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Abstract

The v = 5/2 fractional quantum Hall (FQH) has recently been proposed to be a platform
enabling topological quantum computations, sparking extensive works aimed at unraveling
its many-body wavefunction. To this end, experimentally demonstrating that this exotic
state is non-Abelian is a crucial milestone to achieve fault-tolerant quantum computations.
Among many others, one promising avenue is to probe the entropy wia thermopower at a
temperature where dimensional entropy dominates, hence providing compelling evidence for

its non-Abelian nature.

In this thesis, an ultra-high electron mobility Corbino device was adapted to allow for
thermopower measurements in the second Landau level (SLL) of the fractional quantum Hall
effect (FQHE) at temperatures of a few milli-Kelvins. In this configuration, low-frequency
thermoelectricity was generated with a micrometer-sized chip resistor heater creating a time-
varying temperature gradient. Inspired by previous experiments in the Hall bar geometry,
a method was implemented to calibrate the temperature gradient in-situ in the Corbino
geometry. As a result, thermoelectric voltages were converted to thermopower in order to
compare longitudinal diffusion Corbino thermopower results with theoretical expectations.
A clear observation of non-Abelian entropy wia Corbino thermopower was hindered by an
unexpected deterioration of the v = 5/2 fractional quantum Hall (FQH) state caused by the
chip resistor heater. Nonetheless, based on multiple experimental validations and compar-
ison with earlier works in the Corbino geometry, the voltages probed with this setup were
established to be genuine thermoelectric signals and constitute, to our knowledge, a first

instance in the literature of Corbino thermopower in the SLL of the FQHE.



Abrégé

Une proposition théorique récente impliquant que 'état quantique 5/2 de 'effet Hall quan-
tique fractionnaire pourrait étre utilisé pour concevoir des qubits topologiques a propulsé
la communauté scientifique a étudier 'origine physique de sa fonction d’onde. Dans cette
optique, obtenir une preuve expérimentale de son comportement non-Abélien prédit par la
théorie est une étape primordiale pour implémenter le calcul quantique protégé topologique-
ment. Parmi plusieurs possibilités, une mesure de ’entropie par le biais de ’effet thermoélec-
trique dans un régime de température dominé par I’entropie dimensionnelle constituerait une

preuve convaincante de sa nature non-Abélienne.

Dans cette thése, un dispositif & ultra-haute mobilité électronique fabriqué en géométrie
Corbino a été adapté pour permettre des mesures du pouvoir thermoélectrique a des tempéra-
tures de quelques millikelvins dans le deuxiéme niveau de Landau de l'effet Hall quantique
fractionnaire. Cette configuration permet de générer des signaux thermoélectriques a basse
fréquence grace a un gradient thermique issu d’une résistance sur puce servant d’élément
chauffant localisé. Une méthode développée par d’autres groupes pour la géométrie de barre
de Hall a été modifiée et implémentée dans la géométrie Corbino pour calibrer un gradi-
ent thermique de fagon in-situ. En vertu de cette calibration, le pouvoir thermoélectrique
longitudinal dans le régime du transport électronique diffusif a été obtenu a partir des sig-
naux thermoélectriques et a été comparé aux prédictions théoriques. Dans cette perspective,
aucune observation décisive de ’entropie non-Abélienne n’a été démontrée en raison d’une
détérioration inattendue de 1'état Hall quantique fractionnaire 5/2 causée par I'ajout de
I’élément chauffant résistif micrométrique sur le dispositif. Néanmoins, en s’appuyant sur
des comparaisons avec des résultats préalables dans la géométrie Corbino, il est possible de
conclure sans ambiguité que les signaux mesurés sont d’origine thermoélectrique. Ceux-ci
constituent une premiére instance dans la littérature d’'une mesure Corbino du pouvoir ther-

moélectique dans le deuxiéme niveau de Landau de D'effet Hall quantique fractionnaire.
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Chapter 1

Introduction

The exponential growth of computational power from the semiconductor-based transistor
industry is now reaching a turning point. Moore’s law [1], stating that the number of transis-
tors in an integrated circuit doubles every two years, started saturating about a decade ago.
Transistors are now reaching sizes on the order of tens of atoms, consequently pushing the
limit of feasibility and demanding a change in computational paradigm. Decades before this
issue arose, Feynman was a visionary in 1981 [2], proposing to leverage the mystifying prob-
abilistic properties of quantum mechanics to solve specific problems much more efficiently
than with classical computers. Archetypal examples include Shor’s algorithm for prime num-
ber factorization [3] and simulations of complex quantum mechanical systems such as large

molecules.

Recently, there have been extensive research efforts aimed at conceiving a practical quan-
tum computer relying on various physical systems, with the currently most mature being
superconducting qubits [4]. Unfortunately, this platform is highly sensitive to environmental
perturbations, and the encoded information is lost by decoherence in the matter of hundreds
of microseconds. One solution to this problem is to use topologically protected qubits [5]: a

theoretically proposed physical system in which the qubits are immune to noise by nature.



Among many others, one promising physical realization of such a system is in the 5/2 state
of the fractional quantum Hall effect (FQHE) in the second Landau level (SLL) of extremely
clean two-dimensional electron gases (2DEGs). Even though substantial experimental works
have improved our understanding of this exotic state, much more compelling evidence is
still required to prove that it is non-Abelian and can thus host topological qubits. Based
on seminal works on thermopower [6-9|, the work presented in this thesis aims to address
that question by proposing an experimental scheme to probe non-Abelian entropy via longi-
tudinal diffusion thermopower in the Corbino geometry, and presenting preliminary results.

This is conveyed throughout this thesis in the following structure.

Chapter 2 builds a comprehensive review of the important physical principles leading to
the FQHE while also encompassing the specifics of the Corbino geometry. The 5/2 fractional
quantum Hall (FQH) state is then introduced along with experimental works that attempt
to shed light on its expected non-Abelian properties. Finally, a review on thermopower is
presented, including up to date experimental results and theoretical predictions in the Hall

bar and Corbino geometry.

Chapter 3 covers the design details of both the sample stage assembly, which was installed
on the dilution refrigerator, and the chip resistor heater which was added on the ultra-
high electron mobility Corbino device. The measuring scheme for thermoelectricity is then

elaborated on, and some preliminary characterization with the setup is presented.

Chapter 4 discusses several preliminary results obtained with the thermoelectric appara-
tus described in chapter 3. As such, thermopower transport measurements in the quantum
Hall effect (QHE), FQHE, and 5/2 FQH state are compared to previous experimental works

or theoretical predictions.

Finally, chapter 5 summarizes the work presented in this thesis and then proposes new
avenues for solving technical challenges encountered with the thermoelectric setup. This

thesis is also accompanied by several appendices to complement the discussion.



Chapter 2

Background

This chapter concisely introduces the physics of electronic transport in a 2DEG by chrono-
logically covering the QHE, the FQHE, and the composite fermions (CF) picture, leading to
a discussion on the v = 5/2 state and its predicted non-Abelian properties. The emphasis
is then oriented toward thermoelectric measurements in different regimes, materials, and
geometries in order to establish the theoretical and experimental framework for the focus of

this thesis, probing non-Abelian entropy wvia thermopower in the Corbino geometry.

2.1 Two-dimensional electron gas systems

Restricting the motion of electrons to a two-dimensional plane embedded in our three-
dimensional world gives rise to the so-called 2DEG. This feat can be achieved in multiple
ways, such as an electron trapped at the surface of liquid helium, at a semiconductor-insulator
interface (e.g. in a metal-oxide-semiconductor field-effect transistor), in a two-dimensional
material like graphene, and finally at the interface between two dissimilar semiconductors.
While the basic physics required to understand the formation of a 2DEG is similar in these
systems, the latter results in the cleanest platform to study many-body electron interactions

and is at the origin of the devices used in this thesis.



2.1.1 GaAs/AlGaAs heterostructures

A simplified version of a typical semiconductor heterostructure of GaAs/AlGaAs is shown
in Fig. 2.1. The 2DEG, highlighted in blue, arises at the interface between AlGaAs and GaAs
from the modulation of the conduction band €. in the form of a triangular potential quantum
well. As a result, the electrons are confined in the lowest energy sub-band provided that the
temperature is low enough and the Fermi energy ez! lies beneath the potential barrier. This
occurs at temperatures much lower than the separation between the first and zeroth energy
sub-bands. Depending on the material, this condition is satisfied anywhere between a few
kelvins for GaAs/AlGaAs [10] and room temperature for graphene [11]. As such, electrons
within this quantum well will be restricted along the z-axis and behave as two-dimensional

particles.

Figure 2.1: Simplified schematic of the layers in a GaAs/AlGaAs heterostructure together
with the conduction band of the electrons.

The free electrons are transferred to the 2DEG through n-type doping in the AlGaAs

layer using Si:AlGaAs dopants as illustrated by the remaining positive charges. This would

!The Fermi energy in a 2DEG is given by mh?n/m*, where n is the electron density and m* = 0.067m,
is the effective mass in GaAs. Hence, the electron density must be tuned accordingly to position the Fermi
energy within the quantum well.



normally impede the transport of electrons and degrade the electron mobility. However,
the silicon impurities are introduced at a distance s (called the setback distance) just far
enough in the AlGaAs layer to transfer electrons effectively while not disrupting their motion
in the 2DEG by scattering. Molecular beam epitaxy (MBE) is the key technology behind
the angstrom-precision growth of the layers shown in Fig. 2.1. This process is known as
modulation doping and recently yielded a world-record ultra-high electron mobility p =
57 x 10% ¢cm?/Vs [12]. This translates to an electronic mean free path of roughly 300 pm,
which is ideal for observing the many-body physics of highly correlated systems at the

foundation of the exotic phenomena observed in this thesis.

2.1.2 Measurement geometries

Typical transport measurements in 2DEG make use of the Hall bar geometry shown in
Fig. 2.2b as it gives access to both the Hall and longitudinal resistance. It is well suited
for most experiments in 2DEG systems but has one major inconvenience compared to the
Corbino geometry sketched in Fig. 2.2a: the unavoidable presence of edge modes in longitu-
dinal transport measurements. This can present an insurmountable barrier to the measure-
ment of exact bulk quantities such as bulk thermal conductance or entropy. Even though a
recent study [13| claims to overcome this limitation, the Corbino remains the most effective
way to obtain a truly bulk measurement. In that sense, there are important distinctions
between the two geometries when dealing with experimentally accessible quantities such as
the resistance R and the conductance G. In the Hall bar configuration, one has to carefully
reverse the tensor relation in order to relate conductivity o to resistivity p since they become

tensors in the presence of a magnetic field as given by



2DEG

Figure 2.2: a) Schematic of a 2DEG device fabricated in the Corbino geometry showing
the measurement of the longitudinal resistance R,,. b) Schematic of the alternative Hall bar
geometry where one configuration for probing R,, and R, is shown.

where p,, is defined as the Hall resistivity, which is equal to R, for a 2DEG. This tensor

relation leads to a peculiar result for high magnetic fields?, where the conductivity is pro-

portional to the resistivity ., = Z;—z. In the quantum Hall regime, this relation describes a
zy

state with both vanishing resistance and conductance.

Conversely, in the Corbino geometry, the symmetry in ¢ makes the electric field in the
¢ direction E4 equal to zero. Hence, the tensor relation simplifies to a reversible equation
Ope = Ppr, which is analogous to the behavior of the bulk resistance and conductance relation
in a regular three-dimensional material at B = 0. However, one still needs to account for

the number of squares in a circular geometry given by [14]

20 e

G= In (rq/71)’

(2.2)

where r; and 75 are the inner and outer contacts radii respectively as depicted in Fig.2.2a.

2This happens specifically for Pzy > Pazo. For instance, this condition is satisfied in the quantum Hall
plateaus.



2.2 Quantum Hall effects

2.2.1 Integer quantum Hall effect

The integer quantum Hall effect (IQHE) was first observed by Klaus von Klitzing [15] in
1980 and led him to be awarded the Nobel prize in physics in 1985. When a 2DEG system
is subjected to a strong perpendicular magnetic field, the electrons move in cyclotron orbits
yielding Landau level (LL) quantization of the electronic energy spectrum. To select a given
LL, the carrier density n and the magnetic field B are tuned to an integer filling factor given

by
nh

-2, (2.3)

14

corresponding to the ratio of the electron density n to the magnetic flux quanta density, i.e.
n/(B/®g), where &y = h/e is the flux quanta defined by the ratio of Planck’s constant h

to the elementary charge e. In this scenario, the transport occurs only in the perpendicular

10 T

0 2 4 6 8 10

Figure 2.3: Typical IQHE transport measurement, where two visible plateaus at v = 2 and
v = 3 are indicated. This figure was adapted from Ref. [16].

direction and yields a quantized transverse Hall resistance R,, and vanishing longitudinal



resistance R, given by

h
ny = I/_€2’ R, ~ 0, v=1,23... (24)

Experimentally, in transport measurements, Hall quantization materializes in the form of
finite plateaus in R,, and R,, = 0 at the vicinity of integer filling factors as shown in Fig.
2.3. The finite width of the plateaus arises from localized states and is influenced by factors

such as the temperature and the amount of disorder in the material [10].

2.2.2 Fractional quantum Hall effect

Shortly after the discovery of the QHE, a significant improvement in the electron mobility
e of GaAs/AlGaAs wafers propelled the discovery of the FQHE by Stérmer and Tsui in
1982 [17], and they were awarded the 1998 physics Nobel prize for their observation. In the
framework of the IQHE, there should be no quantization for non-integer filling factors v. Yet,
Hall plateaus and longitudinal resistance minima were observed at fractional fillings, such
as the v = 1/3 FQH state originally identified by Tsui et al. [17] as a consequence of many-
body electron-electron interactions in high mobility (low disorder) samples being appreciable
enough to favor the creation of a quantized Hall state. Fig. 2.4 represents a typical FQH
transport measurement showing the emergence of many fractions. There has been substantial
theoretical work aimed at understanding and predicting which fractions should be allowed.
The first successful description is attributed to Robert B. Laughlin [19] who was awarded
the 1998 Nobel prize in physics. In his work, he proposed a wavefunction that accurately
described the observations associated with the 1/3 state and by extension other FQH states
of the form 1/q, ¢ =1,2,3... . Subsequently, Haldane proposed a hierarchical model [20]
based on a continued fraction starting with a known parent state to explain the sequence
of odd denominator states which were experimentally observed at the time. However, this

model fails to capture the complete plethora of fractional states occurring at odd denominator
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Figure 2.4: Magnetotransport of a GaAs/AlGaAs sample showing a multitude of well-
developed FQH states. Figure reproduced from ref. [18].

states, requiring the need for a more elaborate model.

2.2.3 Composite fermions picture

Here, the composite fermions (CF) model devised by Jainendra K. Jain [21] offers the
most complete and comprehensive explanation for odd denominator states. The paradigm
proposed in this model is to think in terms of composite particles generated by flux quanta
attached to electrons. For instance, as illustrated in Fig. 2.5a, the v = 1/3 state can
be understood as electrons pairing with three flux quanta. The resulting wavefunction is
symmetric (bosonic) since it combines the wavefunction of an electron (antisymmetric) to
the wavefunctions of three flux quanta (antisymmetric). This yields a favorable condition

for the collective composite particles to condense into a quantum Hall state.

Conversely, as represented in Fig. 2.5b, at filling factor v = 1/2, the pairing occurs
between an electron and two flux quanta, generating an anti-symmetric (fermionic) wave-

function. The v = 1/2 composite particles [22| behave drastically differently than the bosonic



a) v=1/3 b) v=1/2
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Figure 2.5: [llustration of the flux quanta pairing with electrons for filling factors of v = 1/3
in a) and ¥ = 1/2 in b). Figure adapted from Ref. [18].

T composite bosons composite fermions

composite particles at v = 1/3 since they exhibit fermionic statistics and thus act as a Fermi
liquid [23|. Then, the CFs, pairing 2p flux quanta with one electron, now experience a re-
duced effective magnetic field of B* = B — 2pn®,, which is identically zero at exact filling
factor v = 1/2. As such, the FQHE can be understood as the IQHE of CFs where B*
replaces the external magnetic field B and free electrons are replaced by free CFs. In this

picture, Hall quantization occurs for

p = ]"27 37 DR (2'5)

which then explains the experimentally identified odd denominator FQH states.

2.2.4 The elusive v = 5/2 state

The universality of the CF model for predicting fractional quantum Hall states fails for
some even denominator states. One archetypal instance is the v = 5/2 state discovered by
R. Willett [24] in 1987 which remains to this day not fully understood, i.e. there is still a
persistent debate on the exact structure of its wavefunction. As such, many-body wavefunc-
tions based on Pfaffian states [25, 26|, anti-Pfaffian states [27,28], and more recently their
particle-hole symmetric form [29] have been theoretically proposed with different degrees of
agreement with experimental and numerical works (see Ref. [30] for a complete review of the

v = 5/2 state).

This state is in principle prohibited by the CF picture, yet it experimentally shows as a
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proper FQH gaped state with a Hall plateau at R,, = —<¢h__and a R,; — 0 minimum. In

n(5/2)
a simplistic manner, its existence can be rationalized by considering the enhanced electron-
electron interactions in the SLL which lead to a paired state and a Pfaffian wavefunction
that is analogous to a p, + ip, superconductor in BCS theory [5]. As a result, the conditions
to experimentally manifest it in GaAs/AlGaAs are stringent. Notably, temperatures below
100 mK and electron mobility exceeding 1 x 10° cm?/Vs are necessary conditions since its
energy gap is reported to be at most ~ 450 mK [31], even though graphene systems now

offer much more accessible energy gaps for even denominator states in the range of a few

Kelvins [32].

2.2.5 Non-Abelian anyons and topological quantum computations

The theoretical descriptions for the v = 5/2 FQH stand out for predicting that the
v = 5/2 could host non-Abelian anyonic quasiparticles with an effective charge of e* = e/4,
which could be a possible platform for the implementation ot topologically protected qubits.
Abelian anyons in their abstract form were first theoretically envisioned by Frank Wilczek in
1982 [33]. Their existence is a consequence of two-dimensions, and they can be described as a
two-particle wavefunction that gains an arbitrary phase factor e’ upon exchange, as depicted
in Fig. 2.6a. This contrasts sharply with conventional three-dimensional particles in which
there are only two outcomes, i.e. £1 for bosons or fermions. Renowned theoretical physicist
B. 1. Halperin later reconciled this idea with the composite particles in FQH states and
related the exchange phase to their fractional statistics [34]. Regular FQH odd denominator
states described by the CF model behave as anyonic quasiparticles with fractional statistics.
Conversely, it is not generally agreed upon as to what class of statistics the v = 5/2 state
belongs, but theoretical evidence, such as the Moore-Read description [25], and numerical
works [36] point toward non-Abelian statistics. A non-Abelian ensemble is a braiding group
in which braiding operators do not commute with one another. For example, a braiding

group consisting of three particles will possess two braiding operators o; and o5, as shown
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Figure 2.6: a) Two anyons gaining a phase of €'* in their wavefunction upon exchange.
Figure adapted from ref. [35]. b) Non-commuting braiding operation for non-Abelian anyons.
Figure adapted from ref. [5].

schematically in Fig. 2.6b. These particles are designated as non-Abelian if the resulting
wavefunction of first applying oy followed by o5 is different than first applying oo followed

by o1, as described mathematically by the relation

[p(01)]aslp(02)]5y # [p(02)]aslp(01)] 64, (2.6)

where [p(01)]aps is a unitary matrix acting on the wavefunction g of the three particles state

that implements the braiding operation 1, — [p(01)]as®s-

Another hallmark of the Moore-Read description is the highly degenerate Hilbert space
in which the quasiparticles evolve into. This property that allows braiding statistics is key
for the implementation of topological quantum computations since it allows one to instan-
tiate qubits and apply quantum gates using braiding operations in this degenerate Hilbert
space. Otherwise, in the case of Abelian anyons, the braiding operations generate trivial
transformations of the ground state. Furthermore, the inherent fault protection obtained
using non-Abelian anyons originates from the following properties: i) the braiding itself is
independent of the exact path taken by the quasiparticles; ii) the set of degenerate states is
protected by an energy gap®; and (iii) the quasiparticles can only interact with themselves,

i.e. they are immune to electron-phonon interactions and the hyperfine electron-nuclear

3As long as the system is kept at a sufficiently low temperature and low frequency excitations compared
to the energy gap, the quasiparticles will not experience decoherence.
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interaction [5].

2.2.6 Experiments probing non-Abelian anyons entropy

There is however a major caveat to the previous discussion about fault-tolerant quantum
computations: there is not yet an irrefutable experimental proof that non-Abelian anyons
materialize in real physical systems such as the v = 5/2 FQH state. Nevertheless, there
is suggestive evidence by various works in GaAs and graphene systems that support their
existence. Notably, Fabry-Perot electron interferometry [37-43|, quasiparticle charge mea-
surement via shot noise [44], and thermal Hall conductivity [45-51] are all pointing towards
the underlying non-Abelian nature of the v = 5/2 FQH state to have a wavefunction with
a topological order hosting non-Abelian quasiparticles. As will be discussed below, another
promising approach is to probe the entropy at low temperatures to gain insights on the

structure of the ground state .

Non-Abelian entropy

One can in principle leverage the highly degenerate ground state of non-Abelian anyons
by probing the excess dimensional entropy. According to the Moore-Read description of the
5/2 state, the degeneracy of the ground state for N, quasiparticles is given by d", where
d = /2 is the quantum dimension? of this class of quasiparticles. As a result, the dimensional

entropy S, for non-Abelian anyons is given by [6,52]

Sd = Nq/{?B lnd, (27)

where kg is Boltzmann’s constant. While this approach removes the need to fabricate elabo-

rate Farby-Perot interferometer patterns on the sensitive wafers, it however contains another

4The quantum dimension corresponds to the asymptotic degeneracy per particle in the generate Hilbert
space of the ground state. For Abelian quasiparticles, d = 1 and d > 1 for non-Abelian quasiparticles. For
instance, for the Moore-Read state, d = v/2, but d = (1 ++/5)/2 in the case of Fibonacci anyons [5].
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Fermi liquid of CFs

Td T’low T T

Figure 2.7: Entropy as a function of temperature showing the ideal regime to probe non-
Abelian properties. The inset shows how to extract the entropy from the specific heat.
Figure adapted with permission from Ref. [14].

set of difficulties. The temperature range in which the entropy S, is experimentally accessed
must be carefully selected, as detailed in Fig. 2.7. If the temperature is greater than T,
the entropy would be dominated by phonon contributions®, Fermi liquid CFs, or positional
entropy. On the other hand, if the temperature is colder than the degeneracy temperature
T,, the coupling between quasiparticles becomes non-negligible and is unavoidably lifting the
degeneracy of the ground state. Therefore, the ideal temperature range should be between
these two regimes, as shown in Fig. 2.7 by T},,°, where ideally the experiment should be

performed in its vicinity.

Specific heat

One approach to extract non-Abelian entropy is to infer it by integrating the temperature
dependence of the specific heat with respect to temperature. Specific heat is defined in

terms of entropy by the thermodynamic relation ¢ = T implying that the entropy can be

a1’

®Phonons are expected to become negligible in the thermopower signal below ~ 200 mK in GaAs [7].
6 According to numerical estimations in GaAs systems, Tjo. should roughly be between Ty ~ 7 mK and
T* ~ 300 mK [6].
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where & is an offset from the integration that has to be determined by other means. The

dimensional entropy Sy can then be extracted by fitting the resulting S(T") curve to deduce

the zero-temperature limit and thus estimate Sy, as shown in the inset of Fig. 2.7.

This scheme was implemented in the Gervais group in a high-mobility Corbino device
[14,53-55] by using the simple relation C' = K7 to extract the heat capacity C' and convert
it to specific heat ¢. However, the main issue for obtaining an exact absolute value for the
entropy from this technique is the Sy integration constant in eq. (2.8), which was estimated
and reported in Ref. [54] by the Gervais group using previously established longitudinal
thermopower S,, data from Ref. [9]. Even though the temperature dependence of ¢ closely
matches S,,, the data from Ref. 9] originates from a different device having similar density
and mobility, and a completely different geometry, i.e a Hall bar. Hence, it is questionable
whether the entropy calculated in this way was physical and could adequately be compared

to the Yang and Halperin theory based on a Pfaffian state.

This conclusion leads to the main objective of this thesis, i.e. to measure the longitudinal
thermopower in the eaxct same Corbino device that was used to measure the specific heat
[55]. In doing so, it would provide a definitive estimate for Sy as well as new thermopower
data absent from the literature for the Corbino geometry in the SLL. Towards this goal,
in the next section, we will introduce the necessary background and the relevant literature
required to understand thermopower experimental concepts and their relation to non-Abelian

entropy.
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2.3 Thermopower

2.3.1 The Seebeck effect

In 1822, Thomas J. Seebeck discovered that two dissimilar metallic junctions held at
different temperatures would deflect a magnet. This experiment was later understood as the
result of a potential AV induced by a thermal gradient AT which generates a current around
a closed loop circuit, hence deflecting the magnet by Ampére’s law. The strength at which
a material can produce a thermovoltage is given by the Seebeck coefficient, or thermopower,

defined as
AV

(2.9)

The mechanism for thermopower is attributed to an equilibration of charges that were dis-
placed by the thermal current originating from a thermal gradient. This leads to a measurable

voltage with an opposite sign relative to AT as illustrated in Fig. 2.8.

Teold T @ _

A T Thot

Figure 2.8: Generic illustration of the Seebeck effect in a three-dimensional material in the
absence of a magnetic field.

For metals, the Seebeck coefficient is typically on the order of a few pV/K whereas
it can be on the order of a few hundreds of ©V/K for semi-conductors [56]. To observe
thermoelectricity, the electric current density Je in the device must be identically zero. This
can be understood using Boltzmann’s equations for thermal and electronic transport in the

absence of a magnetic field [57]. As such, these equations can be expressed in a compact
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matrix form as

J

Q
Q
n
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<
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Q
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~

where Jq is the heat current density, II is Peltier’s coefficient, & is the thermal conductivity,

and o is the electrical conductivity. When the electric current is set to zero, i.e. Jo = 0,

_Yv

the first row of the matrix equation yields S = —&5.

The addition of a magnetic field or
an anisotropy in the material complicates the problem and the elements in the matrix be-
come tensors. In particular, the thermopower separates into the longitudinal thermopower
Sz, and the Nerst (transverse) coefficient S,,. The thermal transport leading to a mea-
surable thermopower can be dominated by phonons (phonon-drag) or electrons (diffusion
thermopower) depending on experimental conditions such as the temperature at which the
experiment is performed. Note that the latter is the relevant thermopower regime to probe

the transport of quasiparticles, and in this work, the focus will only be on the longitudinal

diffusion thermopower S, since in a Corbino geometry, S;, = 0.

2.3.2 Longitudinal thermopower and entropy in clean 2DEGs

As briefly mentioned in the previous section, there is a direct relation between entropy
and longitudinal diffusion thermopower of a 2DEG. Albeit, that relation deeply depends on

the measurement geometry used experimentally.

Hall bar geometry

In a Hall bar device, in the clean limit”, the longitudinal thermopower S, is related to

the entropy per electron per electron charge |6]

S

Sxm = T T a0
le| N

(2.11)

"The clean limit is achieved for w.7,, — 0o, where w, is the cyclotron frequency and 7,, is the momentum
lifetime. For our ultra-high mobility sample, this is obtained for fields of a few mT. A rigorous definition of
this limit is discussed in detail in Ref. [58].
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where N, is the number of electrons contributing to the transport. The number of excited

quasiparticles near the center of a quantum Hall plateau is given by [6]

e B— B[)
e* BO

Ne, (2.12)

where e is the charge of the electrons, e* is the effective charge of the quasiparticles®, and

By is the field at the center of the quantum Hall plateau. In the above expression, e%Ne|

corresponds to the number of N, quasiparticles created for a given number of electrons Ve,

and |B=Be
By

is the fraction of excited quasiparticles arising from a deviation from the center
of the quantum Hall plateau. Thus the product of these two expression yields the number
of excited quasiparticles or quasiholes as expressed by eq. (2.12). Combining eqs. (2.7),
(2.11), and (2.12) results in an experimentally accessible expression that allows to extract
the quantum dimension d, assuming a known value for e*, 7.e.

kp B — By
e* BO

Spw = — Ind. (2.13)

The Hall bar longitudinal thermopower is therefore proportional to the absolute value of B

and remains negative across the FQH plateau.

Corbino geometry

In the case of a Corbino disk, also in the clean limit, Barlas and Yang found a drasti-
cally different behavior, where the longitudinal thermopower is related to the entropy per

quasiparticle per quasiparticle charge [8]

S
= . 2.14
SJ/'CC G*Nq ( )

8The theoretical descriptions of non-Abelian quasiparticles support an effective charge e/4 for the 5/2
FQH state. However, quasiparticles with an effective charge of e/2 have also been measured in shot noise
measurements at v = 5/2 [59].
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Substituting S by the dimensional entropy defined in eq. (2.7) yields the following expression

for the longitudinal Corbino thermopower
Spr = —Ind. (2.15)

As a result, in the Corbino geometry the sign of S, is expected to change when the transport
switches from quasiparticle to quasihole dominated and the sign of e* changes. However, the
magnitude of S,, remains finite and constant in the FQH plateau. This contrasts with the
Hall bar longitudinal thermopower where the magnitude of S,, follows |B| in the vicinity of

By.

2.3.3 Longitudinal thermopower in the quantum Hall effect

Characteristic features of the longitudinal diffusion thermopower in the Hall bar geometry
include —S,, vanishing at the center of LLs and taking positive values between LLs, and
the magnitude of the peaks associated with the LLs increasing with magnetic field and
temperature. As shown in Fig. 2.9a, this behavior is predicted by theory [60,61] and was

observed experimentally [62,63]. Again, from the fundamental distinction between Hall bar
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Figure 2.9: a) Measured Hall bar thermopower compared to simulations in the QHE
reproduced from Ref. [62]. b) Simulated Corbino thermopower in the quantum Hall effect
reproduced from Ref. [§].

and Corbino thermopower illustrated by eqs. (2.11) and (2.14), their behavior contrasts
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sharply. As shown in Fig. 2.9b, Corbino thermopower changes sign at the center and
between LLs since the transport shifts from particle dominated to hole dominated, a behavior
reminiscent of the entropy per quasiparticle per quasiparticle charge description predicted by
Barlas and Yang [8]. Furthermore, close to the center of the LL, the magnitude of S,, is

expected to increase as a function of decreasing temperature [64].

Multiple groups [65-67| have attempted to study the Corbino thermopower in the quan-
tum Hall regime with varying degrees of agreement with the theory. These studies differ in
the way that the thermal gradient was induced in the device. As such, the first study [65]
generated a thermal gradient by making use of a laser spot focusing on the center contact of
the Corbino device as depicted in the inset of Fig. 2.10a. The authors labeled the recorded
signal as photovoltage since it is a priori induced by light even though they claim to have
measured thermovoltage. This signal captures some expected features of the Corbino ther-
mopower except for the sign reversal at LLs. The same problem subsists in a subsequent
study [66] where the thermopower signal does not convincingly display a symmetric sign
reversal. In the latter, the thermal gradient was created with microwave radiation in a con-
centric waveguide on the outer contact of the device. More recently, in a study by Real et
al. [67], more conclusive results were obtained using an on-chip resistive heater patterned
within the inner contact of the device as shown in Fig. 2.10c. This design allows one to
employ the standard quasi-DC lock-in technique and obtain more precise results®. The ther-
movoltage Vi, shown in Fig. 2.10c, captures the symmetric sign reversal at the correct
locations. The large spurious signals appearing at exact filling factors are an unexplained
artifact of imposing a thermal gradient in insulating QHE states. A common problem with
these works is the lack of a defined temperature gradient across the device contacts, although
Real et al. recently made progress in that direction [68,69]. This hinders a precise quantita-

tive assessment between results from different devices and additionally makes it difficult to

9Purely DC measurements typically suffer a background from residual thermoelectric voltages at the
devices contacts.
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Figure 2.10: Corbino thermopower results in the QHE adapted and reproduced from a)
Ref. [65], b) Ref. [66], and c) Ref. [67].

measure the temperature dependence of the Corbino thermopower. From Ref. [67]’s results,
there is suggestive evidence in Fig. 6 for S,,(7T') to decrease with increasing temperature
as proposed theoretically [64]. The caveat is that the heating power is kept constant as the

temperature is increased which would result in a reduced AT, consequently reducing AV

with temperature. Hence, the data from this experiment remains inconclusive.

2.3.4 Longitudinal thermopower in the fractional quantum Hall ef-

fect

Longitudinal diffusion thermopower data for the Corbino geometry in the FQH regime
is absent from the literature but is well-established in the case of the Hall bar geometry.
Fig. 2.11 presents a selection of recent results by different groups |9, 70|, for a variety of

FQH states. The general qualitative behavior of —S,, in the FQH regime is similar to the
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Figure 2.11: a) Figure reproduced from the Caltech group, Ref. [62], showing a multitude
of FQH states detectable with thermopower in a device with a similar density than the
Corbino device used in our work. b) Thermopower data from Ref. [70] in a device with
a lower density, featuring the temperature dependence of IQH and FQH states. c¢) Figure
reproduced from Ref. |9] for the same device as in a) in the SLL. d) Hall bar thermopower
in the vicinity of the v = 5/2 FQH state from Ref. [9].

QHE regime in the sense that a vanishing —S,, coincides with a FQH state and the signal
increases with increasing temperature as seen in Figs. 2.11a,b,c. Additionally, focusing on
the 5/2 FQH state, an appreciable attempt to experimentally reproduce the behavior of eq.
(2.11) was made by Chickering et al. [9] and reproduced here in Fig. 2.11d. This result shows
hints of the expected non-Abelian trend as the temperature is lowered to 20 mK but remains
non-compelling evidence for a non-Abelian entropy given by the highly-degenerate Hilbert
space. There was also an attempt in a Hall bar bilayer graphene device in which there exists

a richer set of even denominator states to explore compared to GaAs systems. The data
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Figure 2.12: Figure reproduced from ref. [63]. Thermopower in a bilayer graphene device
along with its associated theoretical prediction for a) the v = 1/2 state and b) the v = 5/2
state.

from Ref. [63] at low temperature (300 mK) shown in Fig. 2.12 shows weak evidence for
the presence of non-Abelian entropy. These preliminary results justify the need to search for
more definitive evidence, and as suggested by the authors of Ref. [9], the Corbino geometry

could potentially provide a more quantitative approach to probing non-Abelian entropy,

hence the focus of this work.
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Chapter 3

Methodology

This chapter covers the experimental details pertaining to the devices, instruments and
measurements involved in probing Corbino thermopower. First, the design of the sample
stage assembly attached to the dilution refrigerator is reported. Secondly, the design con-
straints and details of the thermovoltage setup are described. Finally, the details of the
thermovoltage circuit are explained along with the scheme required to generate a known

temperature gradient.

3.1 Design of a sample stage assembly for a dilution re-
frigerator

All the low-temperature and magnetic field data presented in this thesis were acquired in
a BlueFors LD250 dilution refrigerator unit equipped with a 9 T superconducting magnet.
For enhanced thermal efficiency between the samples and the dilution refrigeration unit, the
devices are wired from the mixing chamber! to room temperature via thermocoax cables.

These cables have an appreciably high linear resistance of about ~ 50 ©/m, making them

'The mixing chamber is the final stage of a dilution unit, where a base temperature below 7 mK is
routinely achieved in our system.
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the optimal trade-off between a good electrical conductor and a bad thermal conductor?.
From the mixing chamber to the sample stage, maximum thermal contact is required for the
device contacts to be as cold as possible. Hence, this justifies the choice of routing oxygen-
free high-conductivity (OFHC) copper coaxial cables down to the device stage. Moreover,
the use of coaxial cables minimizes the excess noise or heat leaks coming from unwanted
sources of electromagnetic or thermal radiation. For the same reason, the device is also

encapsulated in a copper Faraday cage (see Fig. A.1 in appendix A).

The sample stage is a crucial component of a functional low-temperature high magnetic
field apparatus. The sample stage is positioned at the center of the magnetic field center and
is thermally connected to the mixing chamber in order to cool the devices down to below
~ 10 mK. This setup was designed in-house since dilution unit users have many different
needs and constraints. Here, a new sample stage was designed to overcome a temperature
limitation arising from excess vibrations reaching the system. The design constraints and the
material choices required to achieve the best sample stage base temperature are stringent and
intertwined, mainly because of the low-temperature (below 7 mK) and high magnetic field
(up to 9 T) of the system. The main constraints are listed as the following: i) restricting to the
use of non-magnetic materials and minimizing eddy currents; ii) high thermal conduction and
low heat capacity between the mixing chamber and the sample stage; iii) strong mechanical
rigidity; iv) must fit with at least 5 mm of clearance within the magnet bore; v) must allow

enough space to accept four devices and the associated wiring.

To satisfy constraints i), ii), and v), a design intended for a different dilution system (Ox-
ford Triton |71]) was adapted for the BlueFors dilution unit. This mostly concerns the choice

of materials and the geometry of the bottom plate where the samples are installed.

Fig. 3.1 offers a detailed schematic of the sample stage assembly regarding the geometry

and the choice of materials. OFHC copper was chosen as the top plate and support rings

20therwise the cables would conduct heat from room temperature to mK temperatures and be a major
source of heat leak, 7.e. warming up the mixing chamber stage.
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Figure 3.1: Schematic of the sample holder assembly designed to cool samples below 10
mK in the 3 inch bore of a superconducting 9 T magnet.
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that connect to the mixing chamber stage for its superior thermal conductivity and low heat
capacity. Coin silver was chosen for the support bars and bottom plate since it offers the best
trade-off between thermal conductivity and mechanical rigidity. An array of holes was drilled
in the support bars in the region where the magnetic field is strong® to mitigate the effect of
eddy current heating by cutting the current loops generated by a time varying magnetic field.
The same principle was applied to the bottom plate and support rings where overlapping
slits were cut in the plate. The heat leak from eddy currents is given by [72]
B r2V B2

Qe = ) (3.1)

for a filled disk of radius r, volume V', and resistivity p. Assuming the OFHC copper bottom
plate to be filled, Q. is estimated to be ~ 22 yW for a magnetic field sweep rate of B = 50
mT /min. This is significantly higher than the ~ 13 uW cooling power at 20 mK of the
BlueFors dilution unit and will inevitably lead to an increase in base temperature. Hence,
mitigating (. by cutting the current paths with slits and holes is crucial. Moreover, a
fast thermal response time to cool back down to base temperature efficiently following a
magnetic field sweep is also important. For quantitative estimates of the thermal response
time, ¢.e. the figure of merit for the thermalization of the assembly to the mixing chamber,
see Ref. [71]. These values slightly underestimate the response time of the BlueFors sample
stage assembly since they apply to a shorter design. Finally all the parts of the assembly were
electrochemically gold-plated with a thickness of ~ 800 nm to protect them from oxidation,

increase the surface reflectivity?, and enhance the thermal contact between parts.

In order to satisfy constraints iii) and iv), the pre-existing 28 cm long design from Ref. [71]
was adapted for a 38 cm long sample stage. Since the BlueFors sample stage had to be made

10 cm longer, two support rings were added to reinforce the structure of the apparatus.

3The magnetic field drops by 90 % at z = 13 cm away from the field center. Therefore, the support ring
was installed, and the holes were drilled until approximately that distance to reduce eddy currents.
4A more reflective surface will emit and absorb less black-body thermal radiation.
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The enhanced structural strength was also required to reduce mechanical vibrations in the
sample stage since it becomes a huge source of eddy current heat leak in a strong magnetic
field [72|. For the same reason, two ruthenium oxide (RX-102B-CB) thermometers were
installed below the bottom plate to ensure that a reasonable base temperature was obtained
at the sample stage. They were calibrated in previous cool-down runs at the mixing chamber
stage down to 7 mK since achieving a base temperature below 20 mK is crucial to obtain a

near perfectly collapsed 5/2 FQH state.

For a lengthy portion of this work, a large mechanical vibration was propagating to the
sample stage and led to a sub-optimal base temperature of above 100 mK in a magnetic
field. This was caused by an incorrectly installed attenuation plate holding a scroll pump in
the gas handling system of the cryostat. As a result, this was hindering the formation of the
5/2 FQH state. This problem was partially solved with the new mechanically rigid sample

stage assembly and then fully resolved by eliminating the vibration at the source.

3.2 Thermoelectric experiment in an ultra-high electron

mobility Corbino device

3.2.1 Design considerations

Having now met the experimental requirements to measure thermopower in the FQHE
regime with the sub-10 mK sample stage in a 9 T magnetic field, the conception of a setup for
measuring thermopower can be considered. Historically, typical thermopower experiments
consist of two thermometers and two voltage probes at both ends of a sample with one side
held at base temperature via a thermal ground while the other side is heated [56,57|. In spite
of the simplicity of this approach, it is difficult to implement in micrometer-scale samples of
ultra-high mobility (> 20 x 10% cm?/Vs) since directly patterning thermometers or heaters

on the wafer significantly degrade its electronic mobility. To mitigate this, we opted to use
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the device itself as an in-situ thermometer, a technique implemented successfully in the past
by other groups working with ultra-high mobility devices |7,70]. Nevertheless, a heater is
still required to generate a thermal gradient in the sample, and its correct implementation
is one of the main challenges for a functioning thermoelectric setup. The Corbino geome-
try also introduces an additional difficulty since the thermal gradient needs to be applied

radially.

The task of finding an optimal solution for a heater compatible with sub 10 mK tem-
peratures, high magnetic fields, Corbino geometry, and ultra-high mobility 2DEGs while
avoiding substantial modifications of the current state of the device is tedious. Previous
experiments [65-68] in the Corbino geometry employed various methods to generate a radial
thermal gradient but were limited to temperatures higher than ~ 300 mK. The approach
from Ref. [65] using a focused laser spot to heat the center of the Corbino (see the inset
of Fig.2.10a) is appealing since the device is not physically altered and the mobility would
remain unaffected. However, it potentially creates a large source of heat leak for mK tem-
peratures and also leads to ambiguous interpretations of the thermovoltage signal when
considering the sensitivity of GaAs/AlGaAs heterostructures to light. The setup devised by
Kobayakawa et al. [66] using radio frequency (RF) signals as a heat source (see the inset
of Fig.2.10b) is also worth mentioning but raises concerns when applied to an ultra-high
mobility sample. Finally, the most promising solution comes from recent works [67,68| and
is shown in the inset of Fig.2.10c. In their study, a Au/Pd micrometer-sized resistive heater
film is patterned within the center contact of their Corbino sample. As a result, a radial
thermal gradient is induced and the thermal contact and the thermal response time is excel-
lent, allowing them to employ quasi-DC lock-in detection to measure thermoelectricity with
a high degree of precision similar to previous works in the Hall bar geometry [62]. Although
the authors did not measure their mobility with this setup, this configuration is in principle
not detrimental to the sample quality since the heater is far away from the 2DEG rings

where the transport is probed.
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However, patterning an on-chip heater would require substantial modifications to the
current device with photolithography, electron beam lithography, or even the fabrication of
an entirely new device. Since we wished the device to remain unchanged in order to compare
with previous results [55], a hybrid solution had to be considered. As a solution, we opted
to heat the center contact of the Corbino device and create a radial thermal gradient in a
similar fashion as Real et al. [67], with a heater in the form of a chip resistor glued to the

center contact of the Corbino device.

3.2.2 Corbino device parameters

The ultra-high mobility Corbino device (CB05) is schematized in Fig.3.2a. It is based on
a GaAs/AlGaAs heterostructure having a quantum well width of 30 nm, an electron density
of n, = 3.08(1) x 10" em™2, and a measured mobility of 22(2) x 10° cm?/Vs as reported
in previous works on the same device [14,53,54]. The wafer (#3.11.10.2) was grown at
Princeton university by L. N. Pfeiffer and K. West using state-of-the-art MBE. The contacts
consist of Ge/Ni/Au layers patterned by photolithography. The inner circular contact has a
radius of 0.25 mm, whereas the outer ring contact has an inner and outer radius of 1 mm and
1.5 mm, respectively. Further details pertaining to the fabrication and characterization of
the device can be found in Ref. [14]. The contacts are wired with 25 pum gold wires soldered
with indium. During the initial cooling process, the 2DEG was optimized by illumination
with a red LED down to a temperature of ~ 5 K, a crucial process for the observation of

the v = 5/2 FQH state.

3.2.3 Chip resistor heater thermoelectric setup

This chip resistor heater setup is quite simple in design and it is shown in Fig. 3.2a. It

is glued to the center contact of the Corbino device with a thin layer of Apiezon N vacuum
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Figure 3.2: a) Schematic and pin-out of the Corbino device. The chip resistor heater is
glued to the inner contact 7 using a small layer of Apiezon N. The inner contact (r1) has a
radius of 0.25 mm and the outer contact (ry) has a radius of 1 mm. H+ and H- are the chip
resistor heater contacts. This configuration is identical for both CB01 and CB05 devices. b)
Schematics of the chip resistor heater with a resistance of 200 {2 at room temperature and
374 Q at 7 mK.

grease. This specific adhesive was selected for its thermal performance at low-temperature®
and its ability to crystallize while cooling to base temperature, hence creating a solid thermal
and mechanical bond with the center contact. The chip resistor is made of a ceramic substrate
and a ruthenium oxide resistive element with metallic contacts as shown in Fig. 3.2b. This
chip resistor was also selected to be as small as possibly available in order to maximally
reduce its heat capacity. In this case, it has a length of 300 um, a width of 150 pym and
a height of 150 pm, which are dimensions compatible with the 500 pym diameter center

contact.

To assess the suitability of the chip resistor setup as an efficient thermoelectric setup, the
thermal response time was characterized by measuring the change in conductance following
a heat pulse sent to the heater. The electrical circuit used to measure conductance as a
function of magnetic field or heating power is shown in Fig. 3.3. A voltage V' between the

outer and inner contacts is set to 100 pV with a 1:1000 voltage divider and is measured with

SEven though at 100 mK Apiezon N has a rather low thermal conductivity 107 W/(cmK) compared
to copper 10~ cmK), it creates a solid thermal link between two surfaces by filling the gaps of porous
1071 W K), i lid th 1 link b f by filli h f
interfaces [72].
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an SR830 lock-in amplifier. The current [ is inferred by probing the voltage in a 1 k2 resistor
with a second SR830 lock-in amplifier synced to the same frequency as the previous lock-in
amplifier. This frequency is typically 17.367 Hz throughout this work for quasi-DC transport

measurements as a function of magnetic field but it can be varied and it will be stated when

I

this is the case. Finally, the two-point conductance is calculated with G'= 7; and typically

reported in units of uS. To extract the thermal response time of the chip resistor heater,

SR830 1
100 mV

Figure 3.3: Circuit used to measure electrical transport and characterize the quantum Hall
or fractional quantum Hall states within CB01 and CB05. In the limit of high impedance, the
voltage across 19 and 7 is fixed to 100 £V by a 1/1000 potential divider. The voltage across
the contacts is also measured with a lock-in amplifier whereas a second lock-in amplifier
measures the current across a 1 k{2 resistor. Both lock-ins are synced to 17.367 Hz.

the quasi-DC lock-in detection conductance circuit shown in Fig. 3.3 was slightly modified
to allow for a much faster temporal resolution. Using an SR830 synced to a frequency of
17.367 Hz limits the temporal resolution to more than 300 ms because an average over a few
cycles of 1/(17.367 Hz) is required to detect a consistent signal. To improve the temporal
resolution, the SR830 was replaced by a HF2LI Zurich digital lock-in amplifier that can
measure up to 50 MHz with 210 MSa/s. In that sense, employing a frequency of 123 kHz,
a sampling rate of 124 kSa/s and a time constant of 100 us was sufficient to resolve the
time evolution of the conductance following the application of a square wave heating pulse

of 1 uW, as shown in Fig. 3.4. The characterization of the thermal response time constant
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Figure 3.4: Thermal response time of the chip resistor heater measured using the change
in conductance in device CBO1. A 1 uW square wave is sent to the chip resistor heater and
the conductance is measured using the circuit from Fig. 3.3 with the SR830 lock-in amplifier
replaced by a HF2LI Zurich digital lock-in amplifier for faster data sampling. The signal is
a result of an average over 92 samples. As shown in the inset, this was performed in the
vicinity of the v = 9 IQH state where the conductance is highly dependent on temperature.

was performed in a lower mobility sample (CB01)® that has the exact same geometry as the
ultra-high mobility device (CB05) at a filling factor in the vicinity of the v = 9 IQH state
where the conductance is highly temperature dependent, as shown in the inset of Fig. 3.4.
An exponential fit was employed to extract a thermal equilibration time constant of 7 ~ 0.5
ms, which is comparable to what was achieved in Ref. [9], allowing for lock-in detection at
frequencies up to % ~ 2 kHz". Considering that this was performed at a temperature of
10 mK and a magnetic field of around 2 T, it demonstrated that the chip heater resistor
could be used for experimental conditions similar to where the v = 5/2 FQH state manifests.

Additionally, earlier investigations of the electronic transport with the low mobility CB01

6This device has a mobility of 1.0 x 10° cm?/Vs and a density of 4.6 x 10! ecm~2.
In practice, frequencies 10 or 100 times less than % are selected to avoid phase shifts in AV [73].
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device did not reveal significant degradation of its mobility. This will be further tested and

discussed in chapter 4.

3.3 Thermopower measurement scheme

As defined in the section 2.3, one can experimentally access the longitudinal thermopower
Sze by probing separately the thermovoltage AV, and the thermal gradient AT, and

then computing the thermopower given by

AVims
= — 2
See = — A1 (32)

where a distinction from eq. (2.9) is made in regard to the root mean square (RMS) values

which are the experimentally accessible quantities using a lock-in detection technique.

3.3.1 Measurement of the thermovoltage

Owing to its low Seebeck coefficient (.S,,), which was reported previously [9] to be on
the order of ~ 0.1 uV /K for the v = 5/2 FQH state, thermovoltage signals of a few nV are
expected for temperature gradients of a few mK. Therefore, the thermovoltage measurement
circuit must be sensitive enough to detect sub-nV signals. This was realized by using a SR560
low-noise voltage pre-amplifier to amplify signals before the SR830 lock-in detection stage
as shown in Fig. 3.5a. The SR560 has an input noise of 4 nV/ VHz at 1 kHz® and an input
impedance of 100 M$2, making it adequate for measuring nV signals in the v = 5/2 FQH state
where the impedance of the device reaches ~ 5 Mf). Even though the instruments used to
detect the thermovoltage signal are quite straightforward, the interpretation of the signal on
the lock-in channels requires more analysis to be converted to thermovoltage. First, as seen

in Fig. 3.5a, the SR830 lock-in amplifier drives a sinusoidal waveform sin(wt) to the heater

8The input voltage noise increases to 5 nV/vHz at 80 Hz, close to 2w where the measurements are
performed.
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Figure 3.5: a) Schematic showing the measurement circuit employed to measure quasi-DC
thermovoltage using the chip resistor setup. b) Representation of the heater current Iy, the
thermovoltage AV, and the lock-in reference at 2w in the time domain.

via a 1 MQ resistor in order to fix the current to Iy = Iysinwt.” As a result, the heating

power Qums from Joule heating occurs at twice the frequency of the heater current

Qums = Ryl = RIZsin® wt = Rng (1 — cos(2wt)) . (3.3)
This is shown schematically in Fig. 3.5b and also demonstrates that the thermovoltage
will be in phase with the resulting thermal gradient induced at cos(2wt). Therefore, the
thermovoltage is lock-in detected at the second harmonic 2w in the Y channel since cos(2wt)
is /2 out of phase with respect to the original sin(wt) signal. In addition, from this circuit
configuration, no signal at w should be detected, and the signal at 2w should change sign

upon inversion of the probes and be monotonic with respect t0 Qyms.

3.3.2 Determination of the temperature gradient

The crucial component to get an accurate absolute measurement of the Seebeck coefficient
Szz 18 to induce a known temperature gradient AT},,s between the device contacts. This is

challenging to achieve in the Corbino geometry since the resulting gradient is by nature

9For the experiments performed in this work, the current typically ranges between 0 and 5 pA, yielding
a heating power ranging approximately from 0 to 10 nW.
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non-linear as a function of » and must be uniform with respect to . This was attempted in
earlier works [67,68] but the induced AT was estimated with theoretical modeling instead
of using a calibration. The procedure described here in Fig. 3.6 is analogous to the in-situ
method implemented by previous works in Hall bars |7,9,62,70], although it is adapted for

the Corbino geometry. The AT, calibration procedure relies on the strong temperature

.
9.

Figure 3.6: Schematic of the procedure to apply and measure a known thermal gradient
AT between the device contacts.

dependence G(T') of the conductance as an in-situ thermometer near FQH states as shown
in Fig. 3.6b. As such, an electron temperature calibration is first performed by varying the
temperature of the mixing chamber and device from T to 7} and recording the resulting G(T)
10

curve. Then, the heating power Qs of the heater is incremented until the conductance

is equal to G(71), implying that the average electron temperature (7.) is equal to 7. The

10The conductance measurement is a spatial average of the conductance from r; to r», and thus provides
information on the average temperature of the 2DEG regardless of the temperature gradient.
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heating power Q),us can thus be related to the average temperature of the 2DEG, and it is

in turn linked to the thermal gradient AT}, by the following relation,

_ D= sy -y, (3.4)

r1 log H

r2—r1

where r; and ry are the radii of the device contacts as defined in Fig. 3.2 and T} is the
temperature of the device before applying heat. This result is derived in appendix B and
deviates from the expected AT,,s = 2 ((T') — Tp) for a Hall bar since the thermal gradient is
a logarithmic function of r as a result of heat diffusion in the Corbino geometry. Modeling
of T'(r) using the heat equation in the Corbino geometry is shown in Fig. 3.6. To extract an
accurate value for AT,,, the calibration process is repeated for multiple Ty temperatures and
filling factors v because a priori, the response of the device to heat (thermal conductance)
is not the same for all filling factors in the vicinity of FQH states as shown in Ref. [74] and
AT ms(v, Ty) could be a function of v. In that sense, one needs to record the conductance

G(v, Ty, Qums) at each filling factors v, temperatures Ty and heating power Q.

Another noteworthy difficulty is selecting a temperature gradient small enough to remain
in the linear regime of the longitudinal thermopower since S,, depends on temperature. In
previous studies in GaAs [7,9, 62|, temperature gradients of less than 10% of the initial
temperature T;) were selected to ascertain the linearity. However, in another recent work in
bilayer graphene [63], the authors pushed that limit to 35% and claimed to remain in the
linear regime. Altogether, the ideal case is the limit when Qums, ATims — 0, which inevitably

becomes hard to achieve as the temperature is lowered towards ~10 mK.
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Chapter 4

Results and discussion

In this chapter, the electronic transport of the ultra-high mobility Corbino device is first
investigated prior to installing the chip resistor heater. The thermovoltage signal is then
validated as being a genuine thermoelectric voltage based on multiple experimental assess-
ments and by comparing its transport properties in the QHE and FQHE with expectations in
the Corbino geometry. A temperature gradient calibration is performed at multiple partial
filling factors v* in the vicinity of the v = 5/2 FQH state. Here, as is the norm in the FQH
literature, partial fillings v* are defined as a deviation v* = v —vj from the exact filling factor
vy of a given FQH state. Finally, the apparent degradation of the 5/2 FQH state by the
chip resistor heater is tentatively explained in terms of potential thermal-contraction-induced

strain mechanisms that could have lowered its energy gap.

4.1 Electronic transport and benchmarking of fractional
quantum Hall states

Before the chip resistor heater setup was implemented and any thermoelectric measure-

ments were attempted, the ultra-high mobility Corbino device (CB05) was characterized
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with electronic transport measurements in the SLL using the conductance circuit shown in
Fig. 3.3. This was compared to earlier data from a previous study [55] in the same device
in 2020 and it is shown in Fig. 4.1. Both data sets were acquired in the same dilution
refrigerator at the same base temperature of 7 mK, however with sample stages of different
design. During cooldown to base temperature, the device was illuminated with a red LED

until a temperature of ~ 5 K to optimize the electron mobility and density.

R2d R2c R2b R2a

25
— 25D1

50 — 20B1 |
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Figure 4.1: Bulk electrical conductance as a function of filling factor in the SLL, where the
most well-developed FQH and RIQH states are indicated respectively by solid and dashed
grey lines. The two data sets were acquired 5 years apart where 20B1 and 25D1 respectively
stand for cooldown number B1 in 2020 and cooldown number D1 in 2025.

Both data sets show a high-quality electronic transport in the SLL with multiple visible
features such as the v = 11/5, 7/3, 5/2, 8/3, and 14/5 FQH states and several reentrant
integer quantum Hall (RIQH) states, i.e. R2d, R2c, R2b, and R2a. These peculiar states
typically manifest as integer plateaus in R,, (e.g. h/3e? for R2d and R2c, and h/2e? for R2b

and R2a) even though they occur at non-integer filling factors. Hence, they are a hallmark of
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the 2DEG quality and the thermalization quality since they develop at low temperatures and
have a non-monotonic temperature dependence [75]. For instance, the conductance for the
R2c reentrant integer quantum Hall (RIQH) state first increases with decreasing temperature
and then sharply collapses to G — 0 as T is further lowered. In this case, see Fig. 4.1, the
presence of a dip at the R2c state in the recent 2025 (25D1) data set could be attributed
to a lower electronic temperature than the previous 2020 (20B1) data set where the peak at

R2c is suggestive of a less developed RIQH state.

However, another possibility for the dip in R2c¢ is an in-plane field enhancement which is
known to be favorable to some states while being detrimental for others [76]. For the 2025
(25D1) data, the device was slightly off-centered in the z axis of the magnetic field by 20
mm because the G10 post piece missing at the time of the measurement and the device was
placed directly on the sample stage bottom plate (see Fig. A.1 of appendix A). This resulted
in an overestimation of the perpendicular magnetic field in z by ~ 1.25% and an in-plane
field of ~ 170 G. Thus, some of the data reported here, namely in Figs. 4.2, 4.4, 4.5, and
4.7, was acquired in this non-ideal off-centered configuration, however it was later corrected

by adding the properly designed G10 post piece.

Regardless of the apparent quality of the 2DEG deduced from the transport measurement
in the SLL, the energy gap A is more revealing as it relates to the electron mobility, and
provides a figure of merit for the robustness of the FQH many-body state [77|. This energy
gap was extracted for the v = 5/2 FQH state and compared to earlier values in the same
device as shown in Fig. 4.2b. A gap of 114(5) mK was determined using the Arhenius
relation G = Goe~2/2*8T  which is smaller than the previously measured gap of 172(5) mK
in the same device. It is unclear whether this was due to the small in-plane magnetic field,
a degradation of the device mobility or simply an inaccuracy in the measurement itself. The
latter is more plausible since there is a visible outlier and significantly fewer data points were

acquired. This issue will be addressed in more detail later with subsequent measurements
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Figure 4.2: a) Comparison of the transport in the SLL after installation of the chip re-
sistor heater setup on device CB05. b) Arrhenius plot of the conductance as a function of
temperature in order to extract the gap of the v = 5/2 state. ¢) Energy gap of the v = 5/2
with the chip resistor heater installed on the device.

where the device was located exactly in the center of the field (see Fig. 4.10c at the end of
chapter 4). While both energy gaps are lower than previously reported in similar ultra-high
mobility devices [31], where a gap of ~450 mK was determined, it is not an issue in our case
for measuring a possible non-Abelian entropy since an electron temperature below 20 mK is

still much lower than the 5/2 FQH energy gap, A/ = 114(5) mK.
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Unfortunately, the situation differed sharply when the chip resistor heater was installed
on the center contact of the device. The quality of the high-mobility Corbino device was again
assessed with electronic transport and energy gap measurements, and these are reported in
Figs. 4.2a,c, where the most sensitive FQH states (v = 11/5, 14/5) are no longer noticeable.
Additionally, the gap of the 5/2 FQH state is now suppressed down to 39(1) mK, and this is
highly detrimental for probing non-Abelian entropy since the experimental temperatures are
now comparable to the FQH energy gap, i.e. the quasiparticles are now thermally excited.
Possible explanations for this degradation of the quality of the device will be discussed later
in this chapter. In spite of this major setback, the chip resistor heater setup was tested and
the thermopower was studied in this non-ideal regime to gain experimental insights. This
is discussed in the remaining sections of this chapter where the thermoelectric signals are

characterized in both the QHE and FQHE regimes of the Corbino device.

4.2 Thermovoltage signal characterization

4.2.1 Thermovoltage circuit properties assessment

Several validations were performed to assess that the thermovoltage circuit shown in Fig.
3.5 gives physical values consistent with thermoelectricity. This first validation consists in
verifying that there is no electrical short circuit from the heater leads to the center contact of
the device. This was done routinely at the beginning of each cooldown and typical values are
reported in table C.1 of appendix C. All the validations presented in Fig. 4.3 were performed
in the vicinity (v* = 0.01) of the v = 5/2 FQH state where the thermopower signal is large,

except for Fig. 4.3¢ (at v* = 0).

To first verify that the chip resistor is effectively heating the 2DEG, the conductance
at the 5/2 minimum was recorded as a function of the heater current Iy, from -5 to 5
pA as shown in Fig. 4.3c. Since G5/, is a monotonic function of T, this reveals that the

average temperature of the 2DEG increases with +1j..:. Although there is a significant
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Figure 4.3: a) Voltage detected at 2f in the X and Y channels with two inverted probes
configurations. b) Voltage detected at 1f and 2f in the X and Y channels. c¢) Electrical
conductance as a function of heating current sent in the chip resistor at v = 5/2. d) Voltage
detected at 2f in the X and Y channels as a function of heater power.

asymmetry from =+1.,, that arises from an insufficient thermal relaxation time to base
temperature between the —+/I..; and —I..¢ data sets, the parabolic shape is consistent with

Joule heating, i.e. G x Q = RyI?.,., where Ry is the resistance of the heater. In this

eat’

respect, the conductance is linear with IZ,, as is expected from Joule heating and as is

observed in Fig. C.1 of appendix C.

Based on the design of the thermovoltage circuit, the thermoelectric signal is expected
among others to; (i) change sign upon inversion of the voltage probes, (ii) be exclusively in
the Y channel at 2f, and (iii) be linear with heating power in the low-power limit. These

properties are all respected, as shown in Figs. 4.3a,b,d. This also rules out any possible
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current leaking from the heater to the 2DEG since otherwise a large signal would have been
detected at 1f. Additionally, the measured thermovoltage is independent of frequency below
~ 50 Hz, i.e. far away from the limit set by the thermal response time of the heater!, as
shown in Fig. E.1 of appendix E. Thus, the frequency-independent signal guarantees that
the magnitude of the thermovoltage is not distorted by phase shifts from a slow thermal

response.

These validations demonstrate that the voltages measured with the chip resistor heater
setup shown in Fig. 3.5 are genuine thermovoltage signals. Nonetheless, in the next section,
we will show with transport measurements in the IQHE regime that this thermovoltage is

also consistent with longitudinal diffusion thermopower in the Corbino geometry.

4.2.2 Thermovoltage in the quantum Hall effect regime

As shown in Fig. 2.9, in the QHE regime, the longitudinal Hall bar and Corbino ther-
mopower contrast sharply. This was first pointed out in the theoretical work of Barlas and
Yang [8], as it gives rise to a saw tooth pattern that oscillates between positive and negative

values at integer filling factors.

These features are observed in Fig. 4.4 in the regime where the IQHE begins to undergo
spin-splitting, i.e. where the Zeeman energy splits the electron spin degeneracy in LLs. As
highlighted in yellow, between two LLs and at the center of a LL, the thermovoltage van-
ishes and changes sign concomitantly with a conductance minimum. This indeed provides
a confirmation that the thermoelectric voltage measured here originates from Corbino lon-
gitudinal diffusion thermopower. Note that no temperature calibration was performed in
this regime and that a fairly large heating power was used, ¢.e. Qs = 10 nW, in order to
increase the thermovoltage signal and make a clear observation of the expected saw tooth

pattern. Consequently, AV, could not be converted to S,, since in this case the thermal

!The thermal response time was estimated to be 0.5 ms (see Fig. 3.4), which sets a limit of 2f = 2kHz
on the frequency before encountering phase shifts from an insufficient thermal relaxation time.
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Figure 4.4: a) Thermovoltage in the spin-splitting regime of the QHE for an applied heating
power of Qs = 10 nW. b) Electrical conductance at the same magnetic fields as in a).

gradient AT, is unknown.

Probing the thermovoltage in the IQHE regime at higher magnetic fields (lower LLs)
proved to be more difficult and yielded incoherently large fluctuating signals at integer filling
factors as seen in Fig. 4.5a. However, the expected sign reversal from Corbino thermopower
is still observed in-between LLs, as shown by Fig. 4.5b, where large spurious signals were
artificially removed. Surprisingly, this behavior is not new and has been observed before
albeit to a smaller extent in previous works in the Corbino geometry [67]. In this work [67],
the authors attributed these large spurious signals to temperature-driven magnetic flux or
temperature-dependent contact potentials that cannot equilibrate in the conductance minima.
However, the latter is here implausible since it has been experimentally shown that the bulk
of IQH states remain thermally conductive even in the conductance minima [74,78|. Another

noteworthy origin for these large signals could be an experimental artifact caused by the bulk
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insulating IQH states, whereby the impedance between the voltage probes exceeds the input
impedance of the pre-amplifier. If this is the case, it would explain why the effect is stronger
in our work since a 100 M2 input impedance pre-amplifier was used rather than the 1 T

input impedance pre-amplifier used in the work of Ref. [67].

AVips (nV)

0.5 1.0 1.5 2.0 2.5 3.0
B(T)

Figure 4.5: a) Raw thermovoltage in the QHE regime for an applied heating power of
Qrms = 10 nW. b) Thermovoltage in the QHE in which the unphysical signal when G — 0
is removed. c) Electrical conductance at the same magnetic fields as in a) and b).

For the same reasons as for the data shown in Fig. 4.4, no temperature calibration
was attempted and as a result no absolute thermopower could be extracted from the signal
measured in Fig. 4.5. This fact, combined with the much higher base temperature of

~ 300 mK in Ref. [67], hinders a precise quantitative comparison of the magnitude of the

46



thermovoltage between their and our work. Nonetheless and remarkably, the amplitude of
the thermovoltage for similar IQH states is on the same order of magnitude, i.e. ~ 20 nV

for this study compared to ~ 100 nV for Ref. [67].

Finally, regardless of the thermovoltage magnitude and the spurious signals observed,
the saw-tooth-sign-change behavior is consistent with Ref. [67]’s work and with theoretical
modeling [8], providing further confirmation that indeed the measured voltage originates from
Corbino longitudinal diffusion thermopower. In the next section, we will focus on extracting
the thermopower S,, in the vicinity of the 5/2 FQH state using a proper temperature

calibration procedure in an effort to determine the temperature gradient.

4.3 Determination of a fixed temperature gradient

First, we note that measuring thermovoltages alone is not sufficient to shed light on the
non-Abelian nature of the v = 5/2 FQH state since it is necessary to perform a temperature
calibration to extract an accurate value for the temperature gradient (AT), as detailed in
Fig. 3.6. This is presented in Fig. 4.6 at three partial filling factors v* in the vicinity of
v = 5/2, namely, v* = —0.01, 0.00, and 0.01. As a first step, the temperature dependence of
the conductance was measured at each v* and these are reported in Fig. 4.6a. Secondly, the
conductance as a function of heating power Qrms Was measured at base temperature and they
are shown with shared axes in Fig. 4.6b, for clarity. Then, the conductance was converted
to the average electron temperature (7.) versus Qums using the previously measured G(T)
data and this is shown in Fig. 4.6¢c. Here, the lowest (T.) achieved was approximately 20
mK for v* = 0.01 and v* = 0, and 15 mK for »* = —0.01. This lower bound was estimated
from the saturation of the G(T') curve at low temperatures. Finally, for a heating power
of 0.66 nW, which was selected for later measurements in the vicinity of the v = 5/2 FQH
state, the average temperature was translated to AT}, as a function of v* and this is shown

in Fig. 4.6d. The Qs was selected to be 0.66 nW in order to obtain a sufficiently strong
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S, signal while remaining linear with respect to Qyms.
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Figure 4.6: Temperature calibration at multiple v* in the vicinity of the v = 5/2 FQH
state. The points where the calibration is performed are shown in Fig. 4.9 as stars points.
a) Conductance versus temperature in the vicinity of the 5/2 FQH state for multiple v*. An
interpolation is performed and shown as a dashed line. b) Conductance versus RMS heater
power at the same partial filling factors. c¢) Average temperature of the 2DEG vs RMS heater
power. The solid line is a linear fit. d) Extracted temperature gradient AT, as a function
of filling factor for a Qrms = 0.66 nW heater power.

As seen in Fig. 4.6d, the temperature gradient is not constant as a function of filling
factor, although more data points are needed to get a definitive picture. In short, it means
that in the Corbino geometry, it is essential to extract the full matrix of data points, i.e.
AT s (To, v*, Qrms), and to get accurate values of the longitudinal diffusion thermopower at
each (Tp, v*, Qrms) points. Nevertheless, these results are useful for a preliminary exploration
of S,, and to gain insights on the magnitude of the expected parameter space as a function
of (TO,V*,QHHS). For example, at Qums = 0.66 nW and for v* = 0.01 and v* = 0.00,
the temperature gradient AT,,.s < 30% 7Ty, which indicates that the measurement is in

agreement with the linearity threshold set by Ref. [63], i.e. the temperature gradient must
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not exceed 35% of the base temperature Ty. For these two filling factors, falling below
this threshold means that the estimate for S,, should be accurate. However, for a power of
Qrms = 0.66 nW, the linearity threshold was not respected for v* = —0.01 indicating that Sy,
should be measured at an even lower Q. Finally, as an additional confirmation that the
temperature calibration provides meaningful insights, the heating power required to achieve
a given temperature gradient was found to be on the same order as therein Refs. [7,9,62] for

similar temperatures.

4.4 Thermopower in the fractional quantum Hall effect

regime

4.4.1 Thermopower in the second Landau level

Now equipped with a procedure to estimate the temperature gradient, an estimation of
the absolute thermopower S,, can now be made. First, a measurement of S, as a function
of the magnetic field was performed in the SLL, and this is shown in Fig. 4.7. For this data
set, the temperature calibration and the data acquisition was performed at v* = —0.01 in an
earlier cooldown where the device was slightly out of the field center (see Fig. D.1). Since
the objective was to clearly observe the features in S,,, a higher temperature gradient of
20(1) mK (Qrms = 1.25 nW) was selected to obtain a stronger signal, unfortunately at the
cost of violating the linearity threshold of < 35% Tj and potentially degrading the accuracy
of the quantitative value of S,,. A behavior reminiscent of the longitudinal diffusion Corbino
thermopower similar to the IQHE case (see Fig. 4.4) is found, as can be seen in Fig. 4.7,
where S, vanishes and changes sign at, and in-between FQH states highlighted by the
yellow shaded regions. This sign change is expected again for FQH states since S, is a
probe of entropy per quasiparticle per quasiparticle charge, as first pointed out by Barlas and

Yang in the Corbino geometry [8]. In fact, S,, changes sign as the transport switches from
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Figure 4.7: a) Thermopower in the SLL as a function of magnetic field. Inset showing the
direction of the magnetic field, the thermal gradient and the thermovoltage. b) Correspond-
ing electrical conductance at the same magnetic fields.

quasiparticle to quasihole dominated, as this is consistent with the nature of the transport
described by eq. (2.14). For partial filling factor v* < 0 (B > By), Sy is positive in the
quasiparticle transport region to the right of the 5/2 state center (By), and alternatively, it
is negative for the quasihole v* > 0 (B < By) region. At first, this might seem inconsistent
with the sign of the quasiparticle charge e*, but we note that the magnetic field in our
experiment was pointing down, ultimately demonstrating that the proper sign of S,, was

observed (see the inset of Fig. 4.7 and see Fig. 4.8).

4.4.2 Thermopower in the v = 5/2 FQH sstate

Following having gained understanding of the thermopower signal in the QHE and FQHE
regimes, a quantitative measurement of S, in the v = 5/2 FQH state was performed sym-

metrically with respect to the center By of the state between v* = —0.01 to v* = 0.01 as
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shown in Fig. 4.8. Here, the thermovoltage data was converted to S, using the temperature
calibration performed at v* = 0.01 in accordance with the linearity threshold at Qrms = 0.66
nW, and this is shown in a shared axis with electronic conductance for clarity. The quasihole
and quasiparticle regions are separated by a gray dashed line, and the sign of the effective
charge e* is indicated. Even though the uncertainty relative to the signal is large, a clear sign
change in S,, consistent with e* is observed in the vicinity of By and this is in clear agree-
ment with an entropy per quasiparticle per quasiparticle charge (eq. (2.14)) interpretation

of thermopower in the Corbino geometry.
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Bo AT = 4.6(3) mK |

4'§.13 5.14 5.15 5.16 5.17 5.18 5.19

Figure 4.8: Thermopower at v = 5/2 filling factor shown on shared axis with the conduc-
tance. Each data points is averaged over five minutes. The red star point indicates where
the calibration shown in fig. 4.6 was performed.

In terms of magnitude, the S,, data shown in Fig. 4.8 is on the same order < 1 uV/K
as the Hall bar study by Chickering et al. [9] (see Fig. 2.11d) in the vicinity of the 5/2 FQH

state. The order of magnitude is surprisingly consistent with eq. (2.13) [6] for non-Abelian
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quasiparticles in the Hall bar geometry?. This could be purely coincidental since the Yang
and Halperin prediction of thermopower [6] was derived in the Hall bar geometry. Rather,
one would expect the magnitude of S, in the Corbino geometry to be consistent with the
Barlas and Yang theory where |S,,| is expected to saturate to a constant value given by
|S0(T — 0)] = %21og /2 &~ 120 pV/K, and change sign at the center of the 5/2 FQH
state. This is three orders of magnitude larger than what has been observed in our work
although our data clearly capture the expected sign change that is unique to the Corbino

geometry.

In our experiment, and unfortunately, the energy gap of the 5/2 FQH state was 39(1)
mK (see Fig. 4.2) and this is comparable to the electron temperature of ~ 20 mK at
which S, was measured. This implies that the quasiparticles in the 5/2 FQH state are
thermally excited from the ground state and are here outside the validity of eq. (2.7) where
only the non-Abelian entropy should dominate. Furthermore, we also note that a single v/*
calibration point this was selected to obtain AT and was applied to all the data points in
Fig. 4.8 regardless of their v* locations. As a result and as seen in Fig. 4.9, this may have
led to a significant source of inaccuracy in S,,. In order to test the sensitivity of S, relative
to the accuracy of the temperature gradient calibration, the thermovoltage data from Fig.
4.8 was divided by different temperature gradients from calibrations performed at distinct
partial filling factors v*, and these are shown in Fig. 4.9 color coded. As a result, the
inaccuracies in AT are significant, leading to a systematic error in the magnitude of S,
especially further from By. Thus, in the future, any attempts in extracting the absolute
thermopower S, should be adequately extracted with a calibration of AT at each partial

filling factors v*.

In addition, we note that a comparison with thermopower data taken in the vicinity of

the v = 7/3 FQH state should be performed as a control experiment in order to provide

2Taking d = v/2, e* = e/4, and B=5.18 T, one obtains S,, ~ 0.4 xV/K which is close to the S,, ~ 0.5
1V /K observed in Fig. 4.8.
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compelling evidence for an interpretation in terms of the non-Abelian entropy predicted by
Barlas and Yang [8] (eq. (2.15)). This is because the v = 7/3 FQH state is expected to be
Abelian (d = 1) and thus only possess the normal thermodynamic entropy S, (7). As such,
one would expect to observe a larger thermopower signal at v = 5/2 than v = 7/3 in the
low-temperature limit where the non-Abelian entropy S; dominates over the normal entropy

S,(T).

Finally, we stress that regardless of the multiple caveats hindering solid interpretation of
Sz in terms of its magnitude and (2.15)), a clear sign change was observed and is consistent
with the entropy per quasiparticle per quasiparticle charge (eq. (2.14)) prediction by Barlas
and Yang [8].
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4.5 Degradation of the 5/2 state
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Figure 4.10: a) Electrical conductance as a function of magnetic field in the SLL after
removal of the chip resistor heater setup on CB05. b) Energy gap measurement of the
v = 5/2 FQH state with the chip resistor setup on the device. c¢) Energy gap of the v = 5/2
FQH state with the chip resistor heater removed from the device.

As stated previously and shown in Fig. 4.2, the installation of the chip resistor setup on

the device deteriorated the quality of the 5/2 FQH state to an extent that a clear measure-

ment of non-Abelian entropy was not possible. Fortunately, we believe that this degradation
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was only coincident with the chip resistor setup being on the device, and not due to an
irreversible process. As shown in Fig. 4.10a, upon removal and cleaning® of the Corbino
device, the electronic transport in the SLL returned to a condition similar to the pristine
device, and a sequence of FQH and RIQH states was again clearly observable. Additionally,
as shown in Fig. 4.10c, an energy gap of 155(3) mK was measured, which is consistent with

what had been measured previously in Fig. 4.2.

There are multiple reasons that could explain such a deterioration of the 5/2 FQH state
upon installation of the chip resistor heater setup. The first is that it could have inadvertently
introduced a heat source. This could occur if the wiring connected to the heater was not
properly heat sunk to the mixing chamber, or if there was a high frequency noise source
picked up by the wiring of the heater. These two possibilities were ruled out by installing a
heat sink to the mixing chamber as well as a low-pass 1 kHz RC filter in the wiring of the

heater, and it resulted in no visible improvement of of the 5/2 FQH energy gap.

Another plausible explanation concerns the adhesive used to glue the chip resistor to the
center contact of the Corbino device. This was realized using Apiezon N grease that solidifies
at cryogenic temperatures and creates a strong mechanical and thermal bond between the
chip resistor and the device. Unfortunately, upon solidification, a mismatch in differential
mechanical contraction between the grease and the gold contact may have caused a sub-
stantial strain that could have degraded the 5/2 FQH state, as FQH states are known to be
highly sensitive to strain [79]. It is however not possible to rule out entirely that the chip
resistor itself was responsible for influencing the 5/2 FQH state and further investigations
are clearly needed. As next step, one clear improvement would be to mechanically spring
load the chip resistor on the contact in a manner analogous to the flip-chip method devel-
oped in the Gervais lab [80], rather than relying on an adhesive layer. We note that recently

the Gervais lab fabricated a three-terminal device with an electronic mobility in excess of

3The device was cleaned with sequential trichloroethylene, acetone and methanol baths to remove any
trace of Apiezon N grease.
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44 cm?/(Vs) with no apparent degradation of the electron mobility [81]. Thus, we have
all reasons to believe that the chip resistor could be mounted in a way that the 5/2 FQH
state remains with a large energy gap, leading to entropy measurements that could unravel

whether of not a non-Abelian entropy as predicted in the low-temperature limit.
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Chapter 5

Conclusion

5.1 Summary

This thesis reports the conception and proof-of-concept for an apparatus designed to
probe thermopower in ultra-high mobility GaAs/AlGaAs heterostructures with the ultimate
goal of probing non-Abelian entropy in the v = 5/2 FQH state. Among many possible op-
tions, a setup based on a chip resistor heater glued on the center contact of the ultra-high
mobility Corbino device was selected for its simplicity and most importantly for providing
an excellent thermal contact with the 2DEG, thereby allowing for the usage of a precision
quasi-DC lock-in detection technique. Relying on foundational previous works on FQH ther-
mopower in the Hall bar geometry [7,9,62], a scheme was devised to induce and measure
a temperature gradient in the Corbino annular region. Additionally, a mechanically rigid
low-temperature sample stage was designed to mitigate vibrational issues occurring in the
BlueFors LD-250 dilution refrigerator where the mK temperature high magnetic field ther-

moelectric and electronic transport measurements were conducted.

The voltage signals measured with the thermoelectric setup were characterized, and were

found to be consistent with Corbino diffusion longitudinal thermopower in the QHE and
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FQHE regimes. For instance, we found that S,, vanishes and changes sign at, and in-
between LLs. The same behavior was observed in the SLL and was found to be consistent
with the quasiparticle and quasihole sign change in the 5/2 FQH state. Then, in order to
get an estimate of the entropy, a temperature calibration was performed as a function of
partial filling factor v*. This calibration was then applied to a measurement of the thermo-
voltage in close vicinity of the v = 5/2 FQH state and the magnitude of the thermopower
Sz was compared to theoretical predictions of non-Abelian entropy in the Hall bar [6] and
Corbino geometries [8]. The order of magnitude of S,, was found to be consistent with a
previous experimental work [9] and unexpectedly, it was closer in agreement with the work
of Yang and Halperin [6] rather than the Corbino thermopower theory from Barlas and
Yang [8]. Subsequent investigations led us to conclude in most likelihood that it was a pure
coincidence since the value of S, was most likely coming from normal entropy since the
temperature was close to the measured 5/2 FQH energy gap. In that sense, the reduction
of the 5/2 FQH energy gap from 172(5) mK to a mere 39(1) mK likely led to excitation of
quasiparticles above its ground state, rendering an interpretation of thermopower as excess
non-Abelian dimensional entropy invalid. Nonetheless, of the utmost importance, the ob-
served sign change in S,, was found to be in agreement with the entropy per quasiparticle per
quasiparticle charge interpretation found by Barlas and Yang, thereby providing compelling

evidence for an interpretation of S,, as longitudinal diffusion Corbino thermopower.

5.2 Future outlook

One major improvement for this experiment would be to conceive a new thermoelectric
measurement setup that is less invasive and leaves the 2DEG quality pristine. We believe that
the current chip resistor heater setup most likely induced strain via the adhesive thermally
contracting from room to base temperature. Therefore, the thermoelectric setup should be

redesigned without relying on any adhesive. As such, a spring-loaded mechanical apparatus
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with a top piece holding the heater on the contact could be envisioned, and in the advent
that a mechanical contact is insufficient, other types of adhesives should be explored. Con-
versely, a more drastic approach could be attempted, where an entirely new device would be

fabricated with an on-chip heater patterned in the center contact.

Upon the 5/2 FQH state degradation having been resolved, it would also be necessary to
extend the validity of the temperature gradient calibration by performing it at all the partial
filling factors and for each temperature data points where the thermopower data is taken.
In addition, this process should be repeated to at least one other FQH state expected to be
Abelian such as for the 8/3 or the 7/3 FQH states in order to provide a control experiment.
Finally, the parameter space investigated should also span a wider range of temperatures in

order to identify distinct entropy regimes, and where clear theoretical predictions exist.
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Appendix A

Device radiation shielding

The device was encapsulated in a OFHC copper RF box to shield out unwanted thermal

and electromagnetic radiation as shown in Fig. A.1. A custom made G10 post was machined

to hold the device at the field center as shown in Fig. A.1b.

Field center

L —
! G10 post

J

Figure A.1: a) Image of the thermoelectric experiment showing the Corbino device, the
LED and the wiring of the chip resistor heater. Note that the chip resistor is too small to be
visible on this image but is contained within the center contact of the device. b) Drawings
of the RF box, G10 post, and slotted bottom plate. ¢) Image of the assembly on the sample

stage.
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Appendix B

Derivation of the relationship between

the thermal gradient and the average

temperature of the 2DEG

To model the heat flow in the Corbino device, the heat equation in polar coordinates
is modified by removing the 6 dependence since the temperature profile is expected to be
uniform in #. The result is shown in eq. (B.1)

oT 10 oT

ot r Or ( 87’) (B-1)
where c is the specific heat of the 2DEG and & is its thermal conductance. It is assumed that
both quantities are constant on the range of temperature considered even though x and ¢
are temperature dependent. This assumption is reasonably respected since the temperature
gradients AT are expected to be less than 35% of the base temperature Ty. In our system,

the temperature is fixed by the cryostat at » = ro and a heating power () is introduced at

67



r = rq, leading to boundary conditions given by

oT Q
AT =0 d —| =-——.
(r2) o or |, K
Solving eq. (B.1) in steady state and accounting for the boundary conditions, a logarith-

mic temperature profile is obtained

AT(r) = —log —. (B.2)

Experimentally, we only have access to the relation between Q and (T') which is given
by the temperature dependence of the conductance G(T'). We can integrate eq. (B.2) to

compute the average temperature in the 2DEG

(T) = — /TZT(r)dr:Toer (1——“1%%).

o —T1 r K ro —T1

Combining this result with eq. (B.2), we get that the relation between AT and the

experimentally accessible average temperature (T') — Tj is given by

m—j;ﬁo _186((T)—T). (B.3)

1— —°m

ro—"r1

AT =
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Appendix C

Thermopower setup electrical

validations

Table C.1 lists the two-point resistances between all the components of the device and
chip resistor heater setup.

Table C.1: Two point resistances in the thermoelectric Corbino setup

T | 300K  7mK
Contact pair \ R R
CB05 IN OUT | 810 ©2 292 Q)
H+ H- 200 Q 374 Q)
H+ IN >50 M2 >10 MQ
H- IN >50 M >10 MQ
H+ OUT >50 MQ >10 MQ
H- OUT >50 M >10 MQ

There is no evidence for a short between one of the heater contacts to the device (CB05)
inner contact (IN) as all the H+, H-, IN and OUT pairs show an immeasurably large resis-
tance. The increase in resistance observed in the chip resistor heater at low temperature is

expected for ruthenium oxide chip resistors.

In Fig. C.1, the data from Fig. 4.3c is represented here as a function of I, in order
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to show the agreement with the expected Joule heating of the chip resistor. As observed in
this figure, the conductance is linear with respect to I, except in the low-power region of
the negative —Iq,¢ branch. This is the case because the —I}..; data was not acquired after
sufficient thermal relaxation time from the data run in the [, branch, meaning that the
average temperature of the 2DEG was not at base temperature, but still in the process of

cooling down.
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Figure C.1: Conductance at 5/2 as a function of the current squared I2 ..
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Appendix D

Preliminary thermopower results in an

non-ideal in-plane field

6 T T ’fl‘ /U-)\ T i
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Figure D.1: Temperature calibration at v« = 0.01. a) Conductance versus temperature
in the vicinity of the 5/2 at v = 0.01 (B = 5.1852 T). An interpolation is performed and
shown as a dashed line. b) Conductance versus RMS heater power at the same filling factor.
c) Average temperature of the 2DEG versus RMS heater power. The solid blue line is a
linear fit. d) RMS thermovoltage as a function of RMS heating power.
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Appendix E

Investigation of the uncertainty and

noise in the thermopower signal

The dominant source of uncertainty in the error bars of Fig. 4.9 is the RMS voltage
noise of around 0.4 nV which is significant compared to thermovoltage signals of below 2
nV, especially close to v* = 0. This 0.4 nV voltage noise translates to 4.5 nV s/ VHz = 6.4
nV/v/Hz when the bandwidth of the lock-in is considered! and is close to the 4 nV/v/Hz
input voltage noise of the SR560 pre-amplifier. However, there is still room for improvement
by selecting a pre-amplifier with even lower input noise. Additionally, the Johnson—-Nyquist
noise [82], shown with a black dashed line in Figs. E.1b and E.2b, is around 0.3 nV/v/Hz at
10 mK and for the ~ 200 k€2 impedance device. On the other hand, in terms of precision and
accuracy, the thermovoltage AV, is currently the dominant source of imprecision on the
thermopower S,, while the dominant parameter affecting the exactitude of the measurement
is AT,s. The 0.4 nV,,s thermovoltage noise on a 2 nV signal yields a relative error of 20%
which is dominant over the 6% relative error on AT,,s. Alternatively, based on the results

of Fig. 4.9, AT, influences the exact value of S,,, especially if the dependence with v* is

'The noise bandwidth A f of the lock-in is given by Af = &% where t. is the time constant of the 24 dB
roll-off averaging filter. ‘
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not considered.

Moreover, the precision on both quantities can be improved with more averaging and
longer time constants on the SR830 lock-in amplifier. The current time constant is 10 s
for the thermovoltage measurement and 3 s for the conductance circuit, which ultimately
defines the uncertainty on the temperature gradient. To improve the exactitude of AT,
one needs to characterize it at every partial filling factor v* where a thermovoltage data
point is recorded. Each individual calibration could be also improved with more data points
containing less uncertainty in the G(7) and G(Qums) curves. In this work, some optimization
of the thermovoltage noise was performed but was limited to characterizing the effect of the

measurement time constant t., frequency f, pre-amplifier bandwidth A f and pre-amplifier
gain g.

The time constant ¢, of the SR830 lock-in amplifier was incremented until ¢. = 10 s
and an improvement of the signal to noise ratio (SNR) was observed for each increment.
However, a maximum of 10 s was employed to get a reasonable acquisition time for this
earlier investigation of S,,, but t. can be increased significantly to reduce the effect of
noise provided that acquisition time is not a defining factor. The effect of lock-in detection
frequency f on the thermovoltage and its noise was also investigated for frequencies below
90 Hz as shown in Fig. E.1, which is approximately 20 times lower than the limit set by
the 7 ~ 0.5 ms thermal response time of the chip resistor heater. Nevertheless, as seen in
Fig. E.la, a noticeable phase shift appearing as a signal in the X channel of the lock-in
amplifier begins to occur for frequencies roughly above 50 Hz. This means that one must
probe a frequency at least 40 times larger than the thermal response time limit in order to
avoid unphysical phase shifts in the thermovoltage signal. In contrast, the noise gets reduced
as the frequency is increased since f gets further away from the 1/f noise regime. Hence,
there is an optimization process to select the most appropriate frequency based on these two

constraints as illustrated by the shaded regions in Fig. E.1. As a result, a frequency of 37.78
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Hz was selected, also taking into account that harmonics of common frequencies such as 60

Hz must be avoided.
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Figure E.1: Optimization of the lock-in detection frequency. a) Voltage detected in the X
and Y channels of the SR830 lock-in as a function of frequency. b) Noise in the thermovoltage
(Y channel) versus frequency compared to the Jonhson-Nyquist noise and the SR560 input
noise.

The SR560 pre-amplifier parameters were also optimized in terms of bandwidth and gain.
As a first note, the bandwidth of the thermovoltage measurement circuit as shown in Fig.
3.5a is ultimately only determined by the bandwidth defined by the SR830 lock-in time

constant, e.g. for t. = 10 s, the bandwidth is ~ 8 mHz and is always much smaller than
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the bandwidth available on the SR560. However, it can still be useful to filter the noise
at unwanted frequencies before amplification. As such, no effect on the SNR was found by
reducing the bandwidth but it was still chosen to be as small as possible around f = 37.78 Hz
without distorting the signal, i.e. 0.1 Hz to 10 kHz. In contrast to the SR560 pre-amplifier
bandwidth, the gain has a significant effect on the SNR as shown in Fig. E.2. Two circuit
configurations were tested, one where the SR560 was placed on the instrument rack with ~
3 m long coaxial cables connecting it to the cryostat wiring and one where the SR560 was
connected with ~ 10 cm long coaxial cables and placed on top of the cryostat. It turned
out that the instrument rack configuration yielded a better SNR in opposition to what one
would expect when reducing the length of the leads. Nevertheless, as indicated by a circle

in Fig. E.2, the optimal gain is consistently found to be 500 regardless of the SR560 circuit

layout.
a) T T T b) T T
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Figure E.2: Optimization of the SR560 pre-amplifier gain where the optimal gain is circled
and consistent for both configurations. a) SNR as a function of the SR560 gain. b) Voltage
noise versus SR560 gain.
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