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Abstract

Quantum electrodynamics predicts a non-trivial ground state for an elec-

tromagnetic mode. In the absence of photons, the so called zero-point

energy of 1
2 ~! remains. It gives rise to vacuum electric �eld �uctuations

and important physical e�ects such as the spontaneous emission, the Lamb

shift and the Casimir e�ect. Experimentally, it remains di�cult to tune

vacuum �eld modes and directly observe their physical consequences. By

engineering vacuum �elds in cavities one can reach a peculiar situation:

an electronic excitation of matter can be revived after its decay by photon

emission. In this so called strong light-matter coupling regime, the hybrid

light-matter excitations (polaritons) are mostly probed with photonic ex-

citations. Such an approach hides, that the coupling arises already from

the vacuum �eld �uctuations in absence of photons.

In this work, we develop an experimental platform allowing to probe the

electronic part of the polaritonic ground state. Intriguingly, we can tune

vacuum �eld modes, while observing the response in the matter part. It

is implemented with a cavity-embedded 2D electron gas in the ultrastrong

coupling regime and probed by magneto-transport. Transport�depending

on virtual transitions to excited states�is modi�ed, as these transitions

become the polaritons in presence of a vacuum Rabi splitting. After a

theoretical discussion, we experimentally show that few polariton excita-

tions and also vacuum �elds alone modify transport. This opens the way

to vacuum-�eld-controlled many-body states in quantum Hall systems.
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Zusammenfassung

Die Quantenelektrodynamik sagt einen nicht-trivialen Grundzustand für

eine elektromagnetische Mode voraus. Ohne Photonen (Lichtteilchen),

bleibt die sogenannte Nullpunktsenergie 1
2 ~! übrig. Daraus resultieren

Vakuum�uktuationen elektrischer Felder, welche wichtige physikalische Ef-

fekte hervorrufen, wie z.B. die spontane Emission, die Lamb-Verschiebung

und den Casimir E�ekt. Experimentell ist es jedoch weiterhin schwierig,

Vakuumfeldmoden zu verändern und dabei die physikalischen Konsequen-

zen zu beobachten. Mit elektromagnetischen Hohlräumen lassen sich Vaku-

umfelder so verändern, dass ein eigenartiger Prozess abläuft: Eine elek-

tronische Anregung von Materie kann wiederbelebt werden nachdem sie

durch Photon-Emission zerfallen ist. In diesem sogenannten starken Licht-

Materie-Kopplungsregime, werden die gemischten Anregungen (Polarito-

nen) meistens mit photonischen Anregungen untersucht. Diese Vorge-

hensweise verbirgt allerdings die Tatsache, dass diese Kopplung bereits

durch das reine Vakuumfeld erzeugt wird - in Abwesenheit von realen

Photonen.

In dieser Arbeit entwickeln wir eine experimentelle Plattform, welche es

erlaubt, den elektronischen Teil des polaritonischen Grundzustandes zu

untersuchen. Faszinierenderweise können wir damit auch die Vakuumfeld-

mode verändern und dabei die Konsequenzen auf den elektronischen Teil

des Polaritons beobachten. Implementiert ist die Plattform mit einem in

einem Hohlraum eingebetteten Elektronengas im ultrastarken Kopplungs-

vii
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regime, dessen Magneto-Widerstand gemessen wird. Der Magneto-Trans-

port, welcher von den virtuellen Übergängen zu angeregten Zuständen ab-

hängt, wird verändert, da diese Übergänge im Vorhandensein einer grossen

Vakuum-Rabi-Frequenz durch die Polaritonen ersetzt werden. Nach einer

theoretischen Diskussion werden das Design der Probe und des experi-

mentellen Aufbaus behandelt. Danach zeigen wir experimentell, dass sich

der Magneto-Transport durch die Präsenz von wenigen Polariton Anre-

gungen und durch Vakuumfelder alleine bereits verändern.
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CHAPTER 1

Introduction

1.1 Vacuum �eld - an important problem in physics

What is vacuum? This question is very old and has produced a surprising

wealth of di�erent answers in the course of the history of physics. Starting

from Isaac Newton's who suggested the existence of a luminiferous aether,

which was thought to be a necessary medium for light transmission in oth-

erwise mass empty space. Many increasingly complex experiments where

carried out in an attempt to observe such a medium, e.g. in the famous

Michelson-Morley experiment [1]. In lack of an experimental con�rmation,

Albert Einstein developed the theory later referred to as special relativ-

ity [2], which postulates the same speed of light in all frames of reference

and does not rely on the existence of a supporting medium.

A new understanding of the vacuum started to arise with the `new Quan-

tum theory', which introduced a quantized description of the electromag-

netic �eld with a non-trivial electromagnetic ground state. It was realized

that the latter ground state's vacuum �eld �uctuations might have im-

portant physical e�ects on various di�erent systems. For instance, Dirac

gave a quantum theory of emission and absorption of atoms [3] in 1927.

Thereby, he expanded Einstein's semi-classical model with the famous Ein-

stein coe�cients A and B, which was assuming a quantized atomic excita-

1



1.1. Vacuum �eld - an important problem in physics

tion spectrum but a continuous electromagnetic �eld. Dirac instead used

a quantized description of the electromagnetic �eld, introducing the con-

cept of creation and annihilation operators of particles (e.g. photons).

His theory was the precursor of quantum electrodynamics (QED). The

electromagnetic �eld has a ground state, the QED vacuum. The ground

state of the electromagnetic environment can mix the stationary excited

states of the atom and cause them to spontaneously decay [3]. So, spon-

taneous emission can be seen as nothing else than stimulated emission by

vacuum photons. Also note, that due to the quasi in�nite number of �nal

states the electrodynamic environment usually provides, the spontaneous

emission process is e�ectively irreversible.

The 1947 discovery of the Lamb shift [4] and its subsequent theoretical

attribution [5] to the presence of vacuum �elds di�erently a�ecting the
2S1=2 and 2P1=2 states in a hydrogen atom was a strong con�rmation.

But despite a further con�rmation of the presence of vacuum �elds by

the correct prediction of the modi�cation of the gyromagnetic ratio of the

electron [6,7], all these e�ects remained indirect invocations of the presence

of the vacuum �eld and thus controversial [8].

Later, additional interesting consequences of the presence of a QED vac-

uum have been found with the prediction of the Casimir e�ects [9�11], the

Unruh e�ect [12] and Hawking radiation [13]. It is even being discussed

that the entire universe is the result of a vacuum �eld �uctuation [14]

and its expansion is caused by the zero-point energy in the � CMD-theory.

However, the latter three e�ects - if experimentally con�rmed - are also

only indirect invocations of the vacuum �eld. This is in principle di�erent

for the Casimir e�ect, where the zero-point energy of modes between two

parallel conductive plates is distance dependant, resulting in a force on the

plates. It is hence possible to tune the plate position, while observing the

vacuum �eld induced Casimir force.

Recent experiments have allowed to more directly access and tune proper-

ties of vacuum �elds using electro-optic sampling measuring vacuum noise

and correlation properties [15, 16]. Another example is the observation of

the spatial and spectral density of vacuum �uctuations using the sponta-

neous emission lifetime of an atom as a local probe [17]. Today even some

technological implications are emerging involving vacuum �elds, which ex-
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Chapter 1. Introduction

ploit the control of de-coherence in superconducting qubits [18] or the

dynamical Casimir e�ect in nano-mechanics [19]. An intriguing applica-

tion of vacuum �eld physics is also emerging in quantum chemistry [20],

where e.g. chemical reactivities [21] and an organic semiconductor's con-

ductivity [22] have been shown to be tunable with the coupling to vacuum

�eld modes.

1.2 Engineering vacuum �elds with cavities

A more direct observation of the presence of vacuum �elds eventually came

from the idea of engineering vacuum �elds using a cavity. Such a cavity

can greatly modify the quasi in�nite photonic density of states in free space

and thus the spontaneous emission lifetime. This was �rst demonstrated

by Purcell [23].

Strong coupling regime Cavity quantum electrodynamics (CQED)

goes a step further and engineers the vacuum modes with a cavity, al-

lowing to obtain even a reversible decay process, referred to as quantum

revival. In 1963, Jaynes and Cummings developed a model describing a

two-level atom interacting with a quantized mode of an optical cavity [24].

This resulted in the possibility to engineer the rate of spontaneous emission

by the control of the electrodynamic environment, thus the QED ground

state. It further successfully described the revival of the excited state pop-

ulation of a 2-level system after its decay - called a Rabi cycle. The rate at

which such an oscillation of the upper state population occurs is the Rabi

frequency 
 , which is given by the following product


 = ~d � ~Evac �
p

Ne=~; (1.1)

where ~d is the dipole moment of the atom (or some other matter tran-

sition), ~Evac the vacuum electric �eld, and Ne the number of equivalent

atoms inside the relevant electromagnetic mode of the cavity. A necessary

condition for the observation of a Rabi cycle, is the coupling rate 
 has

to be larger than the total losses 
 tot of the matter excitation and rele-

vant cavity mode. Therefore, it is mostly necessary to use high Q-factor

cavities, since the Q-factor is inversely proportional to the cavity loss rate
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 cav .

Haroche and co-workers demonstrated the strong coupling regime in 1983

using a beam of Rydberg atoms passing through an optical cavity [25].

The regime was soon after also reached with single atoms interacting with

a microwave cavity [26] and with an optical cavity [27]. Excitations of

electron gases in semiconductor heterostructures have proven to be a good

platform for the matter part. The main reason is the number of identical

matter excitations
p

Ne that can be placed inside the cavity mode volume

can be made very large [28, 29]. This increases the coupling, as shown in

equation 1.1. The �rst demonstration in a solid state system was made

by Weisbuch et al. [30] using a interband transitions in quantum wells

coupled to a epitaxially grown microcavity. The �rst demonstration that

used intersubband transitions came from Dini et al. [31].

Ultrastrong light-matter coupling Solid-state systems have not only

allowed to implement the strong coupling regime, but also to go further into

the peculiar ultrastrong coupling regime [32,33]. This regime is de�ned by

the normalized Rabi frequency that becomes comparable or larger than the

uncoupled light and matter excitations ( 
 =! cav � 10%). The interesting

features of this system predicted theoretically [28,32,33], triggered a strong

experimental work towards its practical realization. Various excitations

in 2DEGs have been successfully used to reach the ultrastrong coupling

regime, such as mid-IR [34,35] and THz intersubband transitions [36,37],

plasmons [38�40], excitons in organic molecules [22,41�44] and vibrational

degrees of freedom in molecules [45,46].

The ultrastrong coupling regime o�ers new intriguing features which go

signi�cantly beyond what is found in the strong coupling regime. Due to

the ultrastrong coupling, the rotating wave approximation (RWA) cannot

be made. This means that previously dropped terms in the Hamiltonian

need to be kept. These anti-resonant terms are also known to give rise to

the Bloch-Siegert shift in magnetic resonance experiments [47]. As a result,

the properties of the ground state of the ultrastrongly coupled system are

expected to be modi�ed [28, 29, 48]. It is also interesting to note, that

thanks to the very large coupling rate 
 , the loss rates which are so di�cult

to exceed in the strong coupling regime become almost irrelevant in the
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Chapter 1. Introduction

ultrastrong coupling regime. In a system with a normalized light-matter

coupling ratio of 
 =! cav = 100%, a cavity Q-factor as low as 1 is su�cient

to be in the strong coupling regime. In fact, the ultrastrong coupling

regime deserves to be regarded as a completely separate regime and not

just the mere extreme case of the strong coupling regime. This is due to

the fact, that the ultrastrong coupling regime and the modi�cations of the

ground state can exist without satisfying the strong coupling condition

(
 tot < 
 ) [49].

1.2.1 Modi�cation of magneto-transport

It was suggested already some time ago, that there should be a cavity

quantum electrodynamic correction to magneto-transport [29]. Magneto-

transport is an experimental platform which reveals a rich set of properties

about a 2DEG [50], e.g. the Drude lifetime the quantum lifetime of the

electron momentum state via the so called Shubnikov-de Haas oscillations

[51]. It is especially sensitive to the electrons within kT around the Fermi

energy and thus electrons which are simultaneously part of the polariton

state formed by the coupling to the cavity.

Magneto-transport in high mobility electron gases is in itself a large re-

search topic in physics, that has attracted a lot of attention in past due

to a few intriguing features. E.g. at higher magnetic �elds in the Quan-

tum Hall regime, the o�-diagonal conductance � xy takes quantized values

� = � e2

h at integer �lling factors � , that are completely independent of

material parameters and only depend on fundamental constants [52]. Fur-

ther, the longitudinal component � xx displays dissipation-less transport

in the integer quantum Hall regime. The fractional quantum Hall ef-

fect shows a similar phenomenology for certain fractional �lling factors � ,

due to the appearance of charge-magnetic �ux composites where electron-

electron correlations become central [53].

Magneto-transport is therefore a great probe for the aforementioned ex-

pected modi�cations of the ground state induced by the ultrastrong cou-

pling regime. Furthermore, the characterisation of the ultrastrong coupling

regime using transport gives the possibility to detect the matter part of

the polariton rather than the photonic part as most experiments do.

A �rst transport experiment suggesting such an alteration was a performed
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by E. Orgiu et al. [22]. They showed that hopping-type electronic trans-

port in J-aggregates can be signi�cantly enhanced when coupled to a cavity

vacuum �eld. In quick succession, this expanded the number of related the-

oretical proposals describing transport in various systems [54�66] showing

the interest in the topic.

For the concrete implementation of the experiment, it is necessary to have

an ultrastrongly coupled electron gas, that at the same time shows a high

mobility to obtain typical magneto-transport and Quantum Hall physics.

The cyclotron transition [67] and also the magneto-plasmon transition [38�

40] have been demonstrated to be suitable matter transitions in a 2DEG

with a large dipole moment. With both, the ultrastrong coupling regime

has been reached. The cyclotron and magneto-plasmon frequencies are

typically in the THz frequency range. An introduction thereof is given in

following section.

1.3 The terahertz spectral region

The THz region of the electromagnetic spectrum poses in itself an inter-

esting area of fundamental research, which found a growing number of

applications in recent years. Typically, the THz region refers to the the

frequency range between 100 GHz (0.1 THz) and 10 THz. In wavelength,

this is the range from 3 mm to 30 �m , corresponding to photon energies

of 0.4 meV to 40 meV. This further corresponds to thermal excitations in

the range of 5 K to 480 K.

The THz frequency region of the electromagnetic spectrum is often referred

to as the THz gap. This is meant to point out the di�culty to create, ma-

nipulate and detect the THz radiation despite a signi�cant scienti�c e�ort

to do so. Fig. 1.1 illustrates this point by showing the output power vs

frequency, which decays towards 1 THz for most THz sources. Funda-

mentally, this can already be seen from carefully considering Maxwell's

equations. The creation of electromagnetic radiation is described by Am-

père's circuital law, which is the only Maxwell equation containing source

terms. It is given by

r � ~H = ~j f ree +
@~D
@t

(1.2)
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Chapter 1. Introduction

Figure 1.1: THz Gap Output power of di�erent sources in the THz frequency
range. Figure adapted from Ref. [68]

Using ~D = � 0 ~E + ~P we obtain

r � ~H =

�
~j f ree +

@~P
@t

�
+ � 0

@~E
@t

; (1.3)

where the two terms in the bracket represent two di�erent types of current

and thus source terms that can produce radiation. Of course, a current is

always caused by the motion of charge. Nevertheless the distinction is use-

ful, since on one hand the �rst term describes current produced by free car-

riers (e.g. in metals) that can move over large distances ('macro-currents').

On the other hand, the polarisation �eld ~P dependent contribution @~P =@t

describes the displacement of charge strongly con�ned typically within an

atom ('micro-current'). The �rst contribution can e�ciently produce ra-

diation at frequencies below the THz region in the domain of electronics.

But they fail at higher frequencies due to the inevitable presence of par-

asitic capacitances and inductances giving an upper frequency limit for

the e�cient generation of radiation. The second term does not su�er this

limitation, since microscopically displaced charges are cancelled by their

opposite charge on the microscopic scale. This allows for generation of

radiation in the domain of optics using atoms or many forms of arti�cial

atoms. But this generation mechanism also breaks down when moving to-
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wards lower frequencies, eventually also breaking down in the THz region.

The reason is more subtle, but related to the interaction with the ther-

mal phonon bath, where kT is similar to the transition energy of the THz

radiation to be produced. Many sources in the THz therefore can only op-

erate at cryogenic temperatures to escape this problem. The same applies

for detectors which is in principle the reverse process where radiation gets

converted into a measurable current.

1.4 Outline of the manuscript

The goal of this thesis is to experimentally observe a modi�cation of

magneto-transport induced by a large vacuum Rabi splitting between the

electron's cyclotron transition in the Hall bar and a vacuum �eld mode in

a cavity.

In Chapter 2, the theoretical basis for the ultrastrong light-matter cou-

pling is presented, while Chapter 3 introduces the concepts needed to

understand magneto-transport at low temperatures as well as the theoret-

ical prediction of transport dressed by vacuum �elds. To experimentally

observe the latter e�ect, we present the three experimental setups needed

in Chapter 4 and the sample design and fabrication in Chapter 5. Chapter

6 then discusses the optical properties of this new experimental platform.

With this understanding at hand, we can �nally attempt to experimentally

observe vacuum �elds acting on transport. The key di�culty is to have

a good reference measurement for the transport measurement coupled to

vacuum �elds. We employ two di�erent approaches: In Chapter 7, we in-

tentionally create a small polariton population with a THz source, which

allows to compare measurements to the case without real polaritons in the

system. In Chapter 8, we achieve to observe changes to transport induced

by the vacuum �eld alone in two ways thanks to major technological im-

provements in the sample design and process as well as in the stability of

the measurement setup described in the previous Chapters.
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CHAPTER 2

Quantum description of Landau

Polaritons

In this Chapter we discuss the basics of the ultrastrong coupling regime,

whose critical elements are shown in Fig. 2.1. The ultrastrong coupling

regime is loosely de�ned to be reached when the vacuum Rabi frequency





 = ~d �
p

Ne � ~Evac =~: (2.1)

Figure 2.1: Elements of an ultrastrongly coupled system N equivalent
dipoles (green) are located in an electromagnetic mode of a cavity formed by two
mirrors. Adapted from Kockum et al. [32]
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2.1. Matter part

exceeds 10% of the bare light and matter frequencies [32,33]. Above, ~d is

the dipole moment of the matter excitation, Ne the number of equivalent

dipoles inside the relevant electromagnetic mode of the cavity and ~Evac the

vacuum electric �eld produced by the cavity. The former two are mainly

de�ned by the choice of the matter part whose implementation is discussed

in section 5.1, while the choice of the cavity and its e�ective mode volume

discussed in section 5.2 de�nes the strength of the vacuum electric �eld
~Evac .

As already discussed in the �rst prediction of 2005 [28], an important

approach to reach such a high normalized light-matter coupling ratio 
 =!

is to use collective matter excitations in solid state systems [30, 31, 69],

hence a largeNe. Practically all demonstrations have used this approach

[22, 32�40, 43, 67, 70�75], with the exception of experiments using a single

�ux qubit as matter transition [71,76].

In the following we derive the properties of the matter and light transitions

used for our speci�c implementation of the ultrastrong coupling regime in

sections 2.1 and 2.2, followed by a description of the coupled system with

the Hop�eld model in section 2.3.

2.1 Matter part

A two dimensional electron gas (2DEG) placed in a perpendicular magnetic

�eld leads to the formation of so called Landau Levels shown in Fig. 2.2.

Among the two neighbouring levels closest to the Fermi energy, we can

excite the cyclotron transition. It has a very large dipole moment and

is easily tunable with magnetic �eld. This implementation of the matter

part has not only allowed to reach the ultrastrong coupling regime [67],

but is also usable for a magneto-transport experiment.

Solution of the Schrödinger equation Here, we brie�y discuss the

important properties of the Landau levels and the cyclotron transition

needed for the light-matter coupling. In section 3.1, we elaborate these

concepts further to understand the magneto-transport in presence of Lan-

dau levels.

Following the discussion in [50], one obtains Landau Levels as the exact
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Chapter 2. Quantum description of Landau Polaritons

Figure 2.2: Landau levels and cyclotron transition Due due Pauli block-
ing, only electrons in the highest �lled Landau level can be excited to the next
higher level. Adapted from Hagenmüller et al. [29]

solution of the e�ective mass Hamiltonian for a parabolic band as we have

it in a GaAs/AlGaAs quantum well. The Hamiltonian reads

H =
(~p� e~A)2

2m �
+ V (z); (2.2)

where V (z) is the con�nement potential de�ned by the crystal growth,

and ~A = ( � By;0;0) describes the vector potential corresponding to the

magnetic �eld B along the z-direction. The Hamiltonian can be separated

in an in plane and out of plane component. The latter describes the

formation of the magnetic �eld independent bound states of the quantum

well, of which only the lowest is populated in our experiments. The in-

plane part

H xy =
(px + eBz y)2 + p2

y

2m �
+ V (z); (2.3)

contains the magnetic �eld dependence. We can solve it by making the

Ansatz

 (x;y ) = eik x x� ( y ) ; (2.4)

which leads to the following eigenvalue problem

�
p2

y

2m �
+

1
2

m � ! 2
c

�
y �

~kx

eBz

� 2
�

� k x (y) = E� k x (y): (2.5)
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2.1. Matter part

Here we introduced the cyclotron frequency

! c =
eB
m �

; (2.6)

which linearly increases with the magnetic �eld B. This equation describes

a one-dimensional quantum harmonic oscillator with the kx -dependent

center coordinate y0 = ~k x
eB z

= kx l2
0 . Here, we introduced also the mag-

netic length

l0 =
p

~=eB: (2.7)

The equally spaced quantized energy states - theLandau Levels - are given

by

En = ~! c

�
n +

1
2

�
: (2.8)

Degeneracy and density of states (DOS) Note the independence of

En from the quantum number kx . Assuming a sample of length L x and

width L y , we have a density of kx states of L x =2� and thus a �nite number

of center coordinates y0 located in the given sample dimensions. We thus

obtain the number

nL = 2 eB=h (2.9)

of degenerate states per unit area (neglecting the spin degeneracy). This

allows us to de�ne the �l ling factor , as a ratio with the sheet carrier density

ne:

� =
ne

nL
=

hne

2eB
; (2.10)

which describes the number of �lled Landau levels as function of the mag-

netic �eld at zero temperature. This allows us to write the density of states

as

D2D = nL

X

n

�
�
E � En

�
: (2.11)

Of course, an energetic broadening appears due �nite temperatures and
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Chapter 2. Quantum description of Landau Polaritons

sample imperfections. These are further discussed in the context of Quan-

tum Hall transport in the next Chapter.

Transition dipole moment and linewidth Due to Pauli blocking

the cyclotron transition is possible for electrons with energies E ful�lling

EF � ~! c < E < E F , as a photon with energy ~! irr = ~! c can excite

electrons above the Fermi energy EF (see Fig. 2.2). The dipole moment

for the transition to the next Landau level depends on the magnetic length

in equation 2.7 and on the �lling factor in equation 2.10 as follows

d = el0
p

�: (2.12)

Depending on the �lling factor, the energy range EF � ~! c < E < E F

might contain two partially �lled Landau levels. We further note, that

the cyclotron linewidth at high carrier densities observed in transmission

experiments is super radiantly limited and given by [77]

� CR =
4�e 2ne

m � (1 + nGaAs )c
(2.13)

In contrast to transport experiments, a transmission experiment hence

reveals little about 2DEG properties beyond the carrier density and mass.

It especially does not reveal the carrier mobility, scattering properties or

the �lling factor.

2.2 Light part

In order to reach the ultrastrong coupling regime (see equation 2.1), one

contribution comes from minimizing the e�ective cavity volume, as the

resulting vacuum electric �eld is given by

Evac =

r
~! cav

�� 0Vcav
: (2.14)

In the optical domain, subwavelength cavities with acceptable losses are

di�cult to make. The di�raction limit sets a minimum cavity volume of

Vcav � (�= 2)3 for the con�nement of a transverse electromagnetic wave.

For longitudinal electromagnetic waves, subwavelength cavities are possi-
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2.3. Hop�eld model

ble, but these require the use of metals which support longitudinal surface

plasmon polaritons (SPPs). These are lossy at optical frequencies. On the

other hand, in electronics, subwavelength cavities are common e.g. in the

form of LC circuits and have acceptable losses in the THz range. How-

ever, losses for now have a secondary role, as in contrast to the strong

coupling regime, the ultrastrong coupling regime does not directly depend

the cavity quality factor Q.

2.3 Hop�eld model

As our experimental platform uses Landau polaritons [67, 78], both the

light and matter transitions occur between harmonic ladders of states. In

such a case, the so called Hop�eld model successfully describes the coupled

system used in this work [29,66]. We assume only one cavity mode, which

is a good approximation for the lowest frequency mode if the other modes

are far away in frequency.

Light-matter coupling Hamiltonian The Hop�eld Hamiltonian [29,

32,66] is given by

H lm = ~! cav aya + ~! cbyb+ H I + H D (2.15)

where ay and by are the bare light and matter creation operators. The

light-matter coupling H I can be written as

H I = i~
( a + ay )(b � by ) (2.16)

while H D describes the diamagnetic energy term growing with D = ~
 2

! c
:

H D =
~
 2

! c
(a + ay )2 : (2.17)

Note, the terms scaling quadratically in the Rabi frequency as well as

terms containing ayby , which simultaneously create or annihilate light and

matter excitations are kept in the Hop�eld model to correctly describe the

ultrastrongly coupled system. The model reduces to the Jaynes-Cummings

model without those terms.
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Bright collective excitation operator Concretely, the cyclotron ex-

citation in the 2DEG acting as a matter excitation is created and tuned

by an out of plane magnetic �eld along z. As its dipole moment d = el0
p

�

(equation 2.12) is in-plane, we assume a single linearly polarized cavity

electric �eld mode along y. In the second quantization framework, one can

de�ne the fermionic operators cy
n� and cn� (n: Landau Level index), which

create and annihilate an electron in the single-particle Landau level state

jn� i , with j� j < An L from equation 2.9 and A = L x L y the sample surface.

One can now introduce the bright collective excitation operator

by =
1

p
nL

n 6=0X

n�

p
ncy

n� cn � 1� ; (2.18)

which behaves approximately as a bosonic operator ([b;by ] ' 1) in the

thermodynamic limit ( nL � 1). This collective excitation of the two-

dimensional electron gas can directly couple to the cavity photon mode.

As we will see, the current operator responsible for magneto-transport

intriguingly also only depends on the bright excitation and cavity mode

operators and not the other n-1 optically inactive excitations.

Hop�eld-Bogoliubov transformation Exploiting the bosonicity of by

in the weak excitation limit, the Hamiltonian can be diagonalized with the

Hop�eld-Bogoliubov transformation [28,79]. One obtains

H lm = EGS + ~! LP py
LP pLP + ~! UP py

UP pUP ; (2.19)

where EGS is the ground state energy, while ! r and py
r are the frequencies

and bosonic creation operators for the upper and lower polariton excita-

tions r 2 f LP;UP g. The polariton operators expressed in the old basis are

given by pr = wr a+ x r b+ yr ay + zr by where the vector v r = ( wr ;x r ;yr ;zr )T

is the solution of the eigenvalue equation M v r = ! r v r , with the Hop�eld

matrix
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M =

0

B
B
B
@

! cav + 2 D � i 
 � 2D � i 


i 
 ! c � i 
 0

2D � i 
 � ! cav � 2D � i 


� i 
 0 i 
 � ! c

1

C
C
C
A

: (2.20)

The coe�cients satisfy the normalization condition jwr j2 + jx r j2 + jyr j2 +

jzr j2 = 1 . Note, that the last two coe�cients are due to the counter-

rotating-wave terms and would be zero in the strong coupling regime, but

cannot be neglected in the ultrastrong coupling regime. The electronic

and photonic weights of the polaritons are given by We;r = jx r j2 � j zr j2

and Wp;r = jwr j2 � j yr j2 and are plotted in Fig. 2.3b below the computed

polariton dispersions in 2.3a.

Polariton dispersions The relevant positive eigenvalues of the eigen-

problem are then given by

! ( UP )
( LP ) =

1
p

2

p
! 2

c + 4
 2 + ! 2
cav � G; (2.21)

where

G =
p

� 4! 2
c ! 2

cav + ( � ! 2
c � 4
 2 � ! 2

cav )2 (2.22)

describes the polariton gap. The smallest separation of the two branches

! ( UP ) � ! ( LP ) = 2
 is reached when the cyclotron dispersion becomes

resonant with the cavity, thus ! c = ! cav = ! . The polariton branches

are plotted in Fig. 2.3a for realistic experimental parameters ( 
 = 30% ,

! cav = 140 GHz, m � = 0 : 07m0).

Modi�cation of the ground state properties An intriguing feature

of the ultrastrong coupling regime lies in its modi�ed ground state prop-

erties. While for small normalized light-matter coupling ratios 
 =! cav the

ground state simply consists of an an empty cavity and a matter part in

its ground state, it becomes energetically favourable for larger couplings

to have matter and light excitations in the ground state [32]. As these

excitations are part of the ground state of the coupled system, they are

hard to detect from outside. There is a wealth of proposals to detect such
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Figure 2.3: Polariton dispersions and mixing fractions a Computed
polariton dispersions (magenta) which appear as the bare cyclotron dispersion
(green) anti-crosses with the magnetic �eld independent cavity resonance (red).
The smallest separation between the two branches is given by 2
 . b Electronic
weights for the upper (black) and lower (red) polariton, which are de�ned as
We;r = jx r j2 � j zr j2 . In the ultrastrong coupling regime, they both reach 50 %
at a magnetic �eld higher than the anti-crossing �eld.

virtual excitations [32], e.g. by observing the Lamb shift of an ancillary

probe qubit in the near �eld of the cavity [80], or by observing the radia-

tion pressure exploiting physics related to the dynamical Casimir e�ect in

an optomechanical system [81]. Many other proposals use the approach to

rapidly modulate any of the parameters responsible for the coupling (bare

cavity and matter frequencies or the Rabi frequency 
 ) on time scales

shorter than � � 
 � 1 (see [32] for an overview).

In our system, this ultra-fast switching could be implemented using super-

conducting LC-circuits, which could be switched into the normally con-

17



2.3. Hop�eld model

ducting phase using a femtosecond laser pulse. Exploiting the much larger

electron kinetic inductance of electrons in the superconducting state, the

cavity could be switched to another frequency in this time scale. In this

present work, we develop another platform, which might lead to a possi-

bility to observe virtual excitations using the matter part itself as probe

of these virtual excitations, observable by means of a Lamb shift type of

e�ect of the electronic density of states probed by magneto-transport. In

the following Chapter, we discuss theoretically how magneto-transport is

modi�ed when dressed by the vacuum �eld of the cavity.
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CHAPTER 3

Theory of magneto-transport coupled to

vacuum �elds

The ultra-strong coupling regime described in Chapter 2 has so far mostly

been investigated experimentally by interrogating the photonic compo-

nent of the polariton quasi-particle weakly probing the coupled system

with low photon �uxes [25,30,31,37�39,43,67,69�73,82�86]. This lets one

overlook the fact, that the ultrastrong coupling regime does not require

any real photons in the cavity. Few experiments exist so far, which probe

the ultrastrongly coupled system in the absence of polaritonic excitations.

Notably, exceptions are the measurement of the matter part of an exci-

ton polariton condensate with an excitonic 1s-2p transitions [87] and a

transport experiment in molecules coupled to a plasmonic resonance [22].

The latter work inspired a number of theoretical works, discussing vac-

uum �eld induced changes to magneto-transport of excitons using various

models [56, 58, 59, 61, 62]. Other works predict vacuum induced changes

to charge transport in quantum dots [54, 88, 89] and also cavity mediated

superconductivity [63,90].

In this Chapter, we discuss the theoretical basis for magneto-transport in

two dimensional electron gas (2DEG) coupled to a cavities vacuum �eld. In

section 3, we brie�y discuss the relevant experimental quantities describing
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3.1. Magneto-transport without a cavity

charge transport in a 2DEG without a cavity [50]. The present discussion

is mostly along the lines of the former reference. In section 3.2 we then

discuss magneto-transport coupled to a cavity mode. We �rst give few

simple qualitative arguments, why high frequency vacuum �elds coupling

to electrons in a Hall bar must change its dc longitudinal resistance. In the

second part the recently presented theoretical description by N. Bartolo

and C. Ciuti [66] is discussed.

3.1 Magneto-transport without a cavity

In this section, we summarize the relevant properties of the 2DEG resis-

tivity as function of magnetic �eld, along the lines of the discussion in

Semiconductor Nanostructures by T. Ihn [50].

3.1.1 Drude and Boltzmann transport at low B-�elds

Conductivity and resistivity Ohm's law U = RI in the local form for

a homogeneous anisotropic material is given by

j = � E (3.1)

where j is the electrical current density and E is the electric �eld. The

electrical conductivity tensor is given by

� =

 
� xx � xy

� � xy � yy

!

; (3.2)

while the resistivity tensor � ful�lling E = � j is obtained by tensor in-

version. Note that in 2 dimensions, the the resistivity tensor � and the

resistance R have the same units and di�er only by a geometrical factor.

The resistivity tensor is hence experimentally obtained by measuring Vxx

and Vxy as shown in Fig. 3.1 applying an electric �eld Ex

� xx =
Vxx

I
W
L

and � xy =
Vxy

I
: (3.3)

Drude conductivity (longitudinal) The simple Drude model lets us

de�ne already a number of useful quantities. In the di�usive transport
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y

x

Figure 3.1: Four-terminal measurement of resistivity tensor A current
I passed from source to drain does not allow to measure R2DEG directly due
to signi�cant contact resistances RC . Instead, � xx and � xy are obtained from a
four point measurement using equation 3.3. This geometry unfortunately cannot
be used to measure also � yx and � yy on the physically same Hall bar.

regime, electron momenta are randomized within a length scale given by

the mean free path l . In equilibrium, the rate at which electrons gain

momentum due to the electric �eld during a mean time � between (back-)

scattering events is the same as the loss of momentum due to scattering.

The equilibrium is described by m � vd
� = eE. Hence, we get an expression

for the drift velocity

vd =
e�
m �

E (3.4)

and for the carrier mobility de�ned using vd = �E

� =
e�
m �

: (3.5)

We can further obtain an expression for the Drude conductivity from the

de�nition of the current density j = neevd = �E as

� xx = ene � =
ne2 �
m �

; (3.6)

where n is the sheet carrier density. The above expressions remain a good

approximation in the low magnetic �eld limit in the absence of the Landau
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3.1. Magneto-transport without a cavity

quantisation in the di�usive limit.

Classical Hall e�ect (transverse resistivity) In a perpendicular mag-

netic �eld with an in-plane current, one �nds the classical Hall e�ect, in-

ducing a transverse Hall voltage, which in two dimensions is geometry

independent and given by

UH =
BI
nee

and thus � xy =
B

nee
: (3.7)

Drude model in magnetic �eld Also at low magnetic �elds, the clas-

sical Drude model gives a descriptive result. In a magnetic �eld per-

pendicular to the sample, electrons perform the classical cyclotron orbits.

Scattering with a random angle e.g. at impurities, results in a drift of the

cyclotron orbit center along the y-direction (along the E � B direction).

In a magnetic �eld, the Drude conductivity 2x2-tensor becomes

� xx (B ) =
nee2 �

m �

1
1 + ! 2

c � 2
(3.8)

� xy (B ) =
nee2 �

m �

! c �
1 + ! 2

c � 2
: (3.9)

Upon tensor inversion, the resistivity writes

� xx (B ) =
m �

nee2 �
(3.10)

� xy (B ) =
B

ene
: (3.11)

Despite the simplicity of the model, this results remains correct in a semi-

classical and also quantum mechanical treatment of the problem. However,

the latter models add signi�cantly to the understanding of the meaning of

� in the above equations. Furthermore, of course, � becomes oscillatory

at higher magnetic �elds in the presence of the Landau quantization.

Conductivity in the Boltzmann framework The current is described

taking into account the Fermi statistics of electrons as follows:
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j = �
e
A

X

n k n

vn (kn )f n (k ); (3.12)

where A is the normalization area, and f n the probability density for the

occupation of a state nkn and vn (kn ) the (group) velocity of an electron

in subband n. Assuming a homogeneous electron gas and a parabolic

dispersion

En (kn ) = En +
~2k2

n

2m �
; (3.13)

the distribution f n (k ) can be obtained solving the Boltzmann equation in

the relaxation time approximation.

For weak electric �elds in the steady state and neglecting intersubband

scattering, we can write the distribution f n (k ) as the equilibrium Fermi-

Dirac distribution, but shifted by �k = e�cos� jE j=~, where � = �B is

the Hall angle. In other words the result of the E � B -�eld is a shift of

the Fermi-circle. With a Taylor expansion the e�ect of the perturbative

E � B -�eld becomes dependent on the energy derivative of the Fermi-Dirac

distribution. At low temperatures, this is almost a delta-like function

around the Fermi energy. Its width is given by the thermal broadening

kT � EF .

The conductivity, still taking the same form as obtained from Drude, now

depends more speci�cally on the scattering time at the Fermi energy � =

� e := � (EF ).

Microscopic picture for Drude scattering time � 0 At low magnetic

�elds, we can express the Drude scattering time � 0 = � (EF )jB =0 in a

microscopic picture as

~
� 0

= n i D (E )

Z 2�

0

d� hjv( i ) (q)j2 i imp (1 � cos� ); (3.14)

where n i = N i =A is the areal density of impurity scatterers, D (E ) the

density of states, and v( i ) (q) the scattering matrix element between two

electron momentum states separated by momentum q = k 0 � k . Most im-

portantly note the factor (1� cos� ), which enhances the weight of backscat-

tering events and makes small angle scattering events have a negligable
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3.1. Magneto-transport without a cavity

in�uence on the � 0 consistent with Drudes original model.

Fermi gas The density dependent Fermi wave-vector kF is given by

kF =
p

2�n e: (3.15)

Via the Fermi velocity vF = ~k F
m � and using equation 3.5, we can obtain an

expression for the mean free path l of the electrons between backscattering

events, dependent only on the electron density and mobility,

l = vF � =
~�

p
2�n e

e
: (3.16)

Experimental determination of carrier density and mobility Us-

ing equation 3.7, we can experimentally determine the electron density

from the Hall resistance at low magnetic �elds as

n =
1

ed� xy =dBjB =0
(3.17)

and the mobility is obtained using equation 3.6 and 3.5

� =
d� xy =dBjB =0

� xx (B = 0)
: (3.18)

3.1.2 Magneto-transport with Landau quantization

As already discovered around 1930 by L. Shubnikov and W. J. de Haas

in three dimensional metallic bismuth samples, the longitudinal resistiv-

ity shows periodic oscillations in 1/B. These are induced by the Landau

quantization (see section 2.1) causing sharp peaks in the density of states,

which in turn result in an oscillatory electron lifetime at the Fermi level.

As we saw before, the lifetime � going into the conductivity and resistivity

tensor in equations 3.8, 3.9 and 3.10 has to be interpreted as� e := � (EF ),

hence resulting in resistivity oscillations.

Landau level broadening and quantum lifetime � q For high mobil-

ity GaAs-based 2DEGs at low temperatures, the dominating broadening

mechanism comes from scattering o� spatial potential �uctuations induced

by charged dopants [50]. We can write the mean scattering rate between
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Figure 3.2: Shubnikov-de Haas oscillations Longitudinal resistance � xx as
function of magnetic �eld. At low �elds, the resistance is constant and is constant
as predicted by Drude (see equation 3.10). Above around 30 mT, the Shubnikov-
de Haas oscillations appear as a result of an oscillatory electron density of states
which causes the electron momentum scattering time to oscillate periodically in
1/B.

momentum states as1=� q , where � q is the quantum lifetime . Using Heisen-

bergs time-energy uncertainty, the broadening of a Landau level is then

given by � = ~=� q .

At low magnetic �elds, we can estimate the scattering rate between mo-

mentum states at the Fermi energy � q(EF ) as

~
� q(E )

= n i D (E )

Z 2�

0

d� hjv( i ) (q)j2 i imp = 2 �n i D (E )v2 ; (3.19)

where n i = N i =A is the areal density of impurity scatterers, D (E ) the

density of states, and v( i ) (q) the scattering matrix element between two

momentum states separated by momentum q = k 0 � k . Note, that in

contrast to the Drude scattering time � 0 , the quantum lifetime broadening

of the momentum states has no enhanced weight for backscattering. The

scattering angle is not relevant here. The measurement of the quantum

lifetime is hence a sensitive probe for scattering processes in the 2DEG

near the Fermi energy.
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3.1. Magneto-transport without a cavity

Oscillatory magnetoresistance Here we use only plausibility argu-

ments to reach the main result, which was derived by Ando et al. [91].

We assume that the density of states lineshape of every Landau level is

a Lorentzian L with width � = ~=� q independently of the Landau Level

index. We can therefore write the density of states as

D (E;B ) = 2 nL

X
L n (E � ~! c(n + 1 =2)): (3.20)

At low magnetic �elds, where E � ~=� holds, one can use Poisson's sum-

mation formula and rewrite the density of states as

D (E;B ) =
m �

� ~2

�
1 +

� D
D

�
: (3.21)

The density of states is now written as the sum of the zero magnetic

�eld two-dimensional density of states and perturbation which is small for

su�ciently low magnetic �elds. Using only the �rst term of Poisson's sum,

we obtain

� D
D

= � 2 exp

�
�

�
! c � q

�
cos(2�E= (~! c)) : (3.22)

The exponential factor is known as Dingle factor, and accounts for the

quantum lifetime broadening of the Landau levels. It can be argued that

similarly to equation 3.19, the electron scattering rate at the Fermi energy

� e should scale with the available density of states as

1
� e

=
1
� 0

�
1 +

� D
D

�
(3.23)

and explicitly

1
� e

=
1
� 0

�
1 � 2 exp

�
�

�
! c � q

�
cos

� 2�E
~! c

� �
: (3.24)

To obtain the Ando et al. expression for the resistivity [91], we only need

to plug � e into Drude's result in equations 3.8, 3.9 and 3.10. Keeping only

linear perturbation terms, the longitudinal resistivity obtained again by

tensor inversion and replacing EF =~! c = hn=2eB writes

26



Chapter 3. Theory of magneto-transport coupled to vacuum �elds

� xx =
m �

nee2 � 0

�
1 � 2e� �=! c � q 2� 2kB T=~! c

sinh (2� 2kB T=~! c)
cos

�
2�

hn
2eB

� �
: (3.25)

The prefactor represents the Drude resistivity around which the magneto-

resistance oscillates periodically in 1/B. As we saw above, the second part

represents the density of states with Lorentzian broadened Landau levels.

While the exponential Dingle factor represents the quantum lifetime � q

broadening of the Landau levels, the sinh-term describes the broadening

induced by the �nite temperature T.

In summary, the longitudinal resistivity can be seen to a good approxima-

tion either as a probe of the density of states at the Fermi level (within

kT) or as a probe of the electron scattering time � e at the Fermi energy.

2 4 6 8 10

100

1/B [T-1]

D
r xx

/r
xx

,B
=

0c
(T

)

 

101

Figure 3.3: Dingle plot obtained from a measurement (Sample RH in Fig. 7.2)
of the oscillation amplitude of the longitudinal resistance � xx as function of mag-
netic �eld.

Experimental determination of the quantum lifetime � q From the

above expression 3.25� q can be extracted from the experimental longitu-

dinal resistance trace � xx (B ) as the slope of� � xx =� xx;B =0 � (T;B ) plotted

versus 1/B, also known as Dingle plot [92] as shown above for a measure-

ment (Sample RH in Fig. 7.2). � (T;B ) is de�ned as sinh (X )=X , where

X = 2 � 2kB T=(~! c).
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3.2. Magneto-transport in a cavity

3.2 Magneto-transport in a cavity

With the knowledge of the resistivity properties of a high mobility 2DEG

discussed in the previous section 3, we can now discuss how the coupling to

a cavities' vacuum �eld a�ects the resistivity. In section 3.2.1, we give a few

qualitative arguments, why the resistivity should be a�ected by the cou-

pling. The section 3.2.2 then gives a rigorous discussion recently published

by our collaborators [66]. Herby, we focus on the regime, where Shubnikov-

de Haas oscillations appear, but the spin splitting and the Quantum Hall

regime are not yet developed.

3.2.1 Qualitative arguments for electric vacuum �eld

�uctuations a�ecting transport

The following arguments have been the working hypothesis for most of the

experimental work presented in the following Chapters.

Electrons a�ected by the ultrastrong coupling regime are near the

Fermi energy EF and due to Pauli-blocking, all electrons able to cou-

ple to the cavity must be located in the energy range EF � ~! c . E �

EF . In contrast, electrons contributing to magneto-transport are located

within kT around the Fermi energy, where in our experimental conditions

kT=(~! c) � 1%. Hence, electron transport occurs exclusively via elec-

tronic states which ultrastrongly couple to the cavity vacuum �eld.

Cyclotron frequency The value of the cyclotron frequency ! c is a very

important parameter for the conductivity of an electron gas, as it de�nes

Shubnikov-de Haas oscillation amplitude, its shape and temperature de-

pendence (see equation 3.25). The ultrastrong coupling regime on the

other hand - at least when observed with optical means - replaces the bare

cyclotron dispersion by the polariton dispersions (see Chapter 2). Such

a replacement might at least in some aspects be visible also in transport

which is so intimately connected to the cyclotron frequency.

Vacuum �elds are also electric �elds The electro-magnetic ground

state of the cavity mode (QED ground state) has no energy quanta avail-
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able to excite electrons as it is the ground state. However, the vacuum

electric �eld can still act on charges and cause energy conserving processes

e.g. elastic scattering of an electron to which transport is highly sensitive

(see section 3). Further, it can cause originally orthogonal electronic states

to couple, similarly to the �nite spontaneous emission lifetime of an atom

which appears due to a disturbed orthogonality of atoms electronic states

in the presence of vacuum �elds.

Physics comparable to Lamb shift The Lamb shift [4] describes a

DC energy shift of the s electron orbital due to the presence of randomly

�uctuating vacuum electric �elds, which distort the atoms electric poten-

tial probed by the electron. The e�ect does not average to zero due to the

non-linearity of the atom potential, which result in a contribution scaling

with the vacuum electric �eld squared. A similar mechanism might result

in a DC change of magneto-transport.

Energy scale of light-matter coupling In the ultrastrong light-matter

coupling regime, the large Rabi frequency 
 de�nes a large energy scale

~
 , which can signi�cantly exceed the Landau level linewidth ~=� q and is

also comparable to the cyclotron transition energy. It would hence not be

surprising, if the regime has a consequence directly on the electronic den-

sity of states, which is directly probed by magneto-transport (see section

3.1).

3.2.2 Theory for vacuum-dressed cavity magneto-transport

In this section we present the theoretical description of magneto-transport

of a 2-dimensional electron gas modi�ed by the coupling to a cavity in its

ground state, as recently presented by N. Bartolo and C. Ciuti [66] in close

collaboration with our experimental work. 1

Linear response Kubo ansatz Under the action of an electric bias of

frequency ! , the linear response of the 2DEG can be determined using

the Kubo approach [93]. For known eigenstates j� i and energies E � of

1 Compared to the Ref. [66], we invert the x and y coordinates for consistency with
the other parts of this manuscript.
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the manybody Hamiltonian, the magneto-conductivity according to Kubo

reads:

� ij = i
X

� 6= � 0

e� �E � 0 � e� �E �

AZ (E � � E � 0)
h� j J i j� 0i h� 0j J j j� i

(! + i=� �� 0) + ( ! � � ! � 0)
; (3.26)

where i;j 2 f x;yg, A the 2DEG area, � = 1 =(kB T) the inverse thermal

energy, Z the partition function and � �� 0 the transport scattering time.

The current operator going into the matrix elements of the Kubo formula

writes J = � e
m �

P
i (p i + eA i ). With some algebra, we can express the

current operators as function of the single photon and bright collective

excitation operators:

Jx = �

r
~! cN ee2

2m �
(b+ by );

Jy = �

r
~! cN ee2

2m �

h
i (b � by ) +

2

! c

(a + ay )
i

;

(3.27)

where N e = neA. It is important to note here, that the current operators

depends only on the collective bright excitation and cavity mode operators,

the same operators relevant for the description of the ultra-strong coupling

regime.

Current operator in polariton basis The operators a and b can now

be expressed in terms of polariton operators py
r and pr introduced in the

previous section 2.3:

a = w�
LP pLP + w�

UP pUP � yLP py
LP � yUP py

UP ;

b = x �
LP pLP + x �

UP pUP � zLP py
LP � zUP py

UP :
(3.28)

With this, the current operators read:
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Jx = �

r
~! cN ee2

2m �

X

r

[(x r � zr ) � pr + H.c.] ;

Jy = �

r
~! cN ee2

2m �

X

r

i! r

! c
[(x r � zr ) � pr � H.c.] :

(3.29)

Here it is clear that magneto-transport coupled to a cavity is directly

mediated by the polariton states [66]. In other words, the light-matter

coupling can also fundamentally change the basis of states relevant for

transport.

Low temperature limit An important simpli�cation is possible in the

low-temperature limit ( � ! 1 ), as j� i and j� 0i can only be the ground

state jGS;� i or 0 < � <
�

n L A
N �n

�
-permutations thereof, where N �n is the

number of electrons in the partially �lled highest Landau level. Further,

the current operator in equation 3.29 only couples the ground state to

polariton states jLP;� i = py
LP jGS;� i and jUP;� i = py

UP jGS;� i which act

as virtual intermediate states for magneto-transport. The Kubo transport

scattering rates � �� 0 hence take only the two values � r := � r;GS with r 2

f LP;UP g. For low temperatures, the partition function also simpli�es to

Z ' e� �E GS . As each permuation � gives the same contribution to � ij ,

the conductivity tensor in the dc limit (! ! 0) writes

� dc
ij =

X

r 2f LP;UP g

2� r

~! r

<
h
� ( r )

ij

i
� ! r � r =

h
� ( r )

ij

i

1 + ( ! r � r )2
; (3.30)

where

� ( r )
ij = hGS;� j J j jr;� i hr;� j J i jGS;� i : (3.31)

Polariton mediated conductivity tensor To reach the �nal analytic

result, we only need to insert equation 3.29 in the above result:
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Figure 3.4: Polaritons and transport weights a Computed polariton dis-
persions (magenta) which appear as the bare cyclotron dispersion (green) anti-
crosses with the magnetic �eld independent cavity resonance (red). The small-
est separation between the branches is given by 2
 . b Electronic weights for
the upper (black) and lower (red) polaritons (full lines), which are de�ned as
We;r = jx r j2 � j zr j2 . In the ultrastrong coupling regime, they both reach 50
% at a magnetic �eld higher than the anti-crossing �eld. In contrast, dashed
lines show the conductivity weights Ce;r = jx r � zr j2 in the sum of equation
3.32. They cross where the bare dispersions cross in a and the upper polaritons
conductivity contribution never becomes 1.

� dc =
nee2

m �

X

r

jx r � zr j2 � r

1 + ( ! r � r )2

 
! c
! r

! r � r

� ! r � r
! r
! c

!

: (3.32)

The resistivity tensor � dc shown in the measurements in the following

Chapters can be obtained by tensor inversion from � dc = ( � dc ) � 1 .
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Comparison to Drude conductivity The standard Drude conductiv-

ity tensor derived in equations 3.8 and 3.9 is given by

� dc =
nee2

m �

� e

1 + ( ! c � e)2

 
1 ! c � e

� ! c � e 1

!

: (3.33)

For no cavity coupling ( 
 = 0 ), the dressed conductivity in equation 3.32

recovers the Drude-like magneto-conductivity shown above. An important

consequence of the presence of the cavity is that the dressed conductivity

is a sum of two weighted contributions associated to the two fundamen-

tal polariton excitations, which replace the single contribution depending

only on the cyclotron frequency - similarly to what is expected in THz

transmission (Fig. 2.3). Unfortunately, the interpretation of the resistivity

is less intuitive, as a tensor inversion of the sum mixes the two polariton

contributions.

The conductivity weights for the summands are Ce;r = jx r � zr j2 , which

di�er from the electronic weight of the polariton We;r = jx r j2 � j zr j2 . As

shown in Fig. 3.4b, in contrast to the polariton mixing fractions We;r which

reach both 50% at magnetic �elds beyond the anti-crossing, the crossing

of the conductivity weights Ce;r occurs where the bare matter and light

dispersions cross. Further, the upper polaritons conductivity weight Ce;r

does not converge to 1 at low �elds.

Transport scattering time � r The polariton transport scattering time

� r in equation 3.32 stemming from Kubo's formalism replaces � e in the

Drude conductivity expression in equation 3.33. It can be written as a

sum, with the weights being the electronic and photonic mixing fractions

of the polariton [66]

1
� r

=
We;r

� e
+

Wp;r

� p
: (3.34)

Here � e the electron scattering rate at the Fermi energy derived in equation

3.24 after replacing EF =~! c = hn=2eB and using the de�nition of the

�lling factor in equation 2.10:

1
� e

=
1
� 0

�
1 � 2 exp

�
�

�
! c � q

�
cos(�� )

�
: (3.35)
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One may note a theoretical di�culty here, as � r as de�ned in the Kubo

formalism � r := � r;GS is a intersubband scattering rate between the ground

state jGS;� i and �rst excited state jr;� i , while � e used to de�ne � r in equa-

tion 3.34 is derieved from intrasubband scattering directly at the Fermi

energy not involving other subbands.

The second time � p in equation 3.34 is a transport scattering time due

to environmental �uctuation a�ecting the cavity mode and can be much

longer than the cavity photon lifetime de�ning the low Q-factor of the

cavity. In can be seen as the �rst order coherence g1 of the vacuum �eld

mode, which is not necessarily the same as theg1 of a real photon. The

latter is �xed by the cavity Q-factor via the Wiener-Khinchin theorem.

Unfortunately, � p is not an experimentally accessible parameter in our

case, but we can assume� p � � e.

Fig. 3.5 shows the prediction of the theory as presented by N. Bartolo and

C. Ciuti [66] for di�erent normalized light-matter coupling strengths and

for the cavity vacuum �eld polarized a along or b orthogonal to the source

drain current. The other parameters are chosen close to the experimental

conditions presented in section 8.1.2. Notably, a vacuum �eld induced

change in carrier mobility is observed for the parallel case. For the case

Evac ? I SD , one can observe a SdH modulation amplitude reduction in a

broad range near the anti-crossing �eld. Also the Drude resistance value

around which the oscillations occurs appears to be reduced near the anti-

crossing for large � p > � 0 .

Other possiblity to express � r The expression � r introduced ad hoc

in equation 3.34 might also be written using � q for the electron lifetime and

� Q for the cavity life time rather than � e and experimentally inaccessible

photon lifetime � p . It might make more sense, that vacuum �elds cause

small angle scattering described by � q rather than large angle scattering

described by � p . Unfortunately, with the present experimental parameters,

this question cannot be answered, since both pairs of values have approx-

imately the same values and don't result in obvious modi�cations of the

resistivity traces. Qualitatively, such a theory also leads to a SdH ampli-

tude reduction around the resonant magnetic �eld, but no change of the

Drude resistance value around which the SdH oscillations occur. While
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Figure 3.5: Dressed resistance traces for two vacuum polarisations
Computed longitudinal magneto-resistance for di�erent realistic normalized light
matter couplings and for a Evac k I SD and b Evac ? I SD , where I SD is the
source drain current. The model parameters chosen close to the experimental
parameters discussed in the next Chapter are ne = 3 � 1011 cm � 2 , � 0 = 131 ps,
� q = 2 : 8ps, m � = 0 : 07 � m0 , ! cav = 100GHz and � p = 300 ps

this per se is not consistent with experiments presented in Chapter 7 and

8, this might be explained by the presence of localized electronic states

which cannot contribute to the polariton and hence leave the SdH minima

unchanged.
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CHAPTER 4

Measurement Setups

For the experimental study of magneto-transport coupled to vacuum �elds,

three di�erent experimental setups have been used. In a �rst step, a good

understanding of the ultrastrongly coupled system needs to be obtained

by performing free space transmission experiments through an array of

coupled cavities. For this purpose, a THz time domain spectroscopy

setup maintained by Dr. Curdin Maissen and Janine Keller is used. It is

brie�y discussed in section 4.1 and most measurements with the setup are

presented in Chapter 6.

With this understanding, the magneto-transport characteristics of the

sample can be assessed with two further transport setups with very dif-

ferent characteristics. As this project required the development of a new

sample process, an entirely new sample design and a - to our group - unfa-

miliar magneto-transport measurement technique, discussed in Chapter 5,

it was very useful to use a liquid Helium cooled magneto-transport

setup from Janis Research company presented in section 4.2. This

setup was mostly developed by Dr. Federico Valmorra and later improved

by myself. This setup allows to exchange samples within around 1 hour

- a useful feature when testing dozens of samples until we converged to

the design presented in Chapter 5. Limited by the too high base tempera-

ture of 1.3 K (corresponding 0.11 meV or 26 GHz) and a for this purpose
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4.1. THz time domain spectroscopy (THz-TDS)

unacceptable stability of the system, an new Helium-3 dilution refrig-

erator form Bluefors Cryogenics was bought and developed for this

purpose. It is presented in section 4.3. With a base temperature of only

6 mK, an electron temperature of around 30 mK (2 � eV or 0.6 GHz) and

an impressive stability allowing to compare measurements taken a week or

more apart. An exchange of a sample however takes 5 to 7 days, as the

entire setup needs to be warmed up to room temperature in between.

4.1 THz time domain spectroscopy (THz-TDS)

For the optical characterisation of the samples, a THz-time domain spec-

troscopy (THz-TDS) setup as shown in Fig. 4.1 is used. A detailed de-

scription is given in the thesis of Curdin Maissen [94]. First demonstrated

in the 1990's by Griskovsky [95], the technique is sensitive to amplitude

and phase of a transmitted broadband single cycle THz pulse.

Figure 4.1: Sketch of THz-TDS Short near infrared pulses generated by the
MaiTai laser are separated into pump and probe beams (red). NIR pump pulses
create THz pulses at the photo-conductive switch (yellow), which are focussed
onto the sample with o� axis parabolic mirrors. Recombining the THz beam
with the probe beam, the detection is performed exploiting a � (2) -non-linearity
and ellipsometry performed with a �= 4-plate, a Wollaston prism and two NIR
photo-detectors. Figure adapted from [94]
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Chapter 4. Measurement Setups

As shown in Fig. 4.1, short near infrared (NIR) pulse trains generated by

the MaiTai Ti:Sapphire pulsed laser (70 fs pulse length, 80 MHz repetition

rate) are separated into pump and probe beams (red). The stronger NIR

pump pulse beam is used to create THz pulses at the photo-conductive

switch [96]. The latter conducts current between two biased electrodes for

about a picosecond after a NIR pulse hits the switch, resulting in THz

radiation being emitted. The switch bias is modulated at 15.5 kHz for

a lock-in detection. With o�-axis parabolic mirrors, the (almost) single

cycle THz beam (yellow) is focussed on the sample and then recombined

with the weaker NIR probe beam. For the detection, the electro-optic

Pockels-e�ect [97] is exploited, where a change of birefringence is induced

by the sum and di�erence frequency generation of the NIR and THz �elds

in the crystal. The initially linearly polarized NIR probe beam is changed

proportional to the THz electric �eld amplitude. With the help of a �= 4-

plate and a Wollaston prism, the beam is split into to NIR beams with a

similar power Pi , whose di�erence is proportional to the THz electric �eld

amplitude (balanced detection)

P2 � P1

P2 + P1
/ ET Hz (4.1)

Figure 4.2: Typical THz-TDS transmission measurement in a time and
b frequency domain.

With a delay stage, the electric �eld of a THz pulse can be detected as

function of time delay (corresponding to the phase) as shown in Fig. 4.2a.

As the amplitude and phase information is available a Fourier transform
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4.2. Janis Cryostat

allows one to retrieve the transmission spectrum shown in Fig. 4.2 b on a

very broad frequency range, between around 50 GHz and 3.5 THz in the

best case.

4.2 Janis Cryostat

Many sample design and processing changes were tested in a liquid-He4

cooled superconducting magnet from Janis Research Company, which al-

lows to reach magnetic �elds of 12 T and a sample base temperature of

around 1.3 K in pumped liquid Helium. A detailed description of the setup

is presented in the thesis of Federico Valmorra who developed the system

to perform magneto-transport measurements in this setup. Compared to

the Bluefors presented in the section below, the practical advantages of the

system are the fast sample exchange (1 hour vs. 5 days), the higher max-

imum magnet sweep rate (540 mT/min vs <10 to 50 mT/min), and the

maximum magnetic �eld (12 T vs. 6 T). However, the high base tempera-

ture of 1.3 K (corresponding 0.11 meV or 26 GHz) does not allow to study

vacuum �eld e�ects of the cavity at 140 GHz, as the thermal photon pop-

ulation is non-negligible, besides the fact that magneto-transport greatly

bene�ts from lower temperatures, as demonstrated below in Fig. 4.6. This

is why all measurements presented in this thesis are performed with the

dilution refrigerator presented below.

4.3 Dilution Refrigerator Setup (Bluefors)

We use a dry dilution refrigerator from Bluefors Cryogenics. A pulse tube

refrigerator driven with He-4 is used to cool the system down to around

3 Kelvin, from where a second He-4/He-3 mixture circulation allows to

reach a base temperature of around 7 mK at the mixing chamber. As

shown in Fig. 4.3a and b, the system has di�erent temperature stages at

around 45 K, 4 K, 1 K and 6 mK. The former 3 have a thermal shield

attached to it to block blackbody radiation coming from the vacuum can

at 300 K. A magnet in Helmholtz con�guration from American Magnetics

is connected to the 4 K shield and allows for an optical access from 5

di�erent directions, one of which will be used in Chapter 7. The 4 K
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Chapter 4. Measurement Setups

shield and the magnet mounted at its lower end is shown in Fig. 4.3c. The

sample is mounted on a copper cold �nger holding a chip carrier with 24

usable electrical connections shown in Figs. 4.3d and e. Additionally, one

can see an optical �bre (yellow), which is used to illuminate the sample

before measurements at low temperature with IR light. The electrical

connection onto the GaAs chip are made with 18 �m thick gold bonding

wires as shown in Fig. 4.3f.

B

Split-coil magnet
4K

Vacuum shield 45 K-shield

1 K-shield

Sample (6 mK)4 K

1 K

6 mK

300 K

45 K

a)

d)c)

b)

e) f )

Figure 4.3: Bluefors setup a Dry dilution refrigerator showing part of the
vacuum can (white) and the di�erent gold coated plates at di�erent temperature
to which thermal shields are mounted. b 4 K thermal shield with magnet attached
at the lower end. The thick yellow wires carry the � 100 A current for the magnet.
c Sample holder at the end of a copper cold �nger. d Chip socket with 24 resistive
wires soldered at the back and a chip carrier clamped into it. f The electrical
connection between the pins of the chip carrier and the processed GaAs chip is
provided with 18 �m thick gold bonding wires
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4.3. Dilution Refrigerator Setup (Bluefors)

4.3.1 Measurement circuit

A simpli�ed measurement circuit is sketched in Fig. 4.4. A small current of

I � 10nA modulated at typically 14 Hz is applied from source to the drain

(blue). It is obtained from the oscillator voltage output of the lock-in and

converted to a current with a large 10 or 100 M 
 resistor. The voltage

di�erences Vxx and Vxy for each Hall bar (e.g. 2 Hall bars with and without

cavity shown in the Fig. 4.4) are measured using up to 7 commercial digital

MFLI Lock-in ampli�ers from Zurich Instruments in parallel in conjunction

with a home-made AC di�erential voltage pre-ampli�er (purple).

4.3.2 Cooling the electron gas

For the measurement, 24 phosphor-bronze wires are installed from room

temperature to the mixing chamber and interfaced with a non-magnetic

micro-D CINCH connector. At such low temperatures, the heat exchange

between electrons and phonons of their host material becomes extremely

weak [98], resulting in very di�erent lattice and electron temperatures. Ef-

fectively, heat conductivity is consequently highly correlated with electrical

conductivity. While the lattice eventually cools to 6 mK base tempera-

ture, the electrons remain at much higher temperatures. Here, we brie�y

discuss the measures taken to cool the system, with more details here [99]:

Instrument and environment noise Via measurement lines, the sam-

ple is electrically connected to up to 7 lock-in ampli�ers as well as current

and voltage sources. From these instruments, but also via electromagnetic

pick up from other noise sources in the lab, e.g. at 50 Hz, the electron

temperature is signi�cantly a�ected. As we use a lock-in-technique to

avoid noise in measurements, we use two 4-channel AC di�erential voltage

ampli�ers with an input noise of 1 nV/
p

Hz at 10 Hz to minimize envi-

ronment noise injected into the cryostat 1 . Of course, the ampli�er needs

to be located as close as possible to the cryostat (and in principle best in-

side), and wire pairs should be twisted on the non-ampli�ed side to avoid

pick-up.

1 They are homebuilt by Peter Märki in the group of Prof. Klaus Ensslin
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Chapter 4. Measurement Setups

Figure 4.4: Electrical measurement scheme Longitudinal and transverse
resistance of two Hall bars in series with one inside a cavity measured at the
same time. On all measurement lines, there are low pass �lters, thermalisation
coils and low noise AC di�erential voltage ampli�ers (pink). The measurements
are performed with Zurich instrument lockins.

Johnson-Nyquist noise The next important contribution is Johnson-

Nyquist noise [100] (or blackbody radiation) produced by electrons in parts

of the wires located at room temperature and connecting the measurement

instruments. Pre-installed thermalisation coils (see A in Fig. 4.5) from

Bluefors at every temperature stage help to couple the hot electron bath

in the wires to the cryostat by thermal conduction still e�cient at higher

temperatures. With this the electron temperature is still somewhere above

100 mK. After the Bluefors thermalisation coil, we have added a Therma-

ud-25G low pass �lter cutting at 160 kHz on all 24 measurement lines (see

B in Fig. 4.5), then another thermally anchored coil and a second low pass

�lter at 16 kHz. With this a electron temperature of around 40 to 50

mK can be reached. Adding yet another thermally anchored coil should

bring the temperature down into the range of 30 mK (to be experimentally
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4.3. Dilution Refrigerator Setup (Bluefors)

con�rmed). All these elements are marked with a low pass �lter symbol

in Fig. 4.4.

A
B

Figure 4.5: Setup to cool electrons Low pass �lters on all measurement
lines (A) and thermalisation coils (B) anchored to the mixing chamber plate.

Current heating A third source of heating is produced by low frequency

or DC currents applied through the sample itself. One contribution can

come from ground loops. This is avoided by running all instruments from

the same power plug which also de�nes the common ground and many

other measures discussed in detail in this book [99]. Another contribution

which can be the limiting factor is the intentionally source-drain current,

which requires to lower the current to values between 1 and 10 nA.

Magnetic impurities When the magnetic �eld is ramped and changes

polarity, magnetic impurities in measurement wires, parts nearby or in-

side the magnet, can cause very sharp heating spikes and also electrical

spikes, which appear at magnetic-�elds speci�c to each impurity. To help

avoid this issue, everything employed in the setup should be non-magnetic,

including e.g. specially made non-magnetic CINCH connectors. It is how-

ever unavoidable to have some of these impurities in the system. This

is why it can be useful - if the measurement allows - to simply avoid to
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Chapter 4. Measurement Setups

change the polarity of the magnet in a measurement and measure only at

positive �elds. This avoids almost all spikes.

4.3.3 Electron gas temperature measurement
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Figure 4.6: Measurment of electron temperature Temperature sweep of
the mixing chamber temperature performed with sample a standard Hall bar
without cavity on chip EV2124-32 (details on the sample in the next Chapter
5). Courtesy of J. Andberger

The electron gas temperature can be measured indirectly using the temper-

ature measured at the mixing chamber. Increasing the latter with a heater

allows one to �nd the threshold temperature at which the sample resistance

becomes limited by the mixing chamber temperature. This temperature is

in good approximation the electron temperature. Fig. 4.6 shows a temper-

ature sweep with a trace measured every 15 mK from 0 to 1.2 K with the

setup as described above but with only one additional thermalisation coil.

One can see that di�erent parts of the resistance trace have very di�er-

ent temperature sensitivity. The Drude resistance at near zero magnetic

�eld is insensitive to temperature in this range, while Shubnikov-de Haas

oscillation amplitudes are strongly damped. The highest temperature sen-

sitivity can be observed in resistance minima of spin-split Landau levels
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4.3. Dilution Refrigerator Setup (Bluefors)

(e.g. minimum at 0.4 T), which represent a great temperature sensor. We

observe electron base temperature between 30 and 45 mK.
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CHAPTER 5

Sample Design and Fabrication

In order to reach the overall goal of this thesis - the observation of a

vacuum �eld induced modi�cation of magneto-transport - developing the

design of the sample is a very critical part. As we will see in the last

part of the thesis in Chapter 8, the experimental setup used to reach

the above goal, is extremely similar to many other setups used in the

magneto-transport community: A GaAs based Hall bar, whose resistivity

tensor is measured at very low temperatures with a metallic tip nearby -

moved by piezo actuators to modify the electromagnetic environment of

the electrons. The key di�erence in our experiments runs down to a mere

placement of a correctly patterned layer of gold with the right shape on

top of the Hall bar. The conceptual process necessary to arrive to such

a design is far longer and since it requires concepts developed in cavity

quantum electrodynamics (CQED), which probably appear to have little

importance seen from a magneto-transport perspective.

In this Chapter we present the sample design which allows to measure the

longitudinal and transverse resistivity of an electron gas in the ultrastrong

coupling regime. We want to require, that the ultrastrong coupling regime

is reached, hence~
 = ~d�
p

Ne � ~Evac � 10% (see equation 2.1). Further,

the entire electron gas needed to probe the resistivity is located inside

the cavity mode and that the dimensions of the electron gas is su�ciently
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5.1. Hall bar design

large to have di�usive transport. Additionally, it should be possible to

not only characterize the samples resistivity but also to characterize the

optical properties of the sample and hence access the degree of light-matter

coupling. The technicalities on the sample fabrication are presented in the

appendix B.

5.1 Hall bar design

As discussed in Chapter 2, intersubband transitions provide very large

dipole moments [28]. Among them, the cyclotron transition has success-

fully been used to reach record high normalized light-matter coupling ratios


 =! cav [67], recently exceeding 100 % [74].

Large dipole moment d and number of dipoles Ne To reach the

ultrastrong coupling regime, the matter part needs to provide a large num-

ber of dipoles Ne, which are each as large as possible. The dipole moment

of the cyclotron transition can exceed the dipole moment of an intersub-

band transition de�ned by a quantum well. While in such a case the

dipole moment is in the order of the quantum well width (typically tens

of nanometers), the in-plane cyclotron transition dipole moment is given

by (see equation 2.12)

d = el0
p

� / B � 1 (5.1)

and e.g. reaches d=200 nm e for our experimental parameters B res =

0: 33T and ns = 3 � 1011 cm� 2 .

A 2DEG is obtained creating a quantum con�nement in one direction by

growing layers with alternating compositions using MBE. The di�erent

material compositions give rise to di�erent band gaps and thus resulting

in sharp conduction band o�sets in the growth direction that result in

an electron con�nement. The most studied 2DEG type is created at a

GaAs/AlGaAs interface, and allowed to reach record high mobilities of

� = 35 � 106cm2V � 1 [101]. The detailed growth design for the layer

EV2124 used for most experiments discussed in this thesis is given in

Appendix A. Typically, the sheet carrier density of such a 2DEG is around

ns = 3 � 1011 cm� 2 , allowing to accommodate a very large number of
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Chapter 5. Sample Design and Fabrication

matter excitations Ne in the cavity mode volume, which is relevant to

obtain a high coupling.

Di�usive transport In this work, we further want to require that the

dimensions of the Hall bar are su�ciently large such that we can measure

magneto-transport in the di�usive regime. This allows one to obtain the

resistivity tensor which is independent of the precise geometry of the Hall

bar. However, it is conceivable, that transport in the ballistic regime might

be equally or even more sensitive to the coupling to vacuum �elds of the

cavity.

The mobility dependent mean free path l given in equation 3.16 roughly

de�nes a lower limit for the Hall bar length L x , since di�usive transport

requires l � L x . For the parameters of the epilayer used, one obtains

l = vF � =
~�

p
2�n

e
= 28 �m / �

p
n: (5.2)

Further, to minimize edge-to-edge scattering, the mean free path should

be smaller than the Hall bar width � 2L y .

Plasmon frequency As discussed in the following Chapter 6, a further

condition for the Hall bar width L y is given by the plasma frequency [102]

! p =

r
nse2 �

2m � �� 0W
: (5.3)

It results in an important correction of the cyclotron dispersion due to the

mesoscopic con�nement introduced by the �nite Hall bar width W = L y .

It is a well known resonance excited upon irradiation with light polarized

along the y-direction across the Hall bar. The collective plasmon excita-

tions makes the electron gas metal like and screens most of the external

radiation with frequency below the plasmon frequency. As discussed in

Chapter 6, a large light matter coupling is hence best obtained if the plas-

mon frequency is below the cavity frequency. For a L y = 40 �m , and

assuming the dielectric constant to be the average of the values for GaAs

and vacuum � = 1
2 (12: 89 + 1) , one obtains 144 GHz, which is close to the

experiment shown in Fig. 7.12a.
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5.2. Cavity design

The next section discusses the cavity design, which should contain the

entire Hall bar, but nevertheless have the minimal possible cavity volume

to enable su�ciently high coupling.

5.2 Cavity design
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Figure 5.1: Cavity designs used a CH140 cavity formed by a patterned thin
layer of titanium/gold (yellow area). The structure can be seen as a LC oscillator
circuit, with two inductive parallel loops marked with red arrows connect the two
sides of the capacitive gap in the center. FE element simulations of the absolute
electric �eld at the resonance frequency of 140 GHz are overlapped and con�rm
such a picture. b CH205 has the same central gap area as CH140, but no arms,
which increases its frequency to 205 GHz, and can be seen as a slot antenna.

As a cavity, we use complementary split-ring resonators, which have been

demonstrated to be suitable cavities to reach the ultrastrong coupling

regime [67,78]. Fig. 5.2a shows a sketch of such a resonator (called 'CH140'

from now on), formed by thin layer of gold (yellow area) into which a small

circuit is patterned. The red arrows illustrate the current path inside the

gold, forming two loops taking the role of two parallel inductors with in-

ductance L. The capacitance C is formed by the central gap, which also

de�nes the light polarisation with which the cavity can be excited by an

external source in the far-�eld. Thanks to the counter rotating currents

(red arrows), the resonator has only an electric response and no magnetic

response. The electric dipole allows for a coupling to the far-�eld which

enables to experimentally access its frequency using a THz-TDS system
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Chapter 5. Sample Design and Fabrication

(see section 4.1). However, the quality factor of the cavity is then also lim-

ited by radiative losses [78], which in principle could be mostly removed

by using quadrupolar resonators. Fig. 5.2b shows a second cavity 'CH205',

which qualitatively has the same current distribution, but with a shorter

path, as the cavity has no 'arms'. Its mode can be interpreted as the one of

a slot antenna. Note, that this is the highest possible frequency resonator

design, that has the same central gap area as CH140, into which we will

�t the Hall bar. As CH205 resonator only di�ers from CH140 by its arms,

which are far away from the electron gas in the Hall bar, it can be assumed

that potential strain e�ects and refractive index changes induced by the

metal are identical for the two cavities.

Bare cavity vacuum �eld Finite element (FE) simulations (CST mi-

crowave studio) of the electromagnetic mode distribution of the two cavi-

ties are overlayed as colormaps in Figs. 5.1a and b. The colormaps show the

cavity in-plane electric �eld distribution Ex;y =
p

jEx j2 + jEy j2 scaled as

the local �eld enhancement at the cavities lowest resonance frequency. As

expected, both cavities create a strong vacuum electric �eld inside the cen-

tral gap. The simulated transmission for both cavities is shown in Fig. 5.2,

showing the LC resonance of CH140 at 140 GHz and the�= 2-resonance of

CH205 at 205 GHz as full lines.
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Figure 5.2: Optical cavity properties Simulated transmission of an array
of cavities of type CH140 (blue) and CH205 (red) as function of frequency.
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We can approximate e�ective cavity volume for both cavities as the area

of the slit (40 � m � 170 � m) times the out of plane extension of the

�eld which is in the order of the gap width (40 � m). Thus one obtains a

strongly subwavelength cavity volume of Vcav � 2� 10� 4(� 140 GHz =2)3 and

7 � 10� 4(� 205 GHz =2)3 for the cavities at CH140 and CH205 respectively.

This is close to 4 orders of magnitude less than a Fabry Perot cavity that

has at least a volume of 1 � (�= 2)3 .

For CH140, assuming again � = (12 : 89 + 1) =2, we obtain a vacuum �eld

inside the cavity as

Ephoton =

r
~! cav

�� 0Vcav
� 2: 4V=m: (5.4)

Design rule for large 
 =! cav despite large Vcav The present cavity

design as shown in Fig. 5.1 has a several orders of magnitude larger cavity

volume Vcav compared to most studies used to reach very high coupling ra-

tios using the present experimental platform [67,74,103]. This is necessary

here, as the goal is to �t a su�ciently large Hall bar into the cavity, which

shows dissipative transport also with high carrier mobilities and minimal

edge-to-edge scattering requiring a long and wide Hall bar (see Chapter

3). Here we show, that the gap of a resonator can be signi�cantly enlarged

keeping the resulting light-matter coupling constant, if scaled up correctly.

The normalized light-matter coupling rate for the present system can be

written as [29,78,104]



! cav

=

r
� cav Se

4�V cav

p
�� res (5.5)

where � cav = 2�c
! cav

is the wavelength corresponding to the cavities reso-

nance frequency! cav in free space,Vcav the e�ective cavity volume and Se

the active mode area. The latter allows us to write the number of coupled

electrons �lling the same area Se as Ne = Se
n e

� res
, where � res is the �lling

factor at resonance of the cyclotron and cavity frequencies.

As shown by C. Maissen et al. [104], simply scaling all resonator dimensions

up by a factor a in both in-plane dimensions, increases the mode volume

as Vcav / a3 , the e�ective mode area as Se / a2 , the free space cavity

resonance wavelength as� c / a and the cavity resonance frequency as
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! cav / a� 1 . Therefore, the normalized light-matter coupling scales for a

linear scaling of all in-plane resonator dimensions as [104]



! cav

/
p

� /
p

a; (5.6)

where for the last step we used� res = n e h
eB res

/ B � 1
res / ! cav / a� 1 (B res :

magnetic �eld at resonance). Hence, scaling down the resonance frequency

! cav in this way by a factor a allows to increase the maximum Hall bar

still �tting inside the capacitive gap a factor a in both length and width

and even gain coupling strength by a factor
p

a. Such a scaling is however

limited by the above stated condition, that the cavity resonance should

still be observable using a THz-TDS, whose detection limit is at around

100 GHz (see Chapter 4). Hence, we choose! cav = 2 � 140 GHz, down

from typically 500 GHz in previous studies [67, 78]. Relaxing this condi-

tion would however not allow a much further reduction, as the cyclotron

resonance, even at low temperatures, does not appear before reaching �elds

in the order of 50 mT.

To further increase the Hall bar area L x L y � Se, the cavity frequency

! cav and the gap length L x is kept �xed, while the gap width L y is scaled

by a factor g and the shape of the resonator 'arms' is allowed to change

to keep the frequency �xed. The three geometrical factors appearing in

equation 5.5 scale as follows: Sc / g, Vcav / g2 and � c = const. Hence,

the normalized light-matter coupling scales as 

! cav

/
p

g� 1 . For both

scalings combined, we hence �nd 

! cav

/
p

a=g. Setting a = g, leaves

the light matter coupling unchanged. Starting from resonator B in [78]

with ! cavB = 480GHz showing 27 % at a similar carrier density of ne =

3: 2� 1011 cm� 2 , the frequency of the present resonator shown in Fig. 5.1 is

a = 3 : 4 times lower. The gap is 10 times larger, which is roughly ag = a2 .

As we will see experimentally in the next section and in Fig. 5.4a, the

coupling for the present cavity design is found to be almost unchanged

with 

! cav

= 30%. Note, that additionally some optimizations can be

made by increasing the 'arm'-width, to reduce stray capacitances, that

give an unwanted frequency reduction.
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5.3 Combined system
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Figure 5.3: Complete sample a , b : Detail micrographs of `CH140' and
`CH205' consisting of the Hall bar closely surrounded by the capacitive gap of
the two respective cavities. c (top) SEM picture of a y-z cross-section across
the Hall bar channel. (bottom) Zoom-in on the edges of the Hall bar showing
the capacitive gap of the resonator (yellow) formed by a Ti/Au-layer very closely
surrounding both sides of the Hall bar without covering it. d Sample micro-
graph: The Hall bars `CH205',`CH140' and `RH' (reference without a cavity) are
arranged in series along one of the 40 �m wide stripes. The Hall bars are part of
an array of additional 140 GHz cavities used for more signal in transmission. The
contacts for each Hall bar are numbered with `*' and ` y' denoting the contacts
for `CH205' and `RH' respectively.

Figs. 5.3a and b shows the complete Hall bars CH140 and CH205 includ-

ing 8 and 4 voltage probes respectively inside the capacitive gap of the

resonator. An SEM picture of the y-z cross-section across the Hall bar

channel is shown in Fig. 5.3c. The capacitive gap of the LC resonator

cavity closely surrounds the Hall bar without having metal on top of the

Hall bar but still �lls the gap almost completely. In order to con�rm that

the ultrastrong coupling regime is reached, an array of type CH140 and

CH205 is probed in THz transmission using THz-TDS (see Chapter 4).

The complete array for CH140 is shown in Fig. 5.3d, where many cavities

are arranged in a rectangular array deposited on top of a series of etched

electron gas stripes. Along one of the stripes between the source S and

drain D contacts, one 140 GHz-cavity is replaced by 205 GHz cavity. Ad-
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Chapter 5. Sample Design and Fabrication

ditionally a reference Hall bar 'RH' without a cavity is placed in series

along the same stripe.
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Figure 5.4: Optical sample properties a , b Free space THz transmission
trough a sample featuring an array of Hall bars of type CH140 and another sample
with an array of type CH205 ( Tsample = 2 : 9 K). Magneto plasmon polariton
dispersion �ts [40] are overlayed as magenta curves. We observe a normalized
light-matter coupling ratio 
 =! cav = 30% and 20 % respectively.

THz transmission measurement The THz transmission measurements

shown in Figs. 5.4a and b show the anti-crossing behaviour of the cy-

clotron (white curve) strongly coupled to the cavity resonance (red). As

we will discuss in depth in Chapter 6, the mesoscopic con�nement intro-

duced to de�ne a Hall bar requires to replace the cyclotron dispersion by

the magneto-plasmon dispersion (green). The resulting polariton (MPP)

dispersions are theoretically predicted (magenta lines) using a slightly

adapted model from Chapter 2 discussed in Chapter 6. We �nd a nor-

malized light-matter coupling 
 =! cav equal to 30% and 20% (� 5%) for

CH140 and CH205, respectively.
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Figure 5.5: Finite element simulations THz transmission of an array of 40
�m wide 2DEG stripes a alone, b in an LC cavity as used for CH140 and c
a complementary �= 2-cavity as used for CH205. The magneto plasmon disper-
sion is overlapped in green. Figs. b and c additionally show the �tted MPP
dispersions (magenta), bare cavity frequency (red) and the cyclotron dispersion
(white).
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5.4. Sample fabrication

FE simulation of the coupled system In order to also simulate the

expected coupling, we model the 2DEG stripe as a electric gyrotropic

medium as described in Chapter 6. The colormap in Fig. 5.5a shows the

�nite element simulated transmission through an array of such stripes, re-

sulting in a plasmon frequency of 135 GHz, along with a �t (green dashed

line) using equation 6.2. Figs. 5.5b and c show the simulated magneto

plasmon polariton dispersions for CH140 and CH205 respectively. The

theoretical dispersions given in equation 2.21 are overlapped (magenta)

where the Rabi frequency 
 and the plasmon frequency ! p are �t param-

eters. We obtain normalized coupling ratios 
 =! cav of 50 % and 33 % for

CH140 and CH205 respectively. While this is overestimating the coupling

observed experimentally (30 % and 20 % respectively in Figs. 5.4a/7.8b

and 5.4b/7.8c respectively), we can correctly reproduce the ratio between

the two (3/2).

Further, the plasmon frequency for both cavities is reduced from 135 GHz

(green dashed) to around 70 GHz (green line) due to the gold nearby, which

increases the e�ective dielectric permittivity � (see Chapter 6 or [40] for a

further discussion). This is consistent with the experimental �nding (see

�gures 5.4 and 7.8 below).

5.4 Sample fabrication

Here, the process brie�y presented, while technical details on photo-resists,

annealing and atomic layer deposition receipies are presented in appendix

A. Starting with a 2DEG grown by MBE (layer structure presented in

appendix A), we etch an array of 4 mm long and 40 �m wide stripe as

shown in Fig. 5.6a. The etch depth must at least large enough remove the

doping layer or better the entire triangular quantum well. A typical etch

depth used is 200 nm. Along the center stripe we add 3 sets of voltage

probes which allow us to measure longitudinal and transverse resistances

of the Hall bar at di�erent locations. One set consists of 2 voltage probes

separated by 166.5 �m on each side of the Hall bar. The etch design is

shown in Fig. 5.6a. Ohmic contacts as shown in Fig. 5.6b are obtained

by evaporating and annealing 18/48/15/150-nm-thick Ge/Au/Ni/Au. On

the stripes we deposit a patch of 7/200-nm-thick Ti/Au into which the
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Chapter 5. Sample Design and Fabrication

3

40B

(a) (b)

(c) (d)

Figure 5.6: Photolithography mask a Positive design for etching of the
2DEG. b Negative design for Ge/Au/Ni/Au evaporation to obtain ohmic con-
tacts. c Negative design for Ti/Au deposition to obtain complementary LC cavity
array. The same evaporation is used to redeposit gold also on the contact, which
makes wire bonding easier when between the chip and the chip carrier after the
process. d Example of a completely processed sample (EV2124-22).

di�erent complementary resonators are patterned (see Fig. 5.6c and details

in Fig. 5.4a and b). To avoid current leakage from the Ti/Au layer to the

2DEG anywhere on the large area, we deposited 300 atomic layers of Al2O3

using atomic layer deposition at 150 � C in between. Al 2O3 has a very large

breakdown voltage of 5-20 MV/cm [105]. Note, in principle the insulating

GaAs cap layer grown in the MBE is insulating, but imperfections in the

process and very small tunnelling currents can still have signi�cant e�ects

on our large area samples. To obtain a spatially uniform electron density

we sometimes further deposit a 2-nm-thick chromium layer on top of the

resonator patch. While the layer is conductive for a dc gate bias, its

thickness is far below the skin depth at a few hundred GHz and does
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5.4. Sample fabrication

therefore not change the behaviour of the LC cavity at THz frequencies

[40, 106], nor the plasmon dispersion [107]. This is con�rmed by our own

results discussed in Chapter 6. The reference Hall bar (referred to as `RH')

is placed su�ciently far from the Ti/Au patch, and not covered by it (see

Fig. 5.3b).

58



CHAPTER 6

Magneto-Plasmon Polaritons

The experimental platform to study ultrastrong light matter interactions

[67,78] allows to reach record-high normalized light-matter coupling ratios


 =! cav > 1 [74] in high mobility electron gases. The platform is therefore

an attractive candidate to also study the consequences of the ultrastrong

light-matter coupling regime and vacuum �elds in general on magneto-

transport. As discussed in Chapter 5, the only unavoidable modi�cation

to the platform demonstrated by Scalari et al. [67] is the mesoscopic re-

striction of the 2DEG in one dimension to form a stripe to perform the

transport experiments discussed in Chapters 7 and 8. In this Chapter 1 , we

discuss the consequences of the mesoscopic con�nement on the ultrastrong

coupling physics using THz-TDS introduced in section 4.1.

In section 6.1, we discuss the physics of plasmons and magneto-plasmon

polaritons, as well as the correction of the polariton dispersion. To avoid

the limitations of a THz-TDS appearing at low frequencies, the sample de-

sign introduced in Chapter 5 is scaled to obtain higher cavity and plasmon

frequencies. The adapted design is shown in 6.2 and then characterized

with �nite element simulations in section 6.3. In the �nal section 6.4, we

1 Most of the content of this Chapter appeared, in some parts verbatim , in Gian L.
Paravicini-Bagliani et al., Gate and magnetic �eld tunable ultrastrong coupling
between a magnetoplasmon and the optical mode of an LC cavity , Phys. Rev. B
95 205304 (2017)
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6.1. Description of Magneto-plasmon polaritons

discuss the experimental results.

6.1 Description of Magneto-plasmon polaritons

Stripes of 2DEG have been studied intensively in the past using transport

experiments as well as with optical/electronic transmission or re�ection

measurements and often in magnetic �elds. In optical/microwave trans-

mission experiments, the most prominent feature is the plasmon resonance

caused by the collective excitation of the entire electron gas �rst predicted

in 1967 [102]. Experimental observations of plasmons have been made

with many di�erent materials and device geometries [108�113] and have

received continued interest to this date [114] thanks to new materials as

graphene [115�117] and GaN [118], new physics such as relativistic ef-

fects [119] and plasmons coupled to cavities [38,39,120] as well as for their

potential applications [107,121,122] to name a few.

Here we show ultra strong coupling of magneto-plasmon and cyclotron ex-

citations in a 2DEG stripe to a subwavelength LC cavity. This allows to

spectroscopically study their dispersions with a free space optical transmis-

sion experiment in the THz. Ultra strong coupling to magneto-plasmons

has previously been shown in the microwave regime using coplanar micro

resonators [38] and patch resonators [39] in GaAs based 2DEGs as well as

using split ring resonators coupled to graphene nano ribbons [120].

Plasmon excitation To lowest order, the plasmon frequency ! p in the

long wavelength approximation is determined by the width W of the 2DEG

stripe, its density ns and e�ective electron mass m � , as well as e�ective

dielectric permittivity � of the surrounding medium [102]

! p =

r
nse2 �

2m � �� 0W
: (6.1)

Due to the small dimension used in the present study, retardation e�ects

are not relevant here [123] and no corrections to the simple model in equa-

tion 6.1 are necessary.

Magneto-Plasmon excitation In a perpendicular B-�eld, the result-

ing magneto-plasmon dispersion is well described by
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Figure 6.1: Bare magneto-plasmon resonance Measured amplitude trans-
mission vs. B-�eld of sample R at 3 Kelvin (black dots) and �t (black line) using
equation 6.2. (Slow drifts of the background over the course of the measurement
are subtracted with a linear �t. The large blue area between 1 and 2 Tesla at
high frequencies is due to such a drift.) Inset: sample sketch and transmitted
light polarisation.

! 2
MP = ! 2

p + ! 2
c : (6.2)

where ! c = eB
m � is the cyclotron dispersion to which the magneto-plasmon

dispersion converges to in the high frequency limit. This is often considered

as a hybridization of the plasmon with the cyclotron dispersion [111, 112,

124].

Fig. 6.1 shows the magneto-plasmon resonance observed in THz transmis-

sion through sample R (EV2124-6B), an array of 3.4 �m wide stripes as

function of magnetic �eld. Overlapped is a �t using equation 6.2 (black

line). We �nd an e�ective mass of 0.070 � m0 . One can also see that no

resonance is observed at the cyclotron frequency marked as a white dashed

line.

Azbel'-Kaner-like cyclotron resonance Some microwave experiments

show that the magneto-plasmon excitation can coexist with the cyclotron

excitation [125, 126], but the later remains very hard to observe if nearby

the magneto-plasmon resonance due to screening of the incident electric

�eld. A more recent study by Andreev et al. [127] identi�ed the appear-
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6.1. Description of Magneto-plasmon polaritons

ance of a cyclotron excitation despite the presence of 'metal-like' plasmon

screening, as the two dimensional version of the Azbel'-Kaner cyclotron

resonance in bulk metals.

A cyclotron resonance in bulk metal is not observable in the Faraday ge-

ometry (B-�eld parallel to light propagation and perpendicular to sample

surface). Instead, it is observable in the Voigt geometry, where the B-�eld

points along the metal surface. Exploiting the short screening length at

irradiation frequencies below the plasmon frequency results in a �eld in-

homogeneity over a cyclotron orbit consequently revealing the cyclotron

resonance.

A strong electric �eld inhomogeneity in our two dimensional system, is

also caused by a piece of metal near the electron gas as it is present in our

sample design. This can result in the appearance of a cyclotron resonance

despite the presence of the e�cient plasmon screening [127].

Magneto-plasmon polaritons dispersions In equation 2.21 we dis-

cussed the cyclotron polariton dispersions. Here, we now alter the model,

by replacing ! c with the magneto-plasmon frequency ! MP from equa-

tion 6.2. The single particle cyclotron and the collective magneto-plasmon

excitation are quite di�erent in nature, but both behave approximately

bosonic. The polariton hence explicitly take the form

! ( UP )
( LP ) =

1
p

2

p
! 2

MP + 4
 2 + ! 2
cav � G; (6.3)

where

G =
p

� 4! 2
MP ! 2

cav + ( � ! 2
MP � 4
 2 � ! 2

cav )2 : (6.4)

The magneto-plasmon polariton dispersions can now be �tted using equa-

tion 6.3 with the Rabi frequency 
 and ! p as main free parameters. The

latter comes from plugging in equation 6.2 into 6.3. The e�ective mass

therein is a further �t parameter, but as we will see in section 6.4.1, we

�nd a mass consistent with the one found from the measurement of the

bare magneto-plasmon dispersion shown in Fig. 6.1.
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Chapter 6. Magneto-Plasmon Polaritons

Figure 6.2: Bare dispersions Bare cyclotron dispersion ! c (blue dashed), bare
cavity frequency ! cav (black dashed) and the computed lowest order magneto-
plasmon dispersion expected for samples R/A1/A2 (green) and sample B (green
dashed) are also shown.

6.2 Sample design

We use the same geometry as described in Chapter 5, but scaled to higher

frequencies. The the carrier mobility is around � = 2 � 106 cm2 /Vs and the

electron density is ns = 2 : 7� 1011 cm� 2 at zero gate bias. See appendix A

and B for details on the epi-layer and sample fabrication. For samples A1

(EV2124-7A) and A2 ( EV2124-15-4A) we etched several 4 mm long, 3.4

� m wide stripes spaced by 300� m. For sample B (EV2124-4A), the stripes

are 1.4 � m wide instead. Note, the e�ective width of the electron gas is

approximately 0.4 �m smaller, due to a depletion of the �rst 200 nm near

each stripe edge [128]. For a gate on sample A2, we add ohmic contacts by

evaporating and annealing 18/48/15/150 nm thick Ge/Au/Ni/Au at both

ends of each stripe. A two dimensional square array of complementary

split-ring resonators with an LC resonance frequency of around 500 GHz

and a pitch of 300 � m is placed on the stripes of all three samples (see

Fig. 6.3a). The resonance frequency is chosen to be in a range where the

THz-TDS system has a good sensitivity (see Chapter 4), while still having

a not too small stripe width. The latter is limited by the capacitive gap

width, into which the stripe has to �t as shown in Fig. 6.3b.

Fig. 6.3c shows a transmission measurement though the array (red line),

which reveals the LC resonance at 500 GHz and a low Q-factor �= 2-
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6.2. Sample design

Figure 6.3: Sample properties a SEM picture of A1 with a FE simulation of
the in-plane electric �eld distribution normalized to the incident �eld overlapped
as colormap. The probing THz �eld is polarized across the gap. b Zoomed
SEM picture showing the stripe and the capacitive gap of the resonator and their
alignment. Sample A2 is nominally identical apart from an additional 2 nm gate,
while sample B has a 1.4 �m wide stripe instead. c Simulated and measured
transmission spectrum of the bare resonator with light polarized as sketched in
a shows LC mode at 500 GHz, and �= 2 resonance at 1.7 THz. The latter is far
away from ! p and thus negligible in our study.

resonance. The latter has a relatively high frequency of almost 2 THz

due to the smaller resonator dimension (30�m ) along the incident electric

�eld polarisation.

The patch of 7/200 nm thick Ti/Au into which the complementary res-

onators are patterned, is 3.5 mm across. To obtain a proper gate covering

the entire stripe area of sample A2, a 2 nm thick chromium layer is de-

posited on top of the resonators. While this layer gives a conducting layer

for a DC gate bias, its thickness is far below the skin depth at a few hundred

GHz and does therefore not inhibit the transmission of THz light [106], nor

does it change the plasmon dispersion [107]. In order to directly measure

the bare magneto-plasmon dispersion, we use sample R, which has 3.4� m

wide stripes with a closer spacing of 40 � m to have a better spectroscopic

signal but still far enough to not change the magneto-plasmon dispersion.

For clarity, Fig. 6.2 shows again the computed cyclotron dispersion (blue
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dashed), the cavity frequency (black dashed) and the magneto-plasmon

dispersions for samples R, A1, A2 (green) as well as for the narrower

stripes of sample B (green dashed).

6.3 Finite element simulation of the coupled system

We can simulate the cavity and electron gas stripe as well as their interac-

tion under irradiation as function of magnetic �eld with CST microwave

studio.

Cavity The cavity made out of gold is simulated using the standard

gold lossy metal from the CST material library. For the substrate we use

the loss less GaAs from the library. Using periodic boundary conditions

we obtain the transmission through the uncoupled cavity array as plotted

(blue dashed line) in Fig. 6.3c.

Further, the colormap overlapped on a scanning electron microscope (SEM)

picture of the sample (see Fig. 6.3a) shows the electric �eld distribution

of the LC mode of the resonator. The colormap shows the cavity in-plane

electric �eld distribution Ex;y =
p

jEx j2 + jEy j2 , normalized to the inci-

dent electric �eld. It thus shows the local �eld enhancement factor. As

expected, the cavity �eld mainly points across the 4.5 �m -wide slit per-

pendicular to the stripe (marked with a red arrow).

2DEG The bare 2DEG stripe is modelled as a electric gyrotropic medium.

The thickness of the stripe in z-direction is chosen to be 250 nm, to im-

prove the numerical stability. The plasma frequency containing the elec-

tron density and the collision frequency describing the damping, are chosen

to reproduce the measured bare magneto-plasmon dispersion shown in Fig.

6.1. With the model parameters used, we obtain a plasmon frequency of

492 GHz. The FE simulated magneto-plasmon dispersion of the 2DEG

stripe alone is shown in Fig. 6.4a and is �tted with the model in equation

6.2 (orange line).

Combined system The FE simulation of the combined resonator-stripe

system is shown as a colormap in Fig. 6.4b. For comparison, the magneto-

plasmon polariton dispersions (magenta) �tted using the analytic equation
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6.3. Finite element simulation of the coupled system

Figure 6.4: FE simulation and theoretical model comparison a The
colormap shows the FE simulation of an electron gas stripe alone, with the �tted
analytic expression from equation 6.2 overlapped as orange line. b FE simulation
of an electron gas stripe in the slit of the LC resonator shown as colormap. The
bare cyclotron dispersion (white dashed) and the bare cavity resonance frequency
(black dashed) are overlapped. The �tted analytic magneto-plasmon polariton
dispersions from equation 6.3 are shown in magenta (see text), along with the
inferred e�ective magneto-plasmon dispersion (green dashed). Note, the discrep-
ancy between the latter and the dispersion obtained from the electron gas stripe
alone in a. The plasmon frequency reduction by 120 GHz is due to the gold's
high electric permittivity.

6.3 are superimposed. The free parameters along with their values are the

normalized light-matter coupling 
 =! cav

�
�
sim

= 22% and the bare plasmon

frequency ! p= 372 GHz. The corresponding bare magneto-plasmon dis-

persion is shown in dashed green. The cyclotron dispersion corresponding

to the e�ective mass of m � =0.070� m0 is also shown as dashed white line.
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Plasmon frequency lowered due to high permittivity of metal

As one can see in Figs. 6.4a and b, we obtain signi�cantly di�erent re-

sults for the FE simulated plasmon frequency of the 2DEG stripe alone

(orange line in 6.4a) and the plasmon frequency inferred from the analytic

magneto-plasmon polariton dispersions from equation 6 (green dashed line

in 6.4b). The di�erence of 120 GHz at zero B-�eld stems from the pres-

ence of metal right next to the electron gas in the second case, increasing

the e�ective electric permittivity the plasmon sees and hence reducing the

resulting plasmon frequency (see equation 6.1). This is consistent with

the measurements discussed in Fig. 6.5, where we experimentally see a

plasmon frequency reduction of around 130 GHz.

Vacuum electric �eld Here we estimate the vacuum electric �eld cre-

ated by the cavity using equation 2.14. The e�ective cavity volume is ap-

proximately given by the product of the in-plane area of the slit 4.5 � 36� m

times the out-of-plane extension of the �eld, which is approximately equal

to the gap diameter. Thus one obtains a cavity volume of Vcav = 3 �

10� 5(�= 2)3 , where (�= 2)3 is the free space volume of a photon at 500

GHz. This results in strong vacuum electric �eld �uctuations in the order

of

Evac =

r
~! cav

�� 0Vcav
� 100V=m (6.5)

at the LC resonance frequency, where� = (12 : 89 + 1) =2.

The �eld is polarized across the electron gas stripe and hence can couple to

cyclotron transitions, requiring an in-plane electric �eld, as well as to the

magneto-plasmon requiring light polarized across the stripe. Therefore,

this system is well suited to study the ultra strong coupling physics of

both excitations.

6.4 THz transmission measurements

In the following section we place the sample into a helium cryostat with a

superconducting magnet in Faraday geometry at a temperature of around

3 Kelvin. THz time domain spectroscopy (THz-TDS) is used to perform
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transmission measurements through the arrays of stripes and resonators

(see section 4.1 and [78] for more details on the setup).

Fig. 6.1 shows the transmission of sample R normalized to a GaAs sub-

strate measured with THz-TDS for di�erent magnetic �elds. The resulting

dip in amplitude transmission is around 1 %. The black curve shows a �t

using the model of the magneto-plasmon dispersion from equation 6.2. A

reduced e�ective stripe width of 3.0 � m is used due to depletion at the

edges of the stripe [129]. For the e�ective permittivity � of the surround-

ing medium, the average permittivity of GaAs and vacuum is used, thus

� = (12 : 89+1) =2. From the �t one then obtains an e�ective electron mass

of 0.070 � m0 and an electron density of ns = 2 : 7� 1011 cm� 2 correspond-

ing to a plasmon frequency of 470 GHz. The density is consistent with

transport measurements and the mass is the same as the one obtained for

the bare cyclotron dispersion measured in transmission.

Figure 6.5: Magneto-plasmon polaritons Sample A1 (without gate): THz
transmission spectra measured with THz-TDS at 3 Kelvin at di�erent B-�elds.
The cavity frequency obtained from the high B-�eld limit (dashed black line) is
500 GHz. Dashed green shows the bare magneto-plasmon dispersion inferred from
�tting the magneto-plasmon polariton curves (see theory section). The e�ective
mass is 0.070� m0 . This de�nes the cyclotron dispersion (dashed white). Bottom
right inset: Sample sketch and incident light polarisation.

Observation of magneto-plasmon polaritons The colormap in Fig.

6.5 shows the THz transmission amplitude spectra of sample A1 at 3 Kelvin
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for di�erent B-�elds from 0 T to 1.6 T. As discussed before, the polari-

ton branches result in transmission peaks since we are using complemen-

tary resonators [78]. A higher transmission amplitude indicates a more

cavity-like polariton. One can see the upper polariton branch emerge from

a horizontal line (shifted cavity frequency) at zero B-�eld and converge

to the magneto-plasmon dispersion (matter part) - similarly to cyclotron

polaritons [67]. In contrast, the lower polariton shows a fundamentally

di�erent behaviour than cyclotron polaritons. It does not emerge from the

linear cyclotron dispersion (dashed white line in Fig. 6.5) and converge to

the empty cavity resonance frequency (black dashed). Instead the lower

polariton already exists at zero B-�eld with a frequency of around 320

GHz. With increasing B-�eld it then crosses the cyclotron dispersion to

then converge to the cavity frequency at high B-�elds. It is clear that

the bare magneto-plasmon dispersion takes over the role of the linear cy-

clotron dispersion as the matter part. Despite the signi�cant detuning

of the magneto-plasmon and the cavity, the existence of two polaritons

at zero B-�eld suggests that the ultra strong coupling regime is already

reached at zero B-�eld.

The two magenta curves in Fig. 6.5 also show the computed magneto-

plasmon polariton frequencies obtained from the model discussed in the

theory section above. Further the bare magneto-plasmon dispersion consis-

tent with the polariton dispersion is shown in green. The free parameters

in the model along with their value found by �tting the curve are the

plasmon frequency ! p = 340 GHz and the coupling 
 =! cav = 16%. The

e�ective mass found is identical with the value of m � =0.070� m0 found

in the reference measurement in Fig. 6.1 and to the mass of the bare

cyclotron dispersion found for the layer EV2124. As expected, the light-

matter coupling is lower than for resonators on a full 2DEG, since the stripe

�lls a smaller fraction of the cavity volume compared to a full 2DEG (see

Fig. 6.3a). The obtained plasmon frequency in contrast is 130 GHz lower

than the 470 GHz value obtained from transmission through uncovered

2DEG stripes of the same width (Fig. 6.1). As found in the FE sim-

ulations, this can be attributed to the larger e�ective permittivity � the

magneto-plasmon wavefunction sees with the presence of the metal near

the electron gas stripe (see Fig. 6.4 and section 6.3 for details).
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Figure 6.6: Tuning magneto-plasmon polariton with gate bias Sample
A2 (with chromium gate): THz amplitude transmission spectra a at +0.5V and
b at -2V gate bias measured with THz-TDS as function of B-�eld. Black dots
mark local maxima above the threshold signal shown on the colorbar (red tick).
The cavity frequency obtained from the high B-�eld limit (dashed black line) is
506 GHz for A1 and 508 for A2 sample. Dashed green shows the bare magneto-
plasmon dispersion inferred from �tting the magneto-plasmon polariton curves
(see theory section). The plasmon frequencies at B = 0 are 360 and 220 GHz for
a and b respectively. The e�ective mass is 0.070 � m0 . This de�nes the cyclotron
dispersion (dashed white), which causes a deviation from the computed magneto-
plasmon polariton curve when it crosses the lower polariton. Inset: Sketch of
sample with gate bias applied between resonator plane and 2DEG stripe and
incident light polarisation.

Gate tuning magneto-plasmon polaritons Figs. 6.6a and b shows

sample A2, which is a redo of A1 but with a 2 nm thick chromium gate

on top of the resonators. The measurement with a gate bias of +0.5V
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to obtain a higher density is shown in Fig. 6.6a. As expected we �nd

a higher plasmon frequency of 360 GHz (see equation 6.2). Despite the

higher density, the normalized light-matter coupling of 12 % is lower than

for sample A1 and the lower polariton is consequently not visible all the

way to zero B-�eld anymore. The reason for the reduction is not fully clear

but might be due to a less optimal resonator-stripe alignment.

Fig. 6.6b shows again sample A2 at a gate bias of -2V. The negative gate

bias reduces the electron density and thus also the plasmon frequency

from 360 GHz down to 220 GHz (see equation 6.2). One can observe a few

clear di�erences to the measurement in Fig. 6.6a, which we attribute to

the nature of magneto-plasmon polaritons. First, the anti-crossing at low

electron density moves from 0.9 T at +0.5 V gate voltage to 1.15 T. For

cyclotron polaritons, no shift occurs for a change in carrier density since

the matter part is the density independent cyclotron dispersion.

Second, for the low density measurement in Fig. 6.6b the transmission

amplitude of the upper branch at B = 0 T has almost the same amplitude

as at high B-�elds. In contrast, the amplitude is signi�cantly smaller

at high carrier densities in Fig. 6.6a. The latter is attributed to the

higher plasmon frequency which can push the system into the ultra strong

coupling regime already at B = 0 T. This results in an upper polariton at

B = 0 T that is less cavity-like and more weakly coupled to free space.

Further, the separation between the upper polariton and the bare cavity

frequency of 30 GHz is about 2 times larger than what is expected from cy-

clotron polaritons with the same coupling of 12 % [130]. This also con�rms

that we are coupling to a magneto-plasmon and not to the cyclotron.

Third, the coupling reduces from 
 =! cav = 12% to around 6.5 %. If

we assume, that the coupling for magneto-plasmon polaritons also scales

with the square root of the carrier density, the above tuning is roughly

consistent with the tuning range of the plasmon frequency (which has the

same carrier density dependence, see equation 6.2).

It is further interesting to note that the strong gate dependence of the

transmission allows to design an electrically tunable transmission device.

In our sample, the optimal con�guration is found at around 0.8 T (compare

Figs. 6.6a and b, where the transmission of a 520 GHz can be reduced

by a factor 5 by changing the gate from -2 V to +0.5 V. Optimizing this
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system (by increasing the plasmon frequency) might allow to obtain such

a switching behaviour also at 0 T and with a higher extinction ratio.

Figure 6.7: Plasmon frequency above cavity frequency Sample B: THz
amplitude transmission spectra (not gated) measured with THz-TDS as function
of B-�eld. Black dots mark local maxima above the threshold signal marked
on the colorbar (red tick). The cavity frequency obtained from the high B-�eld
limit (dashed black line) is 506 GHz. Dashed green line shows the estimated
bare magneto-plasmon dispersion. It is expected to be at least

p
3 times higher

than for samples A1 and A2 due to its 3 times narrower width (see equation 6.2)
and a smaller e�ective � . The measurement data is best described by cyclotron
polaritons (magenta lines), resulting from an anticrossing of the bare cyclotron
dispersion with a lower e�ective mass of 0.066 � m0 and the cavity resonance
(dashed black). Bottom left inset: Sketch of sample cross-section showing charge
accumulation at the edges of the 2DEG stripe in response to the AC �eld applied
by the resonator. Bottom right inset: Sample sketch and incident light polari-
sation. Top right inset: Peak transmission as function of B-�eld showing dip at
anti-crossing.

Cyclotron polariton despite magneto-plasmon screening Fig. 6.7

shows a measurement of sample B that also has a 500 GHz resonator but

with a narrower stripe of 1.4 � m and an e�ective width of 1 � m passing

through its gap. This shifts the magneto-plasmon frequency
p

3 times

higher than for samples A1 and A2 to above 800 GHz. The presence of

the metal probably does not reduce the frequency as much as in sam-

ples A1/A2, since the resonator gap is signi�cantly wider than the 2DEG

stripe, leaving a 2 � m gap (compared to < 0.5 � m) between the metal and

the 2DEG. In this con�guration, we expect little to no coupling between
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the resonator and the plasmon due to the signi�cant detuning. As shown

in Fig. 6.7, we can still observe a clear coupling at 1.2 T, between the res-

onator and an excitation in the 2DEG, which is consistent with the bare

cyclotron dispersion with a lighter e�ective mass of m � =0.066� m0 (see dis-

cussion in section 6.4.1). The top right inset shows the peak transmission

amplitude versus B-�eld and an arrow marks where the cyclotron disper-

sion is resonant to the cavity. Fig. 6.7 also shows the computed cyclotron

polariton dispersion (magenta) that is the result of the anti-crossing be-

tween the linear cyclotron dispersion (white dashed) and the cavity (black

dashed). The coupling strength estimated from the �t is 
 =! � 5 %. This

is around 1 order of magnitude lower than the cyclotron coupling obtained

between a resonator and full 2DEG, but relatively similar to the results

obtained for the case ! p � ! cav (samples A1/A2), if one considers the

number of electrons in the cavity is 3 times lower reducing the coupling

by a factor
p

3. This is a surprising result, since the electron gas should

be able to screen part of the external electric �eld by accumulating charge

at the edges of the stripe (see Fig. 6.7 bottom left sketch). As discussed

section 6.1, the visibility of the cyclotron resonance in the presence of

screening by the plasmon can be attributed to strong local electric �eld

inhomogeneities produced by the metal, thus reproducing physics similar

to the one observed in three dimensional metals with the Azbel' Kaner

cyclotron resonance.

Coexistence of magneto-plasmon and cyclotron excitations Here

we want to better explore the interaction between the cyclotron and the

magneto-plasmon excitations and understand their interaction with the

cavity. First note, the lower polariton branch in Fig. 6.6a clearly di�ers

from our model (magenta line) between 1 T and 1.2 T. This is the B-�eld

range at which the cyclotron dispersion (white dashed line) is within the

linewidth of the lower magneto-plasmon polariton branch. A similar but

slightly less clear deviation is also observable in Figs. 6.5 and 6.6b. This is

further consistent with the result obtained from sample B, where we saw

strong coupling to the cyclotron transition below the usually dominating

plasmon resonance.

The coexistence of the two excitations is further con�rmed by measuring
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Figure 6.8: Gate sweep - Sample A2 THz amplitude transmission spectra
measured as function of gate bias with THz-TDS at a �xed B = 1 : 1T . Black
dots mark local maxima above the threshold signal marked on the colorbar (red
tick). The computed magneto-plasmon polaritons (magenta), the bare cavity
frequency (dashed black) and bare magneto-plasmon dispersion (dashed green)
are also shown - with the parameters obtained from the measurement in Fig.
6.6b. We only assume the density is constant below -1V and linearly increases
between -1 V and +0.8 V. One can see the intensity and frequency increasing in
the low density side (left) of the plot - consistent with the expected behaviour of
magneto-plasmon polaritons (magenta). On the high density (right) side of the
plot the behaviour is reversed, which is caused by the cyclotron coupling that
gives a signi�cant contribution due to growing detuning of the magneto-plasmon
from the cavity. Bottom right inset: Sketch of sample with gate bias applied
between resonator plane and 2DEG stripe and incident light polarisation.

transmission spectra at di�erent gate voltages between -1 V and +0.8 V

while keeping the B-�eld �xed at 1.1 T. The result is shown in Fig. 6.8.

The computed magneto-plasmon frequency at 1.1 T is shown as a green

dashed curve. It is obtained assuming that the density changes linearly

with the gate voltage between -1 V and +0.5 V and stays constant below

-1 V. Below -1 V, no in�uence is observed on the transmission spectra -

con�rmed by all 8 gate sweeps performed at di�erent B-�elds (not shown).

We use the extracted e�ective plasmon frequencies from Fig. 6.6 and the

formula 6.2 to obtain the green dashed line. The computed cyclotron fre-

quency at 1.1 T is 460 GHz and marked with a grey arrow in Fig. 6.8.

Further, the computed magneto-plasmon polariton dispersions are shown

(magenta line), obtained with our model and assuming that the coupling
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scales with the square root of the carrier density, as it does for cyclotron

polaritons [78]. Consistent with the magneto-plasmon polariton model,

the upper magneto-plasmon polariton polariton branch increases in fre-

quency as the density grows towards larger gate biases. The transmission

at the upper polariton frequency decreases since the polariton becomes

less cavity-like and more weakly coupled to free space. The lower polari-

ton deviates from the magneto-plasmon polariton model as seen before in

Figs. 6.6a and b. The striking feature is that the transmission and ampli-

tude of the lower polariton branch increases at �rst with increasing density

(thus becomes more cavity-like as expected), but then reduces again (to

become less cavity-like again). We attribute this to the coexistence of

the magneto-plasmon and cyclotron excitations in the system. At low

densities, the magneto-plasmon is approximately resonant to the cavity.

With increasing density (and thus increasing detuning between magneto-

plasmon and resonator) the lower polariton becomes more cavity like and

therefore allowing more transmission. At high densities, the cyclotron res-

onance coupling starts to kick in as its coupling becomes stronger and

the previously dominant contribution from the magneto-plasmon starts to

weaken due to detuning from the resonator. The latter also causes our

magneto-plasmon polariton model to fail at high densities.

6.4.1 E�ective electron mass

We have observed two di�erent e�ective electron masses on the same epi-

layer. They are are related to di�erent excitations and conditions. To

summarize, we observe the higher massm � =0.070� m0 for the magneto-

plasmon excitation both in transmission (Fig. 6.1) and transport under

illumination (Fig. 7.12 top panel), for cyclotron polaritons on a full 2DEG

(! p � ! cav on EV2124-18), and for magneto-plasmon polaritons in trans-

mission (e.g. Fig. 6.5) and transport under illumination (Fig. 7.8a up-

per panel). In contrast, the lower mass of m � =0.066� m0 appears for

screened cyclotron polaritons (Fig. 6.7), also plasmon screened higher or-

der cyclotron transitions in transport forbidden by optical selection rules

(Fig. 7.8b lower panel). A similar reduced mass of m � =0.064� m0 (EV2124-

19 [131]) is also extracted from the so called microwave induced resistance

oscillations (MIRO) [132]. They are a result of higher order Landau level
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transitions at the Fermi level, appearing again most likely due to a sec-

ond order process due to optical selection rules. The origin of MIRO is

however still disputed [132]. Also Hatke et al. [133] �nd two coexisting

masses, one related to magneto-plasmons and one related to MIRO. The

lower MIRO-related mass stays the same independently of the fact if the

cyclotron is larger or smaller than the plasmon frequency. From these re-

sults it is di�cult to �nd a consistent explanation. However, it can be said,

that the mass seems to be lower, for non-optical second order transitions

independently of the plasmon frequency (MIRO and Fig. 7.8b lower panel)

and for plasmon screened transitions (Fig. 6.7). The higher mass seems to

occur only in presence of a coupling to the electromagnetic environment.

The e�ective mass might hence be a parameter sensitive to vacuum �elds.

Summary In this Chapter we adapted the cavity quantum electrody-

namic system �rst demonstrated by Scalari et al. [67], in order to make it

possible to study magneto-transport in the presence of the ultrastrong cou-

pling regime. We show ultra strong coupling to magneto-plasmons in an

etched 2DEG stripe. Thanks to the special geometry, we can spectroscopi-

cally study the cyclotron resonance in the presence of the strong magneto-

plasmon resonance. This system has 3 regimes. In the �rst regime, where

! p � ! cav , normalized light-matter coupling ratios of around 100% have

been demonstrated with cyclotron polaritons [78]. Second, with ! p � ! cav ,

we obtain magneto-plasmon polaritons with a coupling of around 10-20 %.

It can further result in ultra strong coupling at zero B-�eld. A modi�ca-

tion of the model from Hagenmüller et al. [29] can successfully describe

their dispersion. A good agreement with �nite element simulations is also

obtained. We can further spectroscopically observe the coexistence of the

bare cyclotron resonance in this regime. Third, in the regime ! p � ! cav

we observe again a coupling to the cyclotron excitation, but this time

associated to a lower e�ective mass of 0.066� m0 .

In the next Chapter, we can expand the present system to a Hall bar

completely inside the slit of the LC resonator by adding voltage probes on

the side of the stripe as discussed in Chapter 5. Since we demonstrated

here, that this system still shows ultrastrong coupling, this puts us in the

position to study magneto-transport in such a regime.
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CHAPTER 7

Magneto-transport coupled to a few

Polaritons

In Chapter 6 we showed that the stripe geometry introduced in Chap-

ter 5, necessary to measure magneto-transport, still allows to reach the

ultrastrong coupling regime. This now puts us into the position to study

magneto-transport coupled to strong vacuum �elds. We will see that trans-

port is controlled by virtual polariton excitations. This is supported by

experiment and theory.

The main experimental challenge is that it is not possible to turn o� vac-

uum �elds like real photon sources. This makes it di�cult to perform a

good reference measurement without vacuum �elds. In this and the fol-

lowing Chapter 8 we employ two di�erent approaches, to �nd a reference

measurement for a transport measurement coupled to vacuum �elds. In

section 7.1 we present our �rst approach, where we circumvent the problem

using a tunable single frequency sub-THz irradiation source. The source

creates only a few polariton excitations and we hence remain in the weak

excitation limit. This approach simply lets us reference the measurement

to the case without the source. Section 7.2 discusses the results, which re-

veal rich polariton physics in the photo-response as function of illumination
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frequency, fractional �lling factor and magnetic �eld. 1 In the next Chap-

ter 8, we will present a second approach to look at vacuum �eld induced

e�ects on magneto-transport without an illumination source. Instead, we

tune the cavities electromagnetic ground state in-situ and observing the

e�ect on the electronic ground state.

Introduction The (ultra-)strong coupling regime has so far mostly been

investigated by addressing the photonic component of the polariton quasi-

particle weakly probing the coupled system with low photon �uxes [22,25,

30,31,37�39,43,67,69�73,82�85,134] as has also been done in Chapter 6.

Notable exceptions have been the measurements of the matter part of an

exciton polariton condensate with an excitonic 1s-2p transition [87] and a

transport experiment in molecules coupled to a plasmonic resonance [22].

In this Chapter we show that with the sample design developed in Chapter

5, we can access the matter part of the polariton [22,134]. This approach

unlocks the study of the pure ground state of the light-matter coupled

system which is normally inaccessible in the case of exciton-polaritons

[30,135,136] and will be discussed in the next Chapter 8.

Because of Pauli blocking, only the fraction 1=� of the electrons are ef-

fectively interacting with light, where � is the �lling factor of the Landau

Levels. If the system is probed at very low temperatures, an even smaller

part of the electrons with Energy within kB Tel from the Fermi energy

(kB T� 100 mK =(~! 200 GHz ) � 1%) couples to the cavity mode and is simul-

taneously responsible for the magneto-transport. Thanks to the tunability

of the cyclotron energy with magnetic �eld, this leads to the unique oppor-

tunity to perform magneto-transport spectroscopy of the polariton state

with a very high energy resolution [69] which is essentially only limited by

the electronic temperature kB Tel .

Here we use longitudinal magneto-transport in conjunction with an ex-

tremely weak excitation of the system with a tunable narrow band source.

Detecting the induced change of the longitudinal resistance of the elec-

tron gas inside the cavity, reveals the response of the polariton state in a

small energy slice � E � kB Tel around the Fermi energy. In order to only

1 Most of the content of this Chapter appeared, in some parts verbatim , in Gian
L. Paravicini-Bagliani et al., Magneto-transport control led by Landau polariton
states , Nat. Phys. 15 , 186-190 (2019)
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be sensitive to the electrons that build the polariton in the ultra-strong

coupling regime, we make use of the stripe geometry introduced in the

previous Chapter 5. Such a (mesoscopically) con�ned 2DEG in one di-

mension, allows to obtain the resistivity of the electron gas entirely inside

the cavity.

Figure 7.1: Sample concept and micrograph Sample schematic: An AC
current ( I = 100 nA) is applied along a 40 �m wide GaAs/AlGaAs Hall bar
between source (S) and drain (D) contacts. `CH140' sketched here shows voltage
probes located entirely inside the region where the vacuum �eld created by the
cavity (patterned patch of gold around Hall bar) has its maximum. Fig. 5.3 and
Chapter 5 discusses all details on the sample properties.

Sample The simpli�ed concept for sample EV2124-19-40A-140-ALD is

shown in Figs. 7.1 (see also Fig. 5.3). A GaAs/Al 0:3Ga0:7As-based trian-

gular quantum well is etched to form a 40 � m wide Hall bar with voltage

probes along its length. On top, a patch of Ti/Au (7/180 nm) is deposited

into which we pattern di�erent microwave resonators. An AC current is

passed from source (S) to drain (D), allowing to measure the longitudi-

nal and transverse resistivities of the electron gas inside the cavity using

contacts 1 to 4.

The two dimensional electron gas (2DEG) is characterized by an electron

79



7.1. Measurement technique

density ns = 3 : 3 � 1011 cm� 2 and a mobility � = 3 : 1 � 106cm2=V s. The

density and mobility are enhanced by illuminating the sample at low tem-

peratures with red laser light.

We use two di�erent geometries displaying resonant �eld enhancement at

140 GHz and 205 GHz (referred to as `CH140' and `CH205', respectively,

shown in Fig. 5.3). As a reference, we use a completely uncovered Hall bar

`RH'. All the Hall bars share the same source and drain contacts.

7.1 Measurement technique

This section discusses a �rst experimental measurement approach to iden-

tify vacuum �eld induced changes to magneto-transport.

Figure 7.2: EV2014-19: Longitudinal magneto resistance � xx with and
without cavity measured at Tsample = 20 mK and Telectron = 100 mK with a
current I = 100 nA .

Transport properties The sample is placed in a He3/He4 -dilution

fridge, in the center of a split-coil superconducting magnet in Helmholtz

con�guration with the sample surface perpendicular to the magnetic �eld

axis. All measurements are performed using a standard Lock-in technique

at a modulation frequency of 14 Hz and a current of I = 100 nA. The

measured voltage di�erences in the four point measurement are ampli�ed

with an AC di�erential voltage ampli�er. See Chapter 4 for details on the

setup to measure magneto-transport.
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Fig. 7.2 shows the longitudinal magneto-resistance � xx = Vxx W
IL of RH,

CH205 and CH140 with no THz illumination measured between contacts 1

and 2. We observe the well known Shubnikov-de Haas oscillations. Thanks

to optimizations of the sample process (see Chapter 5), one can see that

the di�erence between the Hall bar RH and the two cavity Hall bars is very

small but nevertheless shows some distinct di�erences. The density ns =

3: 3 � 1011 cm� 2 and mobility � = 3 : 1 � 106cm2=V s are identical within

2% for the cavity Hall bars and the reference RH despite the presence of

the metal in the former. The main di�erence appearing here is a lower

SdH-amplitude for the two cavity samples, especially for CH140 which has

a higher normalized light matter coupling ratio. These di�erences will be

discussed in more depth in section 8.1.

In the following we illuminate with the weak single frequency tunable sub-

THz source as an additional experimental `knob' to better understand

whether this di�erence can be attributed to the coupling to vacuum �elds.

7.1.1 Setup for transport under illumination

Figure 7.3: THz source Output power versus frequency obtained from a
photocurrent measurement using the detector of Toptica Photonics with a known
responsivity.

Source We obtain tunable single frequency THz-source from the dif-

ference frequency of two temperature tunable distributed diode feedback

lasers from Toptica Photonics. This results in a single frequency source
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tunable from around 60 GHz to 600 GHz with an output power of around

1 � W at 100 GHz and quickly decreasing towards higher frequencies as

shown in Fig. 7.3. Fig. 7.4a shows a sketch of the setup and Fig. 7.4b

an actual picture of the experimental apparatus. The divergent THz light

source produced is collected with a 1 inch parabolic mirror, passed through

HDPE windows at the vacuum can, the 50 Kelvin- and 4 Kelvin-shields,

and focussed with a lens onto the sample. Since HDPE is not fully opaque

to visible light to which the sample is very sensitive, a black polyethylene

foil is used to prevent visible light to enter the vacuum can. The sam-

ple temperature in this con�guration is around T = 20 � 30mK under

illumination while the electron temperature is at around 100 mK.

Fabry Perot fringes The measurements of the longitudinal resistance

� illu
xx (B;! irr ) are obtained by frequency tuning the THz source from ! irr =

600 GHz down to 0 GHz and back to 600 GHz while keeping the B-�eld

�xed. The later allows to correct for a small frequency shift due to some

time delay of the temperature controlled source. Due to the long wave-

length (e.g. � 100 GHz = 3 mm ), the optical elements' width and their sep-

aration is often only a few multiples of the wavelength. Unavoidably, this

results in a large number of Fabry Perrot cavities and resonances formed

along the optical path and a strong frequency dependence of the power de-

posited on the sample. Fig. 7.5 shows the longitudinal resistance of CH140

at 0.78 T resonant a SdH minimum (between two spin-split Landau lev-

els) as function of the irradiation frequency changed in small steps with a

long waiting time for the temperature controlled source to stabilize. The

resistance shows sharp peaks due to the Fabry perot resonances, which are

reproducible when sweeping the source frequency from 300 GHz down to 0

GHz (blue) and back to 300 GHz (red). But as expected, the peaks move

in frequency when changing distances between optical elements along the

optical path. Such a measurement takes around 1 hour, and still does not

give perfect reproducibility in the amplitude of the signal, due to the sharp-

ness of the features and the limitations in the temperature stabilization of

the diode lasers.
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Figure 7.4: Setup a Sketch of setup: The strongly diverging sub-THz power
is collected at a parabolic mirror and passed through 3 HDPE windows mounted
on each shield and a lens just before the sample mounted on the 1 Kelvin shield.
b Photograph of the setup

Measurement scheme We thus choose another measurement scheme,

which is faster and gives better comparability of the signal amplitudes

we are interested in. The linewidth of the polariton resonances we are

looking for are around 30 GHz and hence more than 1 order of magnitude

wider than the Fabry perot resonances. This allows us to integrate over

the sharp resonances by continuously sweeping the source and integrating

the response with a long integration time on the Lock-in measuring the

longitudinal resistance.

The B-�eld is then changed in small steps. Since the power of the source at

600 GHz is only a few percent of the power at 100 GHz (see supplementary
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Figure 7.5: Fabry perrot fringes Longitudinal resistance of CH140 as func-
tion of microwave irradiation frequency at 0.78 T swept up (red) and down (blue)
with very high sampling. The reproducible sharp peaks are Fabry Perot reso-
nances along the optical path while the broad features stem from the varying
responsivity of the sample.

Fig. 7.3), we use the resistance observed at 600 GHz as the dark resistance

� dark
xx . This also has the advantage that the sample temperature and all

other parameters are very close to the condition where the resistance under

illumination is measured. The power output and the performance of the

THz windows and lenses strongly changes with frequency. The e�ective ra-

diation power impinging on each of the Hall bars is therefore best estimated

using the Hall bars themselves. We average the photo-response over the

entire B-�eld measured Pirr � (� B ) � 1
R

� B
j� illu

xx (B;! irr ) � � dark
xx (B )jdB .

This makes the result almost independent of the comparatively sharp res-

onances that appear in the data. The resulting e�ective power curves for

all three Hall bars measured sweeping up (blue) and down (red) is shown

in Fig. 7.6 in a log-log plot. One can see that the Fabry Perot resonances

disappeared. Di�erences between the curves mainly at low frequencies

arise due to the antenna e�ect of the cavities and the Hall bars distance

from the beam axis. Nevertheless, amplitudes of resonances in the follow-

ing measurements can only be reliably compared if appearing at the same

irradiation frequency.
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Figure 7.6: E�ective irradiation power impinging on the 3 di�erent Hall
bars obtained while sweeping the frequency up (blue) and down (red).

7.1.2 Radiation induced polariton population

Intentionally induced polariton population by source Here we

roughly estimate the number of excited polaritons in the system. At the

resonance frequency of CH140, the power of the source is around P=2

� W with a beam cross-section of A � 10cm2 . Assuming 90 %-loss in the

beam path and using I = P=A = 1
2 �cE 2 , we obtain an electric �eld of

E � 0: 4 V/m. Using the �eld enhancement factor created by the cavities

of around 50 obtained from �nite element simulations shown in Fig. 5.1, we

obtain a cavity �eld of around Ecav � 20 V/m. Using the cavity volume of

Vcav � 2� 10� 4(� 140 GHz =2)3 computed in Chapter 5 and � = (12 : 89+1) =2,

we can estimate the �eld created by one photon inside the cavity as

Ephoton =

r
2~! cav

�� 0Vcav
� 3: 3V=m: (7.1)

Hence, we expectEcav =Ephoton � 6 polariton excitations acting on the

electrons in the Hall bar. Using a �lling factor of 20 at the anti-crossing,

the known electron density and Hall bar dimensions, we have 1: 1� 106 elec-

trons in the Hall bar in the optically active highest Landau level. Hence,

the number of excitations is only a small fraction ( � 2 � 10� 5) of the pos-
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7.1. Measurement technique

sible matter excitations in the system (equal to number of optically active

electrons), which shows that we are in the weak excitation limit.

Unintentionally induced polariton population by blackbody Fur-

ther, we want to compare the intentionally induced polariton popula-

tion with the one induced by the black body radiation entering through

the beam path used to illuminate the sample. The blackbody radia-

tion spectrum at 300 K enters the cryostat through a window with area

A300 K � (1: 5cm)2 and then has to pass a 1 cm wide lens 18 cm away

(see Fig. 7.4a). We assume all the light hitting the lens will also hit

the cavity. Hence, the total blackbody induced power hitting the sample

is given by the integral PBlackbody =
R

A 300 K
dA

R2�

0

R�

0

R� max

0
B � (300K ),

where � = tan � 1(0: 5=18) de�nes the maximum angle to the window nor-

mal to still hit the lens and B � (T ) = 2h� 3

c2
1

exp( h�
kT � 1)

is the spectral ra-

diance given by Planck's law. For � max = 600 GHz - which generously

accounts for all photons than can potentially excite a polariton - we obtain

PBlackbody = 3 nW , or a negligibly small number of 10� 3 excited polari-

tons. Hence, without intentional illumination, the polariton population

can be considered zero. In contrast, for � max = 2 THz, one obtains 4�W ,

which explains the temperature increase of the mixing chamber from 6 mK

without microwave access to around 20 mK.

Estimate of responsivity The responsivity of the longitudinal resis-

tance to sub-THz photons is very high, and can reach values as high as

108 V/W, growing with mobility and lower temperatures [137]. In our

experiment, we observe resistance changes in the order of 1
 (see cap-

tion of Fig. 7.8), which corresponds to a voltage response of 40 nV (using

� xx = Vxx W
IL ). Assuming a roughly 10� 4-fraction of the source output-

power of 1 �W (see Fig. 7.3) hits one of the Hall bars, this would suggest

a responsivity of only 4 � 102V=W. One can see that the required re-

sponsivity to get a 40 nV signal is far below what has been shown in the

community. Although the two experiments are not perfectly comparable,

such a signal for 6 polaritons is plausible.
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7.2 Photo-response measurements

Figure 7.7: Magneto-transport in CH205 Irradiation-induced change of the
longitudinal resistance � xx of CH205 normalized to irradiation power R(B;! irr )
as a function of irradiation frequency and magnetic �eld. The black trace above
shows the dark (no microwave irradiation) trace of � xx . The resistance change
depends strongly on the value of the resistance � xx , thus on the �lling factor �
marked with black arrows. ( Tsample = 100 mK).

Longitudinal photo-response measurement The upper panel of Fig.

7.7 shows the longitudinal resistance � xx = Vxx W
IL of CH205 with no THz

illumination measured between contacts 1 and 2. The longitudinal re-

sistance under weak illumination � illu
xx (B;! irr ) is obtained by tuning the

single frequency source at a rate of 5 GHz/s from ! irr = 60 GHz up to

600 GHz, while keeping the magnetic �eld �xed. Such a frequency sweep

is repeated for di�erent values of the magnetic �eld scanning it in small

steps.

As the illumination power Pirr changes with illumination frequency ! irr

(see Fig. 7.3), the colormap in Fig. 7.7 shows the photo-response under

irradiation R(B;! irr ) = ( � illu
xx � � dark

xx )=Pirr of CH205 as a function of

magnetic �eld and irradiation frequency. Like the longitudinal resistance

� xx , R(B;! irr ) oscillates in phase with the density of states (DOS) at
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7.2. Photo-response measurements

the Fermi energy EF periodically with the (spin degenerate) �lling factor

� = hn s=(2eB). In contrast, the THz-transmission measured with THz

time-domain spectroscopy through an array of the same 140 GHz and 205

GHz cavities (Figs. 5.4a, 5.4b) is independent of the location of the Fermi

level relative to the ladder of Landau energy levels En .

Filling factor dependent response To highlight the �lling factor de-

pendence of the photo-response, we construct two color plots in Fig. 7.8b

with two subsets of the `CH205'-data from Fig. 7.7, selecting only mea-

surements at integer and half-integer �lling factors, respectively, with

spline interpolation in between. The equivalent for CH140 is shown in

Fig. 7.8c. The top panels in Figs. 7.8b, 7.8c show measurements taken

with EF = En
2 (� is half-integer), corresponding to the resonance of the

Fermi energy with the Landau level with energy En . The bottom panels

show measurements whereEF = En + 1
2 ~! c (� is integer). The dark traces

� dark
xx are shown in the central panels, with the red and green dots over-

layed showing which measurements have been selected for the respective

colormaps.

The response at half integer �lling factors (top panels) shows clear sig-

natures of the cavity-coupled quasi-particle: a photo-response change oc-

curs when ! irr is resonant to the magneto plasmon polariton dispersions.

Hence transport exhibits the same resonances at polariton frequencies as

the THz-transmission experiment shown in Fig. 5.4a and b. In contrast, at

integer �lling factors (bottom panels) we observe a set of linear dispersions,

which are attributed to the excitation of an inter-Landau level transition

and its higher orders. The �rst 5 orders are shown as black dashed lines

in the bottom panels of Figs. 7.8b and c). Their slopes are consistent with

the reduced cyclotron mass m � = 0 : 066� m0 , in agreement with previous

�ndings [40] discussed in section 6.4.1.

2 We plot the measurements taken at slightly lower B-�elds than where the Shubnikov-
de Haas maxima are reached. This doesn't change the picture at low B-�elds, but
allows to also see the polariton branches all the way to 1 Tesla where the spin
splitting starts. The tail of each spin resistance peak contains localized states
which approximately lye at the Fermi energy when the resistance maximum for
the opposite spin is reached. This is the case between around 0.6T and 0.9 T,
where the spin-splitting is not yet well resolved.
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Figure 7.8: Filling-factor-dependent photo-response a Sketch of the total electronic density of states as sum of Lorentzian
with width � = ~=� q (� q : momentum scattering time) versus energy (blue line) around the Fermi energy EF (dashed black line)
in the case when EF is inside one Landau Level (top panel) and exactly in between (bottom). The electrons relevant to transport
are distributed within a narrow range of width kB T around EF , marked as white line showing f (1 � f ), where f is the Fermi
distribution. Delocalized and localized electrons are shown in green and red. b CH205: The center panel shows the longitudinal
resistance in the dark � dark

xx (black trace) with the �lling factor marked with arrows. For the top and bottom panels, we select
only the measurements marked in the center panel with red and green dots overlapped on the black trace. These approximately
correspond to the half integer and integer �lling factors respectively, where � dark

xx reaches its maxima and minima. (top) The
longitudinal photo-response R = � � xx =Pirr shows a change when resonant to the magneto plasmon polariton dispersions (with
�tted magenta curves). When resonant to the polaritons, we have � 3
 . � � xx . � 1
 . (bottom) At integer �lling factors, a
set of linear dispersions appears (black dashed). These are attributed to the inter-Landau level transition ( � � xx � +1
 ) and its
higher orders ( � � xx � +0 : 3
 ) of localized electronic states in the tails of a Landau level. c Corresponding �gures for CH140.
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7.2. Photo-response measurements

Fig. 7.9 illustrates the di�erent response by showing vertical cuts of Fig. 7.7

at half-integer (red) and integer (blue) �lling factors for two di�erent mag-

netic �elds. At half integer �lling factors, two dips appear at the polariton

frequencies, while at integer �lling factors mainly the �rst order cyclotron

transition of localized states appears.

Figure 7.9: Photo-response at di�erent �lling factors The traces recorded
near the resonant magnetic �eld at integer half-integer (red) and integer (blue)
�lling factors show how strongly the response di�ers for the two cases. The blue
arrows mark the (�rst order) cyclotron frequency, while the red arrows mark the
expected magneto-plasmon polariton frequencies at the speci�c magnetic �elds.

We understand the change of the longitudinal photo-response upon irra-

diation in the following way. First, we note that the absorption does not

change with �lling factor (as it is apparent in Fig.5.4a and b). We also

note that a simple bolometric (thermal) response will not explain our data,

as the reduction of the maximum resistivity at the peak of the Shubnikov-

de Haas oscillation is not accompanied by a concomitant increase at the

minima. In a bolometric response picture, the two colorplots shown in

Fig. 7.8b and c should give an inverted contrast of each other (also seen

in Fig. 7.9).

Localized states map polariton decay channels As schematically

shown in the upper (lower) panel of Fig. 7.8a, the Fermi energy lies in

the delocalized (localized) electronic states for half-integer (integer) �lling

factors. Extended states - responsible for the polariton formation - have a

spatial extension given by the magnetic length l0 =
p

~=(eB) and hence
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Chapter 7. Magneto-transport coupled to a few Polaritons

a large dipole moment proportional to the square root of the �lling factor

(d � el0
p

� ) [29]. In contrast, localized states exhibit a strongly reduced

dipole matrix element due their localized nature. This is consistent with

experimentally observed long excited state lifetimes [137,138]. Exhibiting

a greatly reduced dipole moment compared to extended states, localized

states have a negligible overlap with the polariton wavefunction. Note also,

that this is consistent with our �nding in the next chapter in Fig. 8.1a,

where SdH minima (integer �lling factors), in contrast to SdH maxima,

are almost una�ected by vacuum �elds.

We therefore attribute the contrast seen in the lower panel of Fig. 7.8b and

c to a second order process. This is also supported by the �nding, that

we observe higher order cyclotron excitations (black dashed lines), which

cannot be directly excited by a photon due to optical selection rules. In

agreement with the picture shown in the lower panel of Fig. 7.10, we

observe that the photo-response maps the non-radiative decay channels

of the polaritons into higher Landau levels. A polariton excitation (broad

magenta line) can decay into the matter part and excite a localized electron

from its ground state to a higher Landau Level (black dashed lines). This

will occur most e�ciently when the energy of the polariton matches that

of the excited Landau level (marked with red ovals where this condition is

met).

Comparison to theory under illumination So far, we found experi-

mentally, that the polariton is mainly formed by extended states which are

responsible for the Shubnikov-de Haas oscillation maxima. Although this

distinction has not been made in the theoretical framework to describe

magneto-transport in a cavity [66] discussed in Chapter 3.2, the theory

describes the response of the resistance maxima correctly.

The theory for transport in vacuum �elds [66] can be extended to account

for a �nite polariton population inducing a change of the electronic scat-

tering time as presented by N. Bartolo and C.Ciuti in [75].

The probability pr (r = LP;UP ) of having one polariton is proportional

to the absorption of the external radiation:

pr /
Pirr 
 2

r


 2
r + ( ! irr � ! r )2 ; (7.2)
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7.2. Photo-response measurements

Figure 7.10: Non-radiative polariton decay process a Upon THz irradia-
tion, polariton excitations are created, as shown by broad magenta lines. These
will decay non-radiatively most e�ciently when they are energetically resonant
with empty Landau levels above the Fermi energy (black lines). The intersection
between these two sets of curves (red ovals) indicates the regions where the mag-
neto resistance increases in the situation where the Fermi energy lies between two
Landau levels (see Fig. 7.8, lower panels). b Excitations above the Fermi energy
at 0.24 T (marked with vertical dashed line in a): The upper and lower polari-
tons formed by delocalized states are excited by incoming photons (magenta),
but only the lower polariton can elastically scatter to a Landau state formed by
localized states. From there it can decay back to the Fermi energy (within kT),
where it is observable in the photo-response.

where Pirr and ! irr are, respectively, the irradiation power and frequency,

while ! r and 
 r are the frequency and linewidth of the polaritonic reso-

nances.

Without illumination, the electronic scattering time depends on the single-

particle density of states at the Fermi energy as � e / 1=DOS(EF ) (see

equation 3.24). Under irradiation, the single-particle states which are rele-

vant for the scattering have energies in the energy window [EF � ~! irr ;EF ].

Hence, the e�ective scattering time for the photo-assisted transport can

be approximated by the following average:

� e

� irr
e

=
1

~! irr DOS(EF )

Z E F

E F � ~! irr

DOS(E ) dE: (7.3)

Finally, the components of the conductivity tensor in the presence of weak
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Chapter 7. Magneto-transport coupled to a few Polaritons

Figure 7.11: Theoretical response at half integer �lling factors Theo-
retically computed photo-response at half integer �lling factors shows a response
when resonant to the polariton branches as seen in the experiment.

irradiation are given by

� dc ;irr
ii =

X

r = LP;UP

2� r

A ~! r

�
�hGSjĴ i jr i

�
�2

1 + ( � r ! r )2 �

�
1 � pLP � pUP + pr

�
2

� irr
r

� r

1 + ( � r ! r )2

1 + ( � irr
r ! r )2 � 1

��
; (7.4a)

� dc ;irr
ij = � i

X

r = LP;UP

2� r

A ~! r

hGSjĴ i jr ihr jĴ j jGSi

1 + ( � r ! r )2 �

"

1 � pLP � pUP + pr

 

2

�
� irr

r

� r

� 2
1 + ( � r ! r )2

1 + ( � irr
r ! r )2 � 1

!#

; (7.4b)

where the current operators are de�ned as in Chapter 3.2, A is the area of

the 2DEG, and the polaritonic (irradiated) scattering times are obtained

by mixing � e (� irr
e ) with � p as described in [66]. Upon inversion of the

conductivity tensor given by Eqs. (7.4), one obtains the resistivity. The

resulting resistivity at half integer �lling factors in presence of a polariton

population is presented in Fig. 7.11. As found experimentally in the top

panel of Fig. 7.8b, the theory predicts a photo-response when resonant to

the polariton branches.
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7.2. Photo-response measurements

Comparison to reference Hall bar Although the use of the illumi-

nation frequency as an additional tuning knob has allowed us to clearly

observe the e�ects of polaritons on magneto-transport without relying on

a reference measurement of a Hall bar without cavity, it is nevertheless in-

teresting to use the developed measurement technique with our standard

Hall bar RH without cavity.

The colormap in Fig. 7.12 shows the illumination induced resistance change

R(B;! irr ) of RH. Similarly to what we found for the cavity Hall bars, we

see the extended states (upper panel) responding to the plasmon excita-

tion, which has the largest dipole in the system. In contrast, the localized

states, again unable to participate in the magneto-plasmon oscillation, map

out the decay path of the magneto-plasmon excitation. Interestingly, since

the plasmon excitation does not cross the cyclotron dispersion, such a de-

cay is almost only possible when the higher order Landau level transitions

energetically coincide with the plasmon. A small signal is nevertheless

observed at the �rst order cyclotron transition (especially around 0.2 T).

While optical selection rules allow such a cyclotron transition in a �rst

order process, it is mostly screened by the plasmon and only visible due

to Azbel'-Kaner-like e�ect [127] discussed in chapter 6.

Summary We measured the photo-response under THz irradiation of a

hybrid sample which integrates a Hall bar and a sub-wavelength metallic

microwave resonator. Our results demonstrate a cavity quantum elec-

trodynamic correction to magneto-transport. We �nd that mixed light-

matter states - polaritons - take over the role of the cyclotron transition

in controlling dc magneto-transport. This is supported by theory and

experiment. Under weak single frequency microwave illumination, we re-

veal the signatures of the ultrastrong coupling regime by measuring the

longitudinal resistance of the two dimensional electron gas. Intriguingly,

the response is strongly �lling factor dependent up to �lling factors of

� � 50. Transport through delocalized states in the center of a Landau

Level are clearly subject to coupling to the cavities' vacuum �eld �uc-

tuations. In contrast, localized states in the tails of each Landau Level

appear to be mostly `immune' to the severe modi�cation of the cavity

quantum electrodynamic environment. Transport in this regime maps the
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Figure 7.12: Reference Hall bar RH : The center panel shows the longitudi-
nal resistance in the dark � dark

xx (black trace). For the top and bottom panels, we
select only the measurements marked in the center panel with red and green dots
overlapped on the black trace. These approximately correspond to the half inte-
ger and integer �lling factors respectively, where � dark

xx reaches its maxima and
minima. (top) The longitudinal photo-response R = � � xx =Pirr shows a change
when resonant to the magneto plasmon dispersion (green dashed). (bottom) At
integer �lling factors, a response appears when the magneto plasmon dispersion
crosses or is nearby the previously observed linear dispersions (black dashed).

non-radiative decay channels of the polariton. The �nding that magneto-

transport carries signatures of the vacuum �eld �uctuations mediated by

the polaritonic interaction paves the way towards vacuum-�eld-controlled

many-body states in quantum Hall systems.

In the following Chapter we omit the illumination source, and replace

such a tuning knob by in-situ tuning of the cavity mode. By detecting

simultaneously the magneto-transport properties of the 2DEG, we can

observe what the response of the matter part of the polariton upon change

of it's light part.
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CHAPTER 8

Magneto-transport in Vacuum Fields

In the previous Chapter 7, we used a frequency tunable illumination source

as a crucial tuning knob to probe and understand the modi�cation of the

2DEG excitation spectrum induced by the cavity. While this approach,

di�ers from most other works which probe the polariton via its photonic

part [22, 25, 30, 31, 37�39, 43, 67, 69�73, 82, 85, 134] with only few excep-

tions [22, 87], our system allows to go a step further and observe modi�-

cations to the matter component in the complete absence any polariton

excitations. The only excitation needed is the one to drive the source-

drain current, which is negligible compared to ~! r . Experimentally this is

more challenging, as it is di�cult to �nd a good reference for a transport

measurement under vacuum �elds. Note, in the previous Chapter with

the illumination source, the physically same sample could be used as a

reference, by simply turning o� the illumination source. As this is not

possible with vacuum �elds, we discuss two approaches to gain back a way

to perform a reference measurement.

In section 8.1, we present the �rst approach which is simply to use physi-

cally di�erent samples, which are as comparable as possible1 . As magneto-

1 Most of the content of this section appeared, in some parts verbatim , in Gian
L. Paravicini-Bagliani et al., Magneto-transport control led by Landau polariton
states , Nat. Phys. 15 , 186-190 (2019)
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transport is extremely sensitive to many (partially uncontrolled) param-

eters, this requires some statistics. A similar approach was also used by

Orgiu et al. [22], where many di�erent cavities where compared to each

other and to a cavity-less reference. This approach is also supported by

a comparison to the recent theoretical prediction [66] presented in section

3.2. In section 8.2, we attempt to modify the properties of the cavity or

vacuum �eld in-situ , which allows us then to observe in the matter part

the changes to the polariton induced in its light part. Of course, this can

only be a comparison between di�erent vacuum �eld modes and not a

comparison to the case without vacuum �elds at all.

8.1 Comparing di�erent cavities

8.1.1 Measures to allow comparison of di�erent samples

In order to enable a comparison between physically di�erent samples and

cavities, any other di�erences related to the sample process, di�erences to

create actually di�erent cavities, and changes in measurement conditions

need to be far lower than the vacuum �eld induced e�ects. Here, we brie�y

summarize the measures taken in order to achieve such a condition.

Reproducible measurement conditions across di�erent cooldowns

are almost impossible to achieve when performing magneto-transport ex-

periments. Typically the density and mobility vary by 5 percent between

cooldowns. This results in di�erences in the longitudinal resistance, which

can exceed the vacuum �eld e�ects we are looking for. It is hence vital to

measure di�erent Hallbars in the same cooldown and best even simulta-

neously with up to 7 Lock-in-ampli�ers (see discussion in Chapter 4). In

good conditions, the drift in density within one cooldown is less than � 0.1

% per week or sometimes not even observable.

Sample fabrication Comparability across di�erent cavity Hall bars

processed on the same chip is on one side achieved by the use of an in-

sulating Al 2O3 layer between the 2DEG and Ti/Au-layer used to form

the cavities(see Chapter 5). This avoids uncontrolled leakage currents ap-

pearing in random places on the chip. For comparability across di�erent
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chips on the same epi-layer, we use an MBE optimized for high epi-layer

homogeneity. Further, it is vital to control the electric potential of the

Ti/Au-layer by e.g. grounding it. On the other hand, it is critical to align

the cavities well with the Hall bar below (see e.g. Fig. 5.3), as a bad

alignment changes and reduces the local vacuum �eld, and might cause

gold to be deposited on the Hall bar, which greatly changes the density

and mobility of the electron gas below the gold (the mobility can be in

the order of a factor 5 lower). It further might induce di�erent strain in

the GaAs crystal below in which the 2DEG is embedded. With the above

measures we obtain the same carrier density and mobility across di�erent

Hall bars and even separately processed samples within 1 or 2%.

Sample design The unavoidable di�erence between between the Hall

bars to be compared is the cavity shape, as we want to compare magneto-

transport subject to di�erent vacuum �eld modes. The optimal comparison

is achieved by leaving the parts of the cavity near the Hall bar unchanged

and only change the 'arms' of the resonator which are far away from the

Hall bar. This has been implemented with the two cavities CH140 and

CH205 which only di�er by there shape far away from the Hall bar (see

Chapter 5).

8.1.2 Measurements and comparison to theoretical traces

Measurement results Now we discuss the magneto-transport experi-

ments conducted without any THz illumination, were the computed ther-

mal photon population is negligible at the resonator frequency at Tsample =

100 mK (see section 7.1.2). Fig. 8.1a shows the longitudinal resistance

� xx = Vxx W
IL versus magnetic �eld for the three Hall bars on chip EV2124-

19-40A-140-ALD measured between contacts 1 and 2 (as marked in Fig.

5.3a). Again, we observe the well known Shubnikov-de Haas oscillations.

As visible from Fig. 8.1a, the upper envelope of the Shubnikov-de Haas

oscillations is modi�ed by the presence of the cavities: a clear reduction

of the maxima is observed in a wide range around the resonant magnetic

�eld and depending on the coupling 
 =! to the cavities' vacuum �eld. The

density ns = 3 : 3� 1011 cm� 2 and mobility � = 3 : 1� 106cm2=V s are iden-

tical within 2% for all Hall bars despite the presence of the metal around
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the resonator Hall bars. It is important to note that the data in Fig. 8.1a

is measured in the same cooling run and the measurements for RH and

CH140 have been taken simultaneously to ensure optimal comparability,

while CH205 has also been measured in the same cooling run. Further

measurements under di�erent conditions testifying the reproducibility of

this e�ect are shown below.

Theoretical magneto-resistance traces As a comparison, Fig. 8.1b

shows computed magneto-resistance traces in the presence of the polari-

tonic vacuum [66] as presented in Chapter 3.2. The theory does not take

into account spin split maxima and higher cavity resonances appearing at

magnetic �elds above 0.6T in the experimental trace, and also magneto-

plasmon e�ects shifting the anti-crossing magnetic �eld to lower values.

Apart from the cavity related scattering � p = 300ps, all parameters are

�xed by the experiment as discussed below. The theoretical curves in

Fig. 8.1b strikingly also predict a reduction of the oscillation maxima,

while leaving the minima and phase of the SdH oscillations almost un-

changed.

Parameters for theoretical resistance trace under vacuum �elds

We use the following experimentally accessible parameters for comput-

ing the theoretical resistance traces shown in Fig. 8.1b: electron den-

sity ns = 3 : 3 � 1011 cm� 2 obtained from the slope of the Hall trace � xy ,

Drude lifetime � 0 = �m �

e = 131ps, quantum lifetime � q = 2 : 8ps obtained

from a Dingle analysis (see Chapter 3), m � = 0 : 07 � m0 obtained from

�tting the magneto-plasmon polariton dispersions in THz transmission

(see Chapter 6), consistent with the results from transport (top panel

Fig. 7.8b), normalized light-matter coupling ratio 
 =! cav = 30% and 20%

for CH140 and CH205 respectively (see Fig. 5.4), as well as the cavity

resonance frequencies! cav = 2 �f cav with f cav =140 and 205 GHz respec-

tively. The only not directly accessible parameter of the theory is � p , for

which � p � � cav = Q
! cav

� 6ps holds [66]. We choose� p = 300ps and note

that the qualitative result remains unchanged for other values, as long as

� p � � cav .
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Figure 8.1: Transport in vacuum �elds. a Longitudinal resistance � xx for the three Hall bars shows a reduced Shubnikov-de
Haas modulation amplitude in presence of light-matter coupling. ( Tsample = 100 mK, hnpolariton i < 10� 3 ). A second series of
oscillations appearing above B=0.6 T is due to the spin-split Landau levels and not taken into account in the theory in b . b
Theoretically computed resistance [66] for 0 %(gray),20 %(red) and 30 %(blue) normalized light-matter coupling corresponding to
the three measurements in a. The traces correctly predict depressed oscillation maxima in a wide magnetic �eld range, while the
oscillation phase and minima remain almost unchanged. c/ d Vacuum �eld induced resistivity change integrated over each SdH
period � I vac for the two cavities for the experimental/theory traces. The red and blue shaded regions, graphically show that
� I vac represent the vacuum �eld induced change of the area under a peak. For the higher coupling and lower resonance frequency
Hall bar CH140, the reduction appears already at lower �elds and over a larger magnetic �eld range. The theory prediction of
� I vac for the two cavities shows a good qualitative agreement with the experimental curves in c.
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8.1. Comparing di�erent cavities

Comparison between theory and experiment To enable a better

comparison of experiment and theory while removing additional features

due to spin splitting not taken into account in the theory, we report in

Fig. 8.1c and d the vacuum �eld induced integrated resistivity change over

each SdH period � I vac =
RB ( i +1)

min

B ( i )
min

(� xx;cavity � � xx;RH )dB where B ( i )
min

are minima of � xx (B ) ful�lling � xx (B ( i )
min ) < � xx (B = 0) - interpreted as

change of area under each SdH oscillation. As in the theory prediction in

Fig. 8.1d, the integrated resistivity in Fig. 8.1c is strongly reduced over a

wide range of magnetic �elds. The latter e�ect already occurs at smaller

magnetic �elds for the lower frequency resonator CH140 that also exhibits

the stronger coupling. This shows the strong dependence of the magneto-

transport on the vacuum Rabi splitting.

Reproducibility Here we show, that the reduction of the envelope of

the maxima is reproducible across di�erent cooling runs and on di�erent

samples. It is known, that the envelope of the SdH oscillations in the

sample without cavity is sensitive to the speci�c disorder of the sample and

to the temperature and density. Instead we show here that the di�erential

cavity-induced e�ects are robust and show the same behaviour in all the

samples and experimental conditions, which we have investigated.

Fig. 8.2a shows a measurement of RH and CH140 of the same sample as

shown in Fig. 2a, but in a separate cooldown at a lower electron tem-

perature of around � 70 mK. It is apparent that the reference trace RH

is signi�cantly altered with a much higher SdH amplitude at low mag-

netic �elds and an onset of the spin splitting appearing at signi�cantly

lower magnetic �elds. Nevertheless, we observe that the SdH oscillation

amplitude of CH140 is again reduced over a wide range and also for the

opposite magnetic �eld polarity. The corresponding vacuum �eld induced

resistivity change integrated over each SdH period � I vac for the present

measurement is shown in 8.2b. We again �nd the same trend as shown in

the main text in Figs. 8.1c and 8.1d.

Fig. 8.3a and b shows measurements for all three Hall bars processed on

a physically di�erent sample, but still on the same epilayer with the same

design as shown in Fig. 5.3a. With setup optimizations (addition of a
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second electron thermalisation coil in the mixing chamber as discussed in

Chapter 4), a yet lower electron temperature of around 50 mK is achieved

in this measurement. To change the conditions further, we measure at

a lower electron density (obtained by changing the infrared illumination

conditions during the sample cooldown) of ns = 1 : 9 � 1011 cm� 2 , which

also results in a lower mobility of � = 1 : 9� 106cm2=V s(both values within

5 % for all Hall bars). Again, it is clear that the SdH amplitude reduction

and the trend of � I vac is reproduced in the low magnetic �eld part and in

fact appears to become more pronounced when reducing the temperature.

It is apparent however, that at lower temperatures and higher magnetic

�elds (in this measurement starting already at 0.4 T), new e�ects appear

which are not included in the theory. These give a positive contribution

to the resistance and cause� I vac to become positive.

Figure 8.2: Reproducibility: Transport in vacuum �elds at � 70mK a
Longitudinal resistance � xx for CH140 and RH: Again a depressed Shubnikov-de
Haas modulation amplitude appears in the presence of light-matter coupling. A
second series of oscillations appearing above B=0.4 T is due to the spin-split
Landau levels. b Comparison of the vacuum �eld induced resistivity change inte-
grated over each SdH period � I vac for the CH140 cavity: The trend reproduces
the �ndings in Fig. 8.1.
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8.2. Vacuum �eld mode tuned in-situ

Figure 8.3: Reproducibility: Transport in vacuum �elds at � 50mK
a Longitudinal resistance � xx for the three Hall bars with a lower density and
mobility processed on a separate chip on the same epilayer. Again we observe
a clear vacuum �eld induced reduction of the Shubnikov-de Haas modulation
amplitude at low magnetic �elds. The e�ect appears to grow as the temperature
is lowered. A second series of oscillations appearing above B=0.4 T is due to the
spin-split Landau levels. b Comparison of the vacuum �eld induced resistivity
change integrated over each SdH period � I vac for the two cavities: For the
higher coupling and lower resonance frequency, the reduction appears already at
lower �elds as found in Fig. 2. It is clear, that for this very low temperature,
new e�ects (probably still related to vacuum �elds) appear at higher magnetic
�elds leading to other faster oscillations in the resistance trace in a and a positive
� I vac . These are not described in the theoretical traces in Figs. 2b and d.

8.2 Vacuum �eld mode tuned in-situ

In the previous section, we showed by comparing di�erent cavity sam-

ples, that vacuum �elds alone already signi�cantly modify the magneto-

resistance of an electron gas. The observed reduction of the Shubnikov-de

Haas amplitude maxima is not achievable by tuning other typical magneto-

transport parameters (gate voltage, source-drain current, temperature, il-
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lumination conditions etc.). In this section, we want to modify the vacuum

�eld of a given cavity while observing the response in magneto-transport.

While experimentally di�cult to implement, it is an important con�r-

mation of the above result. Such a tuning should allow to change the

magneto-resistance trace with a parameter, that is irrelevant for the resis-

tance in the absence of a cavity.

8.2.1 Concept of experiment

In this experiment, we would like to tune the normalized vacuum Rabi

splitting 
 vac , while leaving all typical magneto-transport parameters un-

changed. This can be achieved either by tuning the overlap of the matter

part with the vacuum �eld mode or by tuning the vacuum �eld itself. The

former option would require to separate the cavity and the Hall bar, which

probably makes it experimentally di�cult to obtain a sizeable coupling by

approaching the two objects close enough. We hence attempt to tune the

vacuum �eld of the cavity located directly on the sample CH140 previ-

ously studied. We note, that we only focus on the lowest frequency cavity

mode, which should result in changes of the resistance trace at the lowest

magnetic �elds.

As vacuum �elds modes cannot be turned o� but only tuned in frequency

or spatial distribution, the options for their tuning are very limited. Fur-

thermore, the extreme sensitivity of magneto-transport to many environ-

mental conditions exploited to detect vacuum �elds, plays against us here,

as many options for the modi�cation of the cavity vacuum �eld used in

other experiments cannot be used here.

Magneto-transport is very sensitive to:

ˆ temperature ( � xx depends directly on kT in equation 3.25)

ˆ static voltages which change the carrier density and mobility

ˆ infrared light (changes carrier density by activating trapped carriers

in DX-centers [139])

ˆ THz light (changes cavity polariton population)
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ˆ Local strain induced by anything touching or lying on the GaAs

crystal (changes general 2DEG properties) and

ˆ past sample conditions such as the one listed above (excluding THz

light) permanently and irreproducibility change the properties of the

electron gas to a degree far exceeding the vacuum �eld e�ects we are

looking for.

Especially due to the last point, one cannot not only use any of these

techniques during measurements but also in between measurements. The

above list hence excludes the use of superconductors switched to the nor-

mal state, nearby piezo electric elements to change electric circuits, let

alone materials that change their refractive index upon heating, transmit-

ted currents or light.

Figure 8.4: Concept of experiment A large gold coated copper tip with a
�at front is approached to the gap of the LC cavity. Courtesy of J. Andberger.

We hence choose to modify the e�ective electric circuit of the LC resonator

by approaching a metallic tip with a �at front as shown in the illustration

in Fig. 8.4. As shown in a sketch of the sample cross section in Fig. 8.5a

and b, this e�ectively adds a parallel capacitance to the LC circuit, which

enlarges the total capacitance of the circuit and hence lowers the cavity

LC resonance frequency. But most importantly, it `deviates' a part of
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the vacuum electric �eld to pass through the tip rather than through the

electron gas. The tip hence reduces the light-matter coupling.

8.2.2 FE simulations with the Tip

Figure 8.5: Concept and FE simulations of experiment a / b Sketch of
sample cross-section without/with metal tip with a �at front nearby. Overlapped
is the e�ective electrical circuit obtained. c/ d In-plane and normal (out-of-plane)
electric �eld with the tip far/close. The in-plane �eld passing through the elec-
trons in the Hall bar responsible for the coupling is greatly reduced when the
tip is near the sample. In contrast, the out-of plane �eld is greatly enhanced
where the round tip is located just above the sample. e/ f Simulated magneto-
plasmon polariton dispersions for the two cases shows that the resulting coupling
is reduced as the tip is approached due to the reduced in-plane electric �eld.
However, the e�ect is most likely overestimated compared to the experimentally
modi�cation, as the assumed tip distance here is only 1 �m .

Fig. 8.5c shows the FE simulated in-plane and out-of-plane (normal) elec-

tric �eld of the 140 GHz cavity. The former represents the vacuum �eld

passing through the 2DEG and is hence responsible for the light-matter

coupling. In contrast, the out-of-plane �eld is a comparatively weaker and
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unused stray �eld. Fig. 8.5d shows the situation with the metallic tip

represented by a cylinder of 100 �m diameter 1 �m above the samples

gold surface. The shown cavity mode is now shifted down to around 100

GHz and has signi�cantly less in-plan �eld and strong out-of-plane �eld

where the round tip is located just above the cross-sectional plane used to

draw the �eld mode. This is consistent with the simple picture of a added

parallel capacitance as shown above in Fig. 8.5b.

Using again the FE simulation involving a gyrotropic medium to describe

the 2DEG properties as discussed in section 6.3, the resulting polariton

dispersions can be obtained for the cases when the tip is close or far. The

resulting dispersions are shown in Fig. 8.5e and f respectively. One can see,

that the two main e�ects induced by the tip are the reduction of the cavity

resonance frequency as well as the reduction of the vacuum �eld passing

trough the 2DEG which results in a reduced vacuum Rabi frequency 
 vac .

Limitations of CST simulations While these simulations are very

useful for the qualitative understanding of the e�ects produced by the tip,

it is di�cult to obtain quantitatively reliable results to compare with the

experiment. This is related to the fact that CST is a classical electro-

dynamic solver and hence does not include vacuum �eld modes per se.

This problem is easy to circumvent when simulating a transmission exper-

iment, as vacuum �eld modes are identical real photon modes in a cavity.

This allows to use periodic boundary conditions. For the simulation of the

present experiment, periodic boundary conditions are nevertheless used,

even though the real experiment has only one tip and not in�nite number

of them acting on each cavity of the array. This is probably an acceptable

assumption as any vacuum �eld mode obtained due to periodic boundary

conditions has a far larger mode volume and is hence irrelevant. More

problematic is the fact, a usual electromagnetic solver is geared towards

transmission. It will hence miss modes that are not coupled to the far �eld

(e.g. quadrupolar modes and modes with dipoles along the transmission

direction), which can still dominate the near �eld. These questions cannot

be fully answered with a classic electrodynamic solver. Nevertheless, it can

be said, that a metallic tip of any shape should change vacuum �eld modes

and let one observe the resulting changes in the resistance. However, for
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a more quantitative understanding in future experiments, it is useful to

have a tip with a well de�ned and known mode spectrum. An example is

the direct �= 2-cavity evaporated on the tip chip as mentioned before.

8.2.3 Technicalities of measurement setup

Attocube positioners Beyond the setup described in Chapter 4, the

metallic tip needs to be very accurately positioned with respect to the sam-

ple. As shown in Figs. 8.6a and b, a stack of three piezo-driven slip-stick

positioners (ANP series) from attocube systems, referred to as attocubes,

is used for a three-dimensional control of the tip position. These posi-

tioners are intended for use at low temperatures in the Kelvin range and

in strong magnetic �elds and have in principle a positioning accuracy in

the nanometer scale while being able to move over several millimeters.

Movements over short distances up to around 800 nm can be obtained

by applying a DC voltage across the piezo crystal between 0 and 150 V.

Distances beyond this value can be obtained by ramping the voltage be-

tween 0 and 60 V at a rate of less than 3V/ms, where an actual movement

occurs and then ramping the voltage back to the initial value at a rate

exceeding 3V/ms (sawtooth function). In such a case, the slip-stick slides,

resulting in a net movement. Such cycle is referred to as a step. When

operating attocubes at mK temperatures, unfortunately signi�cant di�-

culties appear which need to be taken into account when operating them

at low temperatures:

Heating due to slip-stick movement The sliding movement of the slip-

stick occurring with each step is a signi�cant source of heating. Already

one single step can double the mixing chamber temperature at 10 mK for a

few minutes. For extensive movements over millimetres this can even lead

to the breakdown of the He3-dilution refrigerator circulation. While such

heating is unavoidable, the best solution is to have a computer controlled

waiting time between the movement and the measurement, resulting in a

at least reproducible temperature when recording a speci�c measurement.

Position reading The positions of the attocubes are read by the con-

troller by applying 2 Volt over a resistor whose resistance changes with

attocube position. While this of course also causes a lot of heating (from

10 mK to 60 mK for 3 attocubes reading their positions continuously), the
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reading needs to be o� when not needed. However, as the reading bias is

turned on, the resistor heats up causing a drift in the resistance and hence

the position reading. Absolute position measurements are hence hard to

achieve. A reproducible computer controlled measurement for a �xed time

after the turn on of the reading hence needs to be used. The noise on the

reading, despite averaging is mostly in the order of several microns and

hence far beyond the positioning accuracy. An external more accurate

position reading would be necessary. Unfortunately, despite a signi�cant

e�ort, such a method could not be found for our experiment, as common

methods use light interference. The latter cannot be used due to the high

light-sensitivity of a quantum Hall system. Another approach is measure

the distance dependent capacitance between the resonator plane and metal

tip. This however also leads to serious changes to the electron gas which

can only be inverted by a temperature cycle to above � 150 Kelvin. So

far, attocubes own position reading is the best available method. The

latter could be improved by reading the resistance while applying 6 Volt

instead. While this causes overheating, it might be possible for a short

measurement time starting at a very low temperature. All measurements

presented rely on position measurements applying 2 V.

Step size and yield Another approach is to infer the distance travelled

is to count steps performed with the attocubes. An average step size is

direction, step frequency, highly temperature and most likely also load

dependent. As it depends on so many parameters, it can only be used

as a rough check of the distance travelled, especially also because certain

steps seem not to actually work. For steps performed every 200 ms at base

temperature we obtain 220 nm and 250 nm for the two directions.

Metallic tips In contrast to typical scanning gate experiments [140]

requiring tips with very small front cross sectional areas and distances

to the sample at the nanometer scale, the tip for this experiment needs

to have a very large and �at front and should modify transport already

at distances at the micrometer scale. Together with F. Appugliese and

the Mechanical Workshop at ETH Zurich, we have produced a number

of metallic tips using di�erent methods and tip dimensions as shown in

Fig. 8.6c and d. The former has a diameter of 400 �m and was produced
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Figure 8.6: Experimental setup a Cold �nger with three attocubes on top
of each other holding the mount for the movable tip. b Zoom in of a showing
metallic tip pointing (left) onto the chip carrier (right) on which the sample is
mounted. c SEM picture of micro machined tip used for the experiment shown
in Fig. 8.7 d Optimized tip as described in the text with a surface roughness of
less than 1 �m . SEM pictures taken by E. Mavrona and F. Appugliese.

by micro machining, while second was produced with a very high quality

copper and polished to obtain a slightly curved surface with a roughness

below 1 �m . While the tip shown in Fig. 8.6c, allowed to successfully

modify the vacuum �eld as shown below in Fig. 8.7, it remains a challenging

experiment, as it is almost impossible to mount the tip on the attocubes

with the perfect angle to the sample. Already small errors in the angle

result in an e�ectively too large distance to the sample.

To solve this issue, yet another approach was used. Instead of metal tip,

a small atomically �at doped semiconductor chip is used as a tip (referred

to as tip chip ). In order to obtain the perfect angle between the sample

surface and the tip chip, the latter can be glued onto a holder and then

pressed against the sample by moving the attocubes before the glue can

dry. In such a way, the two surfaces self align and get �xed in this position.

This approach has a further advantage, as it allows to process resonant

structures onto the tip chip (e.g. a �= 2-resonator), which have a controlled

and known vacuum �eld mode spectrum. This is not the case for metallic

tips or uniformely gold coated tip chips, which have many and unknown
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low frequency vacuum �eld modes.

8.2.4 Magneto-transport coupled to in-situ tuned vacuum

�elds

Figure 8.7: Magneto-transport in a changing cavity vacuum �eld a
Magneto-transport trace of CH140 with the tip close (blue) and then with in-
creasing distance of 25�m between steps up to 150 �m (red). Compared to
the unperturbed cavity (red), the Shubnikov-de Haas amplitude increases mostly
around 0.1 T and in a broad range above 0.25 T. b Zoom in the trace in a
around 0.1 T. c Fourier transform of the data shown in b results in a peak,
whose height represents the tip position dependent oscillation amplitude and can
be interpreted as the density of states peak of a Landau level (see equation 3.22).

Fig. 8.7a shows magneto-resistance traces of sampleEV2124-26-40B-140-

ALD measured for di�erent tip distances from the sample. The blue trace

is measured with the front of the tip separated by only a few 100 nm from

the sample surface while sweeping the magnetic �eld towards 0 Tesla. In

order to know, that the initial distance is only a few 100 �m , we apply a

very small bias di�erence between tip and sample (10 mV). This allows to

measure a current of 1 nA when the tip is in contact with the sample. From

there, the tip is retracted by 1 step until we are not touching anymore.

Then the bias di�erence is turned o�. This is clearly an imperfection
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of the measurement, as it induces very small density changes. In future

measurements, this needs to be avoided by improving the measurement

scheme.

Before every subsequent measurement, the tip is retracted by around 25

�m up to a distance of around 150 �m . Fig. 8.7b shows a zoomed version

of the trace around 0.1 T, which clearly shows a dependence of the oscil-

lation amplitude as function of the tip distance. It is important to note,

that the phase and frequency of the oscillations Fig. 8.7a is practically un-

changed as the tip is moved. The latter are de�ned by the carrier density

which is shown in Fig. 8.8 for the tip positions measured (index 1 is close

to the sample). As one can see, the carrier density in measurements shown

in Fig. 8.7a obtained while sweeping the magnetic �eld down (blue dots)

is constant up to a very small relative change of 2 � 10� 3 . The di�erence

of 1 % upon change of magnetic �eld sweep direction is due to the param-

agnetism of the magnet. The observed mobility is 2: 2 � 106V s=cm2 and

constant as function of tip position within the measurement accuracy.

Figure 8.8: Carrier density extracted from the transverse resistance as func-
tion of tip position (1 means tip close) for measurements where the magnetic
�eld was swept up (red) or down (blue).
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Figure 8.9: Amplitude change due to changes to vacuum �eld mode
a The oscillation amplitude obtained from Fourier transforms of the resistivity
trace as shown in Fig. 8.7c, normalized to amplitude when the tip is far away,
thus the tip induced amplitude change is shown versus tip position and magnetic
�eld as a colormap. An amplitude increase is observed as the tip is approached on
both sides of the anti-crossing by around 10%. The observed behaviour also con-
�rms the results discussed in the previous section8.1. b Equivalent plot obtained
from theoretical dressed magneto-resistance traces, by assuming that the main
e�ect of a nearby tip is a reduction of the normalized light-matter coupling. The
qualitative result is independent of the precise tuning range of the coupling as-
sumed in the theory. The qualitative agreement with the experimental colormap
is very good.
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Fourier analysis To obtain a more qualitative understanding of the

measurements, we perform Fourier transformations of the trace in B � 1 ,

where the Shubnikov-de Haas oscillations are periodic (see equation 3.25).

We choose a small window of with 0.8 T :1 containing a few oscillations

and apodized with a Hanning window function. The result for a window

centered around 0.1 T is shown in Fig. 8.7c. The amplitude of the peak

represents the local oscillation amplitude, which can now be evaluated as

function of tip position and also magnetic �eld. Fig. 8.9 shows the ampli-

tude as function of the those two parameters normalized to the amplitude

observed when the tip is far away (an average of all measurements taken

between 100 and 150�m distance) and hence recovering our known CH140

cavity.

From Fig. 8.9 one can see that as the tip is approached, the oscillation

amplitude increases by around 10 % at around 0.1 T and in a broad range

above 0.25 T. Using the insight from the FE simulations in Fig. 8.5, that

the presence of the tip reduces the normalized vacuum Rabi frequency


 cav =! , we �nd that a lower coupling increases the oscillation amplitude.

Intriguingly, this is consistent with our �ndings in Fig. 8.1 from compar-

ing the two cavities CH205 (red) and CH140 (blue) with the reference RH

(gray). There we had found an vacuum �eld induced reduction of the oscil-

lation maxima at very low magnetic �elds around 0.15 T, a relatively small

and coupling independent e�ect at around 0.5 T and greater amplitude re-

duction again at higher magnetic �elds. Unfortunately, the absolute values

are not fully comparable as the present measurement has been performed

with a 30% lower carrier density, which reduces the plasmon frequency

and the coupling. Nevertheless, this is a strong con�rmation, that vacuum

�elds change magneto-transport.

Comparison to theoretical magneto-resistance traces Here, we

attempt to qualitatively compare the experimental results with the theory

[66] presented in Chapter 3.2. We assume here, that the main e�ect of

tip is a reduction of the coupling, starting from a value of 
 =! = 20% for

CH140when the tip is far, down to an arbitrary value of 10% when the tip

is close. The latter value is highly dependent on how close the tip can be

approached and it is dependent on the precise shape of the tip. However,
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Figure 8.10: Theoretical dressed resistivity versus light-matter cou-
pling a Dressed magneto-resistance traces for di�erent light-matter couplings
from 20% (red) to 10% (blue) computed using equation 3.32. The trace without
coupling is shown in black. b Reduction of the Drude resistivity (without oscilla-
tory part) as function of coupling normalized to the cavity-less trace. c Change of
oscillation amplitude as function of coupling normalized to the highest coupling
of 20%. This is the same normalization as performed for the experimental data
shown in Fig. 8.9a

the qualitative result will not depend on these values.

Fig. 8.10a shows the theoretical traces computed as discussed in section

8.1.2, for normalized light-matter couplings between 20% (red) and 10%

(blue). Fig. 8.10b shows the reduction of the mean value around which the

oscillation occurs (Drude resistivity value in equation 3.25). Note that the

amplitude of the reduction is almost coupling independent, while the mag-

netic �eld range over which such a vacuum �eld induced Drude resistivity

reduction occurs growth with the light-matter coupling. A similar phe-

nomenology is observed for the oscillation amplitude as shown in Fig. 3.5b.

In order to reproduce the experimental colormap shown in Fig. 8.9a, the

oscillation amplitude vs. magnetic �eld curve at a given coupling is nor-

malized to the curve at 20% coupling. This reproduces the situation of

the experimental colormap 8.9a, where we normalized to the measurement

when the tip is far away. The resulting theoretical colormap is shown in

8.9b. There is a good qualitative agreement, as both colormaps show no
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or little change in the oscillation amplitude near the anti-crossing, but a

signi�cant amplitude increase on both sides of the resonant magnetic �eld

as the tip is approached and the light-matter coupling is reduced.

Summary We have observed a clear modi�cation of magneto-resistance

induced by the coupling to vacuum �elds. The two experimental ap-

proaches used - comparison of di�erent cavity samples and in-situ tuning

of a single cavity - gave consistent results, which are supported by the

theoretical results by N. Bartolo and C. Ciuti [66]. The vacuum �eld af-

fects magneto-transport at low magnetic �elds mainly via a change of the

e�ective quantum lifetime.
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CHAPTER 9

Outlook

We have developed a new experimental platform: It allows to observe

electric �eld �uctuations of the quantum electrodynamic (QED) ground

state acting on the resistivity of a high mobility electron gas. To reach

this result, we use the ultrastrong light-matter coupling regime, de�ned

by a large vacuum Rabi frequency. It creates hybrid excitations called

polaritons, which share properties of the cavity vacuum mode and the

excitations of the electron gas. We observe surprisingly large changes to

magneto-transport of an electron gas even in the complete absence of real

polariton excitations. With this platform it is further possible to tune vac-

uum �elds in-situ , while observing the e�ects in magneto-transport. The

vacuum e�ects on low magnetic �eld transport appear via the modi�ca-

tions of the virtual excitations and their lifetimes.

This platform opens up intriguing perspectives. The integer and fractional

quantum Hall transport regime heavily rely on electron-electron interac-

tions, topological properties and the appearance of gaps in the electron

density of states. Besides changing the virtual excitations and their life-

times, vacuum �elds in this regime may also change the electron density of

states itself. A situation could be attained, where an energetically narrow

Landau level and a very broad (lower) polariton state are simultaneously at

the Fermi energy. While the former is mainly responsible for transport, the
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latter is probed by providing additional elastic scattering channels or even

removing them when inside the polaritonic bandgap leading to a narrowing

of the associated resistance peak. First experiments in the Quantum Hall

regime at higher magnetic �elds appear consistent with such a picture.

A tantalizing perspective is also to study new aspects of the ultrastrong

light-matter coupling regime, as we have now gained the possibility to

access the matter part of the polaritons. It could for example be feasible

to observe the proposed Dicke phase transition in magneto-transport. The

phase transition theoretically described by the Dicke model which sets

the diamagnetic term D to zero. The transition is characterized by the

lower polariton being pushed to zero frequency (DC), where it is predicted

to hybridize with the ground state and become super-radiant. It should

further contain a non-zero mean photon occupation number [141, 142]. It

appears clear, that such a phase transition should result in clear changes

to magneto-transport. While for GaAs, D is not zero, the diamagnetic

term seems to be greatly reduced for non-parabolic 2D heavy-holes in

s-Ge quantum wells. My colleague Janine Keller showed, that coupling

in such a quantum well, the lower polariton branch can be pushed to

almost zero frequency and hence supposedly very close to the Dicke phase

transition [143].

The physics induced by a large vacuum Rabi splitting as studied in this

thesis under extreme physical conditions (e.g. extreme temperature and

sample mobility) might give the impression that it is limited to the domain

of fundamental research. It is exciting to see, that many potential applica-

tions are arising in chemistry using cavity photon energies larger than the

thermal broadening at room temperature (25.7 meV or 6.2 THz) [20]. It

has been shown, that the cavity zero-point energy can tune chemical reac-

tivities [21,144,145], energy transfer [146] and an organic semiconductor's

conductivity [22,147]. In this perspective, our platform provides a 'clean'

experimental system which allows to study the fundamental physical im-

plications of this regime, with applications in other domains.
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APPENDIX A

Growth Design

Growth design of EV2124

In this work, we used the 3-inch epilayer EV2124 grown by Molecular Beam

Epitaxy (MBE). As the MBE used is optimized for large area epilayer

homogeneity, the observed carrier density and mobilities across the layer

are the same within the measurement accuracy and hence allow for a very

good comparability also across di�erent samples.

The 2DEG is based on a GaAs/Al 0:3Ga0:7As single triangular quantum

well 90 nm below the sample surface. A Si � -doping layer with a density

of 3: 5� 1012 cm� 2 placed 50 nm below the surface, results in a two dimen-

sional electron gas (2DEG) with electron density ns = 3 : 3 � 1011 cm� 2 ,

mobility � = 3 : 1 � 106cm2=V s and e�ective mass m � = 0 : 070 � m0 if

previously illuminated by infrared light and measured at 1.3 K. With-

out such illumination, one typically obtains an electron density of ns =

2: 2� 1011 cm� 2 and a mobility of � = 2 : 0� 106cm2=V s. The precise values

under given experimental conditions are stated in the individual chapters.

The growth design is stated below:
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Table A.1: Growth design of EV2124.

Layer Composition Thickness Doping
(Å ) cm � 2

Cap GaAs 50
Barrier AlGaAs 450

GaAs 6
Doping Si � -doping 0 3.53 � 1012

GaAs 6
Spacer AlGaAs 400
Channel & Bu�er GaAs 5000
Superlattice � 10 AlAs 25

GaAs 25
Bu�er GaAs 5000

3 inch Semi-Insulating GaAs Wafer
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APPENDIX B

Sample fabrication

Here, we summarize the recipes needed in the six processing steps, con-

sisting of

1. Hallbar etching

2. Ohmic contacts

3. Deposition and etching of the insulating layer

4. Cavity deposition

5. Chromium top gate (optional)

1. Hallbar etching Here, a thin resist is used, to get a optimum control

on the Hallbar dimensions. To minimize the distance of the photolithog-

raphy mask from the sample, the resist accumulating at the sample edges

is removed before the illumination. This step needs to be especially clean,

as any dust particle on the active areas of the Hallbars or on a narrow part

of the contacts makes them uncomparable, especially for the experiments

discussed in section 8.1.

Photoresist AZ 1505 (positive)

ˆ Prebake 60s @ 110 C
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ˆ Spinning 4/40/4000

ˆ Bake for 60s at 110 C

ˆ Resist edge removal with a Q-tip with sample lying on aluminium

foil to avoid dust from clean room paper

ˆ Align sample in Ma6 using mask shown in Fig. 5.6a (use vacuum

program)

ˆ Expose 20 mJ at 365 nm (takes � 10s)

ˆ Develop with AZ726 for 20 s and then water. Results in an etch dept

of � 200nm

ˆ Etch in slow sulphoric acid 1:8:60 H2SO4 :H2O2 :H2O

2. Ohmic contacts Here, we don't mind some imprecisions in align-

ment or feature dimensions. Hence a thicker resist making the lift-o�

easier.

Photoresist ma-N1410 (negative)

1. Prebake 90s @ 100 C

2. Spinning 3/30/3000

3. Bake for 90s at 100 C

4. Align sample in Ma6 using mask shown in Fig. 5.6b

5. Expose 350 mJ at 365 nm (takes� 1: 5min )

6. Develop with Ma-D 533/s for 40 s and then water

Deposition and lift o�

1. Argon sputtering for 1 min (etches surface oxide layer around 3 nm)

2. Deposition of Ge/Au/Ni/Au 18/48/15/150 nm

3. Lift o� in 50 C aceton, supported by a pipette creating a �ux of

aceton

Annealing of contacts

1. 120 s at 400 C and then 80 s at 450 C
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Appendix B. Sample fabrication

3. Insulating layer Here we want to deposite an insulating layer to

avoid current leakage between 2DEG and the resonator plane deposited

above. Unfortunately, atomic layer deposition does not allow the use of

photoresist, which is why an etching step is needed to remove the insulating

layer on the ohmic contacts after the deposition.

1. 300 atomic layers of Al2O3 deposited at 150 K by atomic layer de-

position (resulting thickness is around � 25nm)

2. Additional photolithography with photoresist ma-N1410 (negative)

using a mask similar to the one shown in Fig. 5.6b.

3. Etch for 15 seconds in bu�ered 1:6 HF:H_2O.

4. Cavity deposition In this step, a good alignment with the etched

Hallbar is vital to obtain comparable Hallbars. The Hallbar width after

etching is 39.4 �m while the gap of the resonator obtained after lift-o� is

around 40 �m . This hence leaves room for only a few 100 nm of misalign-

ment as shown in Fig. 5.3c. As a good alignment marker for the angle,

one can use 3 mm long lines etched in the �rst step as shown in Fig. 5.6a

to be aligned with the upper and lower end of the resonator plane. For

the alignment in the y-direction, one can use the optical 'brightness' of

the gap between the edge of the Hallbar and the edge of the gap of the

resonator. This gap is only � 300nm wide, and hence subwavelength for

visible light, but comparing the brightness of these lines allows to align

the mask at this few hundered nm scale with an acceptable yield.

Photoresist ma-N1405 (negative)

1. Prebake 60s @ 100 C

2. Spinning 3/30/3000

3. Bake for 60s at 100 C

4. Align sample in Ma6 using mask shown in Fig. 5.6c (use vacuum

program)

5. Resist edge removal with a Q-tip with sample lying on aluminium

foil
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6. Expose 250 mJ at 365 nm (takes� 1min )

7. Develop with Ma-N 533/s for 40 s and then water

8. Lift o� in 50 C aceton, supported by a pipette creating a �ux of

aceton

5. Chromium gate A only 2 nm thick chromium layer can be deposited

on top of the entire resonator plane. This results in a uniform gate at DC

but is still transparent for THz.

Use the same receipe as for the previous step, depositing only 2 nm of

Chromium at 0.1 nm/s.
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