
2018 Summer Projects Quantum Transport

Quantum Thermodynamics
Contact: Prof. Christian Flindt, Dr. Kay Brandner, Elina Potanina

Classical thermodynamics provides a pow-
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Figure 1: Classical and quantum
refrigerators. Upper panel: A
macroscopic cooling cycle uses
a compressor C and an expan-
sion valve E to locally change
the pressure of a gas circulat-
ing through a closed pipe sys-
tem. In this way, it is possible
to pump heat from a cold to a
hot reservoir, both held at con-
stant temperature Tc and Th >
Tc, respectively. Lower panel: A
superconducting qubit driven by
a time-dependent magnetic flux
ϕ(t) acts as a quantum refriger-
ator when coupled to two differ-
ent resonant circuits.

erful theoretical framework to describe the
operation of macroscopic machines such as
Otto engines or household refrigerators. As
modern technology makes it possible to re-
alize such devices on the scale of nanome-
ters, a new approach becomes necessary that
takes into account both, thermal and quan-
tum fluctuations, see figure. In our group,
we develop theoretical strategies to describe
and control quantum engineered thermal ma-
chines. We thereby explore how non-classical
effects like coherence can be harnessed to
overcome classical performance limits.

Project A: Optimal performance of a
quantum piston engine. In this project,
you can gain hands-on insights into finite-time
thermodynamics by optimizing the driving pro-
tocols of a periodic nano-engine using a quan-
tum working fluid instead of a classical gas.
You will learn about important techniques to
model thermal nano-devices, such as Lind-
blad equations, and get in touch with dynam-
ical control theory. The work contains both,
analytical and numerical parts. Some expe-
rience with Mathematica or a programming
language can be helpful but is not required.

Project B: Heat fluctuations in a driven
single-electron box. A single electron box
consists of Coulomb blockaded metallic island
coupled to a thermal reservoir. This device
can be thought of as the mesoscopic version
of a classical heat pump; even without exter-

nal driving, microscopic heat fluctuations lead to a spontaneously emerg-
ing temperature gradient between island and reservoir. This feature makes
the single-electron box a simple but fundamentally important model for non-
equilibrium thermodynamics. Motivated by recent experiments and theo-
retical studies of the undriven single-electron box, we extend this model by
applying a periodic driving field. In this project, you will become familiar with
full counting statistics. Combining analytical and numerical calculations, you
will determine heat current and fluctuations for different driving protocols by
using a perturbation scheme based on Floquet theory.
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2018 Summer Projects Quantum Transport

Quantum Phase Transitions
Contact: Prof. Christian Flindt, Dr. Kay Brandner, Aydin Deger

We have recently developed a method

Figure 2: Condensation of a classical
gas. As the size of the system grows,
the Lee-Yang zeros in the complex
temperature plain approach the crit-
ical point on the real axis, which sep-
arates the liquid from the gas phase.

that makes it possible to predict the prop-
erties of a macroscopic system based on
the behavior of just a few units. Our ap-
proach makes use of seminal theoretical
work from 1952 by the Nobel laureates
Lee and Yang. Specifically, from fluctua-
tions of thermodynamic observables like
energy in a small system, we can deter-
mine the Lee-Yang zeros in the complex
plane of the external control parameter,
for instance temperature, see figure. By
extrapolating the position of the Lee-Yang
zeros as a function of the system size, we
can predict the value of the control pa-
rameter, for which a phase transition will
occur in large systems. Relying only on
the analytical properties of the cumulant
generating function, which correspond to
the free energy, this scheme can be ap-
plied to a large variety of systems that
we are currently exploring.

Project A: Lee-Yang zeros and large-deviation statistics of Bose-
Einstein condensation. In this project, you will apply our method to ana-
lyze the formation of an exceptional state of matter: a Bose-Einstein conden-
sate. You will numerically calculate the high-order cumulants of energy for a
non-interacting Bose gas confined in a two-dimensional harmonic trap. Us-
ing this data, you will extract the Lee-Yang zeros in the complex temperature
plane and determine the energy distribution of the system in the thermody-
namic limit. You will thereby gain some fundamental insights into many-body
quantum physics, the theory of phase transitions and large-deviation theory.
Some initial experience with Mathematica or a programming language would
be helpful but can also be acquired in this project.

Project B: Dynamical phase transitions in quantum many-body
systems. Our method is not restricted to systems in equilibrium but can also
be applied to dynamical phase transitions in non-equilibrium processes. The
partition function is thereby replaced with the moment-generating function
of the process and a counting field plays the role of the control parameter. A
dynamical phase transition occurs, when the corresponding cumulant gener-
ating function becomes non-analytic in the counting field at long times. Us-
ing these concepts, here, you will use our method to analyze the full-counting
statistics of a quantum many-body system subject to an external driving field.
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2018 Summer Projects Quantum Transport

Quantum Entanglement
Contact: Prof. Christian Flindt, and Dr. Pablo Burset

Future quantum technologies exploit-
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Figure 3: Generation of entangled
pairs. Sketch of a junction formed by
a superconductor (S) and two metal-
lic electrodes (L and R). Electrons in-
cident from L are transferred as an
entangled spins into S, leaving an
empty state in R.

ing the fundamental principles of quan-
tum mechanics like discreteness, coher-
ence, and entanglement could lead to rev-
olutionary changes of our society. In the
Quantum Transport Group, we combine
these counter-intuitive ideas to theoret-
ically design solid state devices that gen-
erate on-demand entangled pairs of elec-
trons and work in the regime of a single
or a few particles.

Project A: Detection of spin-entan-
glement in Cooper pair splitters. Be-
low a critical temperature, electrons in
a superconductor occupy a macroscopic
quantum state where they are grouped
in Cooper pairs. To form such pairs, elec-

trons with opposite spins must become spin entangled. A Cooper pair splitter
is a device that harnesses this fundamental property by transferring each
electron of the entangled pair from the superconductor into a separate col-
lector. Although the splitting of Cooper pairs have been achieved experimen-
tally, a proof that the electrons remain entangled is still lacking.

In this project you will theoretically describe a Cooper pair splitter device
and propose a general entanglement test based on Bell inequalities or en-
tanglement witnesses. This project is ideally suited for students willing to
learn quantum transport theory in the presence of Coulomb interactions and
superconducting correlations.

Project B: Generation of entanglement in topological materials.
Low-energy excitations in novel materials like graphene and topological insu-
lators are described by a relativistic Dirac equation; thus importing ideas from
particle physics into materials science. When Dirac materials are combined
with superconductors, a Majorana state - a particle that is its own anti-particle
- can arise. Majorana states can be regarded as half of a Dirac fermion and
are promising candidates for fault tolerant quantum computation.

During this project, you will learn the basics of scattering theory and quan-
tum transport in the presence of superconducting correlations and apply
them to analyze the transport properties of a superconducting junction be-
tween two normal state electrodes (see figure). You will also familiarize your-
self with the concepts of quantum entanglement and topology in condensed
matter systems. Additionally, you will help us develop new theoretical tools
for the study of quantum devices in the almost unexplored regime of a single
or a few particles.
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