-wave driving, noise and quenches) on the topology of the
Kitaev chain'®. In chapter 6, we derive the time-dependent effective Hamil-
tonian for the STAM subject to sinusoidal driving using a generalization of
the projection operator method to nonequilibrium.
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Chapter 2

Steady-state dc transport
through an Anderson impurity
coupled to leads with spin-orbit
coupling

2.1 Introduction

The Kondo effect and its interplay with bias in the leads is a rich and well-
studied problem. This non-equilibrium Kondo effect has been observed in
a wide variety of systems such as quantum dots'3, molecular systems*?®,
carbon nano tubes®?, and quantum point contacts!® 4. Correspondingly,
experiments also observe a wide range of phenomena in these systems such as
quantum interference!®, spin-selective transport ', etc. The single impurity
Anderson model (STAM) has been the standard paradigm for modelling such
systems both in and out of equilibrium. The STAM in equilibrium has been
studied extensively using methods such as the Bethe ansatz'” and numerical
renormalization group %19,

In recent years, a whole range of theoretical methods has been developed
and used to study Kondo systems out of equilibrium. However, unlike in
the case of equilibrium, where a reasonable consensus has been achieved, the
physics of nonequilibrium interacting systems is still under debate. In the
case of the SIAM, the splitting of the Kondo peaks, the effects of magnetic
field and spin-orbit coupling (SOC) on the Kondo effect, and the effects of
bias and temperature have been studied using various methods such as nu-
merical renormalization group?® 23, non-crossing approximation?*, perturba-
tive methods?> 2", quantum Monte Carlo methods?®, exact diagonalization

13



1

methods??, Bethe ansatz3?, hierarchical equation of motion®' and master

equation approaches®? among many others.

SOC is an important parameter, and is well known to be an integral aspect
of exotic materials such as topological insulators, and topological magnets
and is useful in many spintronics applications. Quantum dot systems have
been studied both with SOC on the dot and with SOC in the leads. Ex-
periments with the SOC on the dot include directly measuring the SOC in
two-atom quantum dots33, the observation of an anomalous Josephson cur-
rent3*, and controlling the SOC using magnetic field direction® among many
others. The case with SOC in the leads has also been studied with phenom-
ena such as the gate voltage tunability of SOC435 magnetotransport?’, etc.
having been observed.

In equilibrium, the effect of the SOC on the Kondo resonance has been
theoretically studied in detail3¥°. A driven quantum dot, coupled to normal
metallic leads, with SOC on the dot has been investigated using the finite-U
slave boson method*! and the findings show that the Rashba spin-orbit cou-
pling (RSOC) introduces new conductance peaks next to the Kondo peak
while suppressing the Kondo peak. Quantum wire systems have also been
studied and interesting observations, such as the destruction of spin accu-
mulation due to an impurity*? and multichannel effects?3 have been made.
A quantum dot connected to a nanoribbon with SOC has also been studied
using the Hubbard III approximation?°.

A powerful tool in experimentally studying the effect of bias on quantum
systems is the paradigm of quantum point contacts (QPCs). QPCs are re-
alized by constricting a two-dimensional (2D) electron gas between contacts
which have a source-drain and gate voltage applied. Multiple experiments
on QPCs have observed quantized conductance along with some well-known
anomalies* 6. Recent experiments in systems with quantum point contacts
have also seen the interplay of SOC and Kondo physics. In particular, Smith
et al.'*, have realized a QPC setup where they can tune the SOC and have
observed a two-peak conductance in the large SOC regime along with an
increase in the zero bias conductance (ZBC) with temperature.

In this chapter, we study the interplay between Rashba spin-orbit cou-
pling on the leads, a constant bias and interactions on the steady-state dc
transport through a quantum dot system. As mentioned before, the effect
of Rashba SOC in the leads on the Kondo effect in equilibrium has received
significant attention3*%°, When subjected to a dc bias, the studied system
will be out of equilibrium and the interplay of bias and SOC in the leads
becomes an important consideration. We employ the interpolative approxi-
mation(IPA)%" | which reduces in the particle-hole (p-h) symmetric limit to
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the Keldysh second-order perturbative theory (KPT2), to investigate trans-
port through the dot with Rashba SOC on normal metallic two-dimensional
leads. Since the method is approximate, we begin with a benchmarking of
the method against exact methods such as the time-evolving block decima-
tion (TEBD)? and identify the regimes within which the results from KPT?2
are reliable. We have investigated the effect of SOC on (i) universality and
scaling in the linear response regime and, subsequently, on (ii) differential
conductance in the non-linear bias regime. We find the equilibrium universal
scale, i.e. the quasiparticle weight controls the extent of the linear response
regime and is also crucial in determining the thermal scaling of the system
when comparing the theoretical and experimental results. The features in
differential conductance are investigated in a wide parameter space, and char-
acteristic signatures of the interplay of bias, interactions, Rashba SOC and
temperature are identified. Finally, we compare some of our results corre-
sponding to the strong coupling regime to recent experiments, and offer a
qualitative explanation for some of the observations.

2.2 Formalism

The Hamiltonian for a quantum dot system connected to two leads with
Rashba spin-orbit coupling (RSOC) can be written as

H = Hy+ Hq + Hgrsoc + Hiyy , (2.1)

where the two-dimensional conduction band reservoirs (L/R) are represented
by Hy =) 1o eakclkgcaka and the Hamiltonian for the quantum dot is given
by Hq = >, €qdid, + Unagngy, where « = L/R and o =1 / | are the lead
and spin indices respectively. The RSOC term is represented by3®

Hgsoc = Z Mﬁik(k X 7)ok , (2.2)
ak

where k = (k;, k), and wlk = (ci{k’T cLh 1)- Finally, the hybridization be-
tween the quantum dot and the leads is given by

Higy = 3 (Viechosd, + i) - (2.3)
ako

The conduction band terms, namely, H, and Hgrsoc, may be combined?®,
which leads to the emergence of chiral conduction bands. This is accom-
plished using the angular momentum expansion (details in Appendix B) to
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obtain the following form of the Hamiltonian:

_ = omtgg mtg
H = E :6k’h(ckh ) Ckh

khm
Y m+1 m—2L
+ 3 bV () ds + h(cgy *)dy + ) (2.4)
khm
+ Hda

where h = =£1 is an emergent chiral quantum number. This also allows
us to define an emergent angular momentum quantum number, given by
Jm =m + %, with only the bands corresponding to 7, = :I:% coupling to the
dot, while the rest of the bands are decoupled. The renormalized dispersion
€rn, now depends on h and the spin-orbit interaction A, as given by the
expression €, = (€x + hAk)/k = €. + h\. For a free-electron like dispersion,
ér will be linear in k. Hence RSOC introduces a Zeeman-type splitting of
the conduction band, without breaking the time-reversal symmetry. Further,
the hybridization matrix elements are assumed to be isotropic, i.e, Vix = V4,
and Vj, = Vi /27 k.

In order to study the interplay between the RSOC and a constant voltage
bias, we consider the left and right leads to have a lead-dependent chemical
potential u, applied to all the emergent h, j,, channels in each lead, such that
the voltage bias is given by V;; = ur — pgr. This leads to the Hamiltonian

Heff = Z Ha+thb+Hdot7 (25)
a=L,R

where the individual terms are given by

Ho = Z gkahczrxkhjmcakhjm g (2.6)
khjm
akh
Hdot = Z €Ny + UnTm y (28)
with €xan = €xn + o The model described above can be visualized by

the schematic in fig. 2.1. We note that this model was investigated using
a quantum master equation (QME) approach in a recent work!?, and the
results were used to explain specific experimental observations of differential
conductance reported in the same work. The present work, using the IPA,
provides a different perspective and fresh insight into these experiments!4
and hence may be viewed as complementary to the QME results.
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Figure 2.1: Schematic of the correlated quantum dot connected to two leads,
split further by spin-orbit coupling into chiral bands, subject to a voltage
bias, Vig = pr — pg.

In the presence of a finite bias, ensuring particle-hole symmetry by setting

= ng = —upR, we can compute the symmetrized the steady-state current

(J) can be computed using the Meir-Wingreen formula, given by 48

J :% za:/dw [(AL(w) — Ag(w)) G5, (w)
20 (F10) ML) — Fa(w)Ar(w)) G, ()] (29)

In the above, the G, and G, represent the lesser and retarded dot Green’s
functions computed within Keldysh formalism, and f, is the Fermi-Dirac
distribution function of the a'" lead. The A,(w) represents the dot-lead
coupling and is given by

Ay(w) = —Iml, (w), (2.10)

where the hybridization function for the o'® lead, I'y(w), is given by

Fa(w) = 3" —&

oh W — €gan
- 1 1
:E V2 2.11
- k[w*—éka+)\+w+—€ka—)\ ( )

= Z Ape(w) = Eo(w) —ilg(w).
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With a suitable choice of the Vi-dependence on k as V2 = V2 f(k), we
can transform the summation over k into an integral that has the form of a
Hilbert transform, and hence the hybridization function can be obtained as:

[ho(w) = VPH [wh — p1q — hA] (2.12)

where H[z] is the Hilbert transform with respect to a ”density of states”
(DOS), po(e), given by

Hlz] = / ge 2ol) (2.13)

Z2—€

Note that the py(e) in the above equation stems from the k-dependence of
the hybridization matrix element. The conduction band density of states is
already incorporated through the electron dispersion of a free-electron form
(see the discussion below Eq. (4)). We have explored three types of po(e):
(i)a Gaussian (G), which is not bounded, but can be interpreted as having an
effective finite bandwidth, (ii) a semi-elliptic (S) form which has a compact
support, and (iii) a wide, flat form (F). The expressions for the three forms
are

p8(e) = ﬁp(—t—) (2.14)

o= (1- % )/ (215)

Tty B E
1
po(€) = STRACEICE (2.16)

We define an energy scale, Ay = 7Vpo(0) which is known to determine
the scaling of dynamics and transport properties in equilibrium?®, and hence
can be expected to play an important role in the steady-state as well. In
terms of this scale, the dot-lead coupling is given by, Ap.(w) = Agpo(w —
ta —hA)/po(0). For all our calculations, we have used the semi-elliptic or the
Gaussian forms with ¢, = 1, except for benchmarking where we have used the
flat-DOS form with a large t,, but a finite Aq. In all the calculations described
in this work, we have chosen Ay = 0.1, implying that the choice of 1} is not
the same for the three forms. The infinitely wide flat-DOS hybridization
is obtained by using the limit ¢, — oo, and a concomitant scaling of V ~
Vt, such that Ay = 0.1. Thus, in such a limit, the hybridization does
not have a bias or spin-orbit coupling dependence while the semi-elliptic
and the Gaussian forms do, and this difference leads to several observable
consequences as we will discuss in Sec. III.
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The dot Green’s functions used in the current expression, given by Eq. 2.9,
may be computed using the Dyson’s equations given by’

G = )] — (). (2.17)
G5 (w) = |Giw)? <‘ j(fj;)‘ - z<<w>> , (2.18)

where ¢, g7 represent the non-interacting (U = 0) Green’s functions of the
dot, and X", ¥< are the retarded and lesser self-energies respectively. Obtain-
ing the self-energies represents the greatest challenge in computing the cur-
rent. We have employed the interpolative perturbative approximation (IPA),
introduced by Aligia“”, which is equivalent to the second-order Keldysh per-
turbation theory (KPT2) in the steady-state p-h symmetric limit, and to
the iterative perturbation theory IPT% in the equilibrium limit, to get the
self-energies. The second-order expressions for the retarded and lesser self-
energies are as follows?” (see appendix B):

) = UZ/ (H dQD(Ei)) (Wh+e—e—e)

x [fl—enf—efles) + Flenfle)f(—e)] (219)

and
Y (w) = —2@'7TU2/deldEQD(el)D(EQ)D(el + 6 —w)

x| fle)f(@)fw—a-ea) (220

where D(w) = —(1/7) Im{g}(w)} is the spectral function calculated from the
Hartree-corrected, retarded dot Green’s function given by

[ (@) = wh =Y Ta(w), (2.21)

and f(w) = 3 A (W) fa(w)/ 3, Aa(w) is the weighted Fermi function, with
A,(w) = —ImT,(w) (Eq. 2.11), and f,(w) = f(w — e is the Fermi function
for the o' lead. In writing the above, we have assumed the p-h symmetric
limit, where ¢, = —U/2 cancels the first order Hartree contribution. To
obtain the lesser Green’s function [G§(w)], we need the Hartree-corrected
lesser Green’s function of the dot, which is given by

Tin (@) = 203 (@) Y Aalw) falw) - (2.22)
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Solutions of Eqgs. 2.9 to 2.22 yield the physical picture of the interplay of
bias, interactions and SOC on the spectra and current-voltage characteris-
tics. The self-energies in Eq. (2.19) and (2.20) are evaluated as convolutions
using the Fourier transform. The details of the numerical implementation
of the convolution can be found in earlier works®'. The differential conduc-
tance is calculated as G = dJ/dV,4, and numerically implemented through
a derivative of the splined current!. We present our results for spectra and
transport quantities in the next section.

2.3 Results

In equilibrium studies of the p-h symmetric Anderson model, the IPT®,
based on the second-order perturbation theory, is a good approximation in
the weak coupling limit, and by coincidence also reproduces the atomic limit.
Hence, the IPT has been extensively used as an interpolating approxima-
tion for lattice models such as the Hubbard model and the periodic An-
derson model within the dynamical mean-field theory to investigate Mott
transition and heavy fermion physics®2. Various Keldysh perturbation the-
ory based approximations including IPA have been used quite widely in the
out-of-equilibrium case as well?2747. In this work, we carry out a simple
benchmarking exercise to ascertain the regime of validity of the IPA and
subsequently use it to investigate the effect of spin-orbit coupling.

2.3.1 Benchmarking

As a first benchmark, we compare the current-voltage (IV) curves for the
flat-DOS and the semi-elliptic DOS cases with the steady state results from
Nuss et al.? who have used the time-evolving block decimation (TEBD)
method on a model with 150 sites comprising two leads and a quantum dot
subjected to a dc bias. As shown in fig. 2.2 we find that the J — V4 curves
match the TEBD results very well>. The presence of a peak in the current
at a specific bias roughly around half the bandwidth is seen in the case of
the finite bandwidth semi-elliptic DOS case. The peak position moves to
higher bias values for increasing interaction strength and concomitantly the
peak current magnitude decreases. In the case of the infinitely wide, flat

LCodes for reproducing the IPA data in figs. 2.2 and 2.6 are provided at the GitHub
link (https://github.com/nsvraja/ssIPA_ZF_phsym). A README is also included for
ease of use.

2For a fixed energy scale Ay, the hybridisation strength V5, needs to have a multiplica-
tive factor of v/2 for a quantitative comparison with the TEBD results
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hybridization function, we see a saturation of the current at high bias values
and the saturation current decreases with increasing U. Both of these results
show that the IPA captures the current characteristics very well over a wide
range of interaction strengths.

As a second benchmark, we compare our results with fourth-order per-
turbation theory by Fujii et al. 25 (for a flat/uniform hybridization, with
U = 64y and SOC strength A = 0) in fig. 2.3 and see that the interacting
dot DOS matches very well with their results. We see that there is a reduc-
tion in the zero frequency weight with increasing bias and also splitting and
broadening of the central peak. Next, we examine the effect of equilibrium
scales on transport characteristics in the linear response regime.

2.3.2 Linear response regime: scaling and universality

The excellent agreement with TEBD and fourth-order perturbation theory
yield strong confidence in the validity of IPA in a wide bias and interaction
range. We now explore the extent of the linear response regime and examine
if equilibrium quantities describe the response of the system at finite bias,
but close to equilibrium.

As we can see from fig. 2.2, the linear dependence of the current at low
values of bias agrees well with the TEBD calculations and the extent of
the linear response regime depends on the value of the interaction and SOC
strengths. In equilibrium, the quasiparticle weight, which can be calculated
as Zy = [1 — Re(dX(w)/dw|,—0)] !, where X(w) is the self energy, happens to
be proportional to the Kondo scale, and hence determines the extent of the
universal regime®. In order to understand the dependence of the self-energy
on SOC and bias, we have carried out a simple analysis (details in the Ap-
pendix) of the second-order expression (Eq. 2.19) assuming that the Hartree-
corrected density of states is not varying rapidly in the neighbourhood of
w = 0 for low values of bias, and SOC, i.e D(w) ~ Dy = —Im{g] (w =0)}
for |w|,|Vsal, A << t.. Do may be found by considering the expressions for
the retarded Green’s functions in Sec. II, as shown below. From Eq. 2.21,
we see that

(G0 (w = 0)] 7" = V¢ Z/ ua+hA+)e—m (2.23)

where n — 07. Using the above expression, we note that at w = 0, the
Hartree-corrected non-interacting Green’s function g}, is purely imaginary,
since

~p 2 _
Re (G, (w = 0))"" =V ZP/ MQHMH =0 (2.24)
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Figure 2.2: The current-voltage curves computed within IPA (A = 0) for var-
ious values of U (mentioned as legends) compared to TEBD results of Nuss et
al.?. The solid lines represent the current computed for a semi-elliptic hy-
bridization, while the dashed lines correspond to the flat hybridization. The
symbols are data extracted from Nuss et al.?” and the current is scaled by a
factor of 3.33.
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Figure 2.3: The DOS of the dot computed within IPA for U = 6, and the
flat hybridization in the absence of SOC. A splitting of the zero frequency
peak with increasing bias (indicated as legend) is seen, which matches with
the results of a fourth-order calculation of Fujii et al.?.
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for a p-h symmetric po(€). In the above equations, pu;, = Vi/2,up =
—Via/2,h = £1, and P denotes the principal value. Thus,

1
7TV[)2 Zha pO(:uoz + h)‘)

using which we can write, for zero bias, Dy = (47%VZpo(A))~'. We find that
the imaginary part of the retarded self-energy in terms of Dy is given by (for
w — 0 and T = 0, details are provided in the Appendix)

Jio(w = 0) = (2.25)

1 U2D3 3V2
——Im ¥ (w) = —2 |w? + =
7r 2 4

(2.26)
Using the Kramers-Kronig transformation, the real part of the retarded self-
energy is given by

23 2
Re¥X"(w) = —% {AQ — %} w, (2.27)

where A is a high-energy cutoff that represents the extent of the quadratic
dependence of the imaginary part of the self-energy.

Thus, using the definition of the quasiparticle weight as Re ¥"(w) = w(1—
%) we get the analytical expression (please refer to the Appendix for details
of the calculation),

23 2 -1
Z(U,\, Vig) = (1 - UA 9 [A2 — %D : (2.28)

Using this, we note that, since the IPA is based on second-order pertur-
bation theory, the equilibrium quasiparticle weight, Zy = Z(U, A, Vyq = 0)
decays algebraically with increasing interaction strength (at zero bias) as
U=2. The dependence on SOC enters through Dy. For a flat density of
states, since Dy does not depend on A, the quasiparticle weight, Z, will be
independent of SOC. The Kondo scale is proportional to the product of band-
width and Zj, and since the chiral bands move outward with increasing A,
the effective bandwidth will increase and hence will give rise to a linearly
increasing Kondo scale.

However, for a frequency-dependent density of states such as the semi-
elliptic or Gaussian density of states, Dy increases as py°(\). For example,
for the Gaussian and semi-elliptic forms of the hybridization, the Dy is pro-
portional to exp(3A2/t?) and (1 — \2/4t2)~3/2 respectively. Hence the quasi-
particle weight will decrease sharply with increasing A as Zy o< Dy® [from
Eq. 2.28]. So, even though the effective bandwidth increases linearly with
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increasing SOC in parallel to the flat hybridization case, the strong decrease
due to the factor of Dy 3 dominates. The equilibrium quasiparticle weight,
Zo shown in the bottom left panel of fig. 2.4, for the semi-elliptic and the
Gaussian hybridization functions (denoted as SE and G respectively), is seen
to decrease sharply with increasing A/Aq in agreement with the arguments
above.

Consistent with the decrease of Zy with A, the linear response regime in
the current-voltage (J—Vj,) relationship shrinks considerably with increasing
interaction strength (for A = 0) as seen in the top left panel of fig. 2.4 and
with increasing A for U = 204 as seen in the top right panel. However, when
the current and bias are scaled by Zj, all the curves of the top two panels
collapse up to a bias of Vi ~ ZyAy (shown in the bottom right panel),
which confirms that the equilibrium quasiparticle weight, or equivalently,
Ty, determines the extent of the linear response regime®.

Equilibrium investigations of the SIAM have shown that the Kondo scale
decreases exponentially with increasing U for A = 0'7. In the presence of A
on the leads and U on the dot, the Kondo scale has been shown to increase
or decrease depending on whether the leads have a wide, flat form or a finite
bandwidth3%40 respectively.

In our work, we have shown [see Eq. 2.28] that the quasiparticle weight,
and hence the Kondo scale depends on U algebraically (decreasing as U~2)
and on A through the density of states, namely as (po(A))3. The algebraic
decrease of the scale with U is known to be an artefact of the perturbative
approximation employed to obtain the self-energy, while exact methods such
as Bethe ansatz!” find an exponential decrease. Since py(€) is usually chosen
to have a maximum at the chemical potential, and decreases monotonically
with increasing |e|, the Kondo scale will also decrease monotonically with
increasing A as discussed above. The precise form of this decrease will depend
on the form of the density of states.

We see from fig. 2.4, (bottom-left panel) that the quasiparticle weight
scale decreases sharply with increasing A. Although the qualitative trend
is the same for the semi-elliptic and the Gaussian hybridization, the scale
decreases much more rapidly for the latter. For the same value of the param-
eters, the scale corresponding to the Gaussian hybridization is much smaller
than that of the semi-elliptic case. Hence for the strong coupling regime, we
choose to work with the Gaussian hybridization.

Additionally, in the strong coupling® (T — 0) regime, a clear separation

3In practice, we consider the system to be in the strong coupling regime when the
Zy < 0.1, since the low-temperature scale, i.e Tx ~ ZyAg will be at least one order of
magnitude smaller than the non-universal scales, Ag, bandwidth, U, etc.
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Figure 2.4: Current (J/Ay) as a function of bias (V;/Ag) is shown in the top
two panels. The left panel shows the result for various values of interaction
strength U/A,, and SOC strength A = 0, while the right panel shows the
result for U = 20Aq and various values of \/Ay. The bottom left panel
shows the dependence of equilibrium (Vg = 0) quasiparticle weight Z, on
the spin-orbit coupling for the semi-elliptic (SE) and Gaussian (G) forms of
hybridization. The bottom right panel shows the collapse of all the curves in
the top two panels up to a bias given by Vi ~ ZyA,, when the current and
bias are scaled by Zj, thus determining the linear response regime.
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of scales (T vs bandwidth, U) occurs, which is the best distinguishing fea-
ture of this regime, and will be seen to have important consequences on the
evolution of spectra and conductance with increasing temperature, and will
be discussed later.

Subsequent to the benchmarking and a study of the scales and the linear
response regime, we now present the main results of our work, which focus
on the interplay of spin-orbit coupling and electron-electron interactions on
the single-particle spectra and the differential conductance. Since the SOC
does not alter the hybridization functions in the case of the infinitely wide,
flat /uniform DOS, the results do not show any dependence on A. Therefore,
we will consider the semi-elliptic and Gaussian hybridization forms where the
effective bandwidth is modified by A as seen from Eqs. 2.12- 2.16.

2.3.3 Evolution of density of states with interactions,
SOC, bias, and temperature

Since the separation of scales is an important consideration in our analysis,
we will investigate the transfer of spectral weight in the weak/intermediate
coupling and strong coupling regimes separately.

Weak /intermediate coupling regime

In order to be in the weak/intermediate coupling regime, we will choose
U = 20Ap, A = 15A¢ and the semi-elliptic hybridization, for which, as the
bottom left panel of fig. 2.4 shows, the Z; ~ 0.2. At equilibrium (zero
bias), and in the absence of SOC, but with finite U (2 bandwidth), the dot
spectral function acquires Hubbard bands at w 2 +U/2 as the top panel
of fig. 2.5 shows. For a flat/uniform hybridization, the Hubbard bands are
known to lie close to +=U/254, but for a dispersive DOS such as semi-elliptic
or Gaussian, these incoherent peaks lie somewhat beyond +U/2. If we now
turn on SOC, keeping V,q = 0, then as the middle panel shows, the left, and
right lead hybridization functions broaden significantly. This is because the
chiral bands that are split by the SOC, when superimposed give rise to a
hybridization, that has a width equal to D + 2\, and for the middle panel,
since D = 404, and A = 154, the band-edges are at (D /2+\) = £35A,.
Since, for this larger bandwidth, the hybridization appears less dispersive
and appears similar to a uniform DOS, the Hubbard bands become more
prominent, and their location is almost at +U/2.

Next, as bias is turned on and raised to 20Ag, the band centres (chemical
potentials) of the two leads move apart (up = Viq/2 and pgp = —Vi/2),
and concomitantly, the dot spectrum (solid black line in the bottom panel of
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fig. 2.5) goes over to a two-peak structure in non-equilibrium from a three-
peak structure at equilibrium. In the same panel, the red dashed and blue
dot-dashed lines, which are the left and right lead hybridizations, have small
bumps at precisely these energies for Vy; = 20A,. Since the Hubbard bands
are also at +U/2, which are £104 in fig. 2.5, a maximum in conductance
may be expected to occur when the bias becomes equal to the peak position
difference of the Hubbard bands?°. Indeed, this will be confirmed in Sec. III
D-1.

Strong coupling regime

In parallel to the previous section, we will analyze the changes in the spectra
and hybridization as we sequentially turn on SOC, temperature, and bias for
U = 20Aq. The strong coupling regime will be accessed through a choice of
the value of the SOC, and the hybridization function, as A = 184, and the
Gaussian, for which as the left bottom panel of fig. 2.4 shows, the scale is
Ly ~ 1073,

Figure 2.6 (please see footnote?) shows the left lead and the right lead
hybridization functions as I';, and I'g in black and blue colours respectively.
The dot spectral function is shown in the centre as a red solid line. The
vertical axis is energy/frequency. Figure 6(a) represents a situation where
U = 20Ag, but A =T = V,y = 0. The dot spectral function has a three-
peak structure, with the central peak being the Kondo peak, and the other
two being the Hubbard bands at £U/2. As we turn on A = 184, keeping
T = Vig = 0, Fig. 6(b) shows that the central peak in the dot spectral
function becomes extremely narrow (width~ ZyAg ~ 107*), while 'y, and T'g
show the development of chiral bands due to the SOC. The clear separation
of the Kondo peak and the Hubbard bands is evident and is a characteristic of
the strong coupling regime. When we turn on a small, but finite temperature
of T = 0.05A¢, Fig. 6(c) shows that the central peak melts leaving the
Hubbard bands as the only distinct features in the spectrum. Finally, when
a bias of V3 = 25/ is turned on, there are minor changes in the positions of
the spectral peaks, while the I';, and I'p move up and down respectively. The
occupied region of the left lead is seen to overlap with the region between the
Hubbard bands, and the unoccupied region of the right lead. This overlap
can very likely lead to finite bias peaks in the conductance. Next, we analyze
the dependence of the differential conductance on the bias, SOC, interactions

4The figure has been made to appear as a schematic, but it has been made using data
obtained from IPA, and the curves in the four panels are not mere sketches. The purpose
of this figure is to allow a direct comparison of the calculated results with the schematic
shown in Fig. 1 of Ref!4
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Figure 2.5: The dot spectral function (solid black line), and the left and right
lead hybridization functions (red dashed and blue dot-dashed lines respec-
tively) as a function of w/Ag showing the variation of spectral features with
increasing SOC and bias for a fixed interaction strength, U = 204,. The top
panel is for A = V4 = 0, while A = 154 is turned on in the middle panel
keeping bias zero, and the bottom panel has A = 154, and Vyy = 20A,. The
semi-elliptic hybridization function has been used here.
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Figure 2.6: The hybridization and the dot density of states, for the Gaussian
hybridization function in the strong coupling regime. I, is the lead hy-
bridization with a = L/R for left (black)/right (blue), and the central (red)
curve shows the dot density of states. Similarly, p, represents the chemical
potential of the o' lead. The interaction strength is fixed at U = 204, while
SOC, temperature and bias are turned on sequentially from (a)-(d) as follows:
(@A) A=T=V;q=0; (b) A =184y, T = Vs =0; (¢c) A = 184y, T = 0.05A,,
Vsa = 0; (D)X = 18Ag, T = 0.05A¢, Vi = 25A,. The shaded regions repre-
sent the T" = 0 occupied states. The dotted and dashed lines are guides to
the eye.
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and temperature.

2.3.4 Conductance

We have divided the conductance results into two sections. In the first sec-
tion, we present the differential conductance in the weak/intermediate cou-
pling regime focusing on the evolution of various features with U, A\, SOC
and T. The second section focuses on the strong correlation regime and
qualitative comparison to experimental results.

Weak /Intermediate coupling regime

Figure 2.7 shows colour contour plots of the conductance for various values
of U € [0,20]Aq and X € [0,15]Aq at T = 0, computed with the semi-elliptic
hybridization function. Within this range of parameters, the quasiparticle
weight is in the range of Z € [0.2, 1], so the choice of the range of parameters
corresponds to the weak/intermediate coupling regime. The conductance is
computed by fitting a cubic spline to the current vs V,; data and taking
the first derivative. The colour bar on the right of each panel shows the
association of a given colour with the value of the conductance. The top left
and right panels represent varying interaction strength on the y-axis, but
fixed SOC of zero and 154 respectively, while the bottom left and right
panels represent varying SOC on the y-axis, but fixed U of zero and 154
respectively. The ZBC peak is seen to be a universal feature in all panels, and
it is interesting to note that the width of this peak decreases with increasing
U with or without A\, while the effect of A\ on the peak width at U = 0 is
very weak (bottom left panel), but in the presence of U, X leads to a sharp
narrowing of the zero bias peak (bottom right panel), which is consistent
with the bottom left panel of fig. 2.4.

With increasing bias, a negative differential conductance (NDC) regime
is seen in all panels. In order to understand the origin of the NDC, we first
focus on the U = 0 results, since the calculation of conductance for U = 0
does not depend on the second-order approximation for the self-energy, and
is hence exact. The non-interacting regime also exhibits NDC at high bias
values as seen in the top panels and the bottom left panel. We confirm that
the finiteness of the bandwidth of the hybridization is responsible for the
NDC? since the wide, flat hybridization does not yield NDC. Additionally,
the top right panel shows an intermediate bias regime where NDC is obtained
at large U values. In the strong coupling regime, reached by increasing
U and/or A, the width of the central Kondo peak in the dot DOS, being
proportional to T, shrinks exponentially. However, adiabatic continuity to
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Figure 2.7: Variation of the differential conductance with interaction (U),
spin-orbit coupling (SOC) and bias. The colours correspond to the values of
the conductance G = dJ/dV,,; as mentioned in the colour bar with certain
values marked by the black contours. The dashed lines represent the negative
differential resistance regime The top left and right panels correspond to
varying U and fixed SOC equal to zero and 154 respectively. The bottom
left and right panels correspond to varying SOC and fixed U equal to zero
and 15Aq respectively. Note that the top and bottom right panels show the
x-axis on the logarithmic scale for clarity since the linear response regime is
highly compressed for large U and/or SOC.
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the non-interacting limit ensures that the Kondo peak has precisely the same
form as the non-interacting dot DOS if the frequency is scaled as w/ZyA¢"°.
This fact implies that the system has an effective bandwidth of ZyA, in the
strong coupling regime, and hence as the bias value crosses the linear response
regime, an NDC regime may be obtained in parallel to the non-interacting
regime. Since IPA is perturbative, and not accurate in strong coupling the
NDC seen in strong coupling at intermediate bias values could be due to
both the finite support of the hybridization and the approximation used for
computing the self-energy.

The top left panel of fig. 2.7 shows that in the absence of SOC, the conduc-
tance decreases monotonically with increasing bias, and the linear response
regime (over which the conductance is close to 1) shrinks with increasing in-
teraction strength. The top right panel shows that in the presence of strong
SOC (15A¢), the conductance becomes highly non-monotonic, and a light
band (for U 2 10A,) appears signifying a peak at a non-zero bias, that
shifts to higher bias with increasing interaction strength. We observe that
the bias value at which the peak occurs is almost the same as the interac-
tion strength. Another interesting observation can be made from the bottom
right panel of fig. 2.7, which shows the existence of a finite bias conductance
peak for A 2 10A,, whose position (on the bias-axis) is almost independent
of the value of SOC. Thus, we see that the position of the finite bias peak
correlates very well with the interaction strength, but is independent of A,
which suggests that the Hubbard bands and their increasing prominence with
increasing A are giving rise to this peak. A physical basis for the emergence
of this finite bias conductance peak in terms of the spectral functions and
the hybridization functions may be constructed using the results of Sec. C-1.

As fig. 2.5 shows, an argument for the conductance peak at a bias value
equal to interaction, is that the chemical potential of the left lead matches
with one Hubbard band, while that of the right lead matches with the other,
and hence the conductance is peaked due to a resonant situation when the
SOC is large (2 10Ay), as the bottom right panel of fig. 2.7 shows. Indeed,
the left bottom panel, for which U = 0, shows that the conductance decreases
monotonically with increasing bias, while the bottom right panel shows a
peak at bias around 15Aq which is present only for large SOC (2 104,), but
independent of the value of SOC. Thus, we find that, at T = 0, in addition
to the zero bias peak, a finite bias peak arises in the presence of strong spin-
orbit coupling, which is positioned at a bias roughly equal to the value of the
interaction strength.

We now focus on finite temperature effects on conductance and also ex-
amine whether the IPA results conform to the universal Kondo scaling of the
ZBC. We extend the bias to negative values, and show the conductance at
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Figure 2.8: The main panel shows the 7" = 0 differential conductance in units
of Gy as a function of scaled bias (V,q/Ag) for three values of interaction
strength, namely U = 0 (dot-dashed line), 104, (dashed line), 204, (solid
line). The SOC is fixed at A = 154 and a semi-elliptic hybridization function
has been used in the calculations. The left inset shows G ws Vyy/Aq for
U = 204 at four different temperatures, mentioned as legends. The central
peak is seen to melt with increasing temperature. The right inset shows the
ZBC as a function of T'/Tk; The black symbols represent IPA data, and the
red dashed line represents a fit, G(T) = Go(1 + (2V/* — 1)(T/Tk)?)~* with
s = 0.22 and Tx = 0.584\( as appropriate for universal Kondo behaviour
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zero temperature and a fixed SOC of A = 154 as a function of bias, for vari-
ous U values, and a semi-elliptic hybridization function, in the main panel of
fig. 2.8. The conductance at T' = 0 is seen to have a three-peak form consis-
tent with the p-h symmetric regime, and the results of fig. 2.7. For the finite
U values, the locations of the side peaks correspond closely to the value of
U/Ay, while the zero bias peak is characteristic of the linear response regime.
We can also see that the full width at half maximum (FWHM) of the central
peak decreases sharply with increasing interaction, while the conductance at
zero bias is pinned at unity. The width of the central peak is roughly propor-
tional to the zero bias quasiparticle weight®”, which decreases exponentially
(algebraically within IPA) with increasing U/Ag. The left inset of fig. 2.8
shows the temperature dependence of the conductance for the largest U/A
considered in the main panel. Interestingly, the central peak melts, and thus,
at modest temperatures, we see a two-peak structure, which resembles the
results of a recent experimental study!?. However, the right inset shows
that the conductance at zero bias decreases monotonically with increasing
temperature in accordance with the universal Kondo behavior®, while the
‘double zero bias peak’ feature seen in experiments!* exhibits the opposite
behaviour, namely an increase of G with temperature. A rise in the ZBC
is indeed observed at higher temperatures, but the rise is very modest and
bears little comparison to experimental results'*. Moreover, the finite bias
peaks melt rapidly with increasing temperature (left inset, fig 2.8), leading to
a broad featureless conductance. Such “spectral weight” transfer over large
scales is indeed a characteristic of the weak/intermediate coupling regime.
Hence, the finite bias conductance peak in the weak/intermediate coupling
regime fails to explain the experimental results. As we will show below, the
latter is best understood within the IPA framework from a strong correlation
perspective.

Strong correlation regime and comparison to experiments

As we noted earlier, the experimental results of Smith et al.'* are in clear
disagreement with our results from the low/intermediate correlation regime.
Thus, in this subsection, we will study the system in the strong correlation
regime. The temperature interval over which the resistivity shows universal
behaviour when viewed on an absolute scale, i.e as T'/Ay (and not as T'/Tk)
shrinks drastically in the strong interaction and strong spin-orbit coupling
regime, because T/A¢ = (T/Tk)(Tk/Ao), and the latter term is exponen-
tially small in the strong coupling regime. In such a regime, a clear separation
of scales happens in the conductivity as well as in the spectra. We show this
in the top left panel of fig. 2.9, where the conductance is shown as a function
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Figure 2.9: Scaled conductance, G(Vyq, T) as a function of bias, Viq/Aq for
various temperatures, T'/A, indicated as legends in the main panel. The
parameters (except for bias) are the same as those considered in fig. 2.6(c).
The left inset shows the zero temperature conductance as a function of scaled
bias, while the right inset shows the ZBC, G(V,; = 0,T) as a function of
scaled temperature.
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of bias, computed within IPA at T" = 0 for U = 20A,, A = 184, using the
Gaussian form of hybridization.

The quasiparticle weight that determines the linear response regime, and
the U scale that determines the finite bias conductance peak show up as
distinct features in the form of an extremely narrow zero bias peak (width
~ ZoyAg ~ 1073Ay), and broad, finite bias peaks. The top right panel shows
that the ZBC decreases rapidly with increasing temperature, and reaches a
value three orders of magnitude smaller than the 7" = 0 unitary limit at
T ~ 1072A,. The ZBC follows the evolution of the dot spectral function
and as fig. 2.6 shows, the melting of the Kondo peak manifests in the rapid
decrease of the ZBC. However, as the temperature reaches non-universal
values beyond 0.54, the Hubbard bands become accessible, and the ZBC
starts to rise again. The bottom panel shows the conductance as a function of
bias for various temperatures in this rising ZBC regime. The two finite bias
peaks are the only distinct features of the conductance in a wide temperature
interval of T € (1073A¢,0.54¢). For T' = 0.5A,, consistent with the top
right panel, the ZBC starts rising, filling in the gap between the finite bias
peaks, and concomitantly the latter slightly diminishes in magnitude. An
isosbestic point, commonly seen in many correlated systems, is visible around
Via =~ 10A,. In contrast to the results of the weak/intermediate coupling
regime of the previous section, the finite bias peaks retain their form even
at T/Aog = 6.0 as the bottom panel of fig. 2.8 shows, and this behaviour is
characteristic of the strong coupling regime.

In a recent experiment by Smith et al.'*, the conductance through a
point contact in an InGaAs/InAlAs heterostructure and a split-gate geometry
was measured as a function of source-drain bias with varying in-plane and
transverse magnetic fields. The highlight of this study was the tunability
of the Kondo effect through the tuning of the Rashba spin-orbit coupling
of the leads. The split-gate voltage, V4, was used to control the electron
density, which in turn, determines the strength of the RSOC (). At a fixed
temperature of about 25mK, a single zero bias peak was observed at low A,
while a 'double zero bias peak’ was observed at high A (see figl(i) of Smith
et al.1t).

The zero bias peak is known to be related to the equilibrium Kondo scale,
and in the absence of a magnetic field, the zero bias peak must be present
in the conductance at T" = 0, no matter how strong the correlation is. But
since the experiment is performed at a fixed and finite absolute temperature,
the scenario becomes drastically different. As A is increased, the Ty value
decreases, so the ratio of T'/Tk increases exponentially. This implies that
the system with low \ experiences a low T'/Tk ratio, while the system with
high A is at a very high T'/Tk ratio for a given T'. We have shown infig. 2.9
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that the central zero bias peak melts rapidly on a scale of Tk at high A,
while the finite bias peaks retain their form. Thus, we conjecture that the
experimental finding of a crossover from a single peak to a two-peak structure
by increasing A is arising through a combined crossover of a weak to strong
coupling (exponentially decreasing T ) and from a low T'/Tk ratio to a high
value of T'/Tk (due to a fixed T).

We consolidate this speculation in fig. 2.10, where the top two panels
show the conductance as a function of bias at low A = 24, (left panel) and
high A = 18A (right panel) computed within IPA at a fixed temperature
of T'= 0.05A¢, and U = 204, for a Gaussian hybridization. We see that
a single zero bias peak has transformed into a double peak structure. We
emphasize that the single zero bias peak is a universal feature implying that
its form and temperature dependence are determined by the Kondo scale, but
the finite bias peaks are non-universal features whose position, and form are
determined by non-universal parameters such as V4, U and A. The bottom
panel shows the conductance for the same parameters as the top two panels,
but with varying A\ marked as numbers. The conductance curves are shifted
vertically by a constant number to provide clarity. The graph shows the
gradual evolution of the single-peak structure into a two-peak structure. The
dashed line marks the evolution of these finite bias peaks (marked by crosses).

Interestingly, the central peak is flanked by two satellite structures, which
we identify visually (marked by stars). These peaks drift to higher Vi, with
increasing A, and merge with the ‘Hubbard peaks’, and continue the blue
shift for higher A\ values. Similar features are observed in the experimental
results (see Fig. 4(c) of Smith et al. ).

Naturally, experimental results are far richer than what our simple model
and the perturbative calculation reveal. However, the theoretical model used
for explaining the experimental results'* is exactly the same as the one used
in the present work, and our results based on IPA may be viewed as comple-
mentary to those found by the quantum master equation approach.

2.4 Discussion and conclusions

We have investigated the interplay of electron-electron interactions, bias, and
spin-orbit coupling on the conductance through an Anderson impurity, using
a second-order Keldysh approach. We validated the method and our imple-
mentation through extensive benchmarks. The linear response regime and
its relation with the equilibrium quasiparticle weight (Zp) is explored, and
the decrease of Z; with increasing spin-orbit coupling (), for finite band-
width hybridization functions, is highlighted and discussed in detail. This
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Figure 2.10: The conductance plotted as a function of Vy;/A, for various
values of SOC strengths as marked on the curves. The interaction and tem-
perature are kept fixed at U = 204, T = 0.05A respectively. The crosses
track the location of the Vi; = £U peak, while the stars track a satellite
feature of the zero bias peak. The left and right insets correspond to the
low (A = 24) and high (A = 184) SOC strengths respectively. The insets
show the different single and double peak conductance in these regimes.
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decrease turns out to be crucial for explaining the experimental observation
of a crossover of a single zero bias peak into a double peak structure with
increasing A\. The quantum master equation approach!*, which was used for
explaining the experimental results'*, while recovering the split peak struc-
ture, addresses the finite field effects. However, the dependence of the Kondo
scale on A was not incorporated, and finite temperature effects have not been
addressed, and these two aspects have been incorporated and investigated in
detail in our work.

One of the inferences made from the experimental results'* is that the
Kondo scale increases with increasing A. This inference directly contradicts
our results, since in our study the Kondo scale is represented by ZyA, which
has been found to decrease with increasing A\ (fig. 2.4 and hence deserves
a discussion. We note that the Ty is determined experimentally for the
experimental system at high A by increasing the magnetic field (parallel to
the SOC field), which induces Zeeman splitting of the spin-degenerate levels,
until the double peak form of the conductance converges to a single zero bias
peak structure, and then fitting the temperature dependence of the ZBC. It
is well known from equilibrium studies that the quasiparticle weight increases
monotonically with increasing magnetic field®®, so the determination of Tk
for the high magnetic field system is probably not representative of the Tk
for the zero-field system with the double peak conductance. In fact, for this
system, if our results are any indication, then the Tk is probably around the
lower limit of the temperatures considered in the experiments. Increasing the
magnetic field is akin to a crossover from strong to weak coupling regime, and
hence is equivalent to decreasing spin-orbit coupling. And hence the merging
of the double peak conductance to a single peak with increasing magnetic
field may be viewed as decreasing A in fig. 2.9.

A 0.7 anomaly has been observed in the experimental results and we pro-
vide a brief discussion of this feature vis-a-vis our results. The 0.7 anomaly
is seen as a plateau or shoulder in the conductivity when the gate voltage
is varied. The origin of the 0.7 anomaly has been under intense study and
has been attributed to the Kondo effect*® and more recently to van Hove
ridges®%%. While the Kondo and van Hove ridge physics apply to quantum
dots and 1D nanowire models, it has been shown that the low energy physics
of the two systems are identical®. In the present work, changing the gate
voltage amounts to moving away from the p-h symmetric limit. The scope of
the present chapter is limited to the p-h symmetric limit, and broad feature-
less hybridization functions (hence ruling out van-Hove singularities), hence
even in principle, the present work does not have any bearing on the physics
of the 0.7 anomaly.

While the IPA has been shown to work well in the parameter regime under
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consideration, it fails to capture many subtler aspects such as the exponential
decrease of Z, with increasing interaction strength, which requires a method
capable of capturing true strong coupling physics where spin fluctuations
are incorporated non-perturbatively. The IPA has been generalized for finite
magnetic fields?” as well as for the p-h asymmetric case*’, incorporating
which will yield fresh insights into magnetotransport measurements and the
influence of valence fluctuations, and possibly the 0.7 zero bias anomaly.
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Chapter 3

Influence of valence fluctuations
on conductance of a quantum
dot coupled to chiral leads

3.1 Introduction

As we have seen in chapter 2, the steady state single impurity Anderson
Model (SIAM) and the related class of models serve as a prototypical model
to study the interplay between the local Coulomb interaction on the dot and
the DC bias on the leads. While we considered only the particle-hole (p-h)
symmetric limit in chapter 2, the more general case of p-h asymmetry can
be accessed by varying the dot energy level, which can be experimentally
realised by varying the gate-source voltage.

Valence fluctuations occur in strongly-correlated systems due to the in-
teraction between the localized and conduction electrons leading to a mixed-
valence regime where the valence configuration of the strongly-correlated
(generally transition metal) atom fluctuates. The fluctuations occur in a
regime when there is strong hybridisation between the lead and dot electronic
levels and is generally seen in experiments with variation of the temperature
or pressure 2. However, the gate voltage also determines the valence fluctu-
ation cost by changing the dot energy and subsequently determines whether
the system is in the Kondo coupling or in the mixed valence regimes®. Going
beyond the p-h symmetric limit via the gate voltage also allows access to
different regimes like Coulomb blockade?.

Out of equilibrium, varying the gate-source voltage allows the observation
of phenomena like Kondo ridges in the conductance® and can also be used to
indirectly control other parameters of the system like spin-orbit coupling®.
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In systems which can be modelled as multiple dots, other parameters like
the long-range RKKY interaction can also be varied by the gate voltage”.
Quantum point contacts, which can be modelled as quantum dots® also show
interesting physics with the variation of the gate-source voltage including the
well-studied 0.7 anomaly and the accompanying zero bias conductance peak?.

In this chapter, we study the interplay between the spin-orbit coupling
and other system parameters like the p-h asymmetry, onsite interaction and
the DC bias. Spin-orbit coupling (SOC) is central in applications like topo-
logical materials, spintronics, etc. while also giving rise to interesting physics
like the zero bias conductance peaks seen in chapter 2. SOC has been mea-
sured directly in two-atom quantum dots'? among other experimental obser-
vations including an anomalous Josephson current!'. The SOC has also been
shown to be tunable using a magnetic field'? and gate-voltage® and hence
is tenable experimentally. The interplay of SOC with interactions has been
well studied in equilibrium'® 1% and also out of equilibrium'® (see chapter 2).
Coming to the interplay between p-h asymmetry and SOC, while a few theo-
retical studies!” exist in equilibrium, the interplay between the gate voltage
and SOC has been well studied out of equilibrium experimentally ¥ 2!,

The SIAM has been studied using various theoretical methods such as
numerical renormalization group??* 2>, non-crossing approximation?®, pertur-
bative methods?™2?, quantum Monte Carlo methods®?, exact diagonalization
methods3!, Bethe ansatz3?, hierarchical equation of motion®® and master
equation approaches3*, etc. While each method has its strengths and weak-
ness, in this chapter, we use the interpolative approximation (IPA) proposed
for the p-h symmetric case by A.A Aligia®>. The method is based on the iter-
ative perturbation theory (IPT) in equilibrium and similarly uses an ansatz
for the retarded second-order self-energy by calculating two parameters using
the atomic limit and the high frequency limits of the model. In equilibrium,
the IPT is known to perform well in the mixed valence regime.

While the TPA has been applied to the p-h symmetric case””, incorpo-
rating the p-h asymmetry and studying the effect of gate voltage requires
that the Luttinger theorem (in zero bias and temperature) and the current
continuity (in finite bias) are respected. Also, the 0.7 anomaly which is seen
in experiments with QPCs has been modelled both in terms of the SIAM®
and other models?. The 0.7 anomaly is seen most clearly in strong magnetic
fields, but is thought to have signatures in the zero field limit too. As seen in
chapter 2, the SOC has an effect of decreasing the equilibrium scale and also
broadening the hybridisation between the leads and the dot. We investigate
the effect of the SOC on both the spectral function and on the current. We
also investigate whether there is any signature of the 0.7 anomaly in the case
of the QD coupled to chiral leads and subsequently the effect of SOC on the
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same.

In this chapter, we first introduce the problem, followed by a discussion
of the formalism. In the formalism section, we derive the IPA self-energies,
the interacting Green’s functions and the expression for the current. We also
mention some numerical details involved in the calculation. The formalism
is followed by the results where we begin by benchmarking the method and
look at the effect of SOC and gate voltage in both equilibrium and on the
current. Finally, we conclude with a summary of the chapter.

3.2 Formalism

In this chapter, we look at the effect of valence fluctuations on the steady-
state DC bias transport of the STAM coupled to leads with SOC. The valence
fluctuations are induced by the means of a source-gate voltage, which can be
modelled as the dot energy.

3.2.1 Hamiltonian

The Hamiltonian for the system can be written as
H=Hy+ Hq+ Hso + Hyyp , (3.1)

where, the conduction bands of the leads are represented by
H[) = Z EkCLkgcakg (32)
ako
and the isolated quantum dot is given by
Hd = Z(Ed)didg + UndTndi. (33)

The Rashba spin-orbit interaction in the two-dimensional conduction band
may be described as

Hgo = ZM/J (k x 7).%axk, (3.4)
where k = (k,, k,), and ¢!, = (c Lk,a chﬁ). Finally, the hybridization
between the quantum dot and the conduction band is given by

Higy = 3 (Vichiods + D) . (3.5)

ako
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We can use the angular momentum expansion!® (detailed in Appendix
B) to write the effective Hamiltonian with the emergent chiral leads as

_ mtg\t mtsy
H = E exn(Cen *) Crn

khm
~ m 1 m—l
+ Z 6m,0vk ((Ckh+2 )Td¢ + h(ckh 2>Td¢ + hC) (36)
khm
+ Hd ;

where h = £1 is an emergent chiral quantum number, and j,, = m + h/2 is
the angular momentum quantum number.

3.2.2 Green’s functions and self-energy

In order to study the system, we need to calculate the dot Green’s functions
and subsequently the observable quantities like current, etc. Since we are
working in the non-equilibrium limit, the Keldysh Green’s functions (details
in Appendix A) need to be calculated. This can be done by evaluating the
matrix Dyson equations

a_ (0 Ga _
G 2G5 + G — G
0 g8 ) (zr — ¥ 23< 27")
'S 'S a + a G
(gd 295 +9"—9g°) 9 5 0
=g+9¥XG (3.7)

Which can be written by using the relationship between the different Green’s
functions as the pair of equations

@) = [ghw)] " — (). (3.8)
05 (W) = ()P (, j(ﬁjﬁ - z<<w>> , (3.9)

The free Green’s functions can be calculated using the equation of motion
approach and are given by

(90 (@)] ' = w—jig = Y Taw)

< (3.10)
9ir (@) = 2003, (@) D Aalw) f(w = p1a)
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where we have the hybridisation function (refer to appendix B for details)
Fo(w) = ViH [wh — pq — hA] (3.11)

where H is the Hilbert transformation defined as
pole)
H[zl = | de —=%. 3.12

for a Gaussian density of states py and A,(w) = — Im{',(w)}.

The effect of interaction enters through the self-energy ¥"<(w) which
in turn can be calculated using the interpolative approximation (detailed
calculations are found in appendix B). The self energies are given by

Y(w)=Ulng + 2}, (w) (3.13)
Y (w) = X5, (w) (3.14)

Where we have ng, the dot occupancy and ¥I , is the retarded IPA self energy

int
that can be calculated (see appendix B for details) using the ansatz

A12r2 ((A})
@) = T a0
We have the coefficients A; and Ay obtained by considering the atomic and

high-frequency limits and given by
A, ()1 = ()

(3.15)

= ) .
o —ea— (1— (m))U
A= T T () (3.17)
which when substituted give
) (1) (1 — ()27 ) 519

(ng) (1 = (ng)) + [fio — € — (1 = (na))U][E7*(w) /U?]

<
wnt

Similarly, the lesser than IPA self energy ¥
ansatz

can be calculated using the

Im¥! (w)
E< _ int <2
wnt (w) Im 27«2 (w) (w>
The ¥"%<2 are the self energies corresponding to the second order of the
perturbation theory in U (details again in appendix B) and are given by the

expressions

0 0 0
27'2(w) — Uz/d€1d€2d€3p (61)p (62>p (63)

wt +e€3— €3 — €

x [f(=e) f(=e2) fles) + fler) f(e2) f(—e€3)] (3.20)

(3.19)
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and

Y2 (w) = —2?,7TU2/d€1d€2p0<61>p0(62)p0(61 + e —w)

x [fle)fe) flw—e —e)] (3.21)
with p” = _% Im{g}(w)}, the dot density of states and the weighted Fermi

function f(w) = 3>, Aa(w)fa(w)/ 3, Aa(w). The interacting Green’s func-
tions can be calculated from the Dyson equations (eq. (3.8)).

3.2.3 Current

The central quantity to be calculated in order to study transport is the
current. This can be calculated by using the Meir-Wingreen formula 3

2e [ dw
o= [oered S VI )+ G5 s, )]
(khjm)(do)
(3.22)
which can be simplified by writing in terms of the dot Green’s functions and
the hybridisation as

jo = e / (20 (@) [2 f2 Tn{GT (@)} + G5 (w)] (3.23)
where we have the £ signs for the left and right leads respectively. We have
also set e/h = 1 and defined f, = f(w — po) for convenience.

3.2.4 Numerical details

While at the outset it may seem that the IPA self-energy and subsequently
the Green’s functions involve a straight forward calculation, one should notice
that the IPA self-energy depends on the dot occupation ng, which is further
calculated using the interacting Green’s functions as

Ng = l/dcu G<(w) (3.24)

™

Thus, we need to self consistently evaluate ny and the self-energy. This can
be achieved by tuning iy while keeping the dot energy ¢, fixed.

Apart from the self-consistency, we also require adiabatic continuity to
the Fermi liquid and hence require that the Luttinger theorem holds. This
requires that the Luttinger integral

I, =Im /0 A2 () = 0 (3.25)

oo dw
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Figure 3.1: Flowchart for the calculations of ssIPA in the p-h asymmetric case
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In the zero temperature, equilibrium limit, the fiy is varied while keeping the
self-consistently derived n4 constant in order to satisfy Iy, = 0. The Luttinger
theorem no longer holds away from these limits and the constraint of I, =0
is relaxed.

Since we are considering a closed system, conservation of charge is a
necessary condition and leads to another constraint in the finite bias case.
In the finite bias case, we require in addition to the self-consistency, the
conservation of charge, via the current continuity equation j;, = —jg. This
constraint is again satisfied by varying [iy while keeping the self-consistent
ng fixed. The steps involved in calculation for all the calculation parameters
are shown in the flowchart fig. 3.1.

The calculation of the fig subject to the constraints above is not always
guaranteed to be numerically stable and we calculate the results for param-
eters where the discrepancy is less than a suitable tolerance.
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3.3 Results

Now that we have derived the equations and described the numerical details
of implementing the steady-state IPA, we can take a look at some of the
results. By choosing a reasonable tolerance in evaluating the constraints, we
are able to study the system in a wide range of parameters including access
to the Vi, = 0 limit.

3.3.1 Benchmarks

Before we can investigate the interplay between U, A, V,; and €4, we need
to benchmark the method away from p-h symmetry. This can be done by
looking at the variation of the zero bias conductance with the scaled dot
energy €4/U for various values of temperature, keeping the SOC strength
A = 0. These calculations are then compared to the NRG results of Izumida
et al.3” where we find nice qualitative agreement. The zero bias conductance

is calculated using the expression?”
2¢e? —0
GO = T dw (a—wf) Wpd(W)AO (326)

Where f(w) is the Fermi function. We plot the variation of the zero bias con-
ductance with the dot energy €;/U using a Gaussian DOS for U = 20Aq, A =
0 in fig. 3.2 for various temperature values as indicated in the legend. We
not only see a good qualitative agreement with the NRG results, but also see
the appearance of isosbestic points near Gy ~ 0.65 close to the ¢, = —U,0
values. The value of Gy ~ 0.65 could indicate the origin to be related to the
0.7 anomaly reported in experiments with quantum point contacts, which
also have the same low-energy Hamiltonian3®. In all our calculations, we
consider Ag = 0.1,U = 204, and the Gaussian DOS unless specified.

3.3.2 Equilibrium

Before going to the case of finite bias, we need to ascertain the effects of an
interplay between the p-h asymmetry and the spin-orbit coupling A. We look
at the effects of A and temperature T on the spectral function for various
values of €.

We plot the spectral function in fig. 3.3 in each panel for different param-
eter ranges as mentioned in the caption. We begin with the zero temperature
and SOC case in the top-left panel to ascertain the behaviour of the spectral
function with ;. We calculate the spectral function for U = 204, (constant
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Figure 3.2: The zero bias conductance calculated using eq. (3.26) as a func-
tion of the scaled dot-energy €¢;/U for various values of temperature as indi-
cated. The method benchmarks well with the NRG calculations of Izumida
et al.3”.We also notice isosbestic points around Gy ~ 0.65 which could be an
indication of the 0.7 anomaly reported in experiments.
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for all calculations presented) and see the appearance of the central Kondo
peak and the Hubbard bands in the p-h symmetric case. Changing the ¢y,
results in a spectral weight transfer away from the w = 0 value. We see in
the top-right panel that the finite temperature has an effect of the reducing
the w = 0 peak, much like we see in chapter 2. The SOC too reprises its role
in reducing the equilibrium scale and reducing the width of the central peak
as can be seen in the bottom-left panel. The SOC also has an effect on the
effective bandwidth. The combined effects of SOC and temperature can be
seen to broaden the peaks along with diminishing the sidebands as seen for
all values of €4 in the bottom-right panel.

The zero bias conductance calculations show the clear effect of tempera-
ture and can be re-calculated in the presence of finite SOC to further study
the interplay. We plot the zero bias conductance for A = 54 in fig. 3.4 for
various values of temperature. It is immediately apparent that the SOC has
an effect of enhancing the effect of temperature and the appearance of the
double peak happens at a lower temperature. This can be explained by the
fact that the SOC sharpens the Kondo peak, i.e. reduces Tk, the universal
scale. Since the temperature should always be compared to Tk, we see that
increasing SOC has a net effect of increasing the effective temperature.

3.3.3 Current

Turning on the bias V4 on the leads and going out of equilibrium, we study
the effects of SOC, p-h asymmetry and temperature on the IV characteristics.
We plot the current through the left lead in fig. 3.5 for different values of ¢,/U
for the range of SOC strengths A and temperatures T" as considered in fig. 3.3.
Plotting the current for the A = 0,7 = 0 case, we see that the p-h symmetric
limit has an oscillatory behaviour, while the IV curves corresponding to the
deeply p-h asymmetric values of ¢, = —1.5U,0.5U are mostly positive. It is
also noteworthy that the ¢; = —U curve does not show any oscillation, while
the ¢4 = 0 curve does. This clearly indicates a preferred direction of p-h
asymmetry. Since we are looking at only the current through the left lead,
this might be effect of p; on the hybridisation due to the finite Gaussian
DOS. In the top-right panel, we see that the temperature does not have a
significant effect on the general behaviour, but does affect the linear response
regime, at least in the p-h symmetric case. Coming to the bottom-left panel,
we see that the SOC broadens the effective hybridisation, and the oscillations
are pushed beyond the V,; values considered here. The bottom-right panel
shows the combined effect of SOC and temperature lead to a broadening of
the effective hybridisation and a smoothening of the IV curve.
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Figure 3.3: In each of the panels, we plot the spectral function p(w) as a
function of frequency w for various values of ¢;/U. The black solid line
in all the panels corresponds to ¢4 = —1.5U, while the black dashed line
corresponds to e, = 0.5U. Similarly, the red solid and dashed lines correspond
to eg = —U and €; = 0 respectively. The green solid line corresponds to the
p-h symmetric limit with ¢, = —U/2. The panels correspond to different
values of A and T, starting with the A = 0,7 = 0 case on the top-left panel.
The top-right panel corresponds to A = 0,7 = 0.14, the bottom-left panel
corresponds to A = 10Aq, 7" = 0 while the bottom right panels looks at the
combined effects with A\ = 104y, 7 = 0.14
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— T=0.014,
— T=0.1A
— T=02A
— T=04A
— T=08A

o © o o

Figure 3.4: The zero bias conductance plotted as a function of €¢;/U in the
presence of SOC (A = 5A,) shows the persistence of the isosbestic point for
various temperature values. The SOC has an effect of enhancing the effect
of temperature due to the corresponding reduction of the universal scale as
seen in chapter 2.
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Figure 3.5: The current through the left lead j; plotted as a function of
the Vi, for various values of ¢,/U calculated for different parameters in each
panel. The colour and line-styles correspond to the same ¢,/U as in fig. 3.3
and the panels correspond to the same A and 7" values considered. We see that
the current is enhanced and positive only away from p-h symmetry and an
oscillatory behaviour is seen for the p-h symmetric curve. The temperature
has an effect on the linear response, while the SOC broadens the current
curve due to the increased effective bandwidth.
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3.4 Summary

In this chapter, we have implemented the steady-state interpolative approx-
imation to study the interplay between the valence fluctuations and SOC in
DC transport through a quantum dot. The method has been benchmarked
in the equilibrium case with earlier results®” and we see a good agreement.
While the calculation of fig is not numerically stable for all parameter ranges,
we have been able to work with a wide range of parameters including the
zero bias, finite temperature and a large range of €; values.

In this chapter, we focus on mainly investigating the interplay between
the SOC and the p-h asymmetry. In equilibrium, we see that the effect of
SOC in reducing the equilibrium scale lead to a larger effective temperature
as evidenced by the effect on the zero bias conductance for various values of
€4/U. The reduction in the scale is also seen directly as the narrowing of the
Kondo peak in the spectral function.

Out of equilibrium, we see that the current through the lead has an oscilla-
tory behaviour and the emergence of negative current for the p-h symmetric
and the moderately low p-h asymmetric cases. The SOC has an effect of
increasing the effective bandwidth and thereby increasing the range of Vy
where the current is positive for every value of €;/U considered.

Coming to the 0.7 anomaly, we see that the zero bias conductance shows
an isosbestic point very close to the value of 0.7 and could be a signature of
the same. Since we have not considered the magnetic field, this cannot be
substantiated and needs a systematic study of the same. Such a systematic
study in the presence of the magnetic field is a future direction which will be
investigated.
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Chapter 4

A non-perturbative Local
Moment Approach for systems
out of equilibrium

4.1 Introduction

As we have seen earlier, the solution of the Single Impurity Anderson Model
(SIAM) is important both as a paradigmatic benchmark for any method and
also in using the method as an impurity solver for Dynamical Mean Field
Theory (DMFT) based calculations. In this regard, the Local Moment Ap-
proach (LMA) has been a very successful method in equilibrium and has been
applied to a wide variety of systems like the STAM!, the Gapped Anderson
Model?, Periodic Anderson Model®*, Bilayer models®, etc. The success of
the LMA is in no small part due to the explicit inclusion of the local moment
via the Unrestricted Hartree-Fock (UHF) Green’s functions. The regular and
well-known deficiencies of the UHF are circumvented in the LMA by consid-
ering a two self-energy picture followed by a restoration of the symmetry!.
This allows the LMA to be applied to solve systems with a wide range of in-
teraction and coupling strengths, unlike the slave particle approaches, which
rely on U — oo and the 1/N approaches, which rely on N — oo limits and
cannot be accurately applied to a spin-% (N = 2) and finite U scenarios.
Nonequilibrium quantum phenomena have been studied using a wide va-
riety of approaches like Keldysh perturbation theory%?, Quantum Monte
Carlo methods®, Renormalization group methods?, Equation of Motion tech-
niques!?, Exact diagonalization based approaches!!, Master equation based
approaches!?, etc. Experiments have measured transport quantities like cur-
rent, differential conductance, etc. in systems with various parameters and
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found universal behaviour in the low bias linear response regime!!#4. But
for large bias values beyond from the linear response regime, the universal-
ity is seen to break down and can lead to the emergence of non-universal
features. Even though there are quite a few theoretical methods, each suf-
fers from certain shortcomings that limit the scope of application. A few
examples of this would be the sign problem in the Quantum Monte-Carlo-
based approaches, the limited system size practically accessible with exact
diagonalisation-based methods and the unsystematic truncation of the hi-
erarchy of equations of motion in the equation of motion-based techniques.
This has resulted in consensus regarding many phenomena like the fate of
the Kondo effect still not being established out of equilibrium. Capturing
the subtler aspects of universality, like an exponentially small Kondo scale,
is impossible with Keldysh perturbation theory-based methods, and a non-
perturbative approach is required. Keeping all these factors in mind, the
generalization of the LMA to the nonequilibrium scenario, as we have done
in this chapter, is indeed a much-needed and fruitful endeavour.

The LMA has been applied with great success in equilibrium, in partic-
ular by its excellent agreement with exact methods like Bethe ansatz and
NRG. The LMA has been known to capture accurately the strong-coupling
behaviour both at and away from particle-hole symmetry. It has also been
used to explain the universal features at finite temperature. It is not only
an accurate method, but is also computationally inexpensive compared to its
counterparts like the CTQMC, DMRG or Exact Diagonalization. Thus, it is
a great candidate for generalization to nonequilibrium.

The LMA is generalized to non-equilibrium by recasting Green’s functions
and the self-energies in terms of the Keldysh contour times and subsequently
using the Langreth rules to work with real-time quantities. We obtain gen-
eral time-dependent expressions for the aforementioned functions and then
restrict ourselves to the steady state scenario where we can use the Fourier
transform to express these quantities in terms of w. As a demonstration, we
consider the SIAM in the infinitely wide flat band limit where we can show
analytically that the expressions reduce to the equilibrium counterparts when
the bias is set to zero and the corresponding U — oo asymptotes for the self-
energy and the equilibrium scale w,,. The results from our calculations can
be compared both to well-known equilibrium benchmarks and results from
other non-equilibrium techniques applied on the STAM. In equilibrium, the
NRG results and earlier work with the LMA serve as sanity checks, while the
zero bias finite temperature conductance and the corresponding empirically
derived form serve as a good benchmark to look at universality'*. It is well
known that the Kondo temperature, which is proportional to the location of
the polarization peak (w,) is the equilibrium scale and universality is seen
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to hold even for large values of temperature (7' ~ 100w,,)*®. The role of w,,
out of equilibrium and the extent of universality are important questions we
answer.

Mesoscopic transport has been well studied and continues to have sus-
tained interest'61®. In this regard, the IV (current-voltage) diagrams and
the differential conductance are also interesting quantities that are obtained
from the generalized LMA. Unlike methods like CTQMC, the steady-state
LMA can be easily applied to both the zero and finite temperature regimes
and allows us to look at the effect of temperature on the transport quantities
like the current and differential conductance.

In this chapter, we have derived the formalism for the steady-state LMA
followed by analytical expressions in the case of equilibrium. This is followed
by a detailed explanation of the numerical implementation followed by the
results and their discussion. We conclude with the summary and conclusions
of the chapter.

4.2 Formalism

As we have seen, the Single Impurity Anderson Model (STAM) is a paradigm
that is the ideal starting place to generalize the LMA to out-of-equilibrium.
The SIAM connected to leads with a DC bias is given by the following Hamil-
tonian:

H = €4 dlda + Umm + Z (6;67060207&0;“,@ + Vkadlcka,a + Vk*acza,ad0> (41)

ko,

where df (d,) are the creation(annihilation) operators on the impurity site.
Ny = d& pdrq) is the number operator. czma (Cko,a) are the corresponding
operators for the noninteracting baths. o € {L, R}, where L, R denote the
left and the right baths, which are set at the chemical potentials py and pug,
respectively, and have a temperature 7. €, are the bath dispersions and
Via denote the hybridisation between the baths and the impurity. To be able
to simplify the calculations and to derive analytical results, we consider the
limit where €, = € and Vj, = V, which correspond to the flat band and
k-independent coupling.

The generalization of the LMA to non-equilibrium involves the follow-
ing steps: derivation of the unrestricted Hartree-Fock Green’s functions,
constructing and evaluating the bare polarization diagrams using the UHF
Green’s functions, using the random phase approximation to derive the full
polarization and calculating the <, R self energies in terms of the polarization
and UHF Green’s functions. Since the LMA consists of two self-energies, the
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restoration of symmetry between these has to be done in equilibrium. The
details of these individual steps follows.

4.2.1 Unrestricted Hartree Fock Approximation

The LMA is built on the unrestricted Hartree-Fock (UHF) Approximation
which includes the local moment explicitly and allows us to later dynamically
couple the single-particle processes to the underlying low-energy spin fluc-
tuations. Since the UHF approximation is a mean-field approximation for
the interaction term, we can begin by writing the mean-field approximation
explicitly as

H = €d djrda + U Z (na <n6>) + Z (ek,ac;fgcr,acka,oz =+ V;Cadlckd,a + Vk*oac;rm,ada)
o ko,a
(4.2)
where the (n) is the expectation value of the number operator in the ground
state. The local moment(M) and the occupation(n) on the dot can be cal-
culated using the expressions

M = [(ny) = (ny)]|

n = (ns) + {my) (43)

Using these definitions, we can write the interaction term as

U (ne(ns) =Y %(n — o M) (4.4)

g

The corresponding Green’s functions can be calculated using the Dyson equa-
tion

G(z,2') = Go(z,2') + /Cgo(z,Z)Z(Z)Q(Z, 2)dz (4.5)

Where G(z, 2) is the interacting Green’s function, Gy(z, 2’) is the non-interacting
Green’s function and Y(Z) is the self-energy. The indices z, 2/, Z correspond
to times on C, the Keldysh contour. The essential feature of the UHF is
the appearance of two degenerate solutions for the impurity moment namely
M = £|M|, which we indicate with A, B respectively to get

1
G° = §[QAO + Gpo| (4.6)

The UHF approximation is an approximation for the self-energy and for the
particle-hole symmetric case, the dot energy level ¢; = —%, and n = 1. This
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leads to the cancellation of the first term in eq (4.4) which gives the required
self-energy contribution

-0
Y = TUM =-3%, (4.7)
Which we can see is independent of time and hence a static approximation.
We can now use the Langreth rules (see §1 for the derivation) to go from the
Keldysh contour to real time. Since we choose to work in the steady-state
regime, only t — ¢’ the time difference is relevant and allows us to use the
Fourier transform to obtain

1
R =
Gio () wt + 22 4 T(w)

, flw—p) + flw = pr)

G5, (w) = 2im[r(e)] { ; G5 )P
Where I'(w) is the hybridisation function and f(w — p,) is the Fermi func-
tion. Corresponding equations can also be written for the B-solution. The
hybridisation function can be calculated as I' = ) _T',, with the individual
lead hybridisations being given by

To(w) =) _WE (4.9)

(4.8)

wt — €ka

We can define a weighted Fermi function f(w) = {ALf (wf‘ggiﬁgf (w—pr)

where A, = —Im{T',} and the spectral function p, = —LIm{G% (w)} to
write the following

Im{gfa(w)} = _ﬂ-pU(w)
Im{gﬁa(w)} = ﬂ-pa(w)
gZa(w) = 2mip, (w)f<w)

Grotw) = —2mips(w) <1 — f(w))

In the subsequent sections of this chapter, we restrict ourselves to the infinite
flat-band case and a k-independent coupling to the dot to get
Z'AO
-
While in equilibrium the UHF recovers the noninteracting (U = 0) and
atomic (Ag = 0) limits, the Fermi liquid behaviour is violated and no cor-
responding Kondo resonance is captured. While this is a serious deficiency,
one can circumvent this issue is by dynamically coupling the single-particle
processes to the low-frequency spin fluctuations.

(4.10)

[o(w) = (4.11)
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(a) ' :

Figure 4.1: The particle-hole ladder diagrams denoting the polarization I, _
with bare propagators denoted by solid lines and the interaction denoted by
the squiggly lines. The time increases vertically

4.2.2 Polarization

The transverse spin fluctuations can be considered by calculating the corre-
sponding polarization propagators

(4.12)

Where we have dropped the A/B labels for convenience and use the expres-
sion for the A solution unless specified. The propagators can be calculated
by performing the ladder sum of the interactions as shown in figure 4.1

Zeroth Order

The zeroth order polarization bubble in figure 4.1 can be calculated using
the expression

ML, (2,2)) = iG (2, 2")G (¢, 2). (4.13)

We can now go from the Keldysh contour to the real time by making use of the
Langreth rules corresponding to the product to get the real time components

T ) = iG, T (E 8)GF (8 1) + G (1, 1)G ()

(4.14)
OIS _(t,t) =G (¢, )G (¢, 1)
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Like before, we restrict ourselves to the steady state, which allows us to use
the Fourier transform g(w) = 1/27 [ d(t — t')e™(~ t)g(t —t') to get

MFA ) = i / L (G5 (G (e —w) + G ()5 (¢ — )]

(4.15)

R E 1 CAC )
While the convolutions above can be directly calculated, it is better for nu-
merical implementation to express the polarization in terms of the spectral
function p, = —1Im{G%(w)}. This can be achieved by using the spectral
representation for the retarded and advanced Green’s function as given below

G (e) = / dip—g(el,)- (4.16)

€~ — €

Using the spectral representation and substituting the corresponding fre-
quencies, we get the expressions

i) = [ & |agz(o) ([ )

+(/ d;,p—i(j'» (igf(e—w))] (4.17)

IS _(w) =i [ £{iG7(e)}{—iG7 (e —w)} (4.18)

where we have used the fact that G5 are purely imaginary.

While we have now represented the convolutions in terms of the spectral
function and other real functions like ¢G5 (¢), the integral in eqn (4.16) and
subsequently in the polarization cannot be directly implemented and needs
to be simplified. This can be done by using the Sokhotski—Plemelj theorem

/de pol€ P/d‘f pal€ imp< ) (4.19)

et —¢ €—¢€

and

where P stands for the Cauchy Principal Value. Then we require only the
. . 0 7'/< . .
imaginary parts of °II/ = (w), which are given by

n{°M (@)} =~ [ % [(In{GF(O)) prle - w) - pu(e) (Tm{G5 e~ )})]
(4.20)
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and
Im{°I5_(w)} = — / d (G} Im{Go (e —w)} (4.21)

These expressions can now be expressed only in terms of real functions by
using the equations (4.10) and substituting the expressions for the lesser than
components to get

Imwmiwn:w/dﬁm@ﬁ@mu—wwwuam@—mu—f&—mﬂ
(4.22)
and

Im{°II5_(w)} = 27T/dep¢(e)f(e)pT(e —w) (1 — fle— w)) (4.23)

Hard-core Boson constraint

We see in the eqn (4.23) the appearance of the product f(e)[l — f(e — w)].
This product is responsible for carrying the information about the occupation
of the dot in the self energy. We can now simplify this product using the
expressions

(1= file)) + (1 = fr(e))
2 (4.24)

L= fle) =

1= fule) L

= eBetnn) 41

Where we have used f,(€) = f(e—pu,) and the definition of the Fermi function
in terms of g = 1/kgT, the inverse temperature. If we now work in the bias

range where the particle-hole symmetry is conserved, i.e. up, = —pugr = i, we
get
1— frle) = ! = fr(—¢€)
L\€) = eﬁ(*G*/—LR) —|— 1 — R ¢ (4 25)
~ fr(—€) + fr(—e x '
1 f(o = I IED g

Using this identity, we can now simplify the product of Fermi functions in
eqn (4.23), as follows

FOI = fle—w)] = f(e)f(—e+w)
1 (4.26)

= 7 () + fa(@)] [fu(—e+w) + fr(—c+w)

72



Which gives rise to four terms

I:frle)fr(—e+w)

IT: fr(e)fr(—€+w)
[[I . fL(E)fR<—E + CL)) <427)

IV : fr(e)fr(—€+w)

Now, let us consider the Ist term. We can use the definition of the Fermi
functions to write

1 1
fL(G)fL(_ﬁ + CU) = eﬁ(ﬁ*#) +1 65(7e+w7u) +1
e (4.28)

(el 1) (eBlemwtn) 4 1)

The product can now be simplified using partial fractions to get

eBle—wtp) 1 1
fl@ful—e+w) = G e | Few 11 o 1 1
eB(—w+tp)
= eBl—wtn) _ oB(—n) [fr(€) — fr(e — w)] (4.29)
1

— m[ﬁ(e) — fre —w)]
= —nB((,u — 2#)[]&(6) - fR(6 - w)]

Where we have the Bose function np(w — 2u) = —z=55— - Also, using
2u = Vg, the source-drain bias, we have

I fr(e) f(—e+w) = —np(w — Via)[fr(€) — fr(e — w)] (4.30)
Carrying out a similar exercise for the other terms yields

IT: —np(w + Via)[fr(€) — fr(e — w)]
1T —np(w)[fule) — fole —w)] (4.31)
IV - —np(w)[fr(€) — fr(e — w)]

Thus the product in eqn (4.23) reads

Fle)lt = e )] =~ [l — Via)lfae) = frnle — )]

+ np(w + Via) [ fr(e) — fr(e —w)]
+2np(w)[f(e) = fle—w)]| (4.32)
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The Bose functions arising in the expressions above correspond to a spin-flip
when an electron with spin ¢ hops into and out of the impurity site resulting
in an electron with spin & correspondingly hopping off or into the impurity
site. Since the spin-flip occurs as a result of Fermion hopping, the number
of spin-flips at a given energy is limited by the electronic occupation of the
impurity site at that energy. Hence, the spin-flips are hard-core Bosons. This
implies that while at zero temperature, the expressions in eqn (4.23) can be
directly used to compute the polarization, at finite temperature, the Bose
function needs to be treated carefully.

At finite temperature, if one uses the eqn (4.32) directly, the Bose function
corresponds to free Bosons, which allow the possibility of an infinite number
of spin-flips and hence have to be replaced with the physically correct hard-
core Bosons. This can be done by replacing the finite temperature Bose
function with its zero temperature counterpart, i.e. ng(w) - —O(—w). This
constraint though physically motivated is not being derived diagrammatically
and is hence an assumption of the method. Not imposing such a constraint
results in incorrect results even in equilibrium. Thus we have the corrected
expression

n{°M5_ ()} = 5 [ depy(hpy(c = ) (O~ + Vi) fule) = fale ~ )]
+O(—w — V) [fal0) — fule — w)

+20(—w)[f(e) — fle—w)]| (4.33)

The expressions eqs. (4.22) and (4.23) are convolutions of real functions
and subsequently can be calculated easily using either the Fast Fourier Trans-
form (in case of a uniform grid) or explicit multiplication (in case of a
nonuniform grid). The real parts of the polarization can be found using
the Kramers-Kronig Transformation

1 [ Im{x(e)}
R =— | ————=d 4.34
ofw)) =+ [ X (1.34)
Thus the zeroth order bubble of the Polarization can be calculated as
T (w) = Re{"IT{_(w)} + ¢ Im{"TIF_(w)} (435)
oI5 (w) = i Im{ IS _(w)} '

Since we considered only the A solution, we need a way to calculate the
corresponding zeroth order propagators for the B solution. While this can
be done by repeating the entire calculation, we can use the symmetry of A, B

solutions'® to write
"I (w) = TS () (4.36)

74



We can also look at the form of the polarization ( eq. (4.13)) and notice that
by a change of variables that

TS (W) = TS (—w) (4.37)

Full Polarization - Random Phase Approximation

The LMA involves considering the spin fluctuation via the polarization prop-
agators which have a form as seen in fig. 4.1, these diagrams can be mathe-
matically expressed as

I, (2,2") =G (z,2)G (2, 2) + /dég(z, U ((2)G(z,2)+---  (4.38)

The form of the diagrams allows us to calculate the propagators to all orders
by performing the ladder sum. The corresponding Dyson equation for this
reads as

I, (z,2) ="M, (z72)+ /dZOH+(z, Z)UIL, _(z,2)) (4.39)

Where we have used eq. (4.13) and the fact that U(z) = U. We once again
apply the Langreth rules to go from the Keldysh contour times to the real
times. This gives us the components

A ) = oA, ¢) +/dtlonf/_"‘(t,tl)UHf/_A(tl,t’)
5 _(¢,¢) = "TI5_(t,¢) + / dt "I (¢, 1) UTIS_ (1, 1) (4.40)
+/dt1°Hj(t,t1)UHj‘(t1,t’)

We first consider the retarded component. We now again restrict ourselves
to the steady state which allows us to apply a Fourier transform as shown
below

e (w) ="1"_(w)+U / dtye @ OIR (3 )t i=TIR (3, )
(4.41)

The integral over the intermediate time can be simplified by using the identity
[ dtelr=w2t = §(w; — ws) to get

I (w) =0 T (w) + UPT ()T (w) (4.42)
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Which we see is of the Random Phase Approximation (RPA) form and can
be written as
MR ()

() =17 UOTTE(w)

(4.43)

Now we turn to the lesser-than component in eqn (4.40) which is given by

IS _(t,¢) = "TIT_(¢t,t) +/dt1°Hf(t,t1)UHj(t1,t’)
+ / dt°TIS_(t, 6 UL (4, t)  (4.44)

Again using the steady state condition, we can apply the Fourier transform
as shown below

5 (w) =5 (w) + U / dt e 1 TOTR (3 —g))em 2 =OTIS (1 — 1)

+U / dtre @ OIS (¢ — ¢))e ™2 =TI (4 — ) (4.45)

This can once again be simplified using the identity [ dte’@ %2 = §(w; —ws)
to get

5 (w) =" TI5_(w) + U ()5 (w) + UTIS_(w)IT]_(w)  (4.46)

In order to simplify this, we need the expression for II¢_(w). This can be
obtained without explicit calculation by comparing the Dyson equation (eqn
(4.40)) for the advanced and retarded components and noticing that they
have an identical structure. This allows us to write

I (w)

[T () =" () + U (@I (@) + UTIE (@) o o

(4.47)

which upon rearrangement of the terms gives

-0t o (o) - = TR PTG

(4.48)
This can be further simplified as

T (w)

W) = 0o ()]~ 09 ()]

(4.49)
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Figure 4.2: The self-energy approximation of LMA. The solid lines are the
UHF propagators, with the spin-flip explicitly seen and the form consisting of
the UHF propagators along with the polarization bubble. The time increases
vertically

Thus we have the required components of the full polarization
M
1— UM% (w)
5 ()
[1 - U (w)][1 — UL (w)]
Once again we considered only the A solution for ease of notation, but the

B solution can also be calculated from this as the full polarization also has
the same symmetry expressed in eqn (4.36).

I (w)
(4.50)

5 (w) =

4.2.3 Self-Energy

The most crucial aspect of any many-body theory for solving the impurity
problem is the self-energy. The self-energy approximation of the LMA is
based on the fact that the dynamical spin-flip scattering as calculated using
the polarization propagators is essential to capture Kondo physics and is
considered by taking the self-energy to be the diagram in figure 4.2.

The self-energy can be expressed mathematically as

Yas(z,2') = z'UQgA(—,(z,z/)HAC—m(Z/,z) (4.51)

In order to simplify the notation, we again drop the A label and without loss
of generality consider only the o =1 case. We can use the Langreth rules to
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go from the times on the Keldysh contour to real times to get the components

SE ) = U [GR OIS (¢, 8) + G (1 )T (¢, 1)]

4.52
S5(0.#) = UG (LI (£ 1) 52

Restricting ourselves to the steady state case, we can use the Fourier trans-
form g(w) = 1/27 [d(t — t')e=g(t —t') to get

SR (w) = iU / de [GRIOTIS (e — w) + G (T4 (e — w)]
(4.53)
Y5 (w) = iU | L£Gr ()l _(e — w)

Similar to the calculation for the zeroth order polarization, we express the
Green’s functions in terms of the spectral function p(w) using the spectral
representation (eqn (4.16)) and use the expressions eqn (4.10) to get the
imaginary parts of the self-energy which read

Im{Ef(w)} = —UQ/de[%pi(e) Im{II5_(c —w)}
+ pule)f(e) Im{ (e —w)}] (4.54)
Im{¥5(w)} = —UQ/depi(e)f(e) Im{II7_(e —w)}

Where we have used Im{II{_(w)} = —Im{II¥_(w)}. While eqn (4.54) is
useful for calculations, we can also perform a change of variables to get

Im{Ef(w)} = —U2/dw1 [% Im{II5_(w1) }py(w + wi)
+Im{II (@) by (w0 + ) fw + o)

{5 (w)} = —U? / dooy T {TT5_ (1)} (w + w1) (1 ~ fwr w1)>
(4.55)
We now once again have the expressions in terms of convolutions of real
functions and can be evaluated either using FFT or explicit multiplication
as the grid may require. The corresponding real parts can be found using
the Kramers-Kronig Transform (eqn (4.34)) to give the full self-energy

S (w) = Re{S{(w)} + i Im{Zf(w)} (4.56)
Y5 (w) = i Im{E5(w) } (4.57)
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The two labels A, B and the corresponding self energies ¥ 4,5 form the basis
of the Local Moment Approach. The expression for Xz can be obtained by
using the symmetry! given by

S0 (@) = Lo (@) (4.58)

which further allows us to obtain the self-energy for & without explicit cal-
culation using
Yao(w) = =% (—w). (4.59)

4.2.4 Symmetry Restoration

While we have described how the spin-flip dynamics are included in the
LMA via the polarization and the self-energy approximation, the major dif-
ference with LMA when compared to other methods is the concept of sym-
metry restoration. As has been seen, the UHF approximation could capture
the noninteracting and atomic limits, but failed to capture Fermi liquid be-
haviour. Since this is the deficiency we want to circumvent, the obvious
question which arises is: Under what conditions does the self-energy (w) as
w — 0 give rise to Fermi liquid behaviour? Or in other words, what is the
condition required for 3(w) RN O(w?)?

This can be seen by looking at the full self-energy including both the
UHF and the self-energy approximations to be given by the expression

iAU(W) = E%G(w) + Yao(w)

. o 4.60
Yao(w) = —§UM+EAU(w) (4.60)
Where again the symmetries in eqn (4.36) apply. The condition for adiabatic
continuity to the non-interacting picture is given by the pinning of the w = 0
spectrum or equivalently the Friedel sum rule. As we can see from eqn (4.10)
and the corresponding Dyson equations for the self-energy, this corresponds
to

Sac(w=0)=0 (4.61)

Which using the symmetries and dropping the A label reduces to
Yiw=0)=%(w=0)=0 (4.62)

As can be seen in eqn (4.54) (and from discussions in'), the imaginary parts
of the self-energy components vanish at the Fermi level i.e. Im{ER}(w =
0) = 0, the condition needs to be only satisfied by the real part of the self-
energy, 1.e.

Re{Sf(w =0)} = %UM (4.63)
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which corresponds to
Re{3%f(w=0) -2 (w=0)} =UM (4.64)

In practice, the satisfaction of the condition is ensured by self-consistently
varying U for a fixed UM beginning with a guess value close to the U deter-
mined from the RPA form of the polarization.

While the symmetry restoration is necessary in the equilibrium scenario,
in case of nonequilibrium, the picture completely changes. Since the concept
of a ground state is no longer well defined and the system is not restricted
to the equilibrium ground state, the requirement for a Fermi-liquid picture
is relaxed. This is also seen in the fact that the Luttinger theorem arising
from the Friedel sum rule no longer holds. This is also the case for finite
temperature and the symmetry restoration is valid only in zero temperature.
Thus, when we consider a non-zero bias and temperature, we satisfy the
symmetry restoration only for zero bias and temperature and use the thus
calculated value of U to perform the finite bias and temperature calculations.

Spin Flip scale

Apart from the recovery of the Fermi-liquid physics, another important as-
pect of the symmetry restoration is the emergence of a low energy spin-flip
scale wy,. As has been shown!?, if one considers only the UHF approxima-
tion, self-consistently solving for the moment leads to a w = 0 pole in the
polarization Hf_. This physically corresponds to the fact that the UHF solu-
tion is degenerate and has a zero energy cost for a spin flip. Since this is valid
only in the atomic limit, the zero energy spin flip is not correct for the case
of the Fermi-liquid regime where there is an adiabatic continuation to the
non-interacting limit. Since the local moment is determined self-consistently
while performing the symmetry restoration, the corresponding Im{II%_ }(w)
does not have a pole at w = 0, but in fact at a small finite value w,,. This
scale has been shown to be proportional to the Kondo scale and subsequently,
the quasiparticle weight which is the universal scale in equilibrium.

4.2.5 Transport quantities

One of the most interesting aspects of out-of-equilibrium systems is trans-
port. In the subsequent discussion, we restrict ourselves to the steady-state
infinitely-wide flat-band case of the STAM and calculate expressions for cur-
rent and differential conductance. Before we calculate the current, we need
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to calculate the interacting dot Green’s function using the Dyson equations
GF =G + GExEGh
G< — GR2< GA

In the steady state case, using the Fourier transform and the expressions for

the self-energy and UHF Green’s functions, we get

1
w* + % +D(w) — EE/A(LU) (4.66)
G5 (W) = GHw)E5 ()G (w).

(4.65)

GEA(w) =

Current

The current through the lead « into the central dot can be calculated using
the Meir-Wingreen formula!®2° using the interacting Green’s function as

o = % A (@)[20 (w0 — 1) Tm GF(w) + G=(w)] (4.67)

In steady-state, charge conservation will lead to the condition j;, = —jg.
Further, we can use the infinitely-wide flat band limit (A, = —Im{I',} =
Ay/2) and symmetrise the current (j = ) Zezlfie) to get

j= =B [l =) - fw - u) m{GM@)}  (168)

where we have defined G(w) = [GF(w) + Gf(w)] and set £ = 1.

1
2
Conductance

The differential conductance G is straight-forward to calculate once we have
obtained the current using

dj
dVsa
Where Vg = 1, — g, is the source-drain bias.

G:

(4.69)

4.3 Analytical Expressions

As we have described in the earlier section, while the LMA expressions we
have derived hold for the case of the STAM with an arbitrary lead density of
states, it is instructive to consider the case of the infinitely-wide flat band
limit. This not only simplifies the calculations of quantities like the current
but also allows us to analytically calculate expressions for the polarization
and self-energy.
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4.3.1 Recovery of equilibrium

We see from the formalism, that the self-energy approximation is built on
the polarization and hence the first set of expressions we would like to derive
would be the zero bias limit of the polarization and show that we can recover
the equilibrium expressions by simply putting Vg = p, = 0. This serves
as a sanity check and also allows for clearly identifying various limits of the
quantities in question.

By looking at the form of the full polarization in eqn (4.50), we see that
it is sufficient to show the recovery of equilibrium for the zeroth order term
since the bias enters implicitly only through OHf/f (w). Moreover, as we
have seen earlier, we can use the Kramers-Kronig Transform ( eq. (4.34)) to
obtain the real part of the polarization and hence need to consider only the
imaginary components

Im{°% ()} == / de | pu(€)F(e)pr(e = w) = pylw)pr(e = w)(1 = f(e — )|

f
Im {°TI5_(w)} = 27T/dep¢ ( )PT €—w)f(e—w)
(4.70)
Where we recall that p(e) = —L Im{G%(e) } and flw) = {ALf(‘”f“LHARf(‘”f“R)

ArL+AR
In order to recover equilibrium, let us consider V3 = pu, = 0 and the
infinitely-wide flat band case. The weighted Fermi-function then reduces
to f (w) = f(w) and allows us to simplify the expression for the retarded
component of the zeroth order polarization as

n{° ()} = [ delpu(Of (Dpsle — ) = plOprle = w)(1 = fle— )

(4.71)
If we additionally consider the case of zero temperature, then the Fermi
functions can be replaced with the corresponding Heaviside functions, i.e.
f(w) = O(—w). This allows us to write

n{°M (@)} = [ delp(0B(-e)pr(e - )
~ [ delp.wlpr(e - )@l - w))] (472

where we have used the fact that 1 — f(w) = f(—w) and split the integral.
Using properties of the Heaviside function, we can now write the limits of
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integration explicitly as
1 0 R ]
in{' ()} =6w) [ delpy(©pr(e - )

~6(-w) [ delp@ipmle—w) @13

—|wl

In order to compare this expression to the equilibrium result, we notice the
relation between the time-ordered and retarded Green’s functions in equilib-
rium is GT(w) = sgn(w)G®(w), where sgn is the sign function. We can use
this to rewrite the expression for the imaginary part as

el
M (@)} = +0) [ delpy(elpmlc —w)

+0(-w) [ delp@mle—w)) @1

—|w]

Which we see is precisely the expression (2.23a) derived by D. Logan et al.®.
Coming to the lesser-than component, we see that

Im{"IT5_(w)} = 27 / dep, (€) (1 - f(e)) prle—w)fle—w)  (4.75)

reduces upon substituting the Heaviside functions and using the identity

1—f(w) = f(-w) to

Im{°I%_(w)} = 2n / dep, ()O()pr (e — w)O(—e + w) (4.76)

which becomes

||
Im{°II5_(w)} = 27r/0 depy(€)pr(e — w). (4.77)

We also notice that in the expression for self-energy eqn (4.51), replacing the
contour-ordered components with the time-ordered components and subse-
quently performing the Fourier transform gives
U2

Yho(w) = - /deQAJ(e)HAW(e +w) (4.78)
which is precisely the expression (3.10) derived in D. Logan et al.!. Thus we
can see that the generalised LMA formalism reduces exactly to the equilib-
rium expressions when we consider V,y = 0. This is in addition to the LMA
being able to recover the atomic limit exactly in equilibrium and speaks to
the robustness of the method.
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Figure 4.3: Flowchart describing the various steps involved in the LMA cal-
culation. The processes in green deal with the main branch of calculations
while the ones in yellow and red deal with the symmetry restoration

4.4 Numerical Implementation

Now that we have discussed the formalism, we move on to the question
of numerical implementation. The sequence of calculations and the self-
consistency loop are described in the flowchart in figure 4.3.

4.4.1 UM as the input parameter

While the interaction strength U is a system parameter, it is computation-
ally more optimal to consider the product UM as an initialization parameter.
This choice is motivated by the fact that U enters only the full polarization
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(eqn (4.50)) and the self-energy (eqn (4.56)) and necessitates us to recalculate
only these quantities in the self-consistency for symmetry restoration. This
allows us to solve for the roots of the symmetry restoration condition by vary-
ing U and we obtain a final value upon satisfying the condition. This is then
further used to calculate the interacting Green’s functions and subsequently
the current.

4.4.2 Non-uniform Grid

The first significant choice one must make while implementing the LMA
equations is the choice of the grid. While considerations like the extent of the
grid are obviously important, the choice of the grid spacing is crucial. As we
have seen, the symmetry restoration gives rise to a new equilibrium scale w,,,
which is defined as the location of the pole in Im{Hf_ (w)} and a large density
of points (dw ~ 107°) are required near w ~ w,, to properly capture the scale.
One of the major advantages of LMA is the ability to accurately capture the
Fermi-liquid behaviour, which crucially relies on comparing values at w = 0.
This again necessitates a very large density (dw ~ 1071%) of points near zero
to accurately capture the exponentially narrow Kondo resonance accurately.
While these are theoretically feasible to be achieved by considering a uniform
grid of very fine spacing, it is practically more feasible to work with a locally
refined grid with the required characteristics.

The non-uniform grid of our choice can be described completely by a set of
seven parameters Vviz. €y, Whne, €2, €3, €4, €box, Wmax. 1 he most straightforward
among these is wpax Which gives us the extent of the grid. The grid is
generated in such a way that the frequencies near zero have the maximal
density with dw(w = 0) = ¢y. The grid is generated using the GP

n = kw1 = k" Ve (4.79)

Where determined by the extent wg,e of the fine grid and
€2, the largest spacmg in the fine part of the grid. While these parameters
ensure that the grid is very dense near w = 0, we still need to account for
the density required at w,,.

This is done by inserting a 'box’ in the grid for w € [, 3w,,]. This
corresponds to ﬁxing the grid density to be e3 if the value of w,, > wgne or
the value dw(w = 92) if otherwise. Whichever the choice, the corresponding
density of points is represented by €pox-

After inserting the box and considering the fine grid, there is no necessity
to have a large density of points all the way to wpay, thus we consider a
coarse grid from w = max(Wpe, 3wm) to the full extent w = wpax. The
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corresponding density of points of this coarse grid is represented by e4. All
these features can be seen when the density of points is plotted against the
frequency as shown in figure 4.4.

4.4.3 Convolution

We see from the expressions for °TI, (w) and X, (w), we need to calculate
the imaginary parts using convolutions, which are defined as

(f % 9)(w) = / def(€)gle — w) (4.80)

In the case of the uniform grid, one can use the Convolution theorem which
allows evaluation by means of the Fourier transform. But in our case, we
need to calculate the convolution on a locally refined grid and have to resort
to explicit multiplication. A point to be noted here is the fact that while the
Fourier transform exists for a non-uniform grid, the corresponding inverse
transform is not defined in a straightforward way and the evaluation of that
would require some non-trivial approximations.

In order to calculate the convolution, we notice that e —w may lie outside
the range € € [—Wmax, Wmax] and one either needs to pad the arrays to be of
size [—2Wmax, 2Wmaz] OF Testrict the integral to values € € [€xin, Emax| for every
value of w such that

€min — maX(w — Wmax; _wmax) <4 81)
€max = min(w + Wmax wmax) ‘

Another thing to notice is that since the grid is finite, ¢ — w need not lie on
a point of the grid for all values of €, w. Thus, this requires us to construct a
new grid to include all such points i.e. @w;; = ¢, —w;. This necessitates us to
interpolate the function g(e —w) for these values, which we achieve by linear
interpolation. A similar set of arguments and hence a similar solution is also
required to implement the Kronig-Kramers Transform which is implemented
by considering an interlacing grid w; = %(Wj + w;_1).

4.4.4 Root Solver

The crucial condition for LMA in equilibrium is that of symmetry restoration.
We do the symmetry restoration by self-consistently calculating the expres-
sions for I, _(w) and X, (w) starting from a guess value of U. The Ugyess is
chosen to be slightly less than the value of Uy = 1/ Re{OHf_ (w= O)} The
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Figure 4.4: The grid spacing dw plotted vs the frequency w for a typical LMA
calculation (UM = 6,Vs;q = 0). The parameters ¢, €, €4, wgne are marked
with corresponding colours. Since the spin-flip scale for this calculation was
wmy, = 0.03 which is lesser than the extent of the fine grid wg,e = 0.231, the
box spacing €. is determined by the spacing dw(w = w,,/10) = 5.8341x107°
and not by e3. The coarse grid spacing ¢4 is also marked. Only the values of
frequency in the vicinity of w € [—0.5,0.5] are considered in order to see the
different grid parameters clearly. Hence, wy., = 45 is out of these bounds
and is not represented in the figure.

87



symmetry restoration is carried on via a root solver which finds the root of
the condition

Re{%:(0)} — Re{S,(0)} — UM =0 (4.82)

In our implementation, we first calculate the difference for Uguess and an
initial step size AU. This allows us to ascertain the direction of root finding
and allows us to come to a coarse solution using bisection. This is further
refined using linear interpolation to obtain the symmetry-restored value of
U for a given tolerance.

4.5 Results and discussion

We begin with extensive benchmarking with equilibrium results in both zero
and finite temperature limits. Since the method is novel, we need to compare
the accuracy and the limits of the method with other methods and the LMA
in equilibrium.

4.5.1 Zero temperature benchmarks

The polarization which takes into account the spin fluctuations is compared
with the results from equilibrium LMA?! by plotting the imaginary part
as a function of frequency. In the main plot of the top panel of Fig. 4.5,
we plot the imaginary part of the RPA polarization I1%_(w) for UM = 12
as a function of frequency and plot the imaginary part of the zeroth order
polarization IIS _(w) in the inset. In the bottom panel, we have Fig 2 from

Logan et al. (1998)21 for comparison, where they have considered U = % =

4 and w = &-. Since we have considered Ay = 1 here, the correspondlng
U = 41 ~ 12. We see that the polarization matches very well with the
equilibrium results.

Since the retarded self-energy $(w) (eqn (4.54)) has both the IT#< con
tributions, it needs to be compared to the equilibrium case where it is eval-
uated using only the II*~ polarization?!. In order to do this, we use the
equilibrium code developed in the group earlier® and plot the real and imag-
inary retarded self-energy Ef for UM = 12 in Fig. 4.6. We see a one-to-one
matching with the % obtained from this method and earlier calculations.

4.5.2 Finite temperature benchmarks

In finite temperature, the hardcore Boson constraint becomes relevant and
needs to be benchmarked with earlier calculations. We do this by calculating

38



20

0.01 0.02

e

-8.02 I -0.01

X10’

(W)

Im HZA
T
- Im'T(w) -

Figure 4.5: Comparison of the polarization for the equilibrium. The top
panel is calculated from the code, the bottom panel is taken from Fig. 2 of
Logan et al (1998).21. The UM = 12 for our calculation while the paper uses
U=U /mAg = 4. Since we have taken Ay = 1, the corresponding value of
U=4r and ©® = w/Ay = w. The inset shows the corresponding imaginary

part of the zeroth order polarization.
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Figure 4.6: Real and Imaginary Parts of self-energy benchmarked with the
equilibrium flat band LMA code for UM = 12 with Ay = 1 at zero temper-
ature.
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Figure 4.7: The spectral function p(w) as a function of w for UM = 5A, and
T = 10w, plotted in black. The red line is the benchmark obtained from
earlier implementations of the equilibrium LMA.

the spectral function p(w) = —%Im{G’R} for UM = 5Ag and T' = 10wy,

case and comparing it to calculations from earlier implementations. We use
Ay = 1 and plot the p as a function of w in Fig. 4.7 and see excellent
agreement with the benchmark obtained from earlier implementation.

We now look at the effect of temperature in equilibrium and benchmark
with the results obtained by Logan et al. (2002)'°. We look at the scaled
spectral function m7Agp(w;T) as a function of the scaled frequency w/wy,
for various values of temperature. We plot the results for UM = 204,
in Fig. 4.8 for Ag = 0.1 and temperatures T € [0,100w,,]. In order to
look at the variation of the Kondo peak, we look at the zoomed-in range of
w/wy, € [—50,50]. Comparing Fig 4.8 with Fig. 5 of Logan et al. (2002)°
we see good agreement.
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Figure 4.8: The scaled spectral function 7Agp(w;T') plotted as a function of
the scaled frequency w/w,, for different values of temperature as indicated
in the legend. The figure shows the variation of the central Kondo peak and
hence is plotted only for w/w,, € [—50,50]. The calculations were carried
out for UM = 204, with Ag = 0.1 and V4 =0
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4.5.3 Transport

A central quantity of interest in transport across the system is the current.
We look at the zero temperature limit and consider the weak-intermediate
coupling (UM < 10A) and the strong coupling (UM > 10A) regimes. In
Fig. 4.9, we plot the j — Vi; (IV) curves for both the weak-intermediate
coupling regime (top panel) and the strong coupling regime (bottom panel).
Since we are working in the infinitely wide flat band limit, we see that the IV
curves saturate to a finite value for all values of UM. The weak-intermediate
coupling regime shows IV behaviour similar to the results from ssIPA (Fig.
2.2), while we see a non-universal satellite feature appear in the strong cou-
pling regime. This satellite feature is not seen in other methods and could be
a shortcoming of the ssLMA method. The strong coupling regime is charac-
terised by very low values of w,, and the satellite feature could be due to the
same. Since we find excellent agreement for equilibrium results, a detailed
look at the diagrams considered to construct the ssLMA might be needed.

Looking at the effect of V4 on the spectral function, we see that there is
a re-entrant behaviour of the peaks with increasing V4. We plot the spectral
function p(w) as a function of w for UM = 5 and V,; € [0,50] in Fig. 4.10
and see that the central peak vanishes around V,; = 0.5 and re-emerges at
Vsq = 50. The sidebands which correspond to the w = +U M in the zero bias
case move out with increasing V4 up to Viq = 0.5 before re-entering at larger
values.

4.5.4 Universality

Another aspect which is captured by the LMA in equilibrium is universality.
We start by looking at the case of zero bias and zero temperature and see
that there is an emergent universality in the scaled spectral function TAgp(w)
as a function of the scaled frequency w/w,, for values of UM > 12A,. The
onset of universality defines the strong coupling regime and agrees well with
earlier results. In Fig. 4.11, we plot the scaled spectral function 7Agp(w)
for various values of UM € [10A,20A] at zero temperature and bias with
Ay = 0.1. We show the behaviour for w € [—150w,,, 150w,,] which zooms in
on the central peak and we see the collapse for values of UM > 12A.
Next, we look at the variation of the zero bias conductance with temper-
ature and see the emergence of universal behaviour when the temperature is
scaled with w,,. We plot the conductance G(T')/G(0) as a function of scaled
temperature 71'/w,, for various strong coupling values of UM in Fig. 4.12.
The universal collapse can be observed up to T' ~ 20w, for all curves with
higher values of UM showing universality for even larger values of T. We
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Figure 4.9: Zero temperature IV curves for various values of UM in weak-
intermediate coupling (7Top panel) and strong coupling (Bottom panel)
regimes as indicated in the legends. We see that the curves saturate for
both regimes as seen from results from other methods, while there is a satel-
lite feature emerging in the strong coupling regime.

94



sd —

0.3 — V_ =05 -
sd

i - Vsd=1 ’
0.25 — V=2 -
i - Vsd 4 i
_ 02k —V,=6 o
3 | _
0151 -

Figure 4.10: The spectral function p(w) plotted vs w for various values of V4
as indicated in the legend. The calculations were performed for UM = 5A
and Ag = 1. The rentrant behaviour of the sidebands can be seen for V,; > 1
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Figure 4.11: The zero temperature scaled spectral function 7Agp(w) plotted
as a function of the scaled frequency w/w,, in the zoomed in region w €
[— 150wy, 150w,,] for various values of UM as indicated in the legend. The
collapse of the curves for UM > 12A, shows universality and serves as
the marker for strong coupling. We have used Ay = 0.1,V,y = 0 for the
calculations.
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Figure 4.12: The zero-bias conductance plotted for different values of UM
in the strong coupling regime showing a universal behaviour with scaled
temperature T'/w,,. The dashed line corresponds to the Hamann form?? of
the conductance eqn. (4.83). The results agree well with Fig. 8 of Logan et
al. (2002)1°

plot the Hamann approximation?? of the conductance given by

¢ 1), In(T/Tx)
[In(T/Tx)* + 2] 2

(4.83)

We have used the fact that Tk, the Kondo temperature is proportional to
wm, in order to compare our results. We see a good agreement between our
calculations Fig. 4.12 and Fig. 8 of Logan et al. (2002)'°.

Finally, we look at the linear response regime and plot the scaled current
J/wm as a function of scaled bias V4 /wy, for various values for UM and see
that the w,,, which is the universal scale in the equilibrium case controls the
extent of the linear response regime. In Fig. 4.13, we see that the curves for

97



i — UM= 144, i

15+ — UM =164, -

i — UM =184, i

125 — UM=20A, .

g T Lin. Resp. 1

3 1+ —

S~

© p— n .
0.75
0.5
0.25

% 025 05 075 1 125 15 175 2

V /o
sd Tm

Figure 4.13: Scaled IV curve showing linear response regime and an emergent
isosbestic point at Vyy = w,,. The equilibrium scale w,, controls the extent
of the linear response regime.

different values of UM collapse up to Vyy = 0.5w,, with the linear response.
The curves are still universal even beyond V,; = 0.5w,, while being non-
linear up to V,q = w,, followed by an isosbestic point where they break off
into non-universal curves. The breaking off subsequent to Vy; = w,, leads to
the satellite feature in the IV curves and subsequently the NDR regime.

4.6 Summary and conclusions

In this chapter, we have derived the steady state Local Moment Approach
(ssLMA) and applied it to study the quantum dot connected to lead with
DC bias. We work in the infinitely wide flat band limit and calculate the
polarization, self-energy, full Green’s functions and subsequently the observ-
ables like spectral function and current. We also see that we can analytically
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recover the equilibrium results when V,; = 0.

The method has been benchmarked extensively with equilibrium in both
the zero and finite temperature limits and shows excellent agreement. We
also have looked at the transport quantities and see the IV characteristics
are captured well for the weak-intermediate coupling regime, while a satellite
feature appears in the strong coupling regime. The spectral function shows a
re-entrant behaviour of the sidebands and a re-emergence of the central peak
with increasing bias. The method is able to capture the universal behaviour
and shows that the spin-flip scale (w,,) is the universal scale in equilibrium
and controls the extent of the linear response regime out of equilibrium. We
see that the zero bias and zero temperature curves collapse when scaled with
wy, which defines the strong coupling regime. We also see that the zero bias
conductance follows a universal behaviour for large temperatures (even up
to T' ~ 100w,,) and compares well with earlier results. In the nonequilibrium
case, we see a universal linear response of the scaled IV curves up to a
Visa ~ 0.5w,, followed by a non-linear universal curve up to Vyq ~ w,,. This
is followed by an isosbestic point and subsequent breaking off of the scaled
IV curves for different UM values and is responsible for the satellite feature
in IV curves.

The satellite feature in the IV curves in the strong coupling regime is not
seen in other methods and could be a shortcoming of the method. As exten-
sive benchmarks show, the satellite feature is not a numerical /implementation
fault and needs a deeper analysis of the physics, including a systematic look
at the diagrams considered. This is an open question and will be considered
in the future.
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Chapter 5

Piecewise constant driving
protocols in the Kitaev chain

5.1 Introduction

The Kitaev chain®, a 1D tight-binding model with p-wave superconducting
pairing, has been the subject of much attention due to it being capable of
hosting Majorana Zero Modes(MZMs). These MZMs in addition to being
interesting for the fundamental physics aspects like non-Abelian statistics,
also have potential applications as qubits in fault-tolerant computation?.
The MZMs appear in the ends of a Kitaev chain and their presence/absence
is associated with a Z, topological index called the parity. The Kitaev chain
has not only been studied extensively as a theoretical model®”, but has also
received experimental attention®1°. The Kitaev chain can also be shown to
map to the well-studied transverse field Ising model (TFIM) via the means
of a Jordan-Wigner transformation and the topological phases can be char-
acterised using the coefficients of the corresponding TFIM.

Systems driven out of equilibrium by periodic driving have been known to
exhibit a great number of emergent phenomena, like topology 1¢72°, time crys-
tals?!" 23 artificial gauge fields?42°, emergent metastable states?%%7, nonequi-
librium quantum phase transitions?®*3!, etc.. The Floquet theory based on
the Floquet theorem, the counterpart of the Bloch theorem for time coupled
with High Frequency Expansion (HFE) has been used to study a wide variety
of systems under a large number of driving protocols. Experimental tech-
niques like ultrafast spectroscopy and optical lattice techniques have allowed
for the realisation of many theoretical proposals. In fact, recent years have
seen the field of Floquet Engineering emerge®?, where one can construct a
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driving protocol to obtain desired emergent Hamiltonians and correspond-
ing states. While a majority of the work on periodically driven systems has
been through the use of Floquet theory as described above, the HFE used in
the same is also the weakest link due to the requirement of the driving fre-
quency to be the largest energy scale in the system. While there has been the
simultaneous development of other approaches like Renormalization Group
methods and Keldysh based methods which circumvent this problem, they
suffer from their own shortcomings either in the truncation of terms in the
effective Hamiltonian or in computational expense.

Coming to periodic driving in the Kitaev chain, Thakurathi et al'® have
shown that by applying periodic d-function kicks through the chemical po-
tential, the Floquet Hamiltonians of the driven Kitaev chain and the cor-
responding TFIM show the emergence of topology even when the initial
parameters correspond to the topologically trivial phase. They have seen
that this emergence can be characterised by both the winding number calcu-
lated from the Floquet Hamiltonian for the TFIM as well as the number of
Floquet MZMs arising in the edges of the Kitaev chain. They also see that
there is a maximum frequency of driving above which no topology change
is observed, while the winding number increases for lower frequencies. The
Floquet MZMs are very sensitive to the periodicity of the driving protocol
and even an infinitesimally small aperiodicity leads to their destruction®?. In
this chapter, we benchmark the method in case of the square wave driving
and investigate the effects of square wave driving in various phases.

Electrical noise is ubiquitous in experiments measuring transport quanti-
ties. It is seen to be of many types like thermal noise, shot noise, 1/f noise,
etc. While a host of empirical and theoretical proposals have looked at the
origin of electrical noise, a larger number of studies have looked at the effect
of noise on various emergent properties. For example, studies of noise in pe-
riodically driven systems have looked at both randomness in the frequency
as well as the amplitude of the driving and studied the effect of noise on
emergent properties like topology, metastable states, etc. The noise in peri-
odically driven systems has been studied using a number of approaches like
the Floquet scattering theory, transfer matrix method, master equation ap-
proach etc., some of which allow for the calculation of exact solutions. In the
case of the Kitaev chain, an exact solution has been worked out when tempo-
ral noise is present in the chemical potential, hopping or pairing terms3*. In
this chapter, we will use the Transfer Matrix method (by D. Nghiem and R.
Joynt?3®) to study various piecewise constant driving protocols. The Trans-
fer Matrix method allows the calculation of the time evolution operator as
a product of transfer matrices corresponding to each constant piece in the
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driving protocol. The method allows for exact solutions and has been ap-
plied to study telegraphic noise3®. The effect of the noise on the emergence
of topology when driving needs a detailed investigation. This is done by
the calculation of the disorder averaged transfer matrices and looking at the
effect of the disorder on the topology via the rate function.

Apart from periodic driving, a common way of achieving non-equilibrium
is through quenches. In case of the Kitaev chain in particular, studies involv-
ing quenching to and across the boundaries of topological and trivial phases
have seen that the survival probability of the MZMs decay when quenched
across the boundary but have a periodic re-emergence when quenched to
the boundary values®”. Systems when quenched and allowed to evolve with
time, display the possibility of having dynamical quantum phase transitions
(DQPTs) where physical quantities become nonanalytic as a function of time.
These DQPTs are not driven by conventional control parameters like temper-
ature, pressure, etc., but occur just due to the evolution in time. The central
quantity for characterising these DQPTSs is the Loschmidt echo, which has
been well studied both in theory and experiments. The DQPTs are signalled
by nonanalyticites in the Loschmidt echo and have been both proposed the-
oretically and observed experimentally in optical lattice systems. The emer-
gence of these DQPTs in the TFIM following a quench across topologically
invariant phases has been studied in detail with attention paid to both the
dynamical order parameters and scaling and universality of these phase tran-
sitions?®. The time at which these DQPTs arise and the mechanism of how
the associated topology change needs to be studied in detail. The calculation
of the critical time and the corresponding gap closing serve as an explanation
for the change in topology.

In this chapter, we use the transfer matrix method to look at three driv-
ing protocols - square wave periodic, piecewise constant noise in the chemical
potential and quenches across various parameter regimes. We begin with the
Hamiltonian and derive the ground state and the different phases of the
model. This is followed by the derivation of the transfer matrices for the
square wave, noise and quench cases. The descriptions of the Loschmidt
echo and Dynamical quantum phase transitions follow. In the following sec-
tion, subsequent to benchmarking, we present the results for all the three
protocols. Finally, we conclude with a summary of the chapter.

105



5.2 Model Hamiltonian

Let’s consider the Hamiltonian of the Kitaev chain

N-—1 N
H=> [l fasr+ Fiafa) + AUfaforr+ L iD= p@fifa—1) (5.1)
n=1 n=1

Where the « is the hopping term, A is the pairing term and p is the chemical
potential. If we take the periodic boundary condition fyi,; = fi, then we
can write

H = V(i fusr + Flfn) 4 AUnfass + FLa D = pf = 1) (5.2)

We can now perform the Fourier transform into k-space with k € [—m, 7] and
step-size =X, the notation we use for the Fourier transform is

f ¢_ ;_:ﬂf ek (5.3)

In order to simplify notation, we represent  ;_ = >",. We can now define

A = —1Asin(k) .
e = [y cos(k) — ] (5.5)

Subsequent to this definition, the Hamiltonian reads
H =Y {alflfit f1d) = Aifihi = At +np - (56)
k
With this, the hopping term and chemical potential term become
Hiopping = 27 Z cos(k) fi fr (5.7)

chem pot — _,UJZ ka k= 1 (58>
while the pairing term becomes

palrlng =A Z fk:f—k’elk + ka;f]g o (59)

k=—m
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We can split the summation S37_ = Y0 +3°7_ . Using a dummy
index, we find that

palrlng = 21A Z Sln fkf—k + kafk] (510)

Now we note that sin(—k) = —sin(k) and also that the operators pick up a
—ve sign when k& — —Fk, thus the product is an even function and we can use

> reo =5 2 r__. to write
pamng =14 Z Sln fk:f—k - kafk] (5.11)
k=—7

Thus we can write the full Hamiltonian as

H = Z{ yeos(k) = p flfi + 1 Asm(B) AL — Fafil +n (512)

5.2.1 Bogulibov transformation

We can rewrite the Hamiltonian using the spinor notation as

H=> Ul(eo. + Ao,) ¥ (5.13)

o; the Pauli matrices, and the spinor ¥ = ( ffk ) Which we can see is off-
—k

diagonal and is inconvenient for calculating the eigenstates and eigenvalues.
We can diagonalize the Hamiltonian using the Bogoliubov transformation as

in Jishi (Pg 305). We can do this by making the following substitutions

Ay = —1Asin(k) (5.14)
ex = [ycos(k) — pl (5.15)

under these substitutions, the Hamiltonian in eqn (5.12) becomes
H=3 {Ek(fiifk + 1S k) = Apforfi — AefLF + u} (5.16)
k

The Hamiltonian in Jishi considers spinful fermions. Since we are working
with spinless fermions, we have suppressed the spin index using >, €, f,I fr =
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% Zk(ekf,lfk + e_kfikf_k). This allows us to perform the Bogoliubov trans-
formation given by
fe=upme+ oty for = o — v (5.17)
f=wk +oire 1 =wrly — viw (5.18)
Here the 7,(:) annihilates(creates) a Bogoliubovon and we have |ug|? + |vg|* =

1. Substituting these expressions in the Hamiltonian, we can look at the
kinetic energy term given by

S et + £ = D0 e (llusl? = o1 + i}
k 2
+ 2wyt + 2“2”27—k%) (5.19)
and the pairing term in the Hamiltonian given by

A fL Y = = Asuiyiny + Ay
+ Aurviy vk 4 A (V)2 Yk
—ALfkfi = =R -k + Ajupopyion

+ Ajuioy Lk + Afuiyialy

(5.20)

Combining these, we can write

H=Y_ {[ek(lukl2 = [oal?) + Apurvy + Arugor] (v + 97 7-0)
k

We use the fact that the Bogoliubov transformation diagonalizes the Hamil-
tonian, i.e.

QEkUkUk — Akui + AZ’U% =0 (522)
In order to solve this, we will consider uy = |ugp|e?s; v, = |vple'®; Ay =
|Ag|e®9%. This reduces the equation to
2er|upvr OO — | AL ||ug |22 @08 | Ay ug 22 (@0 = (5.23)
If we choose 0y = —¢, = —0;, and using the constraint |uy|> + |vi]*> = 1, we
find
urf? = [1 et ] (5.24)
Mg 2+ |AL? '
1 [ €k
2
vt ==11— —] 5.25
il = 3 [1 - (5.29



If we recall, we had

Ay = —1Asin(k) (5.26)
e = [ycos(k) — p (5.27)

We can choose A = |Ale'z, so that Ay is real. If we consider ¢, also real,
then we have 6 = 0, which will give us the diagonal Hamiltonian

H = Z Ex(vie + 40 v-e) + Z(Qekvi — Agugvy + 1) (5.28)
k k

(. s

vV
numerical factor

Where we have E, = /€2 + |Ag|?> and the numerical factor which corre-
sponds to the ground state energy.

5.3 Ground state

The ground state of the Hamiltonian is a vacuum of Bogoliubovons. Thus
we have

Vel Wo) = k| Po) = 0 (5.29)
Hence we can use this to construct a ground state as
W) = | [ w7-£10) (5.30)
k

Where |0) is the electron vacuum state. The G.S. in terms of the electron
creation operators becomes

o) = [ [ (un + o fif1,)10) (5.31)

k

Calculating the Ground state energy using the Schrodinger equation H|Wy) =
£0|Wo), we get only the numerical factor

g0 =Y {2ex0f — 28upvy, + pu} (5.32)
k

5.4 Topology and phase diagram
Let us consider the Hamiltonian of the Kitaev chain (eqn(5.12)) given by

=Y {obvcosth) — plfifu 1 8sn(R)LF — fuhil 40} (5.33)
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Figure 5.1: Phase diagram of the model with the phases LILIIT marked.
Taken from Thakurathi et al.!®

We see that the Hamiltonian can be diagonalised (eqn (5.28)) and has a
dispersion given by

Ey = \/ei + |Ag? = \/(7 cos(k) — u)2 + A?sin?(k) (5.34)

where we have substituted the expressions for ¢, and Ay from eqn (5.4). We
can now consider the two-dimensional parameter space defined by p/v and
A/~. We see that there are two routes to having a zero crossing of the F
in this parameter space. The first is if we consider the case of the k = 0/7
momentum, we can see that Ej has a gap closing for the lines p/y = £1.
On the other hand, if we consider A/y = 0, we can see that the gap closes
for the momentum k = cos™!(—u /7). These zero crossings give rise to three
distinct phases and can be represented as in the phase diagram Fig 5.1.

While we have explained the zero crossing lines, we actually see that the
phases they demarcate, viz. phases LII, and III in the phase diagram, are
actually different topological phases. In order to see this, we work with the
Majorana basis. This can be achieved by writing the Hamiltonian in terms
of the Majorana operators given by

Aop—1 = f;s + fn
Aon = Z(fn - f:b)
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We see that these Majorana operators are Hermitian and satisfy a3, =
a3,_, = 1 and {a;,ax} = 20;,. This allows us to write the Hamiltonian
in eqn (5.1) as

N-1 N
H =1 (Jpon@oni1 — JyQon_1a2n42) + 1 Zﬂazn—lazn (5.36)
n=1 n=1

with J, = 2(y — A) and J, = (v + A). We can see that the Kitaev
chain in the Majorana representation can have either intra-site or inter-site
pairing of the Majoranas and leads to either a topologically trivial phase
with all Majoranas paired up within their sites or a topologically non-trivial
phase with Majoranas in the bulk paired up across the sites leaving two
unpaired Majorana modes on either end. The labels J,, are chosen since
they correspond to the TFIM which can be seen when we perform the Jordan-
Wigner transformation given by

n—1

z X

Aon—1 = | |Uj o,
Jj=1

(5.37)

where ™% are the Pauli matrices. Applying the transformation to the
Hamiltonian, we get

N-1

N
H=— Z (Jooror .+ Jyolol, ) — Z poL. (5.38)
n=1

=1

3

Coming back to the phase diagram fig 5.1, if we consider an open chain
with an even number of sites, we see that in phase I, ie. A/y < 0;—-1 <
p/v < 1, the asy mode is uncoupled on the right and the a; mode is uncou-
pled on the left. This also corresponds to the case of ¢ long-range ferro-
magnetic order in the TFIM. Phase IT, i.e. A/y > 0;—1 < u/v < 1, has the
asn_1 mode and the a, modes uncoupled on the right and left respectively
while corresponding to the ¢¥ long-range ferromagnetic order in the TFIM.
Phase III, i.e. |u/vy| > 1, is a topologically trivial phase with no unbound
Majorana modes and corresponds to a paramagnetic phase of the TFIM with
no spin order.

While we have described the topological order in terms of the Majorana
modes, another useful approach would be to look at the bulk Hamiltonian
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(eqn (5.12)) and define a topological invariant. This can be achieved by
representing the Hamiltonian in terms of the Pauli matrices as

H = agkdy + CL3]€0'Z (539)

Where we have two k-dependent functions given by ag, = 2(ycosk — p)
and ag, = 2Asink in this case. While ay/3; are known for the Hamiltonian
in consideration, they can also be generalised for other Hamiltonians of the
same form. This allows us to define the vector Vk = a9y + asrz and the
angle ¢ = tan™! %ﬁ

The winding number W can then be calculated using the integral

L[ dox
=— ¢ —dk. 5.40
We can verify that this is indeed the winding number by using the Cauchy’s
integral formula and constructing a function z(a2k, ask) which has a pole at

the origin. We can think of an integral

= [LB) (5.41)
c?— R0
Where f(z) is analytic and the integrand has a pole at zp, i.e. the problem
of finding the winding number of the coefficients of the effective Hamiltonian
can be mapped onto this by considering

Z = Qo + a3y
. Oagy, aa?)k
dz-(ak - )dk
fz)=1; 2=0

By using the Cauchy’s integral formula, the integral is given by f(zo), which
1S

I — L 4 dk (Okagk + z@kagk)

5.42
2m ). Qop, + 103k ( )

Since the z is a construct, we can simplify the calculation by taking z = re*?,
which gives
1 [T 0
I= o | dka—k [In(|agk + 1ask]) + 1] (5.43)

From which we can verify that I is indeed the winding number with ¢ =
tan_l(%). We see that W = 0/1 in each of the phases and becomes unde-
fined on the phase boundaries. This allows us to define the winding number
as a Z topological invariant and will be calculated as the primary means of

ascertaining the topology in the calculations that follow.
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5.5 Time evolution

In order to look at the time evolution of the system, we need to calculate the
evolution operator

U(t,0) = exp(—1Ht) = exp (—zt Z Ey [7,1% + ’yik’yk]> exp(—egt) (5.44)
%

The ground state energy part will give rise to a phase when acted upon the
initial state. Suppressing this term, we can use the algebraic properties of
the Bogoliubov operators (i.e. v* = 0) to write

U(t,0) = [T [1+ yb(e™ = 1) 9T yp(e B — 1)
fmat (e B = 1)2] (5.45)

/

-
117

Since we are looking at piece-wise constant noise, we can consider the Hamil-
tonian to be independent of time in each piece and look at the evolution of
the wavefunction from one piece (index (0)) to the next (index (1)). In this
way, we can break up the entire time evolution into pieces and track the
evolution of the wave function. Looking at the form of the evolution opera-
tor, we see that the BCS ground state wave function is an eigenstate of the
evolution operator. If we go back to the fermionic operator notation and put
ap = (e7*Fxt — 1), we can see that the three parts of the evolution operator
become

I'=ag(jurlfl fu + |orl? = Joe Lok — wpon LT, — wvh foi fi)5.46)

IT = o (Jul £l foi + 0wl = loxP AL fe — wpor fLFD — wevf foi f115.47)

1 = G (Lt o fon = o LT — wevi foefi (5.48)
oL = £k = fLAD)

Let us consider the action of this evolution operator on the ground state.
The details of the piece-wise evolution are hidden in the wu, v, and hence
also in ay. Hence, we use the labels (0/1) to differentiate the parameters of
the initial state and the evolution operator which takes it to the next step.
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Thus, the action of the three parts on the BCS ground state is given by

I)Wy) = ooV 2 — oy Vo) (5.49)
-ﬂ|“P@—u# D) £ 1110y

I11W) = ooV 2 — oy Vo) (5.50)
Gur2° uy Vo) £L£1010)

1wy = ()2 (u o2 = ug vy Vo) (5.51)
(g Por” = u M) £ 10)

From the form of the resultant state, we can see that if (0) = (1), i.e. evolu-
tion of the initial state with the initial Hamiltonian, is the same state with a
phase factor. We also notice that the BCS ground state form is retained at
any arbitrary step of the evolution. Combining all the terms, the state reads

0 0 1) *(1 0 1 1
wn=11{h?+<<mj|—u?%“¢5@¢>+m?fﬂ
k
*(1 1 0 1 1 715>
[+ (1l —%Wwﬁwm$H¢Wﬁmu} °1]0)

(5.52)

Which we can see can be written as a BCS wavefunction with renormalized
values | W) = [T, (Ax + Befi f1,)]0), where

A, = et [uéo) + (ul(co)|v,(€1)|2 u,(gl)vz(l) (0 )) (2(1,& )+ (algl))Q)](5.53)
B, = e*“O [ 0) (]ug)ﬁv,(fo — uz(l)v,gl)uéo)) (204,(:) + (a,(cl))Q)](5.54)
This can be expressed in the matrix form as

(Ak)::e_ LBl Bt ) () (5.55)
B a1+ 80" P) ) o)

-~

Tr(g15t—t0)

Where we have defined 8, = (201" + [o{"]2) with oV = e—tE (=to) _ 1
The transfer matrix 7x(g;t) depends on the parameters g = (u,7y,A)
through the corresponding uy, vy, ) and evolves the wavefunction from ¢y to

t through Bi(g,t) to get the state at t to be (gk8> = xx(t). We can now
k
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generalise to an arbitrary number of pieces of time evolution and can write
state for the m'" piece of the time evolution as

m
(%)

Xe(mT +tg) = e Vit T H (ﬁ(gi, T))Xk(to) (5.56)

=1

5.5.1 Square Wave

Let us now calculate the transfer matrix and the time-evolved state for var-
ious driving protocols. We begin with the case of the square wave driving
where the parameters g = (v, u, A) are oscillating between two values in
each of the time steps 7.

The time evolution operator for each period of the square wave (with
periodicity 27) is given by

Ti(g1, g2; 27) = Ti(g2; 7) Te(gr, 7) (5.57)

where the transfer matrices 7, depend on the parameters of the evolution
g. We can use the piecewise constant nature of the driving, whereby the
transfer matrix for each piece can be written trivially as

Tr(g;t) = exp{[—2H(g)t]} (5.58)

Thus, we can write the entire time evolution as a product of these individual
pieces as

Xk(mT + t) = e 5 50 (T (7)) "y (ho) (5.59)
We can simplify this further by expanding
Ti(g:t) = 1+ Bi(g:t)Sk(9) (5.60)

where,

Si(g) = < (lor(9)1?) —uk(g)U;:(g)> (5.61)

—up(g)or(g)  (lur(g))

If we consider the case where uy, v, are real, then we have

- 1 Ek — €k —Ak o 1 . .
Sk(g) = 2Ek ( —Ak Ek + €k> = 2Ek [Ekl €L0, AkO'x] (562)

where we can notice by the structure of the matrix, that Si(g)*> = Sk(g).
Thus we write

Te(g:t) = (14 Bulg:1)Su(g)) = e 2Frr(a (5.63)
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This can be expressed in terms of the Pauli matrices as
E(gt) — G_Z[Ekl_EkUZ_AkUI]t — e—lEktelAX?k'at (564)

Where X; = (Ak,0,€x). The full transfer matrix is given by T (g;t) =
;. Ti(g;t), where we have used the fact that the various k dependent terms
are independent. This reads

T (95)
T(g:t) = (5.65)
T (93 )

The time-evolved wavefunction can be written as
V() = (5.66)

which using the transfer matrix gives

(W(t) = T(gn;tn —tn-1)T(gn-15tn—1 —tn—2) ... T(g15t1 — to)|¥(t0))
(5.67)

5.5.2 Noise

In the case of the piece-wise constant noise, the parameter set g are uncor-
related random numbers drawn from a probability distribution P(g). This
allows us to calculate each instance of the driving as a product of transfer
matrices,

T(tN) = T(QN; tnN — tN—l) X T(gN_l; tN—1 — tN_Q) - T(gl; t1 — to). (568)

These individual instances need to be averaged over disorder by considering
the probability distribution P(g). Thus the disorder-averaged wavefunction
is given by

[W(t)) = / (Hdgip(gi>)T(gN;tN —tn_1)

X T(ngl; thl — thZ) . T(gl; tl — to)’\l’(to» (569)
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Since the g; are independent in each step, we have

0@ = [ doT (gs Atw)Plaw) [ dgx-1T (g1 Mt-)Plgx-)
.. / g1 T (g0: AP (te)) (5.70)
which can be written as
W) = T(AtN)T (At 1) ... T (AT (L)) (5.71)

Using the independence of the k-dependent terms, the full transfer matrix
under disorder averaging becomes

7_dk’1 (t)
T(t) = - (5.72)
7_de (t)

Where we have for each k, the disorder averaged transfer matrix 7 ,(t) =

S dgP(9)Tr(g;1).

5.5.3 Quench

We have calculated the transfer matrix for multiple pieces in the earlier
sections and we now come to the simple case of a quench from a set of
parameters g; to go and continued time evolution with the set go. The transfer
matrix is given by

Ti(91, 925 1) = Ti(g2;t) Te(g1, 7) (5.73)

This product can be explicitly calculated as follows by writing the transfer
matrix as .
Trlg:t) = e~ Er(9)t 1 Xk (9)-0t (5.74)

In this expression, we see that the e *#** part commutes and can be easily

calculated. To calculate the o part, we make use of the multiplication identity

of Pauli vectors,
emn-aezbm-cr — kb (575)

where,

cosc = cosacosb — (- 1) sinasinb

1
p= ,—[nsmacosb%—mcosasmb—n X msmasmb}
sinc

(5.76)
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By using this identity, we can calculate
Ti(g2, st +7) = e~ "Bk (g2)t+ Bi(9)7) ot X (92)-F i Xi(g1) ¢ (5.77)

This gives us for the magnitude part,

cos ¢ = cos (Ex(ge2)t) cos (Ex(g1)T)—
Xi(g2) - Xi(gr) sin (Ei(g2)t) sin (E(g1)7) (5.78)

with
Xk(92) ) Xk(gl) = Ak(gg)i;gk((q;Q))ng(];(lg;z)Ek(gl) (5.79)
and the direction is given by the unit vector
Ak -0 = Si_:lc[alko-z + Qok0y + Oégkaz] (580)
with
Ag(g2) . Ax(g1) .
g = E:(gg) sin (Ex(g2)t) cos (Ex(g1)T) + E:(gl) cos (Ex(go)t) sin (Ex(g1)7)
— [Ax(g2)er(gr) — exlg2)Ax(g1) <in “in _
o = L) IS i (B )t i (B
. ex(g2) . x(g1) .
S B (g) sin (Ex(go)t) cos (Ex(g1)7) — Eror) cos (Ex(go)t) sin (Ey(g1)7).

Thus we can write the effective Hamiltonian H.s¢, which is defined by
E(g)t) — eZHEff(t) as

3
Hepyp = Zaz‘kai (5.81)
i=1
With a; = Sinc(’j:k)ak. We also know that given an exponential of a Pauli
vector, we can write
Tr = €% = cos ()1 + 25in ()P - & (5.82)

By using the algebra of the Pauli matrices and calculating the trace of the
matrices, we have

Tr(1T;) = 2cos (cx) (5.83)
Tr(aﬂi) = 2usin (¢ ) Pik (5.84)
Thus we can write the effective Hamiltonian as
Heff = ckDir - 0 (5.85)
Which gives
ik = o sc1];1 o Tr(o:Tr). (5.86)
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Eigenvectors of the effective Hamiltonian

We can calculate the time-dependent effective Hamiltonian by using the
transfer matrix:

Tr(g;t) = etlers®, (5.87)
We can evaluate this using the expression for the transfer matrix and the
properties of the Pauli vector. Using these we write

Heff(t) = alk(t>0'$ + a2k<t)0'y + agk(t)O'z. (588)

We can look at the winding of the coefficients a;;. and look at the time at
which the topological transitions occur. We plot the minimum eigenvalue
and the winding number as a function of time in Fig. 5.2 and see that
some of the transitions also occur along with the zero level crossings of the
effective Hamiltonian. The signature of these transitions is also seen in the
discontinuous change in the sign of the as; coefficient for k& = 0, 7. The

eigenvalues of the effective Hamiltonian are given by ¢ = i\/Z?ﬂ a?, and

the corresponding eigenvectors are

) = ——— ( ok € ) (5.89)

2e(agy, +¢) \G1k 1 a2k
_ 1 —ag + 1asy
- - 5.90
|S0k> 26((13k+6> ( asy + € ( )

Since we can calculate the evolution of the states by operating the transfer
matrix on the initial state, we can track the overlap of the time-evolved state
with the corresponding eigenvectors of the instantaneous effective Hamilto-
nian for all times. i.e

o = el (1) o = Wrt)lor (1) (5.91)
We see that there are three important k-points viz. k = 0, £7. Tracking the
changes of the overlaps of these points with time provides us with a signature
for the topological transition. We plot the overlap of the time-evolved state
with the eigenvectors for each value of the momentum in Fig. 5.3 and see
that the overlap has no zero crossings in the trivial case, but has multiple zero
crossings when the winding number is non-zero. We now look more closely
at the nature of the topological transitions. These topological transitions
involve a discontinuous change in the overlap for either the k = 0 or k = £.
We can see the two transitions happen with different time scales. We plot
the overlap of the time-evolved state in both the topological and trivial cases
for all values of the momentum £ in Fig. 5.4. We see that the transitions are
driven by either a sharp change in the overlap of the k = +7 or the £k = 0
states.
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Figure 5.2: The change in winding number as a function of time. We can see
that the transitions occur when agi—o +» changes sign. Also plotted is the
minimum value of the eigenvalue for each time point. We can see that some
transitions are accompanied by zero level crossings.
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Figure 5.4: Left panel: A topological transition driven by the change in the
overlap of the k = £ states. Right panel: The transition is driven by the
change in the overlap of the k = 0 state.

5.6 Loschmidt Echo

In order to look at the effect of driving, we need to consider the difference
between the initial and time-evolved wavefunctions. This can be done by
considering the Loschmidt echo as a function of time, which is defined as the
overlap between the initial and time-evolved step. That is

L(t) = (¥ (1) o) |* (5.92)

In the case of the piecewise constant time evolution, we can consider the
overlap of the initial state and the state after the first piece of time evolution
|W1). The Loschmidt amplitude can be calculated by noting that |¥;) =
1. (A + Biflf1,)]0), thus the terms are

(1| Wo) = [T [O1(Azu)]0) + (O1(Byuy) f-ifil0)

+ O A) FLEL0) + O1(Brot fiff e f1010)] (5.93)

Applying the fermionic creation and annihilation operators to the vacuum
state |0), we are left with

(1| Wo) = [T [€01(Azui”) 0) + (0](Biop”|0)] (5.94)
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In terms of the Bogulibov parameters uy, vy, this works out to be

*(1 *1 0 1
([ Wo) = [T {1+ 205" + (™) lu” Plog” 2 + o P
k

#(1) (0) (1) *(0 1) #(0) (1) (0
— uk( )u; )Uli )vk( ) _ u,(C )uk( )Uk( )v,i )]} (5.95)

If we put [2(1561) + (a,(gl))Q] = Pk, we can calculate

* 0 1 0 1
£ = 1@ wo) 2 = TT{ [0+ Bl PP + 1o Pluf

k
1) * 1 1 0 0 1 0 1
— oo = >vk< v, ’)} 1+ ﬁk<|u,§ Ploy P + o PP

1) *(0 1) *(0) =*(1 0

Which simplifies to

* 0 1 0 1
£ = 1w W02 = TT{1+ (B + 80 [l Plo)" 1 + o Pl
k

x(1) (0 x(0) * 0 0 1 0 1
w0 o = a0 B e Pl o

W@y 0201, 0] 2} (5.97)

Since the time dependence is now restricted to (i, the time evolution of
the Loschmidt Echo L£(t) can be easily calculated given the wuy (o/ 1)77}1(@0/ Y in
both pieces. This procedure can also be applied to other piecewise constant
driving protocols with a corresponding calculation. The Loschmidt echo is
also the Majorana survival probability®” and allows us to ascertain the fate

of the Majorana end modes when time evolution occurs in each of the phases.

5.7 Dynamical quantum phase transitions

In equilibrium, phase transitions are known to be accompanied by the non-
analytic behaviour of the free-energy when the control parameter is varied. In
particular, quantum phase transitions are those where the control parameter
is independent of temperature and the transition can be observed even at
absolute zero. Extending this definition into non-equilibrium, one can look at
the dynamical quantum phase transition (DQPT) where the phase transition
is characterised by a non-analyticity when the system is evolved in time?®
In non-equilibrium, the concept of free-energy is no longer applicable and
hence cannot be the quantity which has the non-analyticity. We know that
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the partition function in terms of the free-energy is given by
7 =ePF (5.98)

where 3 = 1/kgT and F is the Free energy. Following Heyl?, we define the
Loschmidt amplitude

G(t) = (Wo|W(t)) = (Pole™""'| o) (5.99)

This Loschmidt amplitude is formally similar to the partition function (for a
detailed discussion see §2.5 of??) with a particular dependence on the number
of degrees of freedom N in the large N limit that can be expressed as

G(t) = e N9 (5.100)

where ¢(t) is the associated rate function. This can be rewritten as

o) = — ngnm%log[g(t)]. (5.101)

A corresponding rate function can also be calculated for the Loschmidt echo
L(t) as

At) = — lim %log[ﬁ(t)] (5.102)

As mentioned above, the signature of a DQPT is the non-analyticity of
the rate function. This occurs when the time-evolved wavefunction becomes
orthogonal to the initial wavefunction, i.e ((0)|(t)) =

This condition, for a time-independent Hamiltonian, such as in a quench
problem, is equivalent to G(t) = (1(0)]e~**])(0)) = 0. Since we have found
the time evolution operator and the time-evolved wavefunction, we can find
the condition(s) for the vanishing of the Loschmidt amplitude (G(t)).

_ L+ 80P —Br(t)ui v uy
at) = I (s ") (—5k<k>uél>v,2” 6<>7u<°k>|2> (vf:“)

— H {1 + (e’QiEkt — 1) <u,(€o)v,(c ) u,gl)v,go)) } (5.103)

k

The condition for the Loschmidt amplitude to vanish is that any one of
the terms in the product should vanish. Since Sk (t) is the only term that
can change sign, and the other terms are real and positive-definite, a sub-
condition is that i (t) is real and negative. This implies

2B te = (2n + D)7 (5.104)
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for which S, (t.) = —2. Simultaneously,

2 1
(ug)vg —uz(fc)vz(i)) =3 (5.105)

should also be satisfied. These two conditions yield a specific combination
of momentum and time i.e. (k.,t.), for a specific quench from gq to g;. The
above condition for k. yields

(0) (1)

€k Ay
e — T (5.106)
A0

Another way of arriving at this would be to use the transfer matrix. We
know that G(t) vanishes for (k.,t.) when the initial and final states become
orthogonal. We can write this condition as,

(W, (to) [ Wk, (te)) = (Wi (00)|T (g5 L) Vi (0)) = 0 (5.107)

Since S, (t.) part of the transfer matrix only contributes to the global phase,

the orthogonality comes from the et Xn -3t ,which in terms of the uy, vy read

(Ui? vffj)) X - & (Zé%)) —0 (5.108)

Where by substituting, we can see

o o) Ak G [ud

0 0 c c ke _

(Ukc Uk‘c ) (E(l) Oy + E(l) Uz) U](Co) = O (5109)
ke ke c

Which can be simplified to give
AVAY Vel =0 (5.110)

Substituting €, = —(ycos(k) — ) and Ay = Asin(k), we get the following
equation for k.:

(Yon — AoAr) cos?(ke) — (yop + npo) cos(ke) + (pop + DoAy) = 0.
(5.111)
Thus we can work out the momentum which would be responsible for the
non-analyticity at the critical time ¢.. Furthermore, we see that these k.
correspond to either k£ = 0 or the k = +x states where the gap closes at ..
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5.8 Results

Now that we have elaborated on the method, we come to the results. We
will first benchmark the method against other methods and known results.
We follow that by calculations of the rate function for three driving protocols
viz. the square wave, noise and quench.

5.8.1 Benchmarks

In order to verify the calculations, we first look at the winding number. As
given above, we calculate the winding number using the integral (eqn (5.40))
L[ dox

W = o Pk dk. (5.112)
We can see that this expression is indeed correct and works in the time
evolved case by looking at the variation of the ay/3, when quenched from
phase III to phase IT and looking at whether there is any winding around
the origin. This is seen in Fig. 5.5, where the a3, are plotted in the initial
phase (7 =0 = 1, g = 3.0) on the left and the value post quench, at t = ¢,
into phase II (y =60 = 1, uo = 0.0) is plotted on the right.

Coming to the case of the square wave driving protocol, we see that the
winding number changes in all the three phases, but has a minimum time
period required to observe such a change. We evolve the system in phase III
(v =9 = 1,u = 2.0) and plot in Fig. 5.6 the dependence of the winding
number on the frequency of the square wave. We see that there is a maximum
frequency above which there is no winding, while low frequency driving leads
to larger winding numbers. This is consistent with the results of Thakurathi
et al.'® in case of periodic d-function kicks.

Another benchmark is the observation of dynamical quantum phase tran-
sitions (DQPTs) when the system is quenched from one phase to the other.
We look at the quench from phase II to III in particular from v = § =
L =0toy =46 =1, = 3.0. In Fig. 5.7 we plot the rate function
g(t) = —+1og[G(t)] with the time and see that there appear nonanalytici-
ties. We scale the time with ¢, the critical time and show the behaviour over
a few multiples of ¢, in the main panel and an extended period of time in the
inset

5.8.2 Square Wave

Coming to the calculations using the transfer matrix method, we start with
the case of periodic driving. In this protocol, we consider without loss of
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Figure 5.5: The Hamiltonian coefficients aqg,as. plotted for a system
quenched from phase III to phase II. The left panel shows the initial pa-
rameters and the right panel corresponds to the final parameters post the
quench and evolution up to t=t.. The red dot indicates the origin and as can
be seen, the a3, get modified to wind around the origin post the quench.

generality, only the variation of the chemical potential between the two fixed
values.

We first look at the square wave driving where the parameters of both
the pieces lies within the same topological phase of the system. We plot
the rate function g(t) = —+ log[G(¢)] as a function of time within both the
topologically interesting and trivial phases. In particular, in the topological
phase, we consider the parameters to be v = A = 1 and the chemical poten-
tial fluctuates between the values pp = 0.5 and gy = 0.6 which corresponds
to phase II of the phase diagram (Fig. 5.1). Since the phase is topological,
we see the presence of the dynamical quantum phase transitions (DQPTSs)
as evidenced by the non-analyticities in the rate function plotted in the left
panel of Fig. 5.8. On the right panel, we look at the topologically trivial
phase, in particular corresponding to the parameters v = A = 1 and the
chemical potentials pp = 3.0, 41 = 3.1. This shows no non-analyticities as
expected within phase III.

Next, we look at the case where the chemical potential values lie on two
sides of the phase boundary between phases II and III. In particular, we
look at both the cases where the initial Hamiltonian corresponds to phase
IT and III, while the other set of parameters belongs to phases III and II
correspondingly. We again plot the rate function as a function of time in
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Figure 5.6: The winding number for the square wave drive within phase III
plotted as a function of the driving frequency. We see a maximum frequency
above which there is no winding and lower frequencies give rise to larger
winding.
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Figure 5.7: The rate function g(t) plotted as a function of the scaled time
t/t.. The main panel shows the time evolution of ¢g(¢) up to t = 7t., while the
inset shows the evolution for a longer range. We clearly see the non-analytic
behaviour occurring at odd multiples of t.. The details of the quench are
mentioned in the legend.
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Figure 5.8: Rate function plotted as a function of time for square wave driving
in phase II (y = d = 1; u = 0.5) and phase III (7 = 6 = 1; u = 3.0) on the left
panel and right panels respectively. The left panel shows non-analyticites in
the topological phase while the right panel corresponding to the trivial does
not.

Fig. 5.9 with the initial phase being II in the left panel and III in the right
panel. Particularly, left panel corresponds to v = A = 1 with pg = 0.5 and
i1 = 3.0, while the right panel corresponds to v = A = 1 with py = 3.0 and
11 = 0.5. We We see that DQPTs are modified significantly and are present
in the case where the initial phase is the topological phase while the other
case does not show DQPTs. Both cases show smaller features and do not
have smooth lines as seen in the within the phase results.

5.8.3 Noise

The transfer matrix method was proposed®® in order to study the effect of
noise in the transverse field Ising model and allows for an exact calculation
of the resulting time-evolved state. We use this method in our case to look
at the piecewise constant noise where the chemical potential is selected from
the uniform random distribution [—W, W], where W is the half-width. We
look at the rate function in a similar manner to the square wave driving case
and consider both cases where W is chosen such that the parameters all fall
within a single topological phase and the case where some values can lie on
the other side of the phase boundary.

We begin with the case where the W is chosen such that the parameters
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Figure 5.9: Rate function plotted as a function of time for square wave
driving from phase IT to III (y = § = 1; ug = 0.5, 3 = 3.0) and phase III to
II (y =6 =1;u0 = 3.0,u3 = 0.5) in the left and right panels respectively.
The DQPTs are present in the left panel while not present in the right panel.

lie in the topological phase corresponding to v = A = 1 and the mean value
of the chemical potential is ;1 = 0.5. Starting from this initial condition, the
subsequent values are chosen such that py = po + w, where w is randomly
chosen from [—0.1,0.1]. This is done for 1000 disorder configurations and
subsequently, the disorder averaged transfer matrix is calculated. The time
evolved state is calculated using this transfer matrix and is used to calculate
the rate function. The rate function as a function of time is plotted in the
left panel of Fig. 5.10. A similar exercise is carried out for the topologically
trivial phase with v = A =1, o = 3.0 and w € [—0.1,0.1]. The rate function
for this case is plotted on the right panel of Fig. 5.10. We see that in the
case of disorder, the unitary nature of the operator is no longer maintained
and leads to the normalization no longer being unity. This is manifested
in the decaying trend of the rate function as time increases. Coming to the
non-analyticities, we see non-analytic behaviour in the case of the topological
phase, while any such features are absent in the trivial phase. While these
non-analyticities arise from the same t., characterisation of them as DQPTs
(and associated geometric phase) may be more complicated due to the loss
of normalization.

We repeat the same procedure mentioned above for the case where the
noise window is broad enough to allow for the chemical potentials to lie on
either side of a phase boundary. In the left panel of Fig. 5.11, we consider
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Figure 5.10: Rate function plotted as a function of time for random noise
picked from a box distribution w € [—0.1,0.1] with the chemical potential
becoming p; = po + w in phase II (y = § = 1;4 = 0.5) and phase III
(v = 0 = 1; 4 = 3.0) respectively. We see a decaying trend corresponding
to the loss of normalization and the presence of non-analyticities only in the
left panel.

the mean chemical potential to be in phase II, i.e. o = 0.5 and picked the
value of the random number w from a larger range [—1, 1]. In the right panel
of Fig. 5.11, we consider the mean potential to lie in phase III and again pick

€ [—1,1]. We see that the normalization is lost as expected and the rate
function shows a decaying trend. The non-analytic behaviour is restricted
only to the case where the mean chemical potential lies in phase II, while the
other case shows almost a linear decay of the rate function with time.

In order to look at the effect of the size of the box distribution within
the same phase, we consider the case where the mean chemical potential is
1o = 0.5 and look at the rate function for various values of W ranging from
0.1-0.5. We plot the rate function in Fig. 5.12 and find no difference in
the different values, at least for the parameter range considered. This shows
the significance of the mean chemical potential in determining the general
characteristics of the rate function.

5.8.4 Quench

Since both the square wave and noise protocols can be thought to be made
up of multiple pieces of a quench followed by time evolution, it would be
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Figure 5.11: Rate function plotted as a function of time when the noise is
applied post a quench across the phase boundary. The random noise is picked
from a box distribution w € [—1,1] with the chemical potential becoming
f2 = p1 + w in phase II (y = 6 = 1;40 = 0.5,; = 3.0) and phase III
(v =10 =1; 9 = 3.0, 11 = 0.5) respectively. The loss of normalization leads
to a decaying value of g(t) and see non-analyticities only in the left panel.

interesting to look at the effects on the system when the Hamiltonian is
quenched from one set of parameters to another followed by time evolution.
As earlier, we restrict ourselves without loss of generality to v = A = 1
and look at quenches both within a topological phase and across the phase
transition boundary.

Let’s start with the case where the parameters are chosen such that the
system is in the same topological phase post the quench. We plot the rate
function for the quench within the topological phase II, i.e. v = A =1 and
o = 0.5, 47 = 0.8 in the left panel of Fig. 5.13 and the rate function for
quench within the trivial phase III corresponding to v = A = 1 and py =
3.0, 41 = 3.3 in the right panel of Fig. 5.13. We see that the DQPTs arise
only in quench within the topological phase and the right panel shows smooth
variation with no non-analyticities. We next move on to the case where the
quench is across the phase boundary and consider both the quenches from
the topological phase II to the trivial phase III and vice versa. Keeping
v = A =1 fixed, we consider in the left panel of Fig. 5.14, a quench from
to = 0.5, in phase II to p; = 3.0 corresponding to phase III. In the right
panel of Fig. 5.14, we consider the opposite case with py = 3.0 and p; = 0.5.
We find the occurrence of DQPTs in both cases, though corresponding to
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Figure 5.12: The dependence of the rate function on the magnitude of the
noise picked from a uniform distribution w € [-W, W] for a system within
phase II (y =0 = 1; u = 0.5). We see no dependence of the positions of the
DQPTs for the different values of W as indicated in the legend.
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Figure 5.13: Rate function plotted as a function of time for a quench within
phase II (y = 6 = 1; 0 = 0.5, 43 = 0.8) and phase III (y = § = L;ug =
3.0, 41 = 3.3) in the left and right panels respectively. We see the DQPTs
only in the left panel corresponding to phase II.

different critical times.
Thus we have taken a broad look at the time evolution using three dif-
ferent protocols both within and across topological phases.

5.9 Summary

In this chapter, we have elucidated the transfer matrix method proposed by
D. Nghiem and R. Joynt3 and applied it to obtain the exact solutions for
the Kitaev chain subject to three different driving protocols. We have also
looked at the dynamical quantum phase transitions proposed by M. Heyl?
in various parts of the topological phase diagram under all the three driving
protocols. We have analytically derived the expressions for the critical times
t. and also the transfer matrices for each of the three protocols. We begin by
benchmarking the method with known results of M. Thakurathi et al.'® and
that of M. Heyl? and verify that the method is valid for the square wave
and quench results respectively.

We further go on to study systematically the effect of driving in both
within and across the topological phase diagram and look at the behaviour
of the rate function as a function of time. We see that in all the three
protocols, at least in the parameter regimes considered, that the DQPTs
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Figure 5.14: Rate function plotted as a function of time for a quench from
phase II to 11T (v = 0 = 1; 49 = 0.5, 41 = 3.0) and phase IIT to II (y =
0 = 1540 = 3.0, 41 = 0.5) in the left and right panels respectively. We see
DQPTs arising in both cases with differing critical times.

occur only when the topological phase (phase II in this case) is involved in
the time evolution.

In the case of the noise, we see that the normalization of the wavefunction
is no longer conserved due to the non-unitary nature of the transfer matrix
and hence see a decaying rate function. Further, we see that the width
of the disorder window W does not have any effect on the position and
behaviour of the DQPTs and hence we see that the noise does not play a
role in determining the nature of the DQPTs.

In the case of quenches across the phase boundary, we see DQPT's arising
in both quenches from and to the topological phase, though with differing
critical times. These critical times correspond to either a k = 7 or kK = 0
gap closing and subsequently correspond to either a decrease or increase in
the winding number respectively.
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Chapter 6

Mapping a periodically driven
quantum dot to a
time-dependent Kondo model:
a projector method approach

6.1 Introduction

In many condensed matter systems, one often sees that the low energy degrees
of freedom are most dominant in understanding the physics of the system.
Hence, it is much more fruitful to consider only the low-energy degrees of
freedom and systematically eliminate the higher-energy degrees of freedom.
While a simple ultraviolet cutoff may be the most straightforward way of
doing that, better methods exist whereby the Hilbert space is reduced while
including most of the high-energy contributions. In this regard, two broad
categories of slave particle approaches and renormalization group approaches
form the most studied methods. The slave particle methods!™ involve pro-
jecting out the higher energy fluctuations via the introduction of auxiliary
degrees of freedom by means of the slave particles and corresponding con-
straints. The renormalization group approaches®'* on the other hand seek
to integrate out the effect of the higher energy fluctuations and arrive at an
underlying scale invariant effective Hamiltonian.

A large body of research exists on studying interacting systems using
renormalization methods. Starting from the initial efforts in renormalization”
and Poor man’s scaling® to modern methods like the numerical renormal-
ization group (NRG)!'51° | density-matrix renormalization group (DMRG)!?
functional renormalization group (FRG) '3, flow equation approach!?, unitary
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renormalization group (URG), etc. While a host of these methods have
been successfully applied to various interacting systems, a simple but effec-
tive method to arrive at an effective low-energy Hamiltonian is the Schrieffer-
Wolff Transformation (SWT)!®. The SWT involves elimination of the higher
energy degrees of freedom by choosing a generator such that the effective
Hamiltonian is first order in interaction. While there are systematic ways
of choosing the generator for certain models!'”, the generator for a general
system still needs to be chosen via an ansatz. This shortcoming of the SWT
is overcome by the Projection Operator Method (POM) elaborated by Hew-
son'® (not to be confused with the similarly named method by Nakajima
and Zwanzig), where the projection to the singly occupied subspace is done
explicitly via the projection operators, and no generator is needed. Both
the SWT and POM have been successfully applied in equilibrium to study
multiple systems, and more pertinent to our interest, the single impurity An-
derson model (SIAM) which has the Kondo impurity model as the effective
low energy Hamiltonian.

Coming to nonequilibrium, multiple renormalization methods like NRG,
FRG, Flow equations, etc. have been generalized and applied to both sys-
tems in steady states and to study transient dynamics. In the case of periodic
driving, multiple experimental and theoretical studies have been conducted
on systems which exhibit exotic phenomena like time crystals® 2!, artificial
gauge fields??23, emergent topology?* 2, etc. The Floquet theorem??, which
is the time-analogue of the Bloch theorem, not only allows for the calculation
of the time evolution operator in terms of a periodic function, but also allows
for the calculation of an effective time-independent Hamiltonian whose eigen-
states form the basis for the extended Hilbert space. This Floquet Hamilto-
nian approach which can be calculated using a transformation to a rotating
frame along with the perturbative High Frequency Expansion (HFE) has
been successfully applied to multiple systems and driving protocols®. The
Floquet theory has also been used to derive the SWT for periodically driven
systems3! and some groups have claimed that the effective Hamiltonian can
be a 2-Channel Kondo model®2.

The interest in these systems is not merely theoretical, but can also be
used as a template for constructing quantum computing devices where more
efficient calculations can be carried out via the exchange interaction®®. The
SWT and the time-dependent projection operator method (TDPOM) can be
used to study systems where the exchange coupling can be tuned by means
of a time-dependent bias.

The projection operator Method (POM) as mentioned earlier, provides
a systematic alternative to the SW'T and bypasses the need for an ansatz
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to calculate the generator. In this regard, we apply the POM on the time-
dependent many-body Schrodinger equation and derive an effective Hamil-
tonian in the singly-occupied subspace. The SIAM subjected to sinusoidal
driving has been studied in the U = oo limit using the TDSWT?3? and an
emergent two-channel Kondo Hamiltonian has been found. The nature of the
Kondo effect both in the finite and U = oo limits when subject to sinusoidal
driving is a question answered in this chapter. The possibility of tuning
the Kondo coupling via driving is also studied for an example case. In this
chapter, subsequent to the introduction, we derive the general expressions
for the time-dependent POM followed by an application to the sinusoidally
driven STAM. The effective Kondo Hamiltonian is derived for both the sine
and cosine driving terms, followed by a comparison with the TDSW'T. This is
followed by the time dependent Kondo coupling for a specific value of driving
parameters. Finally, we conclude with the summary of the chapter.

6.2 Formalism

The time-dependent projection operators can be obtained by considering the
time-dependent Schrodinger equation and projecting the Hamiltonian into
its constituent subspaces.

6.2.1 General preliminaries

We begin with the time-dependent Schrodinger equation given by

H(t)y(t) =10:(t) (6.1)
which can be written in the matrix form as

Hy Hop Hpo ¢0 Zatl/)o
Hy Hu Hyp 1| = Zat¢1 (6-2)
Hyy Hy Hy o z@th

Where we have H,,,, = P, H(t)P, with P,, being the projection operator to
the m-occupied subspace. In order to simplify further calculations, we also
set Hyps = Hyg = 0 which corresponds to ignoring simultaneous two-particle
excitations. This gives us the set of equations

Hooto + Ho1p1 = 1041y
Hiyoo + Hi1p1 + Hiotpy = 10,4 (6.3)
Hon + Haothg = 1011
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Eliminating 1y and 1y we have
[Hi1 + Hip(20; — Hoo)_le + H1(20; — H22)_1H21]1/11 =101 (6.4)

This expression is valid for any general time-dependent Hamiltonian H (t).
While the term H;p; can be easily evaluated, the second and third terms, i.e.
terms of the form BT (10, — A)~'B need to be evaluated more carefully.

Fourier Series decomposition

In order to simplify the terms of the form B(19; — A)~'B, we make use of
the Fourier decomposition of B. This is given by

B(t) =Y e "B™ (6.5)

n

where the Fourier components B™ are given by
1 [T
pm— L / dtem B (1) (6.6)
T Jo

and T = 22 We now denote X = (19, — A)~*B and construct an ansatz of
the form
X =-A"BO+Y (nQ—A) e (6.7)
n#0

This ansatz can be verified as follows

B = (0, — A)X
= (10, — A)(~AT'BO + > " (n2 — A) e B™M)
n#0 (68)
_ B(O) + ZefanB(n) - B
n#0

Therefore, using the ansatz to calculate the cross terms we have,

B0, — A)"'B=—BIA'BO + > " Bi(nQ — A)~'e " "B™  (6.9)
n#0

In order to simplify the term Bf(n{) — A)~'B, we use the identity

1 1
pmn _pgpmn____ -~
nf) — A nfl—A-»>

(6.10)
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where b can be obtained by evaluating the commutator [A, B™] = bB™),
Now, using the identity in the Fourier decomposition of Bf Eq. (6.5) we
have

B0, — A)'B==> e m¥(BH)MABY)

1

—um+n)Qt pty(m)B®) 11
# BB ey 6
Also we have A~'B(®) = B (O)A%rb, whereby equation (6.11) becomes
1
f _ A = —(mtn)Qt piym) gy ___ =
B'(1w0;, — A)"'B = g e (BH'"™(B )nQ—A—b (6.12)

n,m

Thus we have a closed-form expression for evaluating all the projections of
the Hamiltonian.

6.2.2 Application to the Single Impurity Anderson Model

We now apply this formalism to the driven Single impurity Anderson model
(SIAM) given by the Hamiltonian

Hlead = Z ekaclagckaa (613)
kao
Hdot = Und¢nd¢ -+ Z EqNdo (614)
Hygo =0 (clodo + hoc.) (6.15)
kao

Hgp(t) = —Dosin(Qt) (D mire — Y Nikro) (6.16)
ko ko

where 0220 are the annihilation (creation) operators of the & = L, R leads

connected to an interacting (U) dot €, via the hybridisation term Hyy, and
the driving term Hg, corresponds to a sinusoidal AC bias on the left and

right leads. In order to eliminate the driving term, we use a canonical trans-
formation H(t) = UT(H (t) —10;)U given by

0 o [ i)

(6.17)
= exp (—m cos(Q2t) Z nkLa) exp (”) cos(€2t) Z nkRU)

ko ko
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where n = %. Applying the canonical transformation to the full Hamilto-
nian, we can see that only the hybridisation term is modified and the new
term is given by

Hyg(t) = v Z(ei‘*w(”clwda + h.c.) (6.18)

kao

where ¢(t) = ncos(Qt) and %+, is positive/negative for & = L/R respectively.

Projection Operator method

We now apply the Projection operator for this Hamiltonian in order to get
the effective Hamiltonian. We split the Hamiltonian into

H(t) = Hy + Hpyp(t) (6.19)
and calculate the projections. The projection operators are given by

Po = (1 —na)(1 —nqy)
Pl = Ngp + Nq| — 27Ld¢nd¢ (620)

7)2 = NgrNda)

Applying these projection operators on H(t), we get the necessary projec-
tions. The diagonal terms are given by

Hi1 = HicadP1 + €4P1
Hyo = HieaaPo (6.21)
H22 = Hleadp2 + (U + 2€d)732

and the off-diagonal terms are given by

Hy = Hi, = Z eF el d (1 — ngs) (6.22)
kao

Hy = H, =0 e™*Ndl croongs (6.23)
kao

We can see that only the off-diagonal terms are time-dependent and hence
we need to calculate only their Fourier decomposition. This can be done by
considering the Jacobi-Anger expansion

o

SO A (6.24)

n=—oo
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where 7,(n) are the Bessel functions of the first kind. The Fourier decom-
position gives

Ho = HY + Y Hiy e (6.25)
Hyy = 1))+ Hyem™ (6.26)

where the Fourier components are given by

Hg = 0J5(0) Y clopds(1 = 1as)

kao

HEY = (=1)"0)"0 T (1) Y le} 1odo(1 = 1as) + (—1)"} gy do(1 — ngs)]

ko
H2((1)) =vJo(n) Z dickaanda
kao
H2(711) = (1)"vI-n(n) Z[dickLand& + (_1>ndlckRand6]

ko

(6.27)

Before attempting to calculate the terms of the form (:9; — A) ™' B, we need
to find the commutator [4, B™).

If we consider the terms only of the form [A, B™] = bB™ : b € C, we
can evaluate the commutators as

[Hoo, Hiy] = (—=1)"(0)"0T () > _lexrchp,do(1 — nas)

ko
+ (= 1)"€errCh podo (1 — n45)] (6.28)
and
[Hao, HSY] = (U + 260) ()"0 T (0) D _[df.Chronas + (—1)"df cuponas] (6.29)
ko

By considering only the terms of form [4, B"] = bB™ we ignore the terms
that are of the form

[Hoo, H5Y) = (=1)"(0)"0T-n(0) Y _[er1.Ckra ChaoChroto (1 — as)

kao
+ (= 1)"€RRCh o ChraoChpy do (1 — nas)]  (6.30)
and

[Has, H') = (U + 260)(0)"vT (1) Y [hsanOrard) chronas
kK ao

+ (=)l oy Chaodl crronas)  (6.31)
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Where k' # k. We can now calculate ) e~ (mm0H (B m)(B0)) L Tf
we take both the leads to have €,;, = exr = €, and noting that BT =
(BOT + >, (BI)femm we get

—1(n—m)Qt —1(n—m)Qt

(& (&
H .2 n+m
Z 10 nf) — HOO — €k - Zm nf) — HOO — €k (Z)
X T n n oy {dT — 145) [(=1)" kLo Cho g + ChLoChi
kk'oo’

+ (_1)n+mckRUc1];;/Lg-’ + <_1)kaRUCL/Ro_/:| (1 - nda)do-/} (632)

and

—1(n—m)Qt z(n m)Q

[
H 2
Z 12 nQ — Hyy — U — 2y ZnQ Hyy — U — 2¢4

(Z n-+m

X ()" () T-m(m) {[cmdgnd(;,nd&d;cm

kk'oo’

+ ( 1)nCLLUCZUTLdU/TLdUdT,Ck/RJ/ + (—1)mcLRgdgnd(;,ndachk/LJ/

+( 1)m+nC£Rgd nd&/nda—dl_lck/Ro—/]} (633)
In order to simplify further, we can use the expression

1 1 Hy \-1
= 1— .34
n{) — Hy—b nQ—b( nQ—b) (6.34)

and considering only terms to order v? (Notice Hy ~ O(v)), we can ignore

Basis change

Instead of writing the terms in terms of the lead operators c(LTV)R, it is more

convenient to work with a new basis given by
1
bk(e/O)U = E(ClﬂLU :i:e/o CkRa) (635)

In this basis, the terms read
Hyy = HieadP1 + €41 (6.36)
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The O(v?) terms read

—z(n m) Qt
— n+m
Z HlO 01 7’LQ — €k - nz; nf) — €L
X j Z {dT — Nggt ( nda-)dol[
kk'oo!

breobloep {(—1)" + 1+ (=1)" 4 (~1)"}
 breobfrop d (1) = 1+ (=)™ = (=1)"}
o BrooBlrep (1) + 1= (=1)" — (=1)")
+ Broobliop A (1) = 1= (1) + (=1)"}] } (6.37)

and
z(n m)Qt 2 —1(n—m)Qt N
ZHIQ Q U—2€d ZTLQ U—2€d()
X Jen Z {d NagMdzd,, [
kk'oo’!

Dheobrreo {1+ (=1)" + (=1)™ + (=1)"*"}
+ Do brror {1 = (=1)" + (=)™ = (=1)"*"}
+ Dopbiea{—1 = (=1)" + (=1)" + (=1)"*"}
b gboor {1+ (<1 (1) — (1"} (6.38)
Now the indices m,n can take both even and odd values. This gives us four

cases. In equation (6.37) only one bb" term survives in each combination of
n, m being odd or even. The terms are tabulated below

’ n \ m \ B \ Term ‘
even | even | ee 4bkeabz/eg/
even | odd | oe —4bkoobL,w,

odd | even | eo 4bkwb,t,w/
odd | odd | oo | —4bresbl,

oo’

Table 6.1: The signs of the HygHy; terms

In the case of equation (6.38) we have only one b'b term surviving as well.
The terms are
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’ n ‘ m ‘ Ba ‘ Term ‘
even | even | ee 4b£60bk/w/
even | odd | oe 4b£00bk/wl

odd | even | eo —4b,1wbk/w/
odd | odd | 0o | —4bl_bpos

Table 6.2: The signs of the HyoHo; terms

We can see that ()" is imaginary for n, m not both odd or even (mixing
terms) and is real otherwise. If we denote the surviving term by the index
[ = e, o, we can write equations (6.37) and (6.38) compactly as

—1(n—m)Qt
m n) € !
Do H HE e = 30 WAL~ n4) (1 nao)dosbiablo )
n.m kk'oo’!
BB

(6.39)

e—t(n—m)Qt

where 377 = 77402 %" ()" " Tn(0) T (n), and

n—eg

1(n—m)Qt

—(
m n € ’
nEm HY )Hz(l)—nQ 2 = kkg , 355 {dandc;,ndadz,blﬁabklgfg/} (6.40)

BB’

e—t(n—m)Qt

where 357 = +57 442 Yonm =2, W T (1) T ().

Effective Hamiltonian

Now that we have evaluated each of the components, we can put them to-
gether to find the effective Hamiltonian from equation (6.4). The individual
terms are given in equations (6.21), (6.39), (6.40) and read

Hyy = HieadP1 + €4P1

—1(n—m)Qt
m n) € ’
S HGH -y {dg (1= ngs)(1 — ndﬁ)da,bwab;ﬁ,g,}
n,m e Gk kk'co’
B.B'=e,0
—1(n—m)Q
Z Hl(;n)HQ(?) & = Z J/gﬁ/ {dg’rl,d ’/TLda—dT/bL bklﬁ/o.l}
n,m nQ - U - 2€d k‘k/ ’ 7 7 BU
’ 8.8'%e.0

(6.41)
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Since we want to evaluate the effective Hamiltonian in the singly occupied
subspace, we have

Ngr + Ngp = 1 (6.42)
nNgpngy = 0 (643)

Substituting these in the terms gives rise to the effective Hamiltonian

Heg = Hiwa +ea+ Y I+ {( — 377 n4s + 35 "nas ) bl gy brpo
T

_ (J’fﬁ/ + J§Iﬁ>dld5—b};lﬂ/5bkﬁg} (644)
Ignoring the numerical factors e; + >, 5 Jfﬁ, we get

Ho = Hia Y {(—Jfﬁlndﬁ—\]g/ﬁnda)bz,ﬂ,gbkﬁa—(J’fﬁl%—\]g/ﬁ)didgbz,ﬂ,(}bkgg}
%
(6.45)
In equilibrium, we know that the low energy effective Hamiltonian of
the STAM considered in eqn (6.13) is the Kondo model. If we compare our
effective Hamiltonian (eqn (6.45)) to a Kondo Hamiltonian of the form

Hy = Hiead + Y {J,jk, S*siy + JhSTst, 4+ Jo.STst, } (6.46)
we - BB BB BB BB BB BR
BB’

we can make a direct comparison of terms for the Hieaq and the ST terms to
get

T =Jo, = =37 +357) (6.47)
BB’ BB’

To simplify the ( - Jfﬂlndo + ngﬁnd(—,) bL,ﬁ,abklgg term, we can use

_1%5 (6.48)

Nds

1, & B
bzfﬁ/abkﬁo = _(”flf +o Sip) (6.49)
2 5
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where n2f =S bk/ﬁ, brgo and s3,, = bk,ﬁ, brsr — bk,ﬁ 1bkgy- This gives

g'B
Z ( — Jfﬂ Ngo + Jg ﬁnda-) b]";;/ﬁ’o-bk,@(f
kK’
BB

1 ! z z
=2 <—Jf/8 1+, 8 ][nkk’ +o S| +Jﬁﬂ[ 15,5 ][nkk’ +o Sk;k’])
¥ 58 58

(6.50)
Which gives us

Z (— J’fﬁlnda + Jg/ﬁndﬁ)blt:’ﬂ’abkﬁa

0

1 / , , , ,
=10 ((—Jfﬁ +35 gl + (=307 - 357) 5 s,g,% + ();j{) (6.51)
kK’

55'
The Zkk’( S (LA 4 ’B)nkk, term is a potential scattering term and we can
BB

g
ignore it. Then we have

> (= I nde + 35 Pnas ) bl g rse = — Z 3% 4 388 g (6.52)
kk' kk' ﬁ
ﬂg’ 65’

Thus from equations (6.47) and (6.52) we have

T t) = Ji = Jh, = =377 +357) (6.53)
BB BB
Thus the effective Hamiltonian in (6.46) is of the form
HK = Hlead + Z J 77, S Skk! (654)
kk! b
BB

From the expressions for J; /5, we can calculate

J(777 ) (Jﬁﬁ —i—JﬁB 42 Ze 1W(n—m)Qt n+mj ( )jn<77>

n,m
85’ B
:lzl j:2

X [nQ — € * n) — U — 2¢4 (6.55)
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Where we have for 8,5 =e,o

105 (J_F f) (6.56)
, I

+)7 = .

(1) (6.57)
Therefore we can see that we have
Jn,1) = =7 +3577) = F40* Yy e NG, () T ()
1 1

X [nQ — € + nQ) — U — 2¢4 (6.58)

Where we have — for the 55 = ee,eo and + for the 85" = oo, 0e cases
respectively. The indices m,n take odd or even values in the case of each
BB" = e, o0 according to the tables 6.1 and 6.2.

We now notice that since the mixing terms eo, oe are not always zero, the
two reservoirs are connected and form a single channel. Thus, the effective
Kondo Hamiltonian is the single-channel Kondo model.

6.3 Results and Discussion

As mentioned earlier, the effective Kondo Hamiltonian obtained using the
time-dependent projection operator method (TDPOM) is a single-channel
Kondo model due to the presence of mixing terms. The time-dependent
Schrieffer-Wolff transformation (TDSWT) used by M. Eckstein et al.??, does
not capture these mixing terms at the v? order correctly, leading to a false
identification of the effective Hamiltonian with a two-channel Kondo model.

6.3.1 U = oo Limit

In the U = oo limit, the exchange coupling terms J., derived from the
TDSWT read )
Jiu(n)

Jeo(n, Q) = 40? SRR 6.59
pn D =4* > SEEe (6.:59)
leven(odd)

where €y is the dot energy (e; in our case).

In the TDSWT, the exchange coupling .J, corresponds to the ferromag-
netic case when Q > |e| since for each |/|, the negative term jﬁ/(|ef| — Q)
is greater in magnitude than the positive term ~7|12\ /(leg| 4+ 1€2). This cor-
responds to the competition between a ferromagnetic channel (o) and an
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Figure 6.1: The exchange interaction J./, from TDSW'T plotted as a function
of n = A% for the antiferromagnetic case {2 < |ef| in panel a and the ferro-
magnetic case {2 > |ef| in panel b for the frequency € and e; as mentioned
in the legend. Taken from M. Eckstein et al.3?.

antiferromagnetic channel (e). On the other hand, by similar arguments, it
can be seen that J, corresponds to the antiferromagnetic case when Q < ||
and hence both the e/o channels are antiferromagnetic. This can be seen in
Fig. 6.1 taken from M. Eckstein et al.®?, where the exchange couplings J,
are plotted as a function of n = A% for the antiferromagnetic case in panel a
and the ferromagnetic case in panel b.

In the same U = oo limit, the Kondo coupling calculated from TDPOM,
i.e. eqn (6.58) reads

1
Ty =542 S g g ] o0

n,m

Where we have — for the 3 = ee,eo and + for the S5 = oo, 0e cases
respectively. The indices m,n take odd or even values in the case of each
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BB = e,o according to the tables 6.1 and 6.2. We see that the coupling
has a similar form to that obtained from TDSWT (eqn (6.59)), in addition
to having non-zero mixing terms eo,o0e and also the possibility of taking
imaginary values depending on ",

6.3.2 Cosine driving

One thing to note is that the imaginary coupling does not arise in the case
when the driving term is given by

Hdr = A(] COS(Qt) ( Z Nkre — nkRU) (661)
ko

due to the corresponding ¢(t) = nsin(Qt) and the Jacobi-Anger expansion
reading

67,¢(t): Z jn(n)emﬂt (662)

n=—oo
We can derive the exchange coupling following the same line of arguments
as in the case of sine driving to get

T, t) = =4y e AT () Tu(n)

n,m

X [ L 4 ! (6.63)
nQ—ek nQ—U—Qed

Where we have + for the 85" = ee,oe and — for the 85" = 00,eo0 cases

respectively. The indices m,n take odd or even values in the case of each

BB = e, 0 according to the table 6.3 given below.
L n | m [B5]

even | even ee

even | odd | eo
odd | even | oe

odd | odd | oo

Table 6.3: The values taken by the indices m,n for 53" with cosine driving

In the limit U = oo, the second term in eqn (6.58) becomes zero and
hence we have

J(n,w=—4v2Ze‘“”‘mmvm(nvn(n)[ ! } (6.64)

nQ—ek

Where we again note that the mixing terms eo, oe do not become zero and
hence continue to give rise to a single-channel Kondo effect.
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6.3.3 Time-averaging

Also note that in the TDSWT method, due to the periodic nature of the
driving, the time- dependenee was removed by considering the time-averaged
exchange coupling J(n) = % fo dtJ(n,T), in order to obtain the Floquet ex-
change coupling and subsequently the time-independent Hamiltonian. Since
this is a further approximation and involves only keeping O(271) terms, we
can choose to retain the full time-dependent exchange coupling obtained from
the TDPOM.

Calculating the time-averaged J(n) allows us to compare the results ob-
tained from TDPOM and TDSWT. Integrating J(n,t) from eqn (6.60) over
one time period, we get

2 T
0

nQ—ek

n,m

If we consider € to be a very large energy scale of the system i.e. tractable
to the Floquet formalism, we can use the identity % i dte~"(n—m) — §

get
_ 2
- w2 Y 20 {m_}

)= —4 2(
370 s

Using the Bessel function identity J_,,(n) = (—1)"J.(n), we can write

n,m» O

(6.66)

1
e/o - Z jn |:TLQ — €L TLQ + €k:| (667)

n even/odd

In the time-averaged case, the eo, oe terms are no longer present and thus we
get a two-channel Kondo model and the expression eqn (6.67) recovers the
TDSWT results. We plot the .J,/, in the antiferromagnetic and ferromagnetic
cases in the top and bottom panels of Fig. 6.2 for the values of €2 and ¢
as indicated in the legend. The value of v = 0.5, Aqg = 1 was fixed for both
cases

But it bears reiterating that the Jg, /. terms are not present in the expres-
sion for the exchange coupling, eqn (6.67), only because of the time-averaging.
This is equivalent to keeping only the O(27!) terms in the effective Hamil-
tonian. In general, the J(n,t) will have non-zero mixing terms and cannot
be thought to give rise to an effective two-channel Kondo Hamiltonian.
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Figure 6.2: The time averaged exchange coupling for the e, o channels plotted
as a function of 7. The top panel corresponds to the antiferromagnetic case
with 2 = 11 < ¢, = 12 and the bottom panel corresponds to the ferromag-
netic case with 2 = 2 > ¢, = 0.5. The hybridisation v = 0.5 and amplitude
of drive Ay = 1 for both panels. Comparing to Fig.6.1, one can see that the
TDSWT results are recovered.
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k| Jom) | Jiln) | Fo(m) | Tz(m) | Jam) | Ts(n)
1| 2.4048 | 3.8317 | 5.1356 | 6.3802 | 7.5883 | 8.7715
2| 55201 | 7.0156 | 8.4172 | 9.7610 | 11.0647 | 12.3386
3| 86537 | 10.1735 | 11.6198 | 13.0152 | 14.3725 | 15.7002
4] 11.7915 | 13.3237 | 14.7960 | 16.2235 | 17.6160 | 18.9801
5| 14.9309 | 16.4706 | 17.9598 | 19.4094 | 20.8269 | 22.2178

Table 6.4: The first five roots of the Bessel functions Jy..5(n). Taken from
Wolfram MathWorld.

6.3.4 Bessel roots

Another angle of approach to making sense of the exchange coupling is to
tune 7 such that J,(n) = 0 for at least some n (low order) and look at the
effect on the dynamics J(¢). The first few roots j, ; of the Bessel functions
Jn(n) are given in Table 6.4.

Let us consider the case where we fix n = 2.4048, which is the first
zero of Jy(n) and look at the time evolution of the various components of
J(n = 2.4048,t). Since only Jy(n) goes to zero at n = 2.4048, the higher m,n
terms are still present and contribute to all the ee, eo, oe, 0o components.

Considering the sine driving protocol, we evaluate J(t) for the parameter
setv =0.5,Ag=1,Q=11,¢, = 12,U = 8, ¢4 = —U/2. Plotting the different
components in Fig. 6.3 as a function of time for the first five periods of the
drive allows us to notice that the ee, eo components are the most dominant
and oscillate in sign. The oe, 0o components are almost an order of magnitude
smaller and are negative at all times.

6.4 Summary

We have derived the time-dependent projection operator method for a general
time-dependent driving using the time-dependent Schrodinger equation and
also applied it to the specific case of the sinusoidally driven single impurity
Anderson model. While the method involves dropping terms not of the form
[A, B™] = bB™ and also the terms of O(v*) and higher, the method is able
to capture all the terms at v? order.

This allows us to see that the two emergent channels e, 0 are not inde-
pendent in all cases and in fact form a single channel via the mixing terms
Joeco- This is in contrast to the TDSWT results®? which are obtained post
a time averaging, which corresponds to the Floquet expansion keeping up
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J(n, t) over five periods for n=2.4048

1.1 1
$ 01
\
_09 -
_19 .
1.1
S 0.1
-~
_09 .
-1.9
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Figure 6.3: Time dependence of the exchange coupling J(n = 2.4048,t)
plotted for the first five periods. The components from top to bottom are
ee, eo, oe, oo respectively. We see that the ee, eo terms are almost an order
of magnitude more dominant compared to the oe, oo terms. The calculation
was performed for the parameters v = 0.5,Ag = 1,2 = 11,¢, = 12,U =
8, €d = —-U / 2
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to O(Q71) terms. Performing a similar time averaging, we are able to re-
cover the TDSWT results analytically starting from the general expression
for J(n,t).

The TDPOM allows us to go further and look at the full time dependence
of the exchange coupling and we look at one example case where we choose
n such that it is the first zero of the Bessel function Jy(n). In this case,
we see that the ee, eo components are the most dominant and change sign
through the evolution. Fine tuning such a response might be useful for both
engineering materials similar to Floquet engineering* and also possibly in

quantum computing via the exchange interaction?3.
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Chapter 7

Summary and conclusions

In this thesis, we have considered both steady-state and time-dependent
methods to study quantum many-body systems out of equilibrium.

In chapters 2 and 3 we have applied the Keldysh second order perturba-
tion theory and steady-state interpolative approximation to study the effects
of spin-orbit coupling (SOC) on the transport through a quantum dot con-
nected to leads with SOC. We consider the particle-hole symmetric limit in
chapter 2 and see that the Kondo scale decreases with an increase in the
SOC strength and can explain the experimental finding of the split zero bias
conductance peak. We also see that the linear response regime is determined
by the equilibrium scale.

In chapter 3, we introduce a gate voltage in the model, which allows us
to study the effect of SOC away from particle-hole symmetry. We find that
the zero-bias conductance has isosbestic points around Gy ~ 0.65 and also
see the effects of a reduced equilibrium scale and broadening of the effective
hybridisation in the presence of SOC. The KPT2 and IPA introduced in
chapters 2 and 3 are effective and efficient impurity solvers and may be
clubbed directly with dynamical mean field theory in order to access systems
in higher dimensions.

While, we dealt with the application of existing methods in chapters 2
and 3, we derive a new method in chapter 4 by generalizing the local mo-
ment approach to the nonequilibrium case. Subsequent to rigorous bench-
marking, we see that the method is able to capture the transport in the
weak-intermediate coupling well and also capture the persistence of univer-
sality. While we see the emergence of a satellite feature in the strong coupling
regime, a detailed study into the diagrams involved in the method may shed
light on the origin and possible ways to take into account any physics not
captured by a straightforward generalization as done in chapter 4
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In chapter 5, we derive analytically an exact solution for the time evolu-
tion of a Kitaev chain subject to piecwise constant driving using the transfer
matrix method. We are able to account for the changing topology and emer-
gent Majorana zero modes with time evolution by deriving the critical time
scale for a gap closing. We also are able to study the emergence of dynam-
ical quantum phase transitions and the effect of noise. The transfer matrix
method applied allows us to exactly solve for the time-dependent states of
the Kitaev chain when subject to piecewise constant driving. This can be
quite easily modified to study systems like the SSH model, which are in the
same class as the Kitaev chain. The emergence of higher order topological
invariants can also be studied with such a treatment.

In chapter 6, we have derived a time-dependent generalization of the pro-
jection operator method and have applied it to the sinusoidally driven single
impurity Anderson model to obtain the effective low-energy Kondo model.
The method, much like its equilibrium counterpart does not need any ansatz
for the generator and is able to capture the mixing terms which the time-
dependent Schrieffer-Wolff transformation misses. The time-dependent pro-
jection operator method (TDPOM) allows us to calculate the time-dependent
effective low-energy Hamiltonians starting from the corresponding micro-
scopic Hamiltonians. The TDPOM needs to be paired with another method
in order to solve the time-dependent effective Hamiltonian. While some
methods do exist in this regard, there is a great need for accurate and inex-
pensive methods which can solve the time-dependent problem.

In conclusion, the field of non-equilibrium quantum many-body systems
is a treasure trove of novel physics and the growing interest in such systems
is a testament to the possibilities that can be accessed. With increasing
interest in the physics, the development of methods to study such systems is
paramount and this thesis seeks to develop and apply a collection of methods,
both numerical and analytic to study both steady-state and time-dependent
quantum many-body systems.
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Appendix A

A brief introduction to Keldysh
field theory

In this chapter we will review the Keldysh! field theoretic formalism and
hope to provide a concise introduction to the concepts needed for working
out the methods in chapters 2 to 4.

A.1 Preliminaries

Consider a time-dependent Hamiltonian of the form
H(t) = Ho+V + Hewi(t) = Ho + H'(t) (A1)

Where Hy corresponds to the non-interacting, V' to the interaction and
Hexi(t) to the time-dependent parts respectively.

A.1.1 Schrodinger picture

The Schrodinger picture of quantum mechanics posits the time dependence in
the state |1)5(t)) which evolves according to the time-dependent Schrodinger
equation (TDSE)

ih ls(0) = HO) s () (A2)

while the operators corresponding to the observable quantities do not have
an explicit time dependence.

The evolution of the state from an initial time ¢y can be calculated by the
means of an evolution operator

[¥s(t)) = U(t, to)[¢s(t0)) (A.3)
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where the evolution operator also satisfies the TDSE

0
This equation can be solved by converting it into the integral form and iter-
atively breaking up the time evolution (refer to?? for details) to get

Ut t) = Tepr% /t: dt’?—[(t’))] (A.5)

where T' is the time ordering operator. This is for forward’ time evolution
when t > ty, while the 'backward’ time evolution i.e. ¢ < ty has the time
ordering replaced by the anti-time ordering 7" operator. It can be seen that
the evolution operator has the following properties

Ut,t) =1
Ut(t,to) = U (L, to) = Ulto, t) (A.6)
Ut "YU ) = U(t,t)

The operators in the Schrodinger picture is time independent and the expec-
tation value of an observable is given by

(0)(t) = (ys(t)|Oslvs(1)) (A7)

where Og is the operator in the Schrodinger picture.

A.1.2 Heisenberg picture

Another picture of quantum mechanics is the Heisenberg picture, where the
time dependence is in the operators corresponding to the observables of the
system O, while the state is time independent. Since the two pictures refer
to the same system, we can see that the operators in the Heisenberg picture
Op(t) are related to the Schrédinger picture by

On(t) = Ut (t, t0)OsU (¢, o) (A.8)
The equation of motion for the operators follow from the Heisenberg

equation

ih=0(t) = [0(t), H(1) (A.9)

where H(t) = Ut(t, to)H(t)U(t,to). Another useful observation is that the
operators at equal times follow the same commutation relations as that of the
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original (Schrodinger picture) operators, i.e. [A(t), B(t)] = [A, B]. The states
in the Heisenberg picture are time independent and hence the expectation
value of an observable is

(O)(t) = (Yu|Ok(t)|[vn) (A.10)

Or more generally in terms of the density matrix

(O)(t) = Tr [pHO<t)} — T [po()(t)} (A.11)

A.1.3 Interaction picture

We can also look at separating the non-interacting and interacting parts in
the Hamiltonian #(¢) in order to aid calculation. This leads to the interac-
tion picture, which is intermediate between the Schrodinger and Heisenberg
pictures and has

0r(t)) = exp(iHat — to) /W]s(0) o)

O(t) = exp(iHo(t — to)/h)O(t) exp(—iHo(t — to)/h)
Where we have dropped the ~ to differentiate between the Heisenberg and
interaction picture operators. The time-dependent state and operators each
follow their corresponding TDSE and Heisenberg equations

L0 )
mayw[(z» = H'(t)|¢1(t))

d (A.13)
ih—0(t) = [O(t), Ho]

dt
The evolution operator is now replaced by the scattering matrix defined

by H'(t) instead of the H(t) in the evolution operator. This can be written
as

Texp| (3 [ dtH'(t))| i >t

S(tto) = { | (A.14)
Texp[(‘# N dt’H’(t’))} if t<tg
holding the corresponding identities as eqn (A.6) and
t)) = S(t,t ¢
[91(0) = S(t,to) ¥ {to) )

O(t) = ST(t, t9)O()S(t, to)
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A.1.4 Equilibrium

Consider the time dependent perturbation H. to be applied at t = 0, i.e.
Heyw = h(t)O(t). The real time causal Green’s function can be defined as

G(1,1") = —i(T[n (Ve (1) (A.16)

where T is the time-ordering operator, ¥y (1) is the field operator and (---)
corresponds to the grand canonical average. Switching to the interaction
picture, we can write

Tl (D)l (1)] = Ot — ) ST (t, to) (1) S(¢, )91 (1) S (¢, to)
+ Ot —t)ST(, o) (1)S(t, ) (1)S(t,t,) (A.17)

where the £ correspond to Bosonic or Fermionic systems respectively. We
can use the properties of the scattering matrix to write the Green’s function

G(1,1) = —i(S(to, tm) T[S (tm, to) ¥ (1)4 " (1)]) (A.18)

where t,, = maz(t,t') and by expanding identity as S(t,,,00)S(00,t,,) = 1,
we can write

G(1,1") = —i(S(to, 00) T[S (00, to)w (1)1 (1')]) (A.19)

Now if we consider the equilibrium case, i.e. Hqy = 0, the ensemble
average in eqn (A.19) reduces to an average over the interacting ground
state.

G(1,1) = —i(tho,|S(to, 00) T[S (00, to) ¥ (1)1 (1)][tho,) (A.20)

In order to obtain the expression in terms of the non-interacting ground state,
let us consider an adiabatically switching on and off of the interaction term,
i.e.

V(t) = e clt-tly (A.21)

where € is a infinitesimally small number. This means that the ground state
evolves adiabatically slowly to the interacting ground state

[Y0s) = %0, (t0)) = Se(to, —00) b0, (—00)) (A.22)

where S, is the scattering matrix determined using V' (¢) and we get

G(1,1") = —i{thy, (00)|T[Sc(00, —00) T[S (00, o) (1)1 (1')][thy, (—00))
(A.23)
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Since both |1, (—00)) and |1, (00) = Se(00, —00) |1y, (—0o0) are ground states
of the non-interacting, non-degenerate Hy, they should differ by at most a
phase factor €. Rewriting |®q) = |tbg, (—00)) allows us to write, after taking
the limit € — 0 (ensured by Gell-Mann Low theorem),

Do | T[S (00, —00)th(1)¥(1')]| o)
(@0]S (00, —00)|Pg)

iG(1,1") = < (A.24)
which is directly recognisable as allowing for a perturbation expansion through
the application of Wick’s theorem. The perturbation theory crucial relies on
the fact that the ground state is non-degenerate and consequently states in
the remote past and future coincide. This assumption breaks down in non-
equilibrium where the ¢ = oo state can be entirely different from the ground
state at t = —oo. Thus, we need a new method of arriving at the perturbative
expansion.

A.2 Schwinger-Keldysh Contour

As we have seen earlier, Wick’s theorem and a perturbative expansion cannot
be written in a straight forward way for nonequilibrium systems. This can
be remedied by defining the evolution operator and Green’s functions on the
Schwinger-Keldysh! contour.

The Schwinger-Keldysh contour is motivated by the observation that the
expression for the expectation value of the evolution operator can be written
as

(O(t)) = (Ty|T {exp l—i /t ’ dt’H’(t’)] } o)

« T{exp [—i /t: dt’H’(t’)} } W) (A.25)

where we have set i = 1 and defined |Wy) = |¢;(to)). Expanding the expo-
nentials in powers of the Hamiltonian H'(t’),we see that a generic expansion
consists of terms like

T{H'(t)H'(tz) - H'(t,)} OQ)T {H'(#,) H'(t5) - H'(t,)}  (A.26)

where we have all {t;} and {t’} lie between t,¢. This motivates the definition
of the Keldysh contour

o = (to, 1) @ (£, 1) (A.27)
S~ =
T+ v
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Figure A.1: The Schwinger-Keldysh contour v with the forward branch run-
ning from ¢y — ¢ and the backward branch t — t,. Taken from G. Stefanucci
and R. van Leeuwen’s book?

which consists of two branches: the forward branch v_ which goes from ¢,
to t and the backward branch ~, which goes from ¢ to t5. A generic point
z € v can lie on either branch and can assume a value between ¢, and t.
This is illustrated in Fig. A.1 with two possible times 27, z5 on branches F
indicated. The operators at times on the contour can be written as

O(¢) = O-() if'=1 €7 (A.28)
“o.) ity =t, ey '

Now that we have constructed the contour, we can define a contour or-
dering T such that 7 acts as a chronological time ordering on v_ and anti-
chronological time ordering on v.. This also allows us to consider products
of operators on the branches

(T[A_(t,)B_(ty)] if 21 =t,_ and 2z = to_

A_(t1)By(ta) if 2y =t_ and 2y = o,
TIA(=)B(z)] = Ay (t1)B_(t2) if 21 =t1, and 2z = t5_ (4.29)

\T[AJr(tl)BJr(tg)] if z; =t1, and 2o = to,

While in general, the operators can have O, # O_, for our purposes, we
consider only the operators which are equal in both branches, and they equal
the corresponding real-time argument. We can extend this to the case of
definite integrals on the contour and the details can be found in G. Stefanucci
and R. van Leeuwen’s book®. The contour as it has been defined has a
dependence on t, which does not allow for universal calculation. We can
have a universal contour by extending t — oo.
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Thus with this, we can now define the contour ordered Green’s function

G(z1, 22) = —i{T (1) (22)]) (A.30)

which can be represented in terms of the grand canonical partition function

as i T [e PN T {4 (21) bt (29)}]

g(zb Z2) - Tr[e*ﬁ(H*,U«N)]

(A.31)

where H = Hy + V is the time independent interacting Hamiltonian. Using
the expressions for the contour time ordering (eqn (A.29)) we have

(GT<t1, tg) if 21 = tl_ and 9 — t2_
G< (tl, tg) if Z1 = t1, and 9 = t2+
) 22| = A.32
g[21 22] G> (tl, tg) if Z1 = t1+ and Z9 — tQ, ( )
GT<t1, tg) if 21 = t1+ and 9 = t2+
\
where we recall that the <, > Green’s functions are defined as
G=(t,t) = T (t
(60 = F{ (0l0) )
G~ (1) = —i(p(t)v'(t))
Since we have
GT(t, 1) = =iO(t — ") (! (1) F 1O — ) (I (1) (1)) (A.34)

GT(t,t)) = —iO(t' — ) (W(t)y!(t')) FiOt — ') (I (') (1))
We see that G=<(t,t')+G> (¢, 1) = GT(t,¢')+GL (¢, ). Thus, only three out of
the four Green’s functions are independent. We can also define the retarded
and advanced Green’s functions

G(t,t) = —i0(t — ){[¥(1), ¥ (t)]5) = Ot — ) [G™ (t,t) — G=(t,1')]

GAt,t) = iO(t' — )([v(t), ¥ (t)]z) = Ot — ) [-G~ (t,t) + G=(t,1')]
(A.35)
Switching to the Schwinger-Keldysh contour allows us to calculate the
perturbation theory using Wick’s theorem (see G. Stefanucci et al. for de-
tails) and hence allow us to formulate many-body perturbation theory based
methods. Another aspect is the introduction of the imaginary time Kadanoff-
Baym* contour (ty € v_ to ty —¢/3), which allows one to start from the non-
interacting Green’s functions and build in the interactions (see R. Jishi? and
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G. Stefanucci’s® books for a detailed treatment). The Gell-Mann Low theo-
rem allows for an adiabatic switching on of the interaction, and hence we can
consider the case where ty — —oo and drop the imaginary time piece of the
contour. This is the Keldysh contour and is defined to run from (—oo, 00) in
both directions.

Using this, the perturbation expansion of the contour ordered Green’s
functions can be written in the form of a Dyson equation given by

G(z1,22) = G (21, 20) + /dzlgo(zlaZ/)Uext(zl)g(2/722)

~

—|—/dz'/dz”go(z,z’)E*(z’,z”)g(z”,ZQ) (A.36)
ol v

where U,y is the external potential giving rise to the time-dependent pertur-
bation and X* is the self energy resulting from V', the interactions. We can
write the Dyson equation in a compact notation as

G=G"+GUG +G°s*G (A.37)

A.3 Real time Green’s functions

While we have seen the expansion for the contour ordered Green’s function,
it is imperative to calculate the real time Green’s functions based on which
other observables can be derived. An impediment to straightforward cal-
culation of them are the convolutions like [ dz'Go(z1,2")Go(7/, z2) and the
product terms like Go(z1, 22)Go(22, 21).

In order to handle such terms, we need to convert the contour integrals
and the products into their real-time counterparts. These can be accom-
plished by using the Langreth rules® detailed below.

Consider a convolution of the form

Clz,7) = /A(z,z”)B(z”,z’)dz" (A.38)

where A, B, C' are general operators on the Keldysh contour. We can look at
the < component

C<(t,t) = C(t € -t € 72) = / At € 1o, 2")B(", ' € 7)d2" (A.39)

v

Since z” can lie on either branch, we split the integral over the whole contour
into two parts. Using the Keldysh contour and denoting ¢t € v, = ty, we
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have

C<(t7t,) = / d(T—)A(t—vT—)B(T—at;) + / d<T+)A(t—aT+)B(T+7t/+)
- - (A.40)
Using the expressions eqn (A.29), we have
C<(t,t") = / [AT(t, 7)B<(1,1) — A<(t,T)BT(7’, "] (A.41)

We can use the relations A7 = A< + AR and BT = B< — B to write

O<(t.t) = /_ CLAR( ) B (1) — A<(t7)BA(R )] (A.42)

o0

Similarly we have an expression for C>(t,t'). Using the fact that C®(t, ') =
O(t —t)[C>(t,t') — C=(t,t')] we can write the expression for CT(¢,t') as

CR(t, 1) = / AR ) BR(r, ) dr (A.43)

and a similar expression for C4(¢,t').
The product terms C(z,2') = A(z,2)B(%, z) can be calculated using a
similar approach and are given by

C<(t,t) = AS(t,¥)B> (¢, 1)

C>(t,t) = A (¢,t')B<(, )

CER(t,t') = AR(t,t\B<(t',t) + A<(t,t)BA(t,t) (A44)
CAt, 1) = A%t t)B<(t',t) + A<(t,t)BR(t',1)

Thus we can use the Langreth rules, which are collated in the Table A.1, to
solve for the convolution and product terms in the perturbation series.

A.4 Steady state Resonant Level Model

We now apply the Keldysh formalism introduced above to the case of the
resonant level model with DC bias across the leads in the steady state as a
pedagogical example. The Hamiltonian is given by

H = Hp + Hp + Hyy (A.45)
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Table A.1: The Langreth rules

Definition c(z,2") = | c(z,7) =
J, dza(z, 2)b(2, ') a(z, 2)b(Z, 2)

k= (t,t) = k(ty,to) ¢ =a” bt + afb> ¢ =a”bs

E<(t,t') = k(t_,t;) c< = a<bA + afb< < =a<b>

KRt t) = 0t — | B =afbP R =l + a<p?

k= () — k<(t,1)]

kAt Y) = =0 — |t =atb? = a’b< + a~bF

Ok (t, ) — k=(t, )]

where Hj, is the Hamiltonian of the leads, Hp is the dot Hamiltonian and
Hyyy, is the hybridisation term. These are given by

_ E T
HL — €kaoCraoChao

ka=L,R,0
Hy =Y b, (A46)
thb = Z ‘/kao-cltagdg + h.c.
kao

The expression for current from the left lead into the dot is given by

dNy, ie
I; =—e(— )= —[N;, H A4
L €< dt > h[ r, H] (A-47)

Since Ny commutes with all the terms except Hyy,, we can calculate the
commutator to write

() = % S [Vianzotel, (0o (1)) — hec] (A.48)

ko
This can be simplified by defining the mixed Green’s functions

GikL(ta tho)= i<CLLo(t/)d0(t)>

G5y alt, 15 0) = id () (1) (5.49)

Substituting and simplifying allows us to write the expression for the current
as

2e
I = = Re [; Vir G (8,1 0) (A.50)
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In order to calculate the mixed Green’s functions, we first calculate the con-
tour Green’s function Gy (2, 2';0). This gives a Dyson like expression for
the mixed Green’s functions

]' /) /) * /
Garr(z,250) = ﬁ/dz/gdg(z,z/)VknggLa(z/ .2 (A.51)

~

where we have
Giro(2,2) = =i(Tekro(2)ch 0 (2)])
Gao(2,2') = —i(Tldo(2)d},()])
We now apply the Langreth rules to get the mixed Green’s function required
to calculate the current

(A.52)

/ ]' o " /! !
Garp(t,to) = ﬁ/ dt" |G ()G, (1)
+ G, (t, ") G, (1" )V, (A53)

Since we are looking at the steady-state case, the Green’s functions de-
pend only on the time difference and we can apply the Fourier transform

/ / 1 * —iw(t—t'
Gt 1) =GY(t—t') = %/w QGO (w)e ) (A54)

for the various terms. Using the relation [* dte'@ )" = 27§(w — w') and
substituting the expression for G7,; (w) in the eqn (A.50), we get

2

n= dwRe{ZmLP[GdU( Gz () + G ()Gl >]}

mh?
kLo
(A.55)
The lead Green’s functions are given by
G w 271 W — €xro /R
05, () = 27 ()50 — euzo /1) )

GkLa(W) ( - Echo/h)fl

where fr(w) is the Fermi function in the left lead. Substituting this in the
current gives the expression

L 27Th Z/ dw Tr{FLa' |:fL (Gga( ) GZ?O.((.U)) + Gja(w)] }

(A.57)
where the hybridisation function T'pe = 2237, Vi |*0(w — €xr0)-
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For the resonant level model, we have U = 0 and the self energy is given
by

Y (w) = %(fLFL + frIT) (A.58)
Therefore, substituting we get the symmetrised current
e oo
I= 5 [ deliie) = )T (A.59)

where T'(w) = >, Tr{l'1,GE (w)Tr,G4, }, is the transmission probability.
We see that the Landauer formula® for the current is recovered.
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Appendix B

Second order perturbation
theory for the SIAM coupled to
chiral leads with DC bias

In this appendix chapter, we look at the system studied in chapters 2 and 3,
which is a single impurity Anderson model connected to leads with spin-orbit
coupling and subject to a DC bias. The Keldysh second order perturbation
theory (KPT2) forms the basis of the methods used in both these chapters
and will be dealt with in detail here.

B.1 Hamiltonian

We consider a quantum dot system connected to two 2D leads with SOC, for
which the Hamiltonian, H, is given in standard notation as

H=H0+Hd+Hso+thb, (Bl)
where, the two-dimensional conduction band reservoir is represented by
Hy = Z ekclkgcaka (B.2)
ako

and the isolated quantum dot is given by

Hd = Z(Gd)dgdg -+ UndTndi. (Bg)

g

The Rashba spin-orbit interaction in the two-dimensional conduction band
may be described as

Hso = > Ml (k x ).tk , (B.4)
ak
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where k = (kg k), and ¢}, = (cly, cly ). Finally the hybridization be-

ak,c
tween the quantum dot and the conduction band is given by
Higo = 3 (Vicehiods + D¢ . (B.5)
ako

The conduction band terms, namely Hy, and Hgo may be combined and
simplified using the angular momentum expansion for the conduction band
operators as!:

1 = :
Cko = Chyhyo = \/ﬁ Z Ckmo €Xp(imby) , (B.6)
T

m=—0oQ

k

2 —imb
o Jo dBy ey e Mk

where k = |k|. The inverse transform is defined as ¢y =

Substituting the above expansion (equation B.6) into the Hamiltonian, and
assuming an isotropic dispersion, such as e, = h%k?/2m, the following form
of the Hamiltonian is obtained:

_ mtgyt mtsy
H = E Ekh(ckh ) Ckh

khm
~ m 1 m—l
+ Z 6m,0vk <(Ckh+2 )TdT + h(ckh 2>Td¢ + hC) (B7>
khm
+ Hd ;

where h = £1 is an emergent chiral quantum number, and j,, = m + h/2 is
the angular momentum quantum number. Thus, the system can be thought
of as a quantum dot coupled to emergent chiral leads with a DC bias between
them.

The dispersion, now depends on h and the spin-orbit interaction, A as
exn, = (e + hAk)/k = & + hA. Hence the SOC introduces a Zeeman-type
splitting of the conduction band.

The hybridization matrix elements are assumed to be isotropic, i.e Vi =

Vi, and f/k =V 27”, with V., € R. The above expression shows that the
bands with j,, = £1/2 couple to the dot, while the rest are decoupled and do
not affect the dot dynamics at all. Thus, we rewrite the Hamiltonian, with
only those bands that couple to the dot to highlight this aspect. In order to
study the interplay between the SO and a D.C. bias, we consider two copies
of the conduction bath acting as a left and right lead with a common +pu
chemical potential applied to all the emergent h, j,, channels in each lead.

This leads to the Hamiltonian
Heg = Z [N{a + [:[hyb + Hgot (B8>

a=L,R
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Where we have

_ t
Ho =Y (en)Chins,, Cakhin

khjm

Hyyp = Z Via[( th dy + h.c.) + h(c! e 1d¢ + h.c)] (B.9)

akh

and
Hdot = Z(Ed - ﬂo)ng + Un¢n¢ (BlO)

[

To simplify the notation, we define €, = €xn + la-

B.2 Current

The central quantity to be calculated in order to study transport is the
current. This can be calculated by using the Meir-Wingreen formula?

X 2e a
Ja = % — Re { Z Vka gkah] n( ) + GEU(w)gkahjm (w)]}

(khjm)(do) ( )
B.11

Where the G;{f are the retarded and lesser than interacting Green’s functions

of the dot and the g,jof,?jm are the free lesser than and advanced Green’s
functions of the leads defined as

io (L) = =0t — ") ({d, (), di(t)})
Gy (t,1) = o(dl (') dy (1))
Trang (0 1) = 10 = 1) {{Crang,, (1), chons,, (1)}
(t,1) = v} anz, (') Crangn (1))

The lead Green’s functions can be exactly calculated using the equation of
motion approach

Grahjm 1) = tfa(€rng,, ) exp{[—tewns,, (¢ — )]}
Gy, (1) = 1O (Ft £ ') exp{[—r€pn,,, (t — )]}

Since we are studying the steady-state regime, we can Fourier transform into
frequency space to get

(B.12)

<
Ikahjm

)

(B.13)

Grahjm (W) = 271 fo(€rnj, ) 0(W — €knjyn)
! (B.14)

a,r o
gkah]m (Cd) - WwF — Ekhj
m
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From this we see ¢"(w) = [¢%(w)]* and ¢g<(w) is purely imaginary. These
observations also hold true for the dot Green’s functions. Since we can write
for any complex number z € C, Re{z} = £ we can rewrite eqn (B.11) as

=5 [ X VA Ch00R0 0) + G M )]

" (k) (do)
G @) () + G (), <w>]} (B.15)

Which can be simplified to get

=i [ ) V65 0) - G, )

(kha do)

O (@) s, (@) — Ghons <w>1}. (B.16)

We now define the hybridisation function,

V2,
To(w) =Y m = E,(w) — 1Aq(w) (B.17)
khjm m
Ao(w) =21 > V26(w — €ranjy) (B.18)
khjm

From eqn (B.14), we see that gi,; (W) — Granj,, (@) = 2mM0(w — €ranj,,)-
This allows us to recast the current expression in terms of the hybridisation
function as

o= [ Getu {60 0) - GL@Ih() + G5} B19)

do

Substituting this and using the G" = (G®)* property of Green’s functions,
gives us the equation of the current which we implement

21e

Jo =7 | dwBa(w)[GG,(w) + 20fa(w) Im{Gg, (W)} (B.20)

In order to be able to calculate the current, it is apparent that we need a
way of calculating the interacting dot’s Green’s functions G3."(w) and the
hybridisation function I', (w). The calculation of these two quantities is given
in the following sections
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B.3 Dot Green’s functions

The full Green’s functions include the interaction on the dot and can be
treated via a self energy. The Keldysh formalism (see appendix A for a
detailed treatment) allows us to make use of the matrix Dyson equation

_ (0 G _
G= <Gg 2G§+G”—Ga> N

0 g ) (zr _ye_oy< 21")
' ' a + a G
<9d 25 +g —g*) Y 5 0

—g+gXG (B21)

Where the upper/lower case G stand for the interacting and free Green’s func-
tions respectively and ¥ is the self-energy. Since the advanced and retarded
Green’s functions are conjugates of each other, the independent quantities
are only the retarded and lesser than Green’s functions.

One can calculate the free Green’s functions using the equation of motion
technique (EOM) with U = 0 in the Hamiltonian. In the frequency domain,
we have the expressions for a general dot Green’s function GQ/B< = ((A:
B))"/< in the Zubarev® notation from Niu et al®.

(A2 B)), = gy({A B}) + go(([A, Hiwl : B));,
((A:B)5 = g5 (W) ({A, B}) + g(w){{[A, Hint] : B))S (B.22)
+ 80 (W) (([A, Hin] : B))S,

Where the g;= are the retarded and lesser than Green’s functions of the
non-interacting uncoupled dot and Hj, is the coupling and interaction parts
of the Hamiltonian.

The g6’< can be calculated by using the EOM on the Hamiltonian Hg. =
> (ea — fio)d}d,. This gives us

() .
W)= —"—7"7""7H7
go wt — €q + Mg

g5 () = 2m0f ()3 (w — ea + fio) (B.24)

(B.23)

Since we are working with a non-interacting dot, Hi, = ﬁhyb. Using the
retarded part of equation (B.22) in order to calculate the free dot retarded
Green’s function, we have

(dy = dD)l, = (F = ea+ fio) '[{do, d} + (([do, Hus] = d]))]  (B.25)
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which for the up and down spins gives

(W —€a+ fio)gip(w) =1+ Z Vi (9kany@n (@)
kah

(wh = €+ fo)giy (@) = 1+ Y Vi (9lkanyan (@)
kah

(B.26)

Where the mixed Green’s functions Y(kah)(do) BL€ calculated recursively as

follows

+

T

— €kah)g kah)(d?) (w) = Vi (QST(W))
(W+ - €kah)ngah)(d¢) (w) = hV4 (9@(“}))

(w

(B.27)

Which when substituted gives the expression for the dot Green’s function

(o (@) =wh —ea+fio— Y (B.23)

Similarly one can do the calculation for the lesser than Green’s function to
get the expressions

(dy = df))5 = 2muf (W)d(w — € + fio){do, d}}
+ (W — e+ fio) " {([dos Hpp] - dF)*
+2mf(w)d(w — €+ fio)(([do Hyyp] = d))* (B.29)

Using the mixed Green’s functions gzlk/ofh)( do) and calculating recursively as
done for the retarded case gives

90 ()] =" — et fio — > Ta(w)

) (B.30)
9o (@) = 21| (W)P D Aa(@) f(w = pa)
Where we have used the hybridisation function
V2
Fa _ ko
) Z wt — €kan
kh (B.31)

Ay (w) =27 Z V2,6(w — €ran)
kh

In order to calculate the full interacting Green’s functions, we can use the
properties [G"]x = G, [X7]" = ¥* to reduce the matrix Dyson equation (eqn

182



(B.21)) to two Dyson equations, one for the retarded and the lesser than
Green’s functions given by

G = ()] — () (B.32)
G5 (w) = |G (w)P ( ‘ ;’(f))‘ - z<<w>> (B.33)

B.4 Hybridization

The effect of coupling the dot to the leads is given by the hybridisation
function, which can be written as

To(w) = Z V—if

+
w €
kh kah

- 1 1
— V2 B.34
Xk: k[w*—gka+)\+w+—€ka—)\ ( )

= Thalw).

We can see from the above expression that the hybridisation depends cru-
cially on the dispersion of the leads. A simple choice would be to work with
a uniform flat band dispersion would correspond to

A
T, = 270 (B.35)

where A, is the constant parameter. But, this choice removes the effect
of bias on the hybridisation and would be less interesting than the finite
bandwidth case. This led us to consider a Gaussian density of states for
the leads which can be thought of as an abstraction of the hybridising lead
orbitals. We also work with a free electron like dispersion, which gives us

-V 2
Vi = —=e X(kkr)"/2 B.36
& = % = ak (B.37)
€ha = ak + flo (B.38)
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Where a, x are undetermined constants and kp is the Fermi momentum.
Substituting these in the expression for hybridisation, we have

V2€_X(k_kF)2
F pu—
() %; kE(wt + w0 — (ak + po) + hA)

(B.39)

12 00 V2 x(k—kp)?
T, (w) = okdk B.4
“ zh:@w)?/o o R

By changing variables ak = k — kp and choosing the lattice reference energy
10 = akp, we can write

L2V? [ [dx e~x(z/a)?
I, = — B.41
(w> ; 2 /akF(a)w+_M0¢+h)\_x ( )

Where L is the corresponding length. Denoting the coefficients a, x via an
effective hopping by a = /2xt., we have

L2V2 1 /oo e—:p2/2tz

r, = —
) - V2x 27t

T B.42
te2wkp wt — Mo + h\ —x ( )

Since /xkr > 1, the exponential ensures negligible contribution at large

negative values of x and allows us to take the lower limit of the integral to

. . . 27,2 .
—00. Representing the numerical coefficient % = Vi, we can write

1 () e—x2/2tz
Lo(w)=Y V7 d B.43
() ; 027rt*/_oo xcﬁ—ua—l—h)\—x ( )

Which can be calculated as a Hilbert Transform #(z) which is defined as
follows

L) = 3 V2H() (B.41

2 = w*h— o + hA (B.45)
H(z) = / dx ( Z’:L()(_“"l) (B.46)
po(w) = %t*eﬁ/ 2 (B.47)

Where we have py being the Gaussian density of states
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B.5 Self Energy

The most important ingredient needed to calculate the current is the self
energy which can be used in the Dyson equations to calculate the interacting
dot Green’s functions. We calculate the self-energy upto second order, which
forms the basis for the calculations in chapters 2 and 3. We recall from eqn
(B.32) that the Dyson’s equations are

_ YW
C5(w) = |G (d WO (B.48)

T
d

where the free Green’s functions g}~ (w) are given by
(9 (@)] " = w 1o = ) Taw)

(B.49)
9o (@) = 21| g (W)F D Aa(@) f(w = pta)

We can write the dot energy as €; — fig = E4 + €.5f where By = —U/2 +
% > o Ha, Which is the dot energy corresponding to the particle hole symmet-
ric limit in equilibrium and an arbitrary constant e.;¢ which is used for the
perturbation. Recasting the equations in terms of e.5s, we get

(95 ()] ' =w = Eg— ey — Y Ta(w)

(B.50)
9o (@) = 20| g (W)F D Aa(@) f(w = pa)
B.5.1 First order perturbation

We begin with the first order perturbation in interaction. This gives us

ETl(w) = Ed — Eeff + U(nd> (B51)
Y w)=0 (B.52)
Where the X7<! are the first order self energies corresponding to the retarded

and lesser than Green’s functions and (ny) is the average dot occupation given
by the expression

(1) = 5= [ dwIn{g7()

(B.53)
(ng) = % /dw Im{G} (w)}.
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The (nY) calculated from the free Green’s functions corresponds to the Hartree-
Fock term. The (ng) uses the interacting Green’s functions and is evaluated
self-consistently.

B.5.2 Second order perturbation

In order to simplify the calculation of the second order perturbation, we
switch to the density of states representation

gp(w) = /de% (B.54)
95 (w) = 2ump’ (W) f(w) (B.55)

Where we have p'(w) = —1/7 Im{¢};(w)} and the weighted Fermi function is
given by
Flw) = Ap(w)f(w —pr) + Apw) f(w — pr)
Ap(w) + Ag(w)
With this, we can evaluate the second order perturbative terms to be

2T2<W) — U2/d€1d62d63po(el)pO(EZ)pO(ES)

wr4+e—6—€

< [f(—€1) f(—e2) f(es) + f(e) flea) f(—e3)] (B.5T)

(B.56)

and

Y2 (w) = —2Z7TU2/d€1d€2p0(€1)p0(62)p0(61 + e —w)

x [fle)f(e2) f(w — €1 —€)] (B.58)

where we have used the identity 1 — f(e) = f(—e¢). These are the required
KPT2 self-energies.
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