ASYMMETRY INDUCED HEAT CURRENT
RECTIFICATION AND MAGNIFICATION IN
BOUNDARY DRIVEN SPIN AND FERMIONIC
SYSTEMS

VIPUL UPADHYAY

DEPARTMENT OF PHYSICS

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JUNE 2024



© Indian Institute of Technology Delhi (I11TD), New Delhi, 2024



ASYMMETRY INDUCED HEAT CURRENT
RECTIFICATION AND MAGNIFICATION IN
BOUNDARY DRIVEN SPIN AND FERMIONIC
SYSTEMS

VIPUL UPADHYAY
2018PHZ8435

Department of Physics

Submitted

in partial fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JUNE 2024



Dedicated to my loving parents, Mr. Pradeep Kumar
Upadhyay and Mrs. Damyanti Upadhyay



Certificate

This is to certify that the thesis entitled ‘““Asymmetry induced heat current rectification
and magnification in boundary driven spin and fermionic systems”, submitted by
Vipul Upadhyay to the Department of Physics, Indian Institute of Technology Delhi, for
the award of the degree of Doctor of Philosophy in Physics, is a record of the original,
bona fide research work carried out by him under my supervision and guidance. The
thesis has reached the standards fulfilling the requirements of the regulations related to

the award of the degree.

The results contained in this thesis have not been submitted in part or in full to any other

University or Institute for the award of any degree or diploma to the best of my knowledge.

DK
© 28/06/2024

Prof. Rahul Marathe

Associate Professor

Department of Physics

Indian Institute of Technology Delhi
New Delhi - 110016, India



Acknowledgements

I would begin the acknowledgements by thanking my parents, Mr. Pradeep Kumar Upad-
hyay and Mrs. Damyanti Upadhyay, for all the love and support they have provided during
my academic journey. They along with my two amazing sisters Vidhi and Jagrati, have
always encouraged me to be an independent thinker and have constantly motivated me to
pursue my academic interests. I owe most of my curiosities in science to the encouraging

upbringing that they have provided.

I am highly indebted to my thesis supervisor, Prof. Rahul Marathe, for the wonderful
experience I had during my time as a Ph.D. research scholar at IIT, Delhi. He has been
an exemplary supervisor, excelling not only in academic supervision but also being a
person whose individual qualities outside work are very inspiring and worth replicating.
He has always amazed me with his penetrative thinking and his ability to ask the right
questions. He granted me total academic freedom in the diverse research problems we
explored, displaying unwavering patience when I encountered challenges. I owe most of
the intuition that I developed in non-equilibrium dynamics to the years of collaboration

with him.

I also want to thank my frequent collaborators cum teachers, Dr. Muhammad Tahir
Naseem and Prof. Ozgiir Miistecaplioglu of Ko¢ University, Istanbul, Tiirkiye. They have
always been so kind and much of what I understand about Markovian Quantum Master
Equations is due to the numerous conversations I had with them. A special thanks to Dr.
Juzar Thingna at the American Physical Society for teaching me the significance of each

approximation that goes inside deriving these equations microscopically.

I express my gratitude to my lab members and friends Rita, Mintu, Yatin sir, Yasir bhai,
Vikky, Simmi, Roshan, Vikas, Monojit and Partho, for providing a familial environment
inside the lab. It was a great pleasure to have such empathetic people around, always

ready for providing help in professional as well as personal matters.

Lastly, I thank my friends. Getting a Ph.D. is a long journey, it would have been im-
possible to cover this entire journey without the love and support of each one of them.
I can’t imagine my Ph.D. life without Deepika, Ravindra, Vishal, Lalit, Sharad, Viresh,
Arun bhai and many more who have made Delhi my primary home during this time. I will

always cherish the many memories we made at the little den that we have in Jia Sarai.

il



Abstract

The broader aim of this thesis is to enhance our understanding of heat current transport
in mesoscopic and nanoscopic quantum systems. To accomplish this, we investigate how
structural asymmetry influences steady state thermal transport in such small scaled sys-
tems. We divide our studies into two sub-classes. One subclass deals with construction
of thermal devices for better manipulation of heat currents and the other deals with the
investigation of anomalous transport phenomenon due to asymmetry. We employ spin
and fermionic lattice models for studying these sub-classes and the analysis is done using

the quantum Markovian master equations.

Specifically, for the first subclass we study the construction of thermal diodes which are
the most fundamental small scaled devices needed to manipulate heat currents. In the
initial part of this subclass, we study the heat current rectification effects in a two qubit
(spin-1/2 particle) setup. These two qubits interact with each other via the Dzyaloshinskii-
Moriya (DM) interaction and are coupled to two separate heat baths. Off-resonant mag-
netic field is applied on these spins and it is observed that this inhomogeneous magnetic
field serves as the asymmetry required for inducing the heat rectification. For the later
segment of this subclass, we study the potential of a heat diode to distinguish different
topological phases of the Su—Schrieffer—Heeger (SSH) model. This study explores in de-
tail the role of heat transport as a potential indicator of topological phase transition in
the SSH model, and demonstrates how the efficiency of the diode can be exploited as the

quantity used to distinguish between the different topological phases.

In the second subclass, we study an interesting transport phenomena called Current Mag-
nification (CM) or Current Circulation (CC). The investigation of this phenomenon re-
quires placing a multi-branched system between the two heat baths. CM occurs when in
one of the system branches, the local heat current is larger than the total heat current, and
in the other branch, the heat current flows in opposite direction of the thermal gradient.
This is necessary for conserving the total current at the junction. Similar to our treatment
of heat rectification, we initiate this subclass by studying a small quantum spin setup.
Here, we establish that the geometrical asymmetry of having unequal number of spins
in different system branches is enough to generate CM. Analysing this system in more
detail, we realise that CM usually occurs near the point of intersection of two otherwise

non- degenerate energy levels. We call this point the Additional Energy Degeneracy Point



(AEDP). Next, we examine CM in a quadratic fermionic network and provide analytical
proof of its possible presence near AEDP. Subsequently, we apply this idea to different
fermionic models with quadratic Hamiltonians and verify the relationship between CM
and AEDP.

In our efforts while examining both these subclasses, it becomes apparent that while asym-
metry is a crucial condition for observing heat current rectification and magnification, it
alone is insufficient for either of these phenomena, and other complementary properties

like anharmonicity or AEDP in the system are required.
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Hermitian—Conjugate

XiX






Symbols

kg Boltzmann Constant

h Reduced Planck’s constant

HAr Total System Hamiltonian

Hg Hamiltonian of the system of interest

H B Bath Hamiltonian

0, Ps Density matrix of the system of interest

0B Density matrix of the Bath

T Density matrix of the total system ( System + Bath )
D;[p] i-th Dissipator

D;(A)[p] Lindblad Dissipator with operator A

Lr[p] Left Liouville Superoperator

LRr[0] Right Liouville Superoperator

It (R Heat current flowing out of left (right) bath
R Heat Rectification

o i-th Pauli matrix corresponding to j-th spin

C(pi ) Concurrence between spins i and j

xxi





