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Abstract

The physics of light-matter interactions is a rapidly developing research area at the
junction between condensed matter physics and quantum optics. Depending on the
strength of the light-matter interaction the systems behave very differently. In the
current thesis, we mainly (but not exclusively), focus on the regime of (ultra)strong
light-matter interaction. Typically, the strong coupling regime implies the employment
of various low-dimensional semiconductor structures embedded into a microcavity, or
irradiation by a strong laser field, or considering cold atoms, trapped in the vicinity
of a waveguide. In the current thesis, we investigate various quantum systems and
phenomena in the (ultra)strong coupling regime, including:

1)topological insulator based on a two-dimensional array of dressed quantum rings;
2)the new type of a polariton Z topological insulator;

3)Bose-Einstein condensate in a tilted polariton ring;

4)chiral waveguide quantum optomechanics;

5)the new type of a Hall effect for composite particles (excitons), that we refer to
as the anomalous exciton Hall effect;

6)transition metal dichalcogenide polaritons in the presence of free carriers;

and other related phenomena.



Utdrattur

Eolisfreedi vixlverkunar 1joss og efnis proast hratt sem rannséknarsvid & morkum pét-
tefnisfreedi og skammtaljosfraedi. Hegdun edlisfreedikerfa par sem bessi vixlverkun 4
vid er mjog mismunandi og fer eftir styrkleika bess. I bessari ritgerd, skodum vid adal-
lega svid ofursterkrar vixlverkunar ljoss og efnis 4n pess ad einskorda okkur vid bad.
Svid ofursterkrar vixlverkunar ljoss og efnis gefur almennt til kynna notkun & ym-
sum lagvidda halfleidarakerfum, ageislun med sterku leysissvioi, eda kaldar frumeindir
i gildru nalsegt bylgjuleidurum. Ritgerd bessi fjallar um rannséknir okkar 4 mismu-
nandi skammtakerfum og fyrirbszerum i svidi ofursterkrar kaplunar, svo sem:

1) grenndareinangrara byggda & tviviori grind af dgeisludum skammtahringjum;
2) nyja tegund Z grenndareinangrara byggda & ljosskauteindum;

3) Bose-Einstein péttingu 1 hallandi hring ljosskauteindahring;

4) skammtaljosaflfreedi med hendnum bylgjuleidara;

5) nyja tegund Hallhrifa fyrir samsettar eindir (6rveindir), sem vid kollum afbrigdileg
Hallhrif 6rveinda;

6) hlidarmalms dikalkogenida (TMD) ljosskauteindir i neerveru frjalsra rafbera;

og fleiri tengd fyrirbeeri.
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1 Introduction

The field of strong light-matter interactions is one of the rapidly developing areas of
contemporary physics, situated on the boundary of quantum optics and condensed
matter physics. Working in this field requires a deep comprehension of the micro-
scopic principles for both the electromagnetic field and matter constituent. When the
interaction rate between the material subsystem and electromagnetic field exceeds all
possible decay rates of the system, the perturbative treatment of the irradiation impact
on the system properties ceases to work, because the matter-light system becomes a
hybrid entangled object. Conventionally, there are several approaches to implement
strong light-matter coupling. For example, embedding semiconductor structures into
an optical cavity leads to resonant coupling between the cavity mode and the matter
excitations. If the matter excitations are bosonic, then the resulting hybrid quasiparti-
cles are referred to as "polaritons". Another way to implement (ultra)strong coupling,
is the cold atoms set-ups. Namely, if the cold atoms are trapped in the vicinity of
a waveguide, then the atoms can interact with each other by means of exchanging
photons through the waveguide which results in the hybridization between the atomic
and photonic subsystems. Alternatively, the regime of strong light-matter coupling
can be achieved by "dressing" the system — i.e. by applying a high-frequency driving
field, which modifies the properties of the system, if one studies only the stroboscopic
dynamics in the prethermal regime. The concept of driving is widely spread in quan-
tum physics and is used, for instance, to modify the spectrum of nanostructures or to
create so-called discrete time crystals that break discrete time-translation symmetry.

The current thesis consists of two main parts. The first part is devoted to the theo-
retical study of optical and transport properties of semiconductor quantum wells and
2D materials, being in the regime of strong light-matter coupling. The second part
is devoted to studying various symmetry-breaking phenomena that take place in the
systems of cold atoms. In the introductory chapter, the general description of the
systems under consideration and the mathematical methods are presented.

Chapter 2 is devoted to the transport properties of a two-dimensional array of inter-
connected quantum rings, dressed by hight-frequency circularly polarized light. It is
demonstrated that the artificial gauge field that is induced by the radiation leads to
the opening of bandgaps that may host topologically protected edge states. Also, in
this chapter, the effects of a linearly polarized dressing field on a single quantum ring
with the Rashba spin-orbit coupling are studied.

11



1 Introduction

Chapter 8 is devoted to the topological metamaterials, based on exciton-polariton
rings. We show, that the interplay of Zeeman splitting with the photonic analog of
spin-orbit coupling (the transverse-electric—transverse-magnetic (TE-TM) splitting)
inherently present in this system leads to the appearance of synthetic U(1) gauge field
and the opening of topologically nontrivial spectral gaps.

In Chapter 4 we theoretically and experimentally studied the effect of pseudo magnetic
field originating from the polaritonic analog of spin-orbit coupling (TE-TM splitting)
on a polariton condensate in a ring-shaped microcavity (polariton ring). The effect
gives rise to a stable four-leaf pattern around the ring as seen from the linear po-
larization measurements of the condensate photoluminescence. This pattern is found
to originate from the interplay of the cavity potential, energy relaxation, and TE-TM
splitting in the ring. Our observations are compared to the dissipative one-dimensional
spinor Gross-Pitaevskii equation with the TE-TM splitting energy which shows good
qualitative agreement.

In Chapter 5 we show, that the atoms harmonically trapped in the vicinity of a chiral
waveguide exhibit quantum phase transitions and the emergence of the multicompo-
nent Schrédinger cat ground states in the regime of strong optomechanical coupling.
We found a rigorous mathematical mapping between the quantum optomechanical
systems in a waveguide geometry and the generalized Quantum Rabi Model describ-
ing the light-matter interaction of a multilevel atom in a cavity. As a result, we
revealed a hidden unconventional Zy symmetry in the optomechanical systems con-
sisting of NV atoms and demonstrate that the self-organization of atoms in the vicinity
of the photonic waveguide maps to a super-radiant quantum phase transition occur-
ring in the Rabi model which is accompanied by the spontaneous breaking of the Zy
symmetry. These findings bridge the fields of ultrastrong light-matter coupling and
optomechanics. We demonstrated, that the proposed phenomena can be observed in
state-of-the-art experiments with cold atoms.

Chapter 6 is devoted to the transport properties of bright and dark excitons in a
disordered (doped) quantum well in the presence of a magnetic field. The regimes of
weak and strong magnetic fields are studied. The latter corresponds to the so-called
magneto-excitons. We have shown, that in both cases the exciton flow deflects due to
the scattering of the excitons with the induced dipole moment on electrically charged
impurities. This mechanism resembles the anomalous Hall effect, and for this reason,
we call the proposed phenomenon the anomalous exciton Hall effect.

In Chapter 7 we consider the 2D TMD material in an optical microcavity in the
presence of free carriers, that are injected by the gate. Exploiting the fact that the
free carriers modify the excitonic response of the system due to the formation of
exciton-polarons, we have shown that the optical nonlinearity stemming from both
the exciton-exciton interaction and (b) phase-space filling effects can be efficiently
controlled by the gate voltage.

12



In the last chapter (Conclusions) we give a brief summary of the thesis with concluding
remarks. After Conclusions, we list 7 publications on which this thesis is based. Some
of the text and figures from the listed publications have been reused in this thesis with
the permission of the publisher (Copyright (2021) by the American Physical Society).
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1 Introduction

1.1 Quantum wells, quantum wires, and quantum
dots

A significant part of this thesis is devoted to optical phenomena in semiconductor
microstructures, and in this section, we give a brief description of the main types of
semiconductor microstructures.

Three main types of semiconductor microstructures can be distinguished: quantum
wells, quantum wires, and quantum dots, the latter sometimes being called artificial
atoms. The study of these structures not only opens up new pages of electronic
engineering but is also accompanied by discoveries of a fundamental nature. Quantum
wells can be constructed by inserting a thin layer of one type of semiconductor material
between two layers of another with a different band gap. Let us consider, for instance,
a thin layer of GaAs with a smaller band-gap surrounded by two layers of AlGaAs
with a large bandgap. Let us assume that the change in material occurs along some
direction and therefore the potential well is along this particular direction. Since the
bandgap of the surrounding AlGaAs is greater than that of the contained material,
a quantum well is created in the GaAs region. This change in band energy across
the structure plays a role in the potential well a carrier would feel, hence low energy
carriers can be confined in such a well, see Fig. 1.1.

An electron (hole) in the conduction (valence) band can be trapped in the potential
well created in the structure and the available states are particle-in-a-box-like. Those
carriers can have discrete energy eigenstates within the quantum well. For instance,
there are available states in the conduction band such that an electron can have lower
energy within the well than it could have in the surrounding AlGaAs region. In a
similar way, holes in the valence band can also be confined to the top of potential
wells created in the valence band.

Eq: Eq,

Ev

Figure 1.1: The sketch of a semiconductor heterojunction: the band structure diagram
in a quantum well of GaAs in between AlGaAs.

The concept of the quantum well was proposed in 1963 independently by Zhores
Alferov and R.F. Kazarinov and by Herbert Kroemer and [1]. Development of the
semiconductor heterojunction for optoelectronics resulted in Nobel Prizes for Zhores

14



1.2 Strong coupling between classical light and quantum matter

Alferov and Herbert Kroemer in 2000. If the motion of the carriers is confined in an
additional direction, the motion of electrons in the structure will remain free only in
the single direction and such structure is called a quantum wire. By confining the
carriers in all three spatial dimensions we get a quantum dot. In Chapters 2-5 of the
current thesis, we discuss various effects, taking place in quantum wells and quantum
wires.

1.2 Strong coupling between classical light and
guantum matter

In this section, we discuss the interaction between a classical electromagnetic field
and various systems, described by quantum mechanics as, for example, semiconduc-
tor nanostructures, discussed in the previous section. The results, presented in this
section, are relevant for Chapters 2, 5, and 6 of the current thesis.

1.2.1 Interaction between quantum systems and light

The concept of gauge fields is pivotal in fundamental physics and forms the grounds of
the Standard Model of particle physics. The best-known example is an electromagnetic
field, described by two vector fields: E and B. An electromagnetic field is an Abelian
U(1) gauge field, and it can be coupled to any Hamiltonian, describing charged matter,
by means of the so-called minimal substitution

Dy — P — qAL (1.1)

with ¢ being the particle’s charge, p,, = ihd,, = ih(c~'9/0t, V) being the 4-momentum
operator, and A, = 7,,A” being components of the 4-potential which transforms
under the action of global transformations from the adjoint representation of the
U(1) gauge group (here 7,, = diag(l,—1,—1,—1) is the metric tensor of the flat
4-dimensional Minkowski space). The 4-potential A* = (¢/c, A) contains all the in-
formation about the corresponding (classical) electric and magnetic fields, that are
given by

B(r,t) =V x A(r,t), (1.2)

OA(r,t
E(I‘,t) = 7V¢(I‘, t) - %a (13)

and they are invariant under the following gauge transformation A* — A* — Oty
where y is an arbitrary smooth function of coordinates and time.

Particles interact with an electromagnetic field due to the presence of charge (p, —
Dp — qA,) which defines the strength of the interaction. At a fundamental level, in

15



1 Introduction

quantum electrodynamics (QED), the charge value is the only parameter, defining the
strength of the interaction. For the case of electrons/positrons with charge ¢ = Fe,
one may construct the following combination

1 €2 1
a= —~—,
4meg he 137

(1.4)

which plays the role of the dimensionless coupling constant, called the fine-structure
constant. Here i = h/(27) is the reduced Planck constant, c¢ is the speed of light, and
€o is the electric constant or permittivity in a vacuum. It should be noted, that this
constant is not actually a constant in the following sense: its value depends on the
energy scale A at which it is measured. In particular, at low energies (A = 0) ~ 1/137,
whereas at the energy scale of the weak interaction (about 90 GeV, the Z-boson mass),
the experiments yield a greater value a(A ~ 90 GeV') =~ 1/127. This dependence is
known as "running of the coupling" and it goes far beyond the scope of the current
thesis because here we focus on low-energy non-relativistic phenomena in condensed
matter physics. The value of the coupling constant is quite small, that is why a
perturbation theory with respect to o works very well in quantum electrodynamics.
However, in condensed matter physics one deals with effective theories — low-energy
approximations of QED. In such effective theories, the corresponding effective coupling
constants could be tuned by varying the parameters of a system under consideration.
Thus the regime of strong coupling could be achieved, which is one of the main topics
of the current thesis, where we study the interaction between matter excitations and
photons (or phonons) in the regime of strong coupling.

Let us demonstrate the minimal coupling scheme with specific examples. For a system
of N charged non-relativistic particles interacting with an external electromagnetic
field the Hamiltonian reads

N
=3 5 (51— 0 ()" + a0 (0,0 (15)

This Hamiltonian preserves the gauge symmetry if one demands that the wave function
transforms under the gauge transformation too. For example, for the case of a single
particle this transformation reads v (r,t) — ¥(r,t)e?X*/" where x(r,t) is the same
asin A, — A, — O,x. The Hamiltonian can be transformed to the following form,
where the interaction part is separated from the free part, suitable for a linear response
approach which will be used in the future paragraphs

. N p? 5 . ¢ )
H = Z om T /d z [JA(I”) “A(r,t) + qn(r)o(r,t) — —n(r)A*(r,t) (1.6)

2m
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1.2 Strong coupling between classical light and quantum matter
with the density operator n(r) and the current operator j4(r) defined by

N
r) 225(r—f“z’)7 (1.7)

4
2m

Djz

jalr) = (i — qA(r, 1) 8 (r —£) + 3 (r — £) (b — gA(r,0)] . (18)
i=1

In the presence of an electromagnetic field the current operator j4(x) is the sum of

two terms — paramagnetic-+diamagnetic:

2

jax) =ix) - LAx)nx), (1.9)

m

here first term (paramagnetic) is the current operator in the absence of an electromag-
netic field j(x) (for A = 0), and the second term is the diamagnetic contribution.

Another important example to consider is a single quantum particle bound by some po-

tential V (r) (for example, a single-electron atom) in the presence of near-monochromatic

light with a characteristic wavelength much larger than the localization length of the

particle’s wavefunction. Let us use the radiation gauge which implies ¢(r,¢) = 0 and

VA(r,t) = 0, in this case E(r,t) = —A(r,t). Since the light field doesn’t change

significantly on the scale of the quantum system under study, the Hamiltonian reads
h? 500t

{—2m [V—igLA(ro,t)r+V(7‘)}w(r, ) =i (1.10)

where rg is the average position of the particle. Now we perform the following gauge
transformation

Y(r,t) = exp [Z;ZA (ro,t) - r} z/;(r, t) (1.11)
after which we arrive at the following Hamiltonian for
il (r, t) = [HO —d-E(ro, t } (1.12)
where d = qr is the dipole moment operator and
N f)2
Hy = o + V(r). (1.13)

This Hamiltonian H, f&E(ro, t) describes the interaction between a classical light field
and a quantum two-level system and will be extensively used in the next subsections.

1.2.2 Lasers: weak light-matter coupling

The next few subsections will be devoted to the interaction between a classical monochro-
matic light field and matter. Such fields are typically produced by lasers (light am-
plification by stimulated emission of radiation) or masers (microwave amplification

17



1 Introduction

by stimulated emission of radiation), invented by N. Basov, A. Prokhorov, and C.
Townes, which brought them the Nobel Prize in Physics in 1964. In this section, we
will briefly overview the semiclassical theory of lasers. Interestingly, that in order to
describe the operation of lasers that produce classical light we will need to invoke the
notion of photons — quanta of light, each having energy hr and obeying Planck’s law.
They were introduced by A. Einstein and M. Planck. Following the historical path, we
will employ the notion of photons before giving a strict theoretical description of them
in the framework of Quantum Electrodynamics (will be presented in the subsequent
sections of Introduction). Ordinary lasers operate in the weak light-matter coupling
regime, which implies that the coupling between light and matter doesn’t significantly
change the parameters of the matter subsystem. In this subsection, we will assume
that the condition of the weak coupling is fulfilled.

Let us consider a medium, consisting of identical two-level systems with energy levels
FE, < E5. This medium interacts with a thermal bath of photons of frequency vy. The
photon bath is at equilibrium at fixed temperature 7. The photons are assumed to
be in resonance with the two-level systems, i.e hvy = Fs — Eq, all other frequencies
are assumed to be irrelevant for our consideration. We denote the occupations of the
ground and excited states as NN o, respectively. A. Einstein proposed the following
equation for the occupations

dNy

7dt = *A21N2 -+ N1312UP]aan(V0) - N2B21UPlanck<VO)7 (114)

where 13
8mhy 1
uPlanck(V) = (115)

c? exp (k';”T) -1
is the energy density of the photons with frequency v at temperature 7. The RHS of
the equation (1.14) consists of three terms, each of which will be discussed separately.
The first term — A1 Ny corresponds to spontaneous emission of photons and the so-
called "Einstein’s A-coefficient" Ay, defines the probability of the two-level system
to fall from the excited to state to the ground state with the emission of a photon.
The second term NjBiaupianck(¥o) corresponds to photon absorption, and the so-
called "Einstein’s B coefficient" B defines the probability of absorbing a photon
with subsequent transmission from the ground state to the excited state. Finally, the
third term — N5 Bojuplanck(¥o) corresponds to stimulated emission, i.e. when a two-
level, being in the excited state, meets a photon with the frequency hvy = E5 — E7 and
emits an exactly the same photon as the one it meets. After this process, the two-level
system turns out to be in the ground state, and there are two identical photons — the

initial one and the one, produced by the two-level system. We note, that due to the
fact that N = Ny + Ny = const one has dN; /dt = —d N, /dkt.

To derive the relations between Einstein’s coefficients, let us assume that the mat-
ter subsystem is brought to equilibrium with light, and thus it has the same tem-
perature T. Then one has dNz/dt = 0 and No/N; = exp[—(E2 — E1)/(kgT)] =

18



1.2 Strong coupling between classical light and quantum matter

exp [—hvy/(kpT)] according to the Boltzmann distribution. This immediately yields:
Bz = Bg; (or, more generally Ba1/Bia = g1/g2, where g1 2 are the multiplicities
(degeneracy) of the respective energy levels), and Ag;/Bo1 = 8mhyg/c3. Thus, the
study of the thermal equilibrium between photons of a certain frequency and a set
of two-level systems allowed us to derive the useful relation between Einstein’s coeffi-
cients without knowing the microscopic details of the mechanism of the light-matter
interaction.

Now let us consider a bunch of identical (coherent) photons with frequency vy, passing
through the medium along the z-axis. In the discussion of the nonequilibrium physics
below, we do not take into account the effect of thermal photons, which does not
qualitatively affect the presented results. The change in intensity, as the beam passes
through a thin slice of width dz of the medium, reads

dI = (rate of stim. emissions per vol. - rate of absorptions per vol.) x hyy x dz =
I

= (N2B21 - NlBlg) *hU()dZ (116)
c

where we neglected spontaneous emission (it will be added later phenomenologically),
and we used the following relation between intensity and energy density: I = uc. Here
we do not assume that the two-level systems are in equilibrium with the photons. So far
we did not include the process of spontaneous emission in the equation above because
during this process the two-level systems emit photons with the same frequency vg
(most likely), however, they are not identical (not coherent) to the photons we consider,
and thus, even though they have the same frequency, the do not enter the quantity
u of interest. Solving the equation above with respect to I(z), keeping in mind that
By = Bj2, one gets

I(z) = 1(0)e™*, (1.17)
where + is the "gain coefficient", given by

hv,
Y= (NQ — Nl) 32170. (118)

Now let us include the losses due to spontaneous emission (and other processes) by
introducing a phenomenological coefficient « in the expression for I(z):

I(z) = 1(0)e =)=, (1.19)

For v > «, the intensity of the light will increase as it passes through the medium
(optical gain).

Now we may formulate the two conditions of operation of a laser: (a) optical gain —
gain>losses (v > «a); (b) positive feedback. If we forget for a moment about losses, then
the condition (a) transforms to v > 0, which requires No > N; (known as "population
inversion"), but at thermal equilibrium, the Boltzmann distribution dictates Ny < Ny,
which makes impossible lasing in two-level systems at thermal equilibrium.
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To achieve the condition AN = Ny — N7 > 0, one, therefore, needs to "pump" the
medium, typically by illuminating with another incoherent (thermal) light source or
by passing an electric current through the medium. If we include a pump term, the
rate equation becomes

NQ = 7N2321U7A21N2 +N1312U+P (120)

where the pumping term P represents the rate of excitation to level 2.

To provide the positive feedback required for lasing, one should put the medium in an
optical cavity (resonator), represented, in the simplest form, by two reflecting surfaces
that reflect light back and forth. A thoughtful discussion of optical resonators will be
given in the future sections of Introduction.

Let us switch back to the bunch of coherent photons, discussed above, but now they
pass through the medium, which is sandwiched between two mirrors, placed at z = 0
and z = L. The initial intensity of the photons equals Iy. The two mirrors are
imperfect and their reflectance (effectiveness in reflecting radiant energy) is equal to
Ry 2, respectively.

After the first trip from the left mirror at z = 0 to the right one at z = L, the intensity
is:

Iy exp[(y — a)L]. (1.21)

It is then reflected by the right mirror so that when the beam returns to z = 0, its
intensity, right after the second reflection by the left mirror, reads

Iyexp[2(y — o) L] R1 Ra. (1.22)

For steady-state operation, one must require that the intensity doesn’t change after
one round-trip i.e.

IO = IQ exp [2 (’Yth —Oé) L] R1R2 (123)

where 5, is the "threshold gain coefficient", which is equal to the gain required to
just balance the total losses (scattering in the gain medium and leakage through the
mirrors), and it reads

1
Vi == o In (Ry R2) (1.24)

If one pumps the gain medium more, so that the population inversion AN grows such
that v > 4, then the intensity will grow. However, the rate of stimulated emission
increases too, which will decrease AN until the condition v = -4, is reached. This is
the feedback mechanism that always keeps AN = ANy, in the steady-state regime.
We remind that v = AN Bajhvg/c.
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1.2 Strong coupling between classical light and quantum matter

E;

fast decay
o © 0 o0 o E2
p ump lasing
E,
fast decay
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Figure 1.2: The scheme of operation of a 4-level laser. This scheme can be realised in
Nd3*:YAG laser, where the dopants — triply ionized Nd®* replaces a small fraction
of the Y ions in the yttrium aluminum garnet (YAG). Here the transitions E3 — Eo
and E1 — FEy are non-radiative and are accompanied with phonon emission. The
role of Ey, Fr, Eo, E3 levels is played by 419/2, 4111/2, 4F3/2, 4F5/2 levels of Nd>+,
respectively. Eq is the ground state of Nd**. We note, that level Ey is (almost) not
occupied neither at thermodynamic equilibrium, nor during the laser operation.

The pump term introduced above implies that there are other energy levels in the
gain medium since it does not conserve the total number of occupied states N1 + Ns.
Let us consider the scheme of operation of a 4-level laser, as illustrated in Fig 1.2
(see the description in the caption). Here, the pump excites atoms to level 3 ("pump
band") from the ground state (level 0). From level 3 the atoms rapidly relax to level 2
("upper laser level"). The lasing transition occurs between level 2 and level 1 ("lower
laser level"). From level 1 the atoms rapidly relax to the ground state. The lifetimes
of the transitions 3 — 2 and 1 — 0 are much shorter than the lifetime of the lasing
transition 2 — 1, i.e.

To1 2> T32, T10 (1.25)

This ensures that the population inversion is maximized when pumped, because Ny >
N, and therefore AN ~ N,. In this case, the equation for the occupation numbers
becomes

(AN) = P — AN (Byyu + Az). (1.26)
In steady-state (AN) = 0, and due to the positive feedback AN = ANy, hence

P 1 1 ANth>
w= Ay ) —— = P- , 1.27
(ANth 21) By1 ANy Boy ( To1 (1.27)

where we expressed the lifetime via Einstein’s A coefficient as 793 = 1/A9;. Finally,
using that I = uc, we obtain the following expression for the coherent emission

(P — Py, (1.28)

¢
[= ——
ANy Boy
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where the threshold value of the pump
ANy,

721

Py, = (1.29)

Thus, the output intensity of a laser is zero (or, strictly speaking, is small) if the pump
intensity is below the threshold P < Py, and grows linearly with P after the threshold
P > P;,. Lasers possess a number of unique features: their emission is coherent, they
can have high temporal and spatial coherence, which allows them to emit light with a
very narrow spectrum and focus the beam to a tight spot. In the next few subsections,
we will discuss the interaction between laser radiation and matter.

1.2.3 Two-level system interacting with classical light

Strong light-matter interaction is the main topic of the current thesis. One of the

simplest models that allow for the analytical description of the regime of interest is a

quantum two-level system (TLS) interacting with classical light, which is relevant, for

example, for studying quantum dots, irradiated by a monochromatic laser field. Such

field configuration can be described by the following expression

EO —iwr t+ikr iwrt—ikry __ —

?(e + e'r ) =EF (r,t) + EC) (r, 1),
(1.30)

where Eq denotes the field amplitude, and wy, is the light’s frequency. The Hamiltonian

of the two-level system reads

E(r,t) = Egcos(wpt — kr) =

Hrps = Egslg){gl + (Eas + hwo)le)(el, (1.31)

where |g) (|e)) denotes the ground (excited) state, with the energies Eggs and Egs +
hwo, respectively. We may safely set the ground state energy to zero (Egs = 0).

To describe the interaction of the TLS with the electromagnetic field of the laser beam
we employ the dipole approximation, which is valid if the wavelength of the field is
much larger than the size of the TLS, which is assumed to be localized around the
point ro. In this case, the interaction is described by the following term in the full
Hamiltonian

Hrps_p = —dE(ro, ), (1.32)

where d denotes the dipole moment operator of the TLS
d=d},0- +degop =d™ +d), (1.33)

where o_ = |g)(e|, o4 = |e)(g]. We set dce = dgg = 0, which is valid for symmetric
quantum dots. In addition to that, we assume that d7, = dey. Thus, for the system’s
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1.2 Strong coupling between classical light and quantum matter

total Hamiltonian is

H = Hrrs + Hris—p = hwooro— — dE(ro, t) =
Hrrs — hf2 cos (wpt — kro)(o— + 0y), (1.34)

where we introduced the Rabi frequency, which is the coupling constant measuring
the strength of light-matter interaction in this system

0 = d.,Eo/h, (1.35)
and opo_ = |e){e].

Let us start our analysis by applying the time-dependent perturbation theory, assum-
ing that we are in the regime of weak light-matter coupling ({2 is small). The TLS is
initially prepared in some state |i) and we take the initial time to be ¢t = —co. The
perturbation is switched on adiabatically, i.e.

~ ~ N 1 ~ 1 N )
Hrps p — —ef'dE(rg = 0,t) = 'V coswpt = 56“%6“"” + §€EtV0€_WLt, (1.36)

where we picked ro = 0 for simplicity, and we are studying the dynamics at times
much smaller than 1/e (e is small). It should be noted, that the approach where the
interaction turns on abruptly yields the same results in this case. We want to study
the |¢) — |f) transition probability Py.;(t) under the action of the time-dependent
perturbation. It can be shown, that if we are close to the resonance, then the two
terms in Eq. (1.36) correspond to the processes of stimulated emission and absorption,
respectively, and can be considered separately. Let us focus on absorption, i.e. we
choose the perturbation to be (1/2)es*Voe~ @zt The transition probability to first
order in perturbation theory is given by

Proa(t) = [0 (1) 2 = —7/ (fValiyerrt Lot emivnt’ gy —

1 626
s LUl (137

where Vo = —dE, here is the time-independent part of the perturbation. Applying

the identity
2¢
lim — 210 (we —w 1.38
=0 (wy; _wL)2 4 g2 (wy L) ( )

to the transition rate Ry ; = d(|Pf<_i(t)|2)/dt\8_,o, we obtain Fermi’ Golden Rule

Ry s = —5|(fIVoli) 20 (wpi — wi) (1.39)

4h2

It is important to note, that since |sz-|2 =V f|27 we get the detailed balance equation,
stating that for two discrete states the transition rates |i) — |f) and |f) — [|i) are
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the same. Averaging the transition rate R, ; over all possible directions of the unit
vector n = Eq/Ey, one gets

2w 2w E?
(Rpeidair = 5 (1dpi Bl aid (wpi = wi) = =552 (|dgin]*)aid (wpi = wi) =
2nE?
4.352‘dfi|2(5 (wﬁ —wr), (1.40)

where we used the fact that (n;n;)ai = 6;5/3 = (|dgin|?)air = |ds;|?/3. The total
energy density of the electromagnetic wave at rg is ugn(ro,t) = 2ug(ro,t), where
up(ro,t) = coE(ro,t)?/2 = (e0F3/2) cos? (wrt — krg), and we recall now that for a
plane EM wave By = ¢ 1[(k/k) x Eg]. Averaging the total energy density over one
period T' = 27 /wy,, we obtain

1 fhotT 1,
(UEM ) period = T/ upn (ro, t)dt = §€0Eo (1.41)
to

from where one immediately gets the spectral energy density function (energy density
per unit frequency)

1
u(v) = 520 Eg0(v —vr), (1.42)
which satisfies f0+°° u(v)dv = (ugp)period- Thus, the transition rate can be expressed

as 9
_|dyilfu(vyi)

Ry i)air = 1.43
(Breida PRREN (143)
and we have 5
Bis = By = dnl (1.44)
2- 3€0h2

Interestingly enough, that the semiclassical theory we used above is able to predict
the rates of absorption and stimulated emission (Einstein’s Bis and Ba; coefficients,
respectively), but not the rate of spontaneous emission (Einstein’s A-coefficient). The
latter can be routinely calculated using the Wigner-Weisskopf method in QED. How-
ever, as we derived in the previous subsection, Einstein’s A-coefficient can be expressed
via Einstein’s B-coeflicients by considering a thermal equilibrium between light and
matter, which yields ; , ,
8mhws, w:|d r;

A = — 1By = ?)J;EloifbcL (1.45)
Einstein’s coefficients, calculated in the framework of QED, coincide with our results,
listed above.

Let us now try to solve the problem analytically without invoking the perturbation
theory. The interaction term Hpps_p in the total Hamiltonian can be expanded as

ﬁTLS*F = _a(+)E(+)(r07 t) - a(_)E(_)(rO7 t) - a(+)E(_)(r07 t) - a(_)E(+) (r07 t)
(1.46)
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1.2 Strong coupling between classical light and quantum matter

To investigate this expression we switch to the interaction picture, where the operators
acquire time dependence.

7 (int) iATpst A _iflppgt
Hypg_p=e * Hrps_pe” & =

_ a(+)(int)E(+)<r0?t) _ &(_)(i"t)E(_)(ro,t)
_ a(+)(int)E(f)(r07 t) — a(f)(int)E(H(rO? t), (1.47)

where d®)(@nt) — &) eFiwot and we remind that E®) (rg,t) ~ ¥t thus the first
two terms oscillate at frequency e (wrtwo)t <hile the last two terms oscillate at
frequency e**?* where A = wy, — wo. In the case when the laser beam is slightly
detuned from the TLS transition frequency, i.e when |A| = |wr, — wp| K wr + wo,
we can discard the rapidly oscillating terms (~ e=(«2+«0)t) and leave only the slowly
oscillating terms (~ e*?4?). This approach is called the rotating wave approximation
(RWA), and it is justified by noting that on any appreciable time scale, the discarded

terms will average to zero. Therefore, in the RWA we have (we pick rg = 0 for
convenience)
FRWA  _ AR (p AR (e — 0 1) — 2 e iwpt
Hy/  p=—d"7E" ) (rg =0,t) —d""E"(rq = 0,¢) = 77(0'_6 B4 gpeT ),
(1.48)

Thus, in the RWA the total Hamiltonian takes the form

N hi? ) .

HEWA = hwgo o — —(0_e™tt 4 g e Wt (1.49)

2
To investigate the system’s dynamics, we expand the wavefunction in the basis states
1) = cglg) + cele), (1.50)

where ¢, . are time dependent coefficients. Thus, the Schrédinger equation results in
the following system of equations for the coeflicients cg

an Q twrt
A A

ace . Q —twrt
o zwoce+Z§e Cg-

(1.51)

The time dependence in the coefficients of the system of linear differential equations
above can be eliminated by introducing c.(t) = a.(t)e”*“Lt. After that, the equations
are readily solved and the general solution reads

i At 2rt Ac (O) — _ch(()) . 2pt
cg(t) =e€"2 {Cg(O) cos —— — g o sin =22
At Nt Ace(0) — 2¢,(0 gt .
ce(t) = et ¢c(0) cos Rt _.AC (0) cg(0) sin R | gt
2 g 2

(1.52)
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Figure 1.3: The time dynamics of ground (red curve) and excited (blue curve) state
population for the detuning values (a) A =0, (b) A= 302.
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1.2 Strong coupling between classical light and quantum matter

where we introduced the generalized Rabi frequency

Qp = /22 + A2 (1.53)

For the case when the system is initially prepared in the ground state, ¢4(0) = 1, and
ce(0) = 0. In this case, the time evolution of the ground and excited-state populations
read

o Qpt A%, Opt

Pg(t): |Cg(t)|2:COS T+0712%Sln T,
22 Qrt
P.(t) = lac(t)]* = Q—%snﬂ 5

(1.54)

In Fig. 1.3 the time evolution of the populations is presented. We clearly see that
the populations of the two levels oscillate at frequency {2z. If the frequency of the
laser field is perfectly matched with the resonant frequency of the TLS (i.e. A = 0)
one sees the population oscillate with the highest possible amplitude equal to one
(Rabi flopping). Increasing the detuning A, the magnitude of the oscillations 22/0%
decreases while their frequency 25 = v/ 22 + A? increases.

1.2.4 Avoided crossing: dressed states

If we apply the unitary transformation U = exp(iwyt|e)(e]) to the Hamiltonian AFWA
from the previous section we will get rid of the time dependence in the Hamiltonian:

- A . T . a2
H=UHMAUT + ih%{;m = —hdoyo. — (0 +04), (1.55)
which can be rewritten as a matrix
=~ | —hA  —h$2/2
H= _h02/2 0 . (1.56)

We note, that even though the transformation U is unitary, it does change the eigen-

values of the Hamiltonian due to the term sAUUT. The eigenvalues of the Hamiltonian
are (they are closely related to Floquet energies, that will be discussed later):

RA  hQg

FEio=— 1.57
1,2 D) + D) ( )
and the eigenvectors read
|1) = cosf|g) + sinf|e),
[2) = —sinf|g) + cosf|e),
(1.58)
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Figure 1.4: The energies of dressed states as a function of detuning A.

where

N

tan = m,

(1.59)
so we see that the periodic laser field mixes (hybridizes) the two states of the TLS
and renormalizes the spectrum of the system, which is referred to as "dressing". We
see that for zero detuning (A = 0) one has E4 o = Fhf2r/2, and, correspondingly, for
vanishing light-matter coupling strength F, » = 0. Now, if we recall that we obtained
these energies F) o after making the unitary transformation U = exp(iwrt|e)(e]), we
will see that after switching back to the original basis {|g), |e)} one has four oscillating
exponentials with frequencies £F; » and wy + F 2 in the decomposition of the total
wave function (we remind that for A = 0 one has wy = wg). This fact can be
interpreted (with caution, this interpretation is of a qualitative nature) as splitting of
the two original energy levels {0,wo} into the quadruplet {0 £ E4 2,wo &+ E12}. We
note, that the value of the splitting |E; — E1[, in this case, is the same for the ground
and excited states and thus the corresponding fluorescence spectrum is the Mollow
triplet. As we will see in the future chapters, in the full quantum description one
has more than three emission lines (if we focus on two subsets with N and N + 1
photons, then there are four emission lines) that, however, merge into a Mollow triplet
at relatively high intensities (N >> 1) where one may choose to not distinguish between
N and N + 1 photons.

In the Fig. 1.4 we show the energies of the dressed states as a function of the detuning

A. The light-matter coupling leads to hybridization of the eigenstates, which is pro-
nounced the most at the resonance (A = 0). We clearly see that when the detuning is
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1.2 Strong coupling between classical light and quantum matter

large compared to the coupling strength {2, the TLS almost doesn’t feel the presence
of the dressing field. However, realistic systems always have losses (for example, the
bath of the free space modes), which imposes certain limitations on the conditions
of the onset of the strong-light matter coupling regime. To account for the losses we
add an imaginary part to the excited state energy wg — wg — ¢I". In this case, the
difference between the real parts of the eigenenergies at the point of avoided crossing

is given by
2?2 —17? 2>r
Re(Es — Ey) = e (1.60)
0, N<r
and the corresponding broadenings (imaginary parts with the minus sign) read
hI/2 2>T
= —Im(E) ) = ’ 1.61
N2 =~ Im(Ez) {g(r +VIZ=P). Q<T (1.61)

Thus, in order to achieve the regime of strong light-matter coupling the following
two conditions must be met: (a) the coupling strength is greater than the broadening
2 > I so that there is a non-zero difference between the real parts of the eigenenergies
(avoided crossing), and (b) difference between the real parts of the eigenenergies is
greater than the sum of the broadenings of the corresponding states, i.e. Re(E;—FE;) =
v §2?2 —I'? > 1 + 2 = hI'. The condition (b) is stronger than (a), thus finally the
regime of strong light-matter coupling in the system under consideration is achieved
when 2 > V2T

To conclude, in the last two subsections section we discussed the near-resonant inter-
action between a two-level system and a classical light field in the presence of losses
due to the leakage of the energy in the free-space modes. In the future sections of In-
troduction, we will consider a TLS placed in an optical resonator and we will account
for the quantum nature of the electromagnetic modes of the cavity in the framework
of the quantum Rabi model.

1.2.5 Dressed 2DEG

In the previous subsection, we described the interaction between a quantum two-level
system and classical monochromatic light. Now we proceed with studying a more
sophisticated set-up, namely, a 2-dimensional electron gas (2DEG) in the presence of
a monochromatic light field. A 2DEG is formed, for example, in doped quantum wells.
If we neglect the influence of the field on the spin degrees of freedom of the electrons
and limit our consideration to the case of a parabolic dispersion, then the problem can
be solved exactly [50]. The Hamiltonian of a 2DEG dressed by a linearly polarized
monochromatic light, written in the effective mass approximation, reads

A b - qA(t)]”

A = PIEL (1.62)
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where m is the effective mass. The light field is assumed to be at normal incidence on
the surface of the 2DEG, thus one may omit the spatial dependence in the light field.
In the radiation gauge E(¢) = —A(¢) and the vector potential reads

A(t) = Ecoswt. (1.63)
w

We assume that the frequency w = 27/T of the light is far from resonant electron
frequencies corresponding to interband electron transitions, thus, in the effective mass
approximations one may treat 2DEG as a bunch of free electrons, which is justified
by Landau’s Fermi-liquid theory. Since a free electron cannot absorb a photon be-
cause this process would violate the energy and momentum conservation laws, the
only possible remaining source of absorption involves third parties, such as phonons or
impurities. To estimate the energy absorption rate due to scattering events we invoke
the Drude model, which allows calculating the conductivity in the frequency domain
(see detailed derivation in the next section) o(w) = 0¢/(1 — iwT), where oy = ne?r/m
and 7 is the mean free time between collisions with impurities and/or phonons (elec-
tron relaxation time). Knowing the conductivity, one immediately gets the current
density j = Re[o(w)Ey], here E, o< e”™! and E(t) = Re[E,]. Finally, the colli-
sional absorption of the electromagnetic field by conduction electrons is given by the
expression

T, E?2 o
Q= T/o JOE®)dt = 7%, (1.64)

where () is the period-averaged field energy absorbed by conduction electrons per unit
time and per unit area. Thus, we demand that w satisfies the inequality

wr > 1, (1.65)

which provides that the intraband (collisional) absorption of wave energy by conduc-
tion electrons is negligibly small.

According to the Floquet theorem, that will be discussed in details in the next sub-
section, for a periodic in time Hamiltonian there exist solutions to the corresponding
time-dependent Schrédinger equation ihiy)(t) = H(t)y(t) of the form

Valt) = e thg (1), (1.66)

where ¢, (t) are the periodic Floguet modes with period T' = 27 /w, and €, are the
quasienergy levels. The quasienergy levels are constants in time, but only uniquely
defined up to multiples of Aw. Any solution of the Schrédinger equation with the
Hamiltonian H(t) can be decomposed into

U(t) = cathalt), (1.67)

[e3
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1.2 Strong coupling between classical light and quantum matter

where the coefficients ¢, are determined by the initial wavefunction ¥(0) = > ca%a(0).
In the case of the Hamiltonian given by Eq. (1.62) the Floquet modes and quasienergies
can be found analytically and they read

2.2

E Eok
877;53hsin2wt - ‘in;g sinwt)] Xk (), (1.68)

batrvt) =exp | i

where yi(r) = S~1/2exp(ikr), here S is the normalization area, k = (k cos 6,k sin )
in polar coordinates, and the the corresponding quasienrgies read
EZe?

€q =€ —_— 1.69

o= 6t dmw?h (1.69)
where ¢ = h2k?/(2m) is the spectrum of the bare 2DEG. We see that the dressing
field does not modify the shape of the spectrum in this case, however, as we will
see later, for many other systems this is not the case. It should be stressed that the
averaged over the field period T' = 27 /w mechanical momentum of the dressed electron
coincides with the canonical momentum of the bare electron

1 T
7 | )16 = Al wnte.0) i = e =, (1.70)

where 1y (r,t) = e~*t/"p, (r,t) is the corresponding wave function of the dressed
electron state, satisfying the Floquet theorem.

The problem of a driven non-interacting 2DEG with a parabolic dispersion, discussed
in this section had an exact analytical solution, however, it is quite rare that a period-
ically driven quantum system admits an analytical solution. In the next subsection,
we will discuss in detail the Floquet-Magnus approach, allowing one to approximately
account for the dressing field in the high-frequency regime. In the current thesis, this
approach will be used, in particular, in order to construct the effective Hamiltonian
for dressed ring-shaped nanostructures (quantum rings) with spin-orbit coupling.

1.2.6 Floquet engineering and Magnus expansion

One of the possible ways to achieve the regime of strong light-matter coupling is
to apply a high-frequency laser field to a sample. This approach is called Floquet
engineering. It turns out, that under certain conditions the behavior of a periodically
driven system can be governed by a static effective Hamiltonian, which resembles the
initial Hamiltonian of the system (without driving) but with renormalized parameters
(such as the bandgap width or the shape of the spectrum) plus extra terms that
vanish in the absence of driving. An effective static Floquet Hamiltonian may have
band gaps, initially absent in the original, non-driven Hamiltonian, and these gaps may
host topologically protected edge states, as will be discussed in the next subsections.
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Floquet engineering poses a question of avoiding heating, caused by the drive. It is
well understood how this works in non-interacting Floquet systems with single-particle
energy eigenstates that lay in some finite bandwidth defined by the local couplings in
the system J. Many-body states are constructed by populating these single-particle
states. For such systems, if one drives at a frequency much larger than the single-
particle bandwidth, w > J, then the drive is inefficient at exciting the single-particle
states, which limits the energy absorption. Formally, we will demonstrate below that
there exists a Floquet-Magnus expansion in powers of w™! which converges and can
be used to construct a local, non-interacting effective Hamiltonian. By contrast, the
Floquet-Magnus expansion obviously breaks down in a generic, interacting many-body
when the system size is taken to infinity. However, the truncated expansion manages
to capture the behavior of the many-body system at intermediate times (the so-called
prethermal regime), but at late times this description breaks down and the system
inevitably heats up.

Here we present the Floquet-Magnus method for systems under the influence of peri-
odic drive, which will be applied in the current thesis to achieve the regime of strong
coupling between carriers in two-dimensional materials and a high-frequency electro-
magnetic field. In such systems, the interaction of light and matter leads to the
renormalization of the carrier spectrum, which in its turn leads to a substantial mod-
ification of various features of the system. If the frequency of the field is greater than
the energy scales of the two-dimensional system, the behavior can be described by
a quasistationary Hamiltonian different from the original one. The Floquet-Magnus
method allows approximately calculate the quasistationary Hamiltonians. A detailed
overview of this method is presented in [48], and this section summarizes the main
provisions of this method.

Let the system under the action of periodic excitation be described by the Hamiltonian
H(t), In this case, we can split the full Hamiltonian into two parts H(t) = Hy +
f/( t), where H, is the Hamiltonian of the unperturbed system (time-independent),
and V(t) = V(t + T), where T = 27/w is the period of driving. Let (t) be the
total wave function of the system satisfying the Schrodinegr equation. According
to the Floquet theorem, there exist solutions to the corresponding time-dependent
Schrédinger equation (with the Hamiltonian H (t)) of the form

Yo (t) = e et/ Rp (1), (1.71)
where ¢, (t) are the periodic Floquet modes with period T = 27/w, and €, are the
quasienergy levels. The quasienergy levels are constants in time, but only uniquely

defined up to multiples of Tw. Any solution of the Schrédinger equation with the
Hamiltonian H (¢) can be decomposed into

£ =3 catrald) (1.72)

where the coefficients ¢, are determined by the initial wavefunction ¥(0) = > ca%a(0).
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1.2 Strong coupling between classical light and quantum matter

We introduce the functions ), (t):

Ga(t) = U(t)a(t) = KOy, (1), (1.73)

where U(t) and K(t) are unknown unitary and Hermitian operators, respectively.
Then the equation for ¢, (t) reads

ihat’(/;a (t) = ffeﬁ@a (t) 1.74
g = 6ilA((t)f{(t)67if((t) 1 (ateif((t)) e—iK(®) (1.74)
If we now require that Heg be time-independent, this will give an equation for K (t).
This equation is usually not solved exactly, but one can obtain an approximate solution
by representing Hog and K (¢) in the form of a series

eff = Z Hn7 A Z in n (175)

Obviously, Hy is the Hamiltonian of the system in the absence of interaction. If now
use the expansions

(&e’f{(t)) ~iK(®) = 9, K (t) — i[f( 8tK(t)}f%[K, [f(,atf((t)ﬂ...

o R (1.76)
KO A (e K0 = {7 4+i[K, H) - LK, [K,H]...

then the original equation can be split into a system of equations of a certain order
in w™!. For the n-th order equation, the term K, ; will be expressed in terms of
Hy,...,H, and Ky,...,K,. Having required that for any n one has H, = const(t),
one can calculate sequentially H,, and K,, in any order of w™!. In particular, if the

Hamiltonian can be represented in the form (driving at a specific frequency)
H = Hy+ Vet 4 Viemiwt (1.77)

then the effective Hamiltonian in such a system in the first orders in the inverse
frequency is written as

Heff*HoJr* (V,VT] + 53— ([[V. Ho] , V1] + [V, [Ho, VT]]) +

1.78

+ 757 [V, HO] [Ho, V] + 57152 ([[[V,Ho], o, [VT,Ho]| + hec. ) +... (1.78)
and the corresponding gauge transformation K (t) is

f{(t =+ (Vewt er*iwt) + ([V Hole™! — h.c.) — (1.79)

5 ([V, Hol, Ho] € — h.c.) +

If it is possible to find the exact transformation K (t), leading to a to the stationary
Hamiltonian Heg, then its eigenfunctions v, (t) evolve in time according to

Ya(t) = e M)o (0), (1.80)
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and the total wave function can then be written as
Ya(t) = e KO, (1) = 7ot/ Me K0, (0) (1.81)

The functions ¢, (t) = e~ KB, (0) are time-periodic with a period T' = 27 /w. Thus,
the solution found by the Floquet-Magnus method in an obvious way satisfies the
Floquet theorem, and the eigenenergies of the quasistationary Hamiltonian correspond
to the quasienergies in the Floquet problem.

Rewriting our results in the language suitable for many-body physics, a state in closed
periodically driven systems will evolve as |¥(t)) = Y cae " |4 (t)), where co =
(Do (to) | o) and |thg) is the initial state at time tog = 0. {|Pn(t))} are the Floquet
modes (states) with quasi-energy €,. At stroboscopic time (¢t = mT), the presented
solution |¥(t)) has exactly the same form as the evolution of static systems with
{€a} playing the role of the energy spectrum and {|®, (to))} playing the role of the
eigenstates.

In a generic closed nonintegrable many-body system, for realistic initial states (for
example, product states), that can be experimentally prepared without the need
for exponentially long (with the system size) time for preparation, thermalization
is expected to occur after sufficiently-long time. This means that thermalization is
also expected to occur in periodically-driven systems because (¥ (£)|O[¥(£)) |00 &
S, €D, (to) |O|®,, (to)) should hold for a local observable O for some value of
inverse temperature 8 = 1/(kgT) at stroboscopic time steps. However, there is a
hidden problem here since €, was defined modulo fiw, and such ambiguity should not
manifest itself in physical quantities. The resolution of this apparent paradox is given
in Ref. [52], where it was shown that (@, (t)|O|Pa (to)) is almost independent of c.
This implies, that (@, (t) |O|Pa (to)) can be factored out, which is the same as say-
ing that kgT = o0, i.e. generic closed nonintegrable periodically driven many-body
systems will thermalize to a state with infinite temperature.

Nevertheless, if the driving is chosen appropriately, heating will occur at very late
times, so that the system is described by a single-particle dominated regime at short
times and by a nontrivial metastable state at the intermediate time scale — a Floquet
prethermal regime [56]. The slow heating processes come from higher-order terms in
the Floquet-Magnus expansion, which do not affect the metastable state (an eigenstate
of the truncated effective Hamiltonian). However, a lot of aspects of the driven many-
body system are not yet fully understood.

1.2.7 Topological insulators and Kubo formula

When one applies an intense high-frequency laser field to a 2D (semiconductor) sys-
tem, then in the regime of strong-light matter coupling the effective Hamiltonian of
the system may acquire bandgaps that were initially absent in the spectrum of the
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1.2 Strong coupling between classical light and quantum matter

non-perturbed Hamiltonian. Under certain circumstances that are considered in the
present thesis, these bandgaps may host topologically protected edge states — i.e. the
modes localized at the edges of the sample and resilient to sufficiently weak pertur-
bations such as impurities or imperfections close to the edges. In this subsection, we
address the transport properties and briefly introduce the theory of topologically pro-
tected edge states. Such states are of great interest since they are responsible for the
family of quantum Hall effects.

In this subsection, we closely follow the lecture notes on Quantum Hall Effect by
David Tong [49]. We start with considering a particle moving on a rectangular lattice
(a tight-binding model). The lattice period in the = -direction is a; the lattice period
in the the y -direction is b. The energy spectrum of this system form energy bands.
Within each band, states are labeled by quasimomentum which belong to the first
Brillouin zone, parameterized by

0 ™ 7r ™
—— <k, <— and ——-<k,<— 1.82

a Y= a b Y= ( )
The Brillouin zone is actually a torus T? rather than a square since the states at the
opposite edges are identical. The wavefunctions in a given band can be written using
the Bloch theorem

Yr(x) = e * U (x) (1.83)

where uy(x) is periodic on a unit cell so that uyx(x + €) = ux(x) with either
e = (a,0) or e =(0,b)

The systems we consider are generic and must satisfy a few simple criteria.

First, we will assume that the single-particle spectrum forms energy bands, and the
corresponding Brillouin represents a torus T?. Under certain assumptions the derived
formulas are valid in the presence of a magnetic field (in this case a magnetic Brillouin
zone appears), however, the Bloch theorem must be altered in this case.

Second, we will assume that the electrons are non-interacting and the many-body
states are produced by filling the single-particle spectrum accounting for the Pauli
exclusion principle.

Finally, we will assume that the system is an insulator, i.e. there is a gap between
bands and that the Fermi energy Er lies in the gap.

It turns out that if these three criteria above are obeyed, one can assign an integer
number (topological invariant) C' € Z to each band. The origin of topology is in a
winding of the phase of the eigenstates as we move around the torus (Brillouin zone
T?). This is closely related to a U(1) Berry connection, defined by
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When one changes the phase of the states |uk), it corresponds to gauge transformation
of the Berry connection. Having the gauge field we can construct the field strength

- :844:,; _ 04, :7i<% 8u>+i<8u %>
O Oky Ok® oky ' Ok= ok* ' Okv
The above mentioned topological invariant — the so-called first Chern number (or the
TKNN invariant) is constructing by integrating F over the Brillouin zone T?

1
C= 77/ A2k Fpy. (1.86)
T2

(1.85)

21

This number is always an integer. As we will see below, the Chern number is related
to the Hall conductivity o, of a non-interacting insulator by summing over all filled

bands a: )
e
oy = 5% Za:Ca (1.87)

Let’s now prove this result. Our starting point is the Kubo formula for the Hall
conductivity at zero temperature of a non-interacting system, which can be derived in
the framework of the linear response theory

R (ol o) (o ) — TP O )y
Eo<Ep<Ep ™ (Bs(k) — Ea(k))
where the index « labels the filled bands and 3 labels the unfilled bands.

To proceed, we need to define the current operator J. For a single electron in the
presence of an electromagnetic field the current carried by the particle is J=—ex=
—e(p 4+ eA)/m. Here we will employ a more general definition, based on the Bloch
theorem

H|’(/Jk> = EkWJk> = (e_ik.xHeik'x) \uk> = Ek|uk> (189)
= I:I(k)|uk> = Ex|ux) with f[(k) = ¢ KX feikx (1.90)
Then we define the current operator in terms of the Bloch Hamiltonian

- e 8[?
= ——— 1.91
J h 0k (1.91)
It is straightforward to check that the new deﬁnitign coincides with the old one. For
a free particle H = (p 4+ eA)?/(2m), which yields H = (p + ik 4+ eA)2?/(2m) and the

current operator of a single particle is J = —exX.

With this new definition, the Kubo formula reads

S [ (10, ) 10 ) (o0 1) 10, )
Ty —
h Eo<Ep<Eg 12 ( (Ep(k) — Eo(k ))

(1.92)
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1.2 Strong coupling between classical light and quantum matter

where 0, and 0, are derivatives with respect to momenta k, and k,. We can then
write

(a0 H ug) = (|0 (H]ud)) — (| F110) (1.93)
= (Bs(k) — Eq(k)) (uff | 9;uy) (1.94)
= — (Bs(k) — Ea(k)) (9u | ul) (1.95)

After this transformation, the Kubo formula reads

ie? A2k o o o o
o= Y / (O | ) (uf | Bn) — (O | u)(uf | O,uf)
h T2 (27T)
E.<Er<Eg
(1.96)

The sum over the unfilled bands can be rearranged as > _ |u£)<u£| =1->" |ug)(ugl
Performing summation over the unfilled bands we’re left with

ie? d’k o o o o
The resulting formula is nothing but the sum of the Chern numbers of filled bands

2
e
Oxy = 7%20(1, (198)

which completes the proof.

The Chern number C can’t change continuously thus the TKNN formula states that
the Hall conductivity is a topological invariant. This means that if we perturb the
system in some way then, as long as the topological bandgap is opened, the Hall
conductivity can’t change.

1.2.8 Light-induced quantum anomalous Hall effect and
light-induced (synthetic) Berry curvature

In this section we introduce the theory, describing the photovoltaic anomalous Hall
effect [53, 54]. This effect was confirmed experimentally in 2020 [55]. Before proceeding
with the photovoltaic (quantum) anomalous Hall effect, we briefly remind the key ideas
behind the ordinary Hall effect (OHE), the spin Hall effect (SHE), and the (quantum)
anomalous Hall effect (AHE/QAHE). In this subsection, we focus on 2D systems.

The ordinary Hall effect manifests itself in the production of a voltage (the Hall volt-
age) across a conductor, transverse to an applied magnetic field perpendicular to
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the current, flowing through the conductor with an applied electric field. At fields
magnetic fields the classical description of the OHE yields the same results as the
quantum description, however, at large magnetic fields the quantum description yields
quantization of the Hall resistivity as seen in Fig. 1.5(a). This is the manifestation
of the quantum Hall effect (QHE), which arises from the quantization of the motion
of charged carriers in a magnetic field (Landau levels). The plateaux in the QHE
owe their existence to the localization, associated with a drift motion of carriers along
contours of constant disorder [49].

Now let us imagine that there is no external magnetic field, and we applied an electric
field in, say, x-direction, and for some reasons (will be discussed below), carriers with
opposite spins deflect in opposite directions towards the edges in addition to moving
along the electric field. If the amount of carriers with opposite spins is the same,
then one would have an accumulation of the opposite spins at the opposite edges of
the sample in the y-direction. This is the spin Hall effect (SHE). If the sample is a
ferromagnetic conductor with a non-zero magnetization, then there is spin imbalance
at the Fermi level, and thus, if the same mechanism, that causes SHE, applies, then
one would have a voltage drop in the y-direction in addition to spin separation. This
is the anomalous Hall effect (AHE). The presence of a non-zero magnetization lifts the
spin degeneracy and shifts the spin-up and spin-down density-of-state profiles, which
results in spin imbalance at the Fermi level. We note that in the presence of spin-orbit
coupling, the density of states (DOS) of a system changes, and thus, for example, the
DOS of a 2D material with a parabolic dispersion is no longer equal to a constant in
this case.

There are three main mechanisms responsible for spin separation: 1) intrinsic deflec-
tion, 2) skew scattering and 3) side jump. The later two mechanisms are related to
scattering on impurities, whereas the first one (intrinsic) is due to the momentum-
space Berry curvature of a perfect crystal, which typically stems from the presence of
spin-orbit coupling. The skew scattering contribution is the asymmetric scattering on
impurities which also stems from the spin-orbit coupling. In the modern approach to
the anomalous Hall effect, the side-jump contribution defined as the difference between
the full Hall conductivity and the two previously considered contributions (intrinsic
and skew scattering). As will be discussed below, the intrinsic contribution to the Hall
conductivity is quantized due to the topological properties of the Berry curvature, as
shown in Fig. 1.5(b). Thus, if one has a perfect crystal without impurities with a non-
zero intrinsic contribution to the Hall conductivity, the AHE turns into the quantum
anomalous Hall effect (QAHE).

We have outlined the mechanism behind the (Q)AHE, starting from SHE. The key
ingredients were spin and spin-orbit coupling. However, in condensed matter physics,
one may have effective Hamiltonians with pseudospin degrees of freedom, that have
nothing to do with spin but nevertheless act like spin. For example, the effective two-
band description of graphene contains a pseudospin degree of freedom, which comes
from the fact that an elementary cell of the lattice has a basis of two atoms (that
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Figure 1.5: Dependence of the transverse resistance pg, and the longitudinal resistance
Pza ON the magnetic field strength for the (a) QHE and (b) QAHE. Note the presence
of a hysteresis loop in the QAHE.

is why it has two bands). As a consequence, the effective Hamiltonian of graphene
contains a spin-orbit-like coupling term and thus one may study the AHE physics. The
aforementioned imbalance between opposite pseudospins may be reached by varying
the position of the Fermi level.

Now we switch to the photovoltaic AHE, closely following the original paper [53]. We
start with deriving the Kubo formula for electric transport for strongly AC-driven
systems. We add the periodic AC electric field A, (t +T) = Aac(t) via the minimal
coupling scheme, with 2 = 27/T being the frequency. Besides, we add a weak DC
electric field with the corresponding vector gauge potential A(t) = Et to study the lin-
ear response. Thus, we have a time-dependent Hamiltonian H (hk + eA . (t) + eA(t)),
which we use to construct the Floquet operator

H (K, Auc(t), A(t)) = H (K + Ao (t) + eA(t)) — ihid, (1.99)

which allows us to rewrite the time-dependent Schrédinger as

H (k, Auo(t), A(t)) ¥ (k; 1)) = 0. (1.100)

Employing the adiabatic approximation for the infinitesimally small DC field A(t),
assuming that A(t) is an infinitesimally slow function of time, one may introduce the
Floquet states, satisfying the Floquet equation

H (k7 Aac(t)v A) |¢a(k; A7 t)> = Eoc(k; A) ‘éa(k; Aa t)) (1'101)
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with a periodicity |, (k; A,t+ T)) = |Po(k; A, 1)), where e4(k; A) are the Floquet
quasi-energies, which are represented here as a sum of the dynamical phase and the
Aharonov-Anandan phase (see Eq. (1.110) below). A solution of the time-dependent
Schrédinger equation for a fixed A can be found as |¥, (t)) = et/ |P,(t)). If an
inner product is defined as averaging over a period 7"

T
(ol ) =7 [ aato) | B0)), (1102)

then the Floquet states form an orthonormal basis, i.e., ((Pn(k;A) | Ps(k;A))) =
dap. This orthonormal basis can be used to express a solution to the time-dependent
Schrédinger as

W (k; A(t), 1)) = e~ Jo dWeaGSAD 10, (1 A (1), 1))+

i gy MU AL D12 212 (s A, 1)
2 P A0 G K 0) — A D)

] (1.103)

up to first order in E = —A. We rewrite the

(@s(k; A(1)) %x : a%@a(k;A(t))» -y <<%(k’ig)<f>3 a:xl(ix((tl;A(t)»).

o
(1.104)

Since the current operator is defined as J = —OH (hk + eA,.(t) + eA)/OA, the Kubo
formula for the DC conductivity in an intense AC field reads

[£5(K) = fa(K)] ((Pa (k)| J|Bs(K))) (D (k)| Ja|Pa (K)))
ep(k) —ea(k) ep(k) —ealk) +in

d’k

0y (Aue) = il / Ll
( 7T) a,B#a

(1.105)

where f, (k) is the distribution function of the a-th Floquet state. The distribution
function is non-equilibrium in general if, say, leads attached to a finite system. The
Hall conductivity 0., can be cast to the TKNN formula, introduced in the previous
subsection

7oy (8s0) = 5 [ Gz 2 00 [T x Ao, (1.106)

where the light-induced Berry connection (or the light-induced Berry gauge potential)
is givne by Ay (k) = —i ((Po (k) |Vi| P (k))). Let us redefine the Floquet index such
that now it includes the band index too: a = (i,m), here ¢ labels the bands, and m
is the original Floquet index. We note, that A, (k) is independent of m in contrary
to the distribution function f,(k), which depends on both indices. In equilibrium,
J,m)(K) = dmo frp (Ei(k)), where E;(k) is the state with momentum k from the i-th
energy band, and fgp is the Fermi-Dirac distribution.
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1.2 Strong coupling between classical light and quantum matter

Let us apply this theory to a specific material, namely, graphene, which is described
by the two-band 2D Dirac Hamiltonian

H(t) = 7.0 [BE® + eAZ,(1)] 00 + v [FEY + AV ()] 0, (1.107)

where 7, = +1 is the valley index, marking K and K’ points in reciprocal space, v < ¢
is the Fermi velocity, and o; are the Pauli matrices (they represent the fact that an
elementary cell of the lattice has a basis of two atoms, and they have nothing to do
with spin, as discussed above). We focus on the case when the driving field is polarized
field (A%, AY.) = (Ey/$2)(cos £2t,sin 2t).

ac)

Quasi-energy
S

0

Momentum k,

Figure 1.6: Quasi-energy spectrum of graphene, irradiated by circularly polarized light
of frequency 2 (adopted form [53]). The dashed green lines show the spectrum of the
unperturbed system (two Dirac bands). The sample is finite and periodic boundary
conditions are imposed.

The AC field opens gaps w = n x (2/2, where n € Z in the quasi-energy bands as
shown in Fig. 1.6. The gap at w = ££2/2 is the largest, and it also opens in the case
of linearly polarized light. What is more important, there is another gap opening at
k = 0 which appears only in the case of circularly polarized light. To see this, we note
that the time-dependent Schrédinger equation can be solved analytically at k = 0,
and its solution reads

evEy

; 1
W (k = 0,1)) oc e~teat/h ( 590 it ) (1.108)
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where the quasi-energies e, = & + mh{2 with &; = (\/4(evEy/2)% + (h2)2 + h$2)/2,
& = (—/4(evEy/2)2 + (h2)% + hf2)/2 The o = (1,-1), (2,0) bands are direct
analogs of the original Dirac bands, with the light-induced gap A = 2¢ ;) =

V4(evEy/2)? + (h§2)2 — hf2 between them. The quasi-energies are sums of the dy-
namical phase and the Aharonov-Anandan phase

€a = ((@al H(8)|Da)) + s /T, (1.109)

where the Aharonov-Anandan phase is given by
AR =T (@0 |i04] @a)) = %7 { [4(evBo /02?2 +1] 7 1}, (1.110)

here =+ refers to o = (1, —1),(2,0), and i« = 1,2 corresponds to the lower/upper Dirac
bands, respectively. In the adiabatic limit (£2 — 0 with a fixed Ey/f2) the Aharonov-
Anandan phase approaches F.

Thus, the irradiation opens a topological gap in the Dirac spectrum which leads to
the (quantum) anomalous Hall effect. It manifests itself through the appearance of a
photovoltaic DC Hall voltage in graphene under circularly polarized illumination.

1.3 Optical microcavities

In the previous section, we discussed how to achieve the regime of strong light-matter
due to interaction between a laser field and low-dimensional nanostructures. Another
possible way to achieve the desired regime is to place a nano-structure in an optical
resonator, where light is trapped, for example, between two mirrors. Here we discuss
different realization of optical resonators (microcavities). The results, presented in
this section, are relevant for Chapters 3, 4, and 7 of the current thesis.

1.3.1 Distributed Bragg reflectors

The simplest possible approach to trap light is to consider a metal-coated dielectric
spacer as shown in Fig. 1.7. The standing eigenmodes of such a resonator can be
found by superimposing a wave moving in the positive direction of the z-axis and
the reflected wave E|| = Ejge " (“!=k2) 4 TE||Oe_i(“’t+kz) = Ejjge~ @ (e7= 4 reik7),
where r is the reflection coefficient. To find the reflection coefficient in the metal
and the appropriate boundary conditions, we need to recall that the current density
and the electrical displacement in conducting media are related to the electric field
oscillating at a certain frequency E, o e~ by

Jfw = 0(w)Ey, (1.111)
D, =er(w)E,, (1.112)

42



1.3 Optical microcavities

AV VAL
[T

.
>

)
o

Z

Figure 1.7: Fabry—Perot modes of a resonator, consisting of two parallel perfect metal
plates.

where e, (w) is the dielectric constant of the lattice (it does not include the conduction
electrons), and o(w) is the metal conductivity. Here we assumed for simplicity that
the medium (metal) is isotropic. Plugging this into the Maxwell equation

oD
H=—+j 1.11
V x ot +Jf, ( 3)
we get
OE 1o\ OE OE
VXH—€L6t+O'E—<€L+w>at—€8t, (1114)

from where it follows that the conduction band electrons can be accounted for by
introducing the following complex dielectric function,
io(w)

e(w)=¢ep(w)+ (1.115)

w
In the simplest case, the conductivity o(w) can be found from the Drude model,
where it is assumed that the conduction electrons are non-relativistic non-interacting
particles that move in the presence of an external electric E field and collide with the

lattice ions. In the case, Newton’s law of motion reads p = —eE — p/7, where 7 is
mean free time between electron-impurity and/or electron-phonon collisions, and m
is the effective electron mass. Defining the current density as j = —enp/m with n.

being the conduction band electron concentration, one immediately gets the following
expression for the conductivity o(w) = 09/(1 — iwT), where o9 = ne?r/m. Therefore,
this approach results in the following dielectric function

e(w) = (sL(w) o7 > 4o (1.116)

1+ w22 w(1+w?r?)’
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At low frequencies wr < 1, the dielectric function is inversely proportional to w and
is purely imaginary, e(w) = icg/w. At high frequencies wr > 1, one has e(w) =~
er(l —wl/w?), where w? = e®n/(mey) is the plasma frequency and we neglected the
dependence of € on w. Knowing the dielectric function one immediately obtains the
complex refractive index n = /e(w)/ep. Finally, from the Fresnel equation one gets

the reflection coefficient at normal incidence from air to the metal plate

1—n
r= .
14+n

(1.117)

The measurable quantities are the reflectivity R = |r|> and the absorption coefficient
a = 2wlIm(n)/c which relates to the skin depth (the distance of penetration of the
optical beam into the medium) as 6 = 2/a. At high frequencies (relevant for optics)
that are less than the plasma frequency w < w, the dielectric function is purely
imaginary and thus for this frequency range the reflectivity of metals R = 1. For
the frequencies of light that exceed the plasma frequency w > w, the absorption
coefficient vanishes (o = 0) while the reflectivity drops sharply to zero followed by
growth, and the metallic medium acts as a transparent dielectric. Typically, the plasma
frequency belongs to the high visible or ultraviolet range. For the optical frequency
range (wr > 1 and w < w,) the light penetration depth is small (the absorption
coefficient @ = 2wIm(n)/c is large) at normal incidence, while the real part of the
complex refractive index is zero which yields the reflection coefficient r ~ —1.

Now we switch back to calculating the eigenmodes of the resonator, described above.
Neglecting the skin depth allows one to impose the boundary condition that the value
of the parallel component of the electric field must vanish on the metallic plates, i.e.
E|(z = 0) = E(2 = d) = 0. It is clear that this boundary condition immediately
implies » = —1, showing consistency. Plugging the above mentioned ansatz for the
eigenmodes of the resonator E|| = EHOe*M (e’“” + re””) one obtains the following
set of eigenmodes

wjz%,j:m,?,... (1.118)
These eigenmodes exhibit themselves as dips (peaks) when measuring the reflectance
(transmittance) of the resonator.

However, if we want to work the optical region of the spectrum, the metallic resonators
described above have a very small Q-value, not exceeding a few hundred (see Fig. 1.8).
Another way of trapping the light is to use distributed Bragg reflectors (DBR’s).
A DBR is a periodic structure composed of two types of dielectric layers: A with
refraction index n, and width d, = \./(4n,), and C with refraction index n; and
width dp = A./(4np), alternating throughout one dimension as schematically shown
in Fig. 1.9 (a). For normally incident light with a wavelength in the vicinity of A.
the structure’s reflectivity is close to unity. It is the positive interference of waves,
reflected from all interfaces between the layers, that is responsible for such a good
reflectivity. The use of DBRs is ubiquitous in mesoscopic scale devices operating with
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Figure 1.8: Reflection and transmission (experiment and theory) of a planar micro-
cavity consisting of a gold-coated 590 nm glass spacer, taken from [19].

light. The microresonators based on DBRs are relatively easy to fabricate and are
characterized by a very large @-factor in the optical region of the spectrum.

To calculate the properties of DBRs we employ the transfer matrix approach. Let us
consider a plane wave propagating along the structure growth direction z. The electric
field’s component (say F,(z) = E(z)) is represented as

E(Z) _ E_}(Z)eikn(z)zfiwt +E<_(Z)67ikn(Z)Z7th, (1119)

where w and A = 27 /k are the wave frequency and length in a vacuum. The electric
field is represented as a sum of the wave propagating along the growth direction z with
the envelope amplitude E_, and the wave propagating opposite to the z-axis with the
envelope amplitude F, . These two envelope amplitudes can be cast into a 2 by 1
vector

A(z) = Ezgﬂ . (1.120)

To relate the amplitudes on the opposite ends of a corresponding layer (A or B),
we introduce 2 by 2 matrices T, and T,. These objects Ty are called transfer
matrices and they relate the vectors A; and A, on the opposite ends of a layer,
so that Ab . Ta(b)At«

For an incident plane wave with the wave vector k = 27/\ each individual layer’s
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Figure 1.9: (a) A sketch of the DBR (b) Dependence of the reflectivity (abs. wval.
squared) on the wavelength for a DBR consisting of 10 periods of layers with refrac-
tion indices ng = 1 and ny = 2.

transfer matrix is constructed by noting that the wave acquires the phase ¢, =
kng(p)da(y) while propagating, and thus:

[ exp (i(pa(b)) 0
To) = ( 0 exp (—iga(n)) (1.121)

The transfer matrices for the interfaces (AB and BA) between the two media are
constructed by means of Fresnel’s equations:

1 @
Ty = ( P ) (1.122)

Tya = ( Lo ) (1.123)

where
Ng — N

=—a "t (1.124)
Ng + Ny

=]

It is clear, that the transfer matrix of one structure period (AB) is T' = T, TupTpTpa-
If we focus on a semi-infinite structure the reflectivity is obtained by calculating the
eigenvectors of the period transfer matrix. Since eigenvectors are defined up to nor-
malization, one can always recast the corresponding eigenvector to the following form
(1,7), such that its upper element is unity, which matches the case of an incident
plane wave with unit amplitude. Then the lower element would correspond to the re-
flectivity. After performing this simple calculation for the perfectly tuned wavelength
A = )., one gets r = 1 (perfect reflection). If the light frequency is slightly detuned
from A, then we have

L
T = exp |:Z DBR (w— wc)} , (1.125)
N
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1.3 Optical microcavities

where the coefficient Lpgg, frequently called the effective length of a Bragg mirror, is

defined as
nanb)\c

Lpgr = (1.126)

2(ng —np)
Here ng is the refractive index of the medium outside of the DBR. For finite DBRs
the structure’s transfer matrix is Tran = TV, where N is the number of periods (for
example, if N = 2 we have ABAB). Knowing the full transfer matrix Ty, the (com-
plex) reflectivity coeflicient is extracted as r = —Trun21/Trun22. We performed this
procedure for n, = 1, n, = 2 and the result for the reflectivity R = |r|? as a function
of the incident wavelength is shown in Fig. 1.9 (b). If we considered an infinite struc-
ture, it would be characterized by allowed and forbidden (stop) bands analogously to
the case of a quantum particle in a periodic potential. If we take an infinite DBR
structure and introduce a defect layer, then it is possible for the light to be localized
in the vicinity of the defect layer. Such excitation would lay within the stopband.

1.3.2 Cavity-embedded quantum wells

For the finite system, sketched in Fig. 1.10, where one has two DBR mirrors of finite
width surrounding a "defect" (a semiconductor layer that differs from A and B) the
light cannot be trapped in such a resonator for an infinitely long time even if we
completely neglect absorption in the material. The reason for this is that light can
leave the cavity through its boundaries. Thus, the cavity optical mode has a linewidth
I', defined as the frequency width at half maximum (FWHM). The inverse quantity
I'! has the meaning of the cavity photon lifetime. Clearly, accounting for absorption
diminishes the lifetime.

To characterize the quality of trapping the light in the presence of losses, the quality
factor of a cavity @ is introduced. It describes the average number of oscillations made

by the trapped electric field before it leaves the cavity. A quality factor is defined as

= (1.127)

Another important characteristic of microcavities is the finesse of the cavity, which is
defined as
Aw

- 2nl
If the cavity hosts more than one modes, then to ensure that the spectral lines of the
cavity are well-resolved one has to provide that the condition F' > 1 is fulfilled. In
this case, if we are tuned to a specific mode, the microcavity can be effectively treated
as a single-mode resonator. This can be provided by diminishing the size of cavities,
whereas the achievement of a high @-factor is more challenging.

(1.128)
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Figure 1.10: A planar microcavity: a quantum well sandwiched between two DBRs.

We note, that the electromagnetic field can propagate freely in the plane of the well
while being confined in the growth direction. This circumstance allows one to introduce
an effective mass of photons in such structures by means of the following procedure.
We focus on a single cavity mode and neglect losses for a moment than its dispersion
for small in-plane momentum k = (k;, k) can be written as follows

h%k?
2mc ’

he 21\ 2
Ec(k) = <T> + k2 =~ Ec(O) +
Tleff

(1.129)
where k = | /k2 + k2 denotes the absolute value of the in-plane wave vector k and

n(z)E?(z)dz
Mot = S (1.130)

[ E?(z)dz
0

ot~

is the effective refractive index, with E(z) being the amplitude of the mode’s electric
field. The first term in Eq. (1.130) is nothing but the cavity mode frequency (energy),
while the second term describes the in-plane propagation of waveguide modes.

The abovementioned set-ups based on DBR microcavities are of vast interest for theo-

retical studies since they allow for achieving the regime of strong-light matter coupling
which is one of the central aspects of cavity quantum electrodynamics (CQED).
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1.4 Excitons

As for the practical applications of optical microcavities, it is worth mentioning a
Vertical Cavity Surface Emitting Laser (VCSEL), which is a type of semiconductor
laser diode. Contrary to conventional edge-emitting semiconductor lasers, a VCSEL
emits a light beam perpendicular from the top surface. A VCSEL is now a commer-
cialized product and is used for making computer mouses, fiber optic communications,
laser printers, Face ID, and smartglasses. VCSELs typically operate in the weak cou-
pling regime, where the decay rates of the light and matter components overcome the
light-matter coupling strength.

1.4 Excitons

In the previous section, we discussed how to trap light in a microcavity in order to
couple the trapped photons to the matter excitation of a nano-structure, placed in
the microcavity. In this section, we will discuss the special type of matter excitations
(excitons). The results, presented in this section, are relevant for Chapters 3, 4, 6,
and 7 of the current thesis.

1.4.1 Bulk excitons

An exciton is a composite bosonic quasi-particle, that consists of a conduction band
electron and a valence band hole. It may be understood as an excitation quantum
over the ground state semiconductor (or insulator) electron subsystem. The two
types of excitons are distinguished, depending on their characteristic size: Frenkel
and Wannier-Mott excitons. The first ones correspond to the situation where the
average electron-hole distance is of the order of the lattice constant. The second one
corresponds to the opposite limit, where the distance between the electron and the hole
greatly exceeds the size of a unit cell. In the present thesis, we deal with Wannier-Mott
excitons, whereas Frenkel excitons are mostly relevant to organic molecular crystals.

In the effective mass approximation, a Wannier-Mott exciton in a bulk crystal can
be described as a two-body bound state with the Coulombic attraction between the
electron and the hole, and therefore the Hamiltonian of the exciton is analogous to
that of the Hydrogen atom

h? h? e?

H=—-——V?— Vi —

(1.131)

2m. 2m dmepe|re — rpl

where the first two terms describe the kinetic energies of the conduction band electron
with the effective mass m. and the valence band hole with the effective mass m,,, and
¢ is the effective dielectric permittivity of the crystal (this description only applicable
on the scales larger than the lattice constant).
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Figure 1.11: The bandstructure of a typical direct-gap semiconductor with a Zincblende
crystal lattice.

An important role in the current thesis is played by GaAs-based materials. They have
the Zincblende structure, which is characterized by a direct energy gap in the I'-point
of the Brillouin zone. Valence band energy dispersion splits into the heavy hole and
light hole branches, see Fig. 1.11.

When one shines on a semiconductor sample with the appropriate frequency, the sam-
ple absorbs light. If we neglect excitons for a moment then the process goes as follows:
the photons cause the transitions of electrons from the valence band to the conduc-
tion band (dashed blue line in Fig. 1.12) and the absorption is proportional to the
density of electronic states in the conduction band and no absorption occurs unless
the frequency of the light is greater or equal than the bandgap with since there are
no states within the bandgap for the electrons to transfer to. If one takes the excitons
into account, they manifest themselves as peaks below the single-particle continuum
since their energy levels are located in the bandgap (red line Fig. 1.12).
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1.4 Excitons

Absorption (a. u.)

Figure 1.12: Absorption spectrum of a direct-gap bulk semiconductor as a function of
frequency (photon energy). The peaks correspond to the excitonic states that are
located in the bandgap.

1.4.2 2D excitons

In confined Zincblende systems, such as quantum wells or wires, the size quantiza-
tion effects remove the degeneracy between the heavy and light holes at the I'-point.
That leads to the fact, that the heavy hole exciton is the lowest energy state of an
electron-hole pair. Since the electron’s spin projection is +1/2 and the heavy holes
total momentum projection is £3/2, then the spin structure of the exciton consists of
four possible total momentum projections —2, —1, +1 and +2. The optically active
(i.e. may decay with photon emission) bright states are those with total momentum
projections +1, whereas states with +2 are called dark, see Fig. 1.13. The frequency
of the emitted photon is defined by the exciton transition energy, £, + E. + E, — Ep,
where Ep is the exciton binding energy, E.(p) is the electron (hole) energy originating
from size quantization, and E, is the bulk bandgap width.

Below we give a mathematical description of two-dimensional excitons, which starts
with the following Hamiltonian

f{ h2(];gH + I%gz) hQ(l%;%H + l;']%z) 62 o o 13
o 2me " 2my, B dmepe|re — rp +U(z) +U(zn), (1.132)

where the first two terms correspond to the kinetic energies of the electron and the
hole, the third term describes the Coulomb interaction, and the last two terms stand
for the confinement potential in the z-direction that restricts the motion of the electron
and the hole. In the limit of narrow quantum well the motions of the electron and
the hole the problem can be projected on the lowest size quantization subband and
thus now regard r.(;) as the in-plane coordinates of the particles. Switching to the

o1



1 Introduction

A Energy

i I 17172

Figure 1.13: Light with certain polarization can induce an interband optical transition
between the energy-split hole subbands and the electron band, depending on the in-
dicated projection of the total angular momentum on the chosen axis (usually the
growth azxis). For example, when a circularly polarized light (photon) causes the
transition from the heavy-hole branch with J, = —3/2 to the conduction band with
J. = —1/2, the z-projection of the total angular momentum of the system becomes
equal to —(—3/2) + (—1/2) = +1. One may understand it as either considering the
state of a hole as the time-reversal state of the corresponding electron state or by
noting that when one deletes an electron with some value of J, from the system,
the total J, of the system changes by the value of —J,. Interband optical transition
matriz elements are proportional to J,, thus the hh to CB optical transition is 3
times stronger than the lh to CB transition.

center-of-mass and relative coordinates r = r, — rp, R = (mere + mpry)/(me + my),
and decoupling all the degrees of freedom from the relative motion we get

R2A, e?
2 A4wepelr|’

Hypexe = — (1.133)
which is nothing but the 2D analog of the Schrédinger equation for the hydrogen
atom in the medium, having dielectric permittivity €. By p we denoted the reduced
mass 1 = memp/(me + mp). The eigenfunctions and eingenvalues of this system can
be found using the same approach as in the 3D case [§]. The corresponding energy

spectrum reads
1 pet 1 e?

 (47mepe)2 202 (n — 1/2)2 T dnmeee dasp(n —1/2)2°

E, = (1.134)

where asp = 4megeh?/(2ue?) is the two-dimensional Bohr radius (2 times smaller
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1.5 Strong light-matter coupling in microcavities

compared to 3D) and n = 1,2,3,.... The above-described formalism is physically
correct only in the case of low concentrations of excited electron-hole pairs, which
should be below the critical value, called the Mott density. Thus the validity of the
application of exciton formalism is the condition

Nexctap < 1, (1.135)

where nqy. denotes the exciton concentration.

When an exciton gas is formed, its properties strongly depend on the interactions
between the excitons. There are four possible processes, contributing to the exciton-
exciton-interaction [154]: direct Coulomb interaction between electrons and holes, ex-
change of electrons (holes) between excitons, and simultaneous exchange of the electron
and the hole. The interaction between excitons is short-range. It was shown that the
contribution to the interaction coming from electron and hole exchange significantly
outweighs the direct interaction between excitons. The main contribution governed
by the exchange terms can be accurately estimated as [155]:

(1.136)

where A is the normalization area that is not present in any observables. In the current
thesis, we will apply this formalism to study exciton-exciton interactions for both
the ground and excited states in transition-metal dichalcogenide monolayers (TMD),
where excitonic properties are especially well pronounced even at room temperature.

1.5 Strong light-matter coupling in microcavities

In the section, we discuss different aspects of the coupling between the microcavity
photons (quanta of an electromagnetic field) and the matter excitations (excitons) of
low-dimensional nanostructures, embedded in microcavities. The results, presented in
this section, are relevant for Chapters 3, 4, 6, and 7 of the current thesis.

1.5.1 Quantization of an electromagnetic field

We start our discussion with the quantization of an electromagnetic field since for our
future considerations the quantum nature of an electromagnetic field will be crucial.
We choose the Coulomb gauge (non-relativistic), for which V - A = 0, makes A
transverse. The Fourier expansion of the vector potential in a finite box of volume
V = L3 is then

Ary=> Y (e(“)(k)af(“)(t)eik'r+é(“)(k)a£“)(t)e’ik'”> (1.137)
k p==+1
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where a stands for the complex conjugate of a. The wave vector k shows the propa-
gation direction of the corresponding polarized monochromatic wave (a Fourier com-
ponent) of A(r,t); the length of the wave vector is

w
k| =— (1.138)
c
with w the frequency of the mode. In this summation k runs over quarter-space.

Two e(") polarization vectors are unit vectors for left and right hand circular polarized
(LCP and RCP) electromagnetic waves and they are perpendicular to k:

_ Tl . .
eF = NG (ey £iey) with e, -k=e,-k=0 (1.139)

From the field equations of B and E in terms of A above, electric and magnetic fields
read

E(rt)=i) >, —nw (e(“) (k)al((“) (t)elkr — é(”)(k)dl({“) (t)e~ikr
B(r,t) =i 3 X { (k x (1)) aff” ()eer — (k x 80 () aff” (e},
(1.140)

where we absorbed the trivial time dependence in the coefficients al((” () = al((“ )g—iwt,
Now we quantize the field be means of the quantization rules are:

al” (t) — s a0 (k)

) — (1.141)
ay (t) — \ v aT(“)(k)
satisfying to the bosonic commutation relations
[&W(k),a(“') (k’)} =0 (1.142)
[a“*‘)(k),a*(“') (k’)} =0 (1.143)

a (k), at(#) (k’)} = 0k, k0, - The square brackets indicate a commutator.

Thus, the quantized fields (operator fields) have the following form

A(r) - Zk# /ﬁ e gl (k)eikr + gt (k)e—ikr}
E(r) = Z’Zk# /72?;:0 {e(u)d(u)(k)eikr _ é(#)&T(H)(k)e—ik'l‘}

B(r) = i Y, /3 { (k x o) a0 ()eiter — (ke x 80 ) af ()e e}
(1.144)
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1.5 Strong light-matter coupling in microcavities

1.5.2 Cavity exciton-polaritons

In the previous sections, we discussed how to trap matter excitation and how to trap
light. In this subsection, we will discuss the interaction between the microcavity mode
and the excitons in the quantum well. It turns out that if one has two sufficiently nar-
row interacting modes then the regime of strong coupling may appear under conditions
discussed below. Thus, the excitons and the microcavity mode, are good candidates
for achieving the regime of strong light-matter coupling contrary to the electron-hole
continuum.

Early theoretical predictions of the strong exciton-photon coupling regime were done in
the mid-fifties [14-16], however experimentally this was implemented several decades
later — in 1992 in a 2D semiconductor nanostructure, consisting of two DBRs and
quantum wells sandwiched between the mirrors [17].

The two-dimensional excitons interact with trapped cavity photons. By adjusting the
parameters of the system one can tune the cavity mode to be in resonance with the
excitonic transition energy. By doing this, one makes it possible to achieve a strong
exciton-photon coupling regime. In the language of quantum mechanics, this leads
to the emergence of a hybrid quasiparticle, called exciton-polariton (or polariton for
brevity). In this regime, the spectrum of the system gets modified (the anticrossing
appears) as shown in Fig. 1.14, which manifests itself in photoluminescence experi-
ments. An analogous process takes place in classical mechanics when one considers
the behavior of two coupled oscillators: if the modes of the oscillators coincide (or
close to each other) then the normal modes of the joint system are different ("repel”
each other) by the quantity which is proportional to the coupling strength.

We proceed with giving the overview of the quantum theory for exciton-polaritons,
where we neglect spins for brevity. The second-quantized Hamiltonian of a semicon-
ductor reads

H= /@(r)T (—;ivz - V(r)> @ (r)dr (1.145)
~ ~ 62 ~ ~
+%// ¥ (r)' (r) mwr’)mr)d%d?r/ (1.146)

where W(r) is the electron annihilation field operator and V (r) is the periodic lattice
potential. We restict our consideration by only two bands, labeled below as i = ¢
(conduction) and i = v (valence). The operator ¥ can be expanded in terms of single-
particle wavefunctions ;i (r) = S™/2e*ry, 1 (r), labelled by momentum k and by
the band index ¢ = ¢, v:

)= > > pik(r)éix (1.147)

ie{c,v} k

After applying Bloch’s theorem and switching to the momentum space, one may intro-
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duce hole annihilation operators hie = é}: 1 (spin is also reversed if present). Then,

in the low-density limit, one may perform the bosonization procedure by rewriting
(with several assumptions) the initial Hamiltonian in terms of the exciton creation
operators,

X1e= > (ko kv k) el bl = Z% ck/2+phlt/27p (1.148)

ki,ko
with
ki —k
(k2, kilv, k) = ( % W) ki+ky k)=
relmr;e_nt/um C.M. momentum

k1 — k2 kl - k2
<T|V>§k,k1+k2 = @V(T)ék,k1+k27 (1.149)

where ¢, (p) = (p|v) is the exciton wave function, written in the momentum space,
and ¢k = C.x. The exciton moves as a whole with momentum hk, carrying energy
E,(k), here v is the quantum number, describing the internal exciton state. The
reversed transformation is given by éLﬁLz = > x (" klko, ki) )A(Z)k. We note, that
for the sake of simplicity the formulas above were written with the assumption that
the electron and the hole have the same effective mass, allowing us to write the relative
momentum as (k; — ka)/2. In general, the relative momentum of a two-body system
is given by (maok; — miks)/(mq1 4+ ms2), however, this simplification doesn’t affect any
of the results, presented in this section. Thus, using the bosonization procedure, one
may extract the exciton Hamiltonian:

Hy =Y E% (k)X X,k (1.150)

This Hamiltonian is quadratic, however, it only looks simple, because actually excitons
are not true bosons, which can be seen direct calculation of the commutator of their
creation/annihilation operators:

[Xy,k, th’q} = 0yl — Dk (1.151)

where an operator by,#,k,q describes the deviation from bosonicity due to the com-
posite nature of excitons. For example, D, 00 = doplew (»))? (éLép + ﬁLﬁp). For-
tunately, at low densities we have <[XV707XI,O}> = 1— O (nxa}), where ny is the

density of excitons. Thus, excitons can be treated as bosons when the condition
nxa? < 1 is fulfilled, as was discussed in the previous sections.

Now let us switch to the description of exciton-photon interaction. In the dipole

approximation, the dipole moment of the electron-hole pair couples to the light field,
described by the electric field operator E, which results in the following interaction
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1.5 Strong light-matter coupling in microcavities

term in the full many-body Hamiltonian

Hox ing = / 't (r)[—er - B(r)]¥(r)dr (1.152)

Applying the bosonization procedure, outlined above, and using the rotating wave
approximation together with the assumption that only 1s-excitons are relevant for the
processes we consider, we arrive at the following Hamiltonian, describing the exciton-
photon interaction

ﬁcx = ﬁo + ﬁx + I:ICX int ~
Z Ec(®)CLCi + Z Ex(K)X{ X+ Y hg(k) ((Z{Xk + Xliék) (1.153)
k

with fig(k) = dew(k)915(0)\/Ec(k)/ (2¢0€eL), and d.,, (k) being the dipole matrix ele-
ment for the transition between the valence and conduction bands states, labeled by
k, Cy is the cavity photon annihilation operator. We note, that the coupling constant
hg(k) may be regarded as constant in the regime under consideration. The Hamilto-
nian (1.153) can be diagonalized, using the Bogoliubov canonical transformation

ak = XXy — CCh (1.154)
aY = O Xy + Xk (1.155)

where the so-called Hopfield coefficients Cy and X satisfy |Cy|? + |X|? = 1, so that

the new operators dﬁ’U operators follow the bosonic commutation relations as well.
After the transformation, the Hamiltonian(1.153) reduces to quadratic form:

I:ICX = ZEU( &ET(ZE + ZEL ak ak, (1156)
k

with annihilation operators aV and a that are responsible for the excitations of upper
and lower-polariton branches, respectively. The spectrum of the resulting Hamiltonian
consist of two abovementioned branches, and is

By (k) = % (Ex (k) + Eo(k)) + \/R2g(k)? + (Ax/2)°, (1.157)

where E¢ is the cavity mode dispersion and Ex is the exciton dispersion, usually
approximated by a parabola with a large effective mass. The detuning Ay between
the cavity mode and excitonic transition energy is defined as

Ay = Ec(k) — Ex (k). (1.158)

The squares of the Hopfield coefficients correspond to the photon/exciton fraction of
the polariton and their analytical form is presented below:

(e ( )+ Ex(k)) \/A? +74h2 ® '
‘ k|2 )( ) ( ) EL( ) ( ) (1.160)

(Ec(k) + Ex (k) v/ Ag + 40%g(k)?
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In order to account for finite lifetimes of excitons and photons one should supply
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Figure 1.14: The dispersion (the spectral function) of upper and lower polariton
branches plotted for the detuning value Ay = 10 meV. The interaction constant
is set to 2g(k) = 10 meV. The thickness of the lines is determined by the broaden-

ings Yo, x -

the corresponding dispersion relations by additional imaginary terms —iyx ¢, respec-
tively. In this case, the polariton spectrum becomes complex, and its real part yields
the dispersion of polariton modes, while the imaginary part describes the spectral
broadenings with a Lorentzian shape. In this case, the Rabi frequency, i.e. the dis-
tance between the real parts of the polariton branches at in the point of avoided
crossing, is equal to

VA2 = (hx —0)? 49(K)? > (x —0)?
"oon = {o, 19(K)? < (x —10)? —

Thus, the strong coupling regime appears when (a) the difference between exciton
and photon damping rates is lower than the coupling strength and (b) when the Rabi
frequency is greater than the sum of the broadenings if2r > vx +~v¢ (i.e. the spectral
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1.5 Strong light-matter coupling in microcavities

lines at the anticrossing point are well-resolved). The polariton spectral function,
accounting for the losses is shown in Fig. 1.14.

Planar microcavities with embedded quantum wells operating in strong coupling regimes
recommended themselves as a platform for experimental testing of various collective
quantum phenomena. At the same time, the microcavities are used for novel genera-
tion optoelectronic devices [20]. Also, as we discuss in the next section, the bosonic
nature of exciton-polaritons paves the way to Bose-Einstein condensation of polaritons
[243, 271] and superfluidity [21, 22]. Indeed, provided the extremely small polariton
mass and strong interparticle interactions, stemming from the excitonic fraction re-
sults in the possibility for the particles to condense in the ground state at moderate
temperatures. Moreover, the wide gap semiconductor materials such as GaN allowed
achieving the condensation even at room temperature, where the polariton lasing was
observed [25, 85].

1.5.3 Pseudospin of exciton-polaritons

An exciton is a bound state of an electron and a hole, i.e., of two fermions. If the
electron is taken from the conduction band formed by s-electrons, then its projection of
total angular momentum on an arbitrary axis (say, the z-axis) is equal to J¢ = +1/2.
Correspondingly, the hole in the valence band formed by p-electrons has a projection of
total angular momentum equal to J = 41/2,43/2, where the states with J? = +£1/2
correspond to the light hole-branch, and J* = 43/2 to the heavy-hole branch. Here
we do not account for various splitting that naturally presents in quantum wells, such
as the splitting caused by the features of the crystal structure for the sake of simplicity.
As we discussed previously, in the bulk samples the light and heavy hole branches are
degenerate at I'-point. However, due to the difference in their effective masses the
degeneracy is lifted in the quantum wells due to quantum confinement. The top of
the heavy-hole branch at k = 0 is closer to the bottom of the conduction band the
top of the light-hole branch, therefore, the total angular momentum of a 2D exciton
JZ* has four possible projections: +1, £2. We note, that the presence of electron-hole
exchange interaction, which we ignored in our considerations, may split the states
J&¥ =41 and JJ* = £2.

Now, let us discuss the influence of angular momentum on the exciton-exciton in-
teractions. As we described previously, the exciton-exciton interaction mainly stems
from the Coulomb exchange terms, which dominates over the direct interaction terms.
The direct interaction is angular-momentum-independent, while the exchange one is
sensitive to the angular momentum orientation of the excitons. To understand this
sensitivity, let us consider two interacting bright excitons. For excitons with the same
angular momentum projection, Jyx = J5¥, the exchange of electrons or holes between
the excitons leaves the individual angular momenta unaltered. If the angular mo-
mentum projections of the excitons are opposite Ji3 = —J5¥, then the exchange of
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Sy

Figure 1.15: The Bloch sphere showing the relation between the vector sy and the
polarization of the light.

electrons or holes turns the bright excitons into a pair of dark excitons (J§¥ = £2,
JSX = +2).

A photon is a spin-1 particle (boson), thus its spin projection on the direction of
propagation may take only two values JP" = +1, corresponding to the two circular
polarizations, left and right. Thus, the process of single-photon creation of excitons
with JJ* = £2 is prohibited by the conservation of the total angular momentum. Due
to this reason, the states exciton J* = +£2 are referred to as dark, opposite to the
states J* = £1 that are called bright. In the regime of strong light-matter coupling in
microcavities, bright exciton states form exciton-polaritons and their energy becomes
detuned from the exciton states by the value of the Rabi splitting, which significantly
reduces the efficiency of transitions between bright and dark states. Thus, the an-
gular momentum part of the exciton-polariton wave function (will be referred to as
pseudospin) can be effectively treated as a two-level system.

The polarization dynamics of a polaritonic system are closely related to the polariton

pseudospin. Since pseudospin can take only two values, it is convenient to introduce
a 2 by 2 polariton density matrix in the momentum space, which can be written in
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1.6 Bose-Einstein condensation and dynamics of bosonic quasi-particles

terms of the three Pauli matrices o; and an identity 2 by 2 matrix I:

nk
pe= 5T+ Z SikCis (1.162)

1=x,Y,%

where the vector sy shows the directions of the pseudospin of polaritons, having
wavevector k and my is the occupation number of the corresponding mode. This
density matrix may be used to calculate the Stokes parameters of the light emitted by
the polaritons. It is convenient to depict the vector sy on the so-called Bloch sphere
as shown in Fig. 1.15. If the length of the vector sk equals ny/2 then the vector is
on the Bloch sphere and the light is completely polarized. The opposite limit |sk| = 0
corresponds to unpolarized light.

1.6 Bose-Einstein condensation and dynamics of
bosonic quasi-particles

In the previous sections we discussed the physics of excitons and exciton-polaritons,
which are bosonic quasi-particles, and thus one may wonder if they are able to form
a Bose-Einstein condensate. This section is aimed to properly address this question.
The results presented in this section are relevant for Chapters 3, 4, and 6 of the current
thesis.

1.6.1 Condensation in 3D

Bosons are particles with integer spin. For a given temperature T' obey Bose-Einstein
statistics, which has the following form in case of a non-interacting boson gas with
parabolic dispersion e, = h%k?/(2m)

1
exp 3 (e — p) — 1

ne(p,T) = (1.163)
where ny denotes the occupation number of a given state with energy ¢;. The factor
B =1/kgT. The chemical potential is found from the normalization condition which
fixes the average total number of particles

N=> m(uT). (1.164)
k

After taking the thermodynamic limit by dividing both parts by volume V = L? and
sending V' and N to infinity, while keeping the concentration n = N/V constant, we
get

nA® = g3 9(2) (1.165)
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where A = h/+/2mmkpT is the thermal de Broglie wavelength and z = exp(8u) is
fugacity. We replaced the summation in the RHS of Eq. (1.164) by integration as

d"k
(1.166)
In the RHS of Eq. (1.165), we have the Bose function
Z 'li (1.167)
This series converges for z < 1 and is bounded from above by g3/5(z = 1)
= 1
g93/2(1 Z a7z = C(3/2) = 2.61237... (1.168)

where ((z) is the Riemann zeta function. The equation (1.165) has a solution if
nA? < (¢(3/2) (1.169)

However, it is clear that either by sufficiently increasing n or by sufficiently decreasing
T one may violate this inequality. This happens because we have to consider the state
k = 0 separately. We make a step back in our derivation, before we have taken the
thermodynamic limit, and rewrite the whole sum (integral), isolating the state k from
all the other states k > 0:

N 1 =z n 1 1

TETI S TT - e ~

Vv Vi1i-z V|k‘>oz 1exp(ﬂ 2m)—l

1 =z d*k 1

— 1.170
it G e T

We see, that if z = 1 then in the limit V — oo the first term of the equation above,
representing the condensate density nx—o/V in the ground state, does not vanish,
contrary to the case z # 1 when it is equal to zero. After passing this critical point,
the value of z remains unchanged (equal to one). Substituting z = 1 in Eq. (1.165)
we get the critical temperature T, of Bose-Einstein condensation (BEC) at a given

density n:
2 k2 n 2/3 h2n2/3
kpT,= — | ——— ~3.31— 1.171
1= "0 () m (A7)

Thus, for a 3D Bose gas the condensation occurs if we sufficiently lower the temper-
ature. Alternatively, the onset of condensation may be achieved by increasing the
particle density at given temperature above the critical value n.:

m 2/3
= ((3/2) ( kBT) (1.172)

2mh?
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1.6 Bose-Einstein condensation and dynamics of bosonic quasi-particles

1.6.2 Condensation in 2D

When we consider a Bose gas in two spatial dimensions, the situation drastically
changes. To see this, let us rewrite Eq. (1.170) in 2D:

N 1

T2 T 12 Z h2k2 ~

2 D1-z L k>0 % leXp(ﬂzm)—l

1 =z d’k 1

- + . 1.173

21—z / (271-) —lexp (/thkz) 1 ( )
Now let us calculate the total concentration of particles with £ > 0 in the thermody-
namic limit:

d*k 1 mln (1 — z)
k>0 / (27T) 51 exp (Bh k2) 1 27T5h2 ( )

We see that the amount of particles that can be accommodated in the states k >
0 is not restricted from above is contrary to the 3D case. Thus the Bose-Einstein
condensation does not take place in two dimensions in the thermodynamic limit. This
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3-2-101 23 321012 3-3-2-1012 3
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Figure 1.16: Far field emission profiles of an incoherently pumped planar microcavity,
which show the formation of a macroscopically occupied coherent state, from [243].

is the consequence of a "no-go” theorem by Mermin, Wagner, Bogoliubov, Berezinskii,
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and Hohenberg. It forbids continuous symmetry to become spontaneously broken at
finite temperature in systems with sufficiently short-range interactions if the number
of dimensions is less than three. The spontaneous symmetry breaking manifests itself
in the appearance of the order parameter — i.e. some physical observable which is
becomes non-zero after the phase transition takes place. Bose-Einstein condensation
in 3D has most of the properties of a second-order phase transition. The Hamiltonian
of a non-interacting (or weakly interacting) Bose gas has U(1) symmetry, which implies
that if the ground state has the same symmetry as the Hamiltonian, then the average
occupancy in the ground state must be zero. However, as we have seen above after the
onset of condensation, the ground state becomes populated. It means, that the U(1)
symmetry gets spontaneously broken, but this only takes place in 3D. Does it mean,
that it is impossible to observe BEC in 2D7 Let us take a look at it.

It turns out that the absence of spontaneous symmetry breaking for a bunch of non-
interacting bosons can be circumvented by introducing a confinement potential of
a special form [51]. Let us we consider a two-dimensional Bose gas confined by a
generic power-law potential U(x,y) = Uy (z/b)™ + Us(y/c)"™. Since the Hamilton is
not translation-invariant, a wavevector is no longer a good quantum number. For
these potentials, the energy level spacing is such that kT > €;41 — ¢;, the variable
¢ numbers the eigenstates. Therefore, the system can be effectively described by a
continuum of states, however, the discrete ground state must be explicitly retained.
For simplicity we will focus on the isotropic shape of the potential: U(r) = Uy(r/a)".

In this case a 2D system with U(r) = Uy(r/a)" the generalized density of states,
calculated in the semiclassical approximation, where it is assumed that each region
d?*rd?p of the phase space contains d’rd?p/h? states, is given by

o(e) d(# of states with energy < ¢€) d / / d’rd’p
€) = = — —_—
de de Js+(e) Joe(piezp?/2m+uryy  h°
m 2rm [T (9 o9m2ma? [ e \ 2"
— d’r = — 2rrdr = ———— [ — 1.175
2712 Jauo " B2 /0 = T (Uo) ’ (1.175)

where r*(€)/a = (e/Uo)lh7 and S*(€) = mr*(€)? is the available area for particles with
energy < e. We note, that in the absence of a trapping potential the semiclassical
calculation above restores the correct answer m/(27h?)L? for the 2D density of states
of free bosons with a parabolic dispersion in a square box (here L is the system size).

Consequently, the total number of particles can be expressed as
N =N, —|—/ n(e, u, T)p(e)de =
0

2m2ma?

2/n+1 H
+ 7h2 (UO)Q/" (kgT) I'2/n+1)g2/p41 (exp ) , (1.176)

kgT

here Ny is the occupation of the ground state, n(e, u, T) = (exp B (e — u) —1)71, and
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1.6 Bose-Einstein condensation and dynamics of bosonic quasi-particles

the integral representation of the Bose function g,(z) (or PolyLog,(z)) is given by

gs(2) = ng) /0°° ey‘{z—— dy (1.177)

For ;1 = 0, we obtain

F2/n+1)g2mer(1) = I'(2/n+1)C(2/n + 1), (1.178)

which remains finite for all positive values of 7. Therefore, in an ideal two-dimensional
gas confined by a power-law trap, BEC always occurs at finite temperature. It is
instructive to notice that in case of a rigid box which corresponds to n — oo the
quantity g1 (1) diverges, and BEC does not occur, in agreement with the no-go theorem.
If the system of non-interacting particles is subjected to a non-isotropic 2D potential,
the requirement for BEC to occur at finite temperature is that n; ' + 7, < co. By
setting No = 0 and g = 0 we immediately find the critical temperature in 2D trap
from the equation above:

/(2+n)
kpT?P = NG o (1.179)
Ble =\ 2r2ma2l(2/n + 1)C(2/n + 1) ' ‘

Since in real systems one must have some trap in order to confine the bosons to form
a (quasi-)2D system, it implies that BEC may occur at finite temperature despite the
Mermin—-Wagner—Bogoliubov-Berezinskii-Hohenberg theorem, which prohibits spon-
taneous breaking of continuous symmetries in systems with sufficiently short-range
interactions in dimensions d < 2. However, the form of the trap significantly affects
the value of the critical temperature.

In 2006, Bose-Einstein condensation of exciton-polaritons was achieved at the tem-
perature of 20K [243], which highly exceeds the critical temperature for cold-atom
condensates. They demonstrated a large occupation of the lowest momentum state
after passing the threshold, see Fig. 1.16.

However, we have to comment on the difference between the conventional cold atom
BEC and polariton BEC. Polaritons have a finite lifetime and thus in order to achieve
the stationary state one has to facilitate an external pump to compensate for the
radiative decay of the particles.

1.6.3 Gross-Pitaevskii equation

We know that at low temperatures the system experiences a phase transition (BEC)
and a macroscopic fraction of particles gets accumulated in the ground state, even
though, strictly speaking, the critical temperature T, = 0 in 1D or 2D, see details
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in the previous sections. The phase transition is accompanied by the U(1) symmetry
breaking which can be understood with the help of a symmetry-breaking field as shown
in [45, 46]. The basic idea can be demonstrated as follows, we start with many-body
Hamiltonian describing a set of interacting bosons without internal degrees of freedom

i = [ @it )G diwy+g [[ @it i @)V @) b () d), (1.150)

where as usual

r) =Y t(r)a, (1.181)

and

[zz}(r), ot (r')} —5(r—r). (1.182)

The low energy scattering properties of a realistic interaction potential can be repro-
duced by an effective contact repulsive potential V(n r’) = ad(r—r’) if the correspond-
ing macroscopic wavefunction (will be introduced below) varies slowly on the distances
of the order of the range of the realistic interaction potential. The chemical potential

is set to zero. If one adds a symmetry breaking of the form —vvV (e’w&o + eid’dg),

where V is the volume (area) of the system, then the following statement holds [45, 46]

lim li 0, 1.183
which shows that the ground state spontaneously breaks the U(1) symmetry and the
ground state occurs a non-zero expectation value of the operator g, which hints us
that the ground state is a coherent state. Let’s now use the following trial many-body
state that is parameterized by a complex-valued "macroscopic wave function" ¢(r):

D, §) = el Crlowd! =67 i) (1.184)

)
|¢) = Dlo

N4

(1.185)

where |0) is the vacuum state. This is equivalent to demanding that each mode in the
reciprocal space is in the coherent state. For this trial wave function, the following
relation holds

b(r)|d) = b(r)|¢). (1.186)

We note that this ansatz for the many-body state cannot describe all correlations
present in the true ground state, it captures the leading term in the energy for dilute
systems. Using this state as an initial state of the system we write down the Heisenberg
equation of motion for the field operator z/AJ(r, t):

2
0u6(r, 1) =~ A0(r,1) + alo(r, O P6(r, ) (1.157)
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1.6 Bose-Einstein condensation and dynamics of bosonic quasi-particles

which is called the Gross-Pitaevskii equation and is suitable for describing the propa-
gation of coherent polariton wave packets in microcavities.

Now we recall that actually polaritons possess an internal degree of freedom — pseu-
dospin and thus the macroscopic wavefunction has two components. In real space, it
has the following form in the basis of circularly polarized states

B(r) = ( 3218 ) (1.188)

This wavefunction allows to calculate the Stokes parameters:
n(r) = [pr(r)|* + oy (1),
s:(r) = Re [¢](r)d1(r)] .
sy(r) = Im [¢](r)d4(r)] ,
1
5 o) — oy (r)?]

1.189
1.190
1.191

—~ o~ —~
—_— — T T

s.(r) = 1.192

2
and how they vary in space and time.

Now let us discuss the spin anisotropy of the polariton interaction. Polaritons interact
due to their excitonic component. As we have shown previously the interaction of
excitons is dominated by the exchange interaction and the direct interaction can be
disregarded. In the case of two bright polaritons with the same pseudospin projection,
the exchange interaction leaves them bright. On the contrary, for two bright excitons
with opposite pseudospin projections the exchange interaction turns them into a pair
of dark excitons. The later process is suppressed for polaritons as compared to the
former. This leads to a spin anisotropy of the interaction, i.e. the absolute value
of the interaction strength a; of the excitons with the same pseudospin projections
are typically much larger than the interaction strength as of excitons with opposite
pseudospin projections [43], which is negative (ag < 0).

1.6.4 Semiclassical Boltzmann equation

The opposite regime to the one, considered in the previous section where we intro-
duced the Gross-Pitaevskii equation, corresponds to relatively high temperatures. This
regime ignores any coherent processes occurring in the system and is governed by the
rate equations (Semiclassical Boltzmann equations) for the occupation numbers ny.
The corresponding rate equations are obtained from the Lindblad equation for the den-
sity matrix. This approach is sketched below. We start the Liouville-von Neumann
equation for the density matrix p of exciton-polaritons (or excitons) and phonons,
written in the interaction picture
dp

Zha - [ﬁint(t)7p]ﬂ (1‘193)
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where the Hamiltonian ﬁmt(t) in the second-quantization form reads
I;[int (ﬁ) = Z Vk’k/ei(nk/7Qk7wk/*k)tbk/,kaka;r(, + h.c. (1194)
kK’

Here a (aT) are the polariton annihilation (creation) operators and b (bT) are the
phonon annihilation (creation) operators. (2 and wy are the dispersions of the po-
laritons and phonons, respectively, and Vi i/ are the corresponding scattering matrix
elements.

Now we assume that initially the bath and the system are not correlated p(t = 0) =
Pph @ ppol(t = 0). Usually, as the next step in many textbooks, it is assumed there
are no correlations between the polariton subsystem and its environment (phonons)
at any future moment of time such that the total density matrix can be written as a
tensor product for any ¢t > 0. Even though this assumption is not correct as shown
in [47], since the bath gets entangled with the system, it leads to the right master
equation. The correct (weakened) assumption is

Trpn[Ap(t)] = Trpn [Appn(t)] ppor(t), (1.195)

where A is an arbitrary operator defined in the bath (phonons) Hilbert space. This
is the Born approximation that requires: (a) that bath-related observables can be
calculated from the bath density matrix solely and the state of the system doesn’t
significantly affect them; (b) this property holds throughout the evolution. These
assumptions are justified if the interaction is weak, and if the environment is much
larger than the system. The next step is the Markov approximation, which states the
system has negligibly short phase memory (it requires that environmental (phonon)
correlation functions decay on a time-scale fast compared to those of the system) and
dppoi(t)/dt depends only on the density matrix of the total system p(t) at the same
moment of time and not on p(7) for 7 < t. After tracing out the phonon degrees of
freedom we arrive at the following equation for the polariton density matrix

dppor 1
ilio 2 > 2 Wik (QGLak/PpolaLak — axajaj, aw ppor - ppolakaLaL/ak’>
k k#k’

1
3 D2 Wi (2‘111' Qi Ppolic/ @ — il A kol — Ppolak/aﬂfaltak)

k kAk'
(1.196)
where from Fermi’s golden rule the scattering rate is given by [19]
27
Wi = 7 3 [Vl (0 + Nw) 6 (B () = B() F horcre) . (1.197)

k—k’

where Ng is the phonon distribution which in equilibrium follows the Bose distribution,
and f+ = 1,0 is a quantity whose sign fits the one in the delta function corresponding to
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1.7 Quantum Rabi Model

phonon emission/absorption. As the next step we neglect quantum entanglement and
correlations between different k-states which is reasonable in the absence of polariton-
polariton interactions, by writing the polariton density matrix in the following form

ppot = [ [ px (1.198)
k

The populations of the polariton states with wavevector k are given by ny, = Tr (aLak pk) ,

from where one obtains

dnk
pr = —nk ; Wik (1 + nk/) + (1 + nk) ;Wk/_)knk/ (1.199)

To include pump and decay one may rewrite the equation above as

dn
d7k = P — Iyny — ni Z Wk (]. + nk/) + (1 + nk) Z Wi —sxeniaer (1200)
t k’ k’

where Py is the (incoherent) pump term, I'y is the particle decay rate.

1.7 Quantum Rabi Model

In the previous sections, we discussed the regime of strong light-matter coupling in
planar microcavities, where both the matter excitations and photons could freely prop-
agate in the plane. In this section we discuss the Quantum Rabi Model, which de-
scribes the interaction between a zero-dimensional two-level system and a single pho-
tonic (bosonic) mode, being the full quantum generalization of the simple model of
light-matter interaction, introduced in Subsection 1.2.3. The results, presented in this
section, are relevant for Chapter 5 of the current thesis.

The Quantum Rabi Model describes the interaction between a two-level system (for
example, a trapped atom or quantum dot) and a cavity mode, in which this two-level
system is placed. Its Hamiltonian has the following from

R 0 - 2
HRabi = wodla + Z0-—d- E(rg) = woa'a + 50 =A% (a+af) (1.201)

where o, . are Pauli matrices for a two-level system and a (dT) is an annihilation
(creation) operator for a cavity field. The cavity field frequency is wp, the transition
frequency {2, and the coupling strength A\. We denote | 1 ({)) as eigenstates of o, and
|m) the eigenstate of afa. The first term describes the energy of the cavity mode, the
second term describes the energy of the two-level system, and the third describes the
energy of their interaction. The interaction term —d- E(ro) is written in the dipole
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approximation (i.e. it is assumed that the size of the two-level system, located at rg, is
much smaller than the wavelength of the cavity mode). The dipole moment operator
of the two-level system has the form d= d.40., and the electric field operator of the
quantized cavity mode is

R huo
E =1
(ro) = 2V eeq

where U(rg) is the cavity eigenmode, taken at the point r = rq. If we replace a — ia
(this transformation preserves the canonical commutation relation [a,a'] = 1), we get
the following interaction term

L hew
~d - E(ry) = /Te‘iodeg -U(ro)o, (a+af) = —oy (a+af). (1.203)

(a—a") Ulry), (1.202)

This model is relevant for many experimental set-ups, including a quantum dot in a
microcavity, circuit-QED and trapped cold atom systems. In the ultrastrong coupling
regime between the two-level system and the cavity mode, its ground state is char-
acterized by a nonzero average number of photons, which is quite surprising. It is
known that in the ultra-strong and deep-strong coupling regime (A > wp) of the Rabi
model the system is characterized by the non-vacuum ground state |¥g) which can
be approximated by |7c) ~ —5(|+) @ |a) + |=) @ | — a)) [314], where | + @) are the
bosonic coherent states, and |+) = %(| 1)+ |)) are the superpositions of the ground
and excited qubit states. Thus, in this regime, the ground state is a superposition of
two different classical states of light, which is why it is called the Schrédinger cat.

It turns out that the Quantum Rabi Model has some symmetry - all its non-degenerate
eigenstates, including the ground state, are eigenvectors of the parity operator, Il =

in(ata+1 . . . .
eim(@ a+5(1+02)), which measures an even-odd parity of total excitation number and
commutes with Hg.p;. The parity operator squared yield the identity operator, thus
the parity symmetry, together with the identity operator, form the cyclic group of

order 2 Zs.

1.7.1 Jaynes-Cummings model

When the coupling strength is much less than the energy scales set by the atomic
transition frequency and the bosonic mode frequency, i.e. A\ < wp, {2 and when the
detuning is small (Jw — 2| < |w + £2|), the quantum Rabi model can be effectively
reduced to the Jaynes-Cummings model, described by the following Hamiltonian

. N
Hjyc = woala + 502 - A (U+d + cr_&T) , (1.204)

where the raising and lowering atomic operators are defined as o4 = (0, +i0y)/2 (it
must be tensor-multiplied with an identity operator, acting in the bosonic subspace).
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Figure 1.17: Jaynes-Cummings ladder: the energy spectrum (first 16 levels) of the
Jaynes-Cummings model at zero detuning between the cavity mode and the two level
system §2 = wy

The Jaynes-Cummings Hamiltonian is obtained in the rotating wave approximation,
discussed earlier, by noting that in the aforementioned regime the two out of four
terms of the interaction term in the full Hamiltonian can be omitted Ao, (a + at) =
Moy +o_)(a+a') = Moya+ o_al). This is an exactly solvable model and its
spectrum (the so-called Jaynes-Cummings ladder) is shown in Fig. 1.17. We note that
the Jaynes-Cummnigs ladder corresponds with the exact spectrum of the quantum
Rabi model at small coupling strength, as seen in Fig. 1.18.

In the mean-field approximation, when the bosonic is assumed to be in the coherent
state one may replace the bosonic creation and annihilation operators a(a') by numbers
a(a*), which yields the following Hamiltonian

- 0
Y = 0=~ Aopato a’). (1.205)
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This mean-field Hamiltonian corresponds to the case when the photonic mode is de-
scribed by a classical light field and it was discussed earlier (it coincides with the
Hamiltonian (1.55)), and the parameter o has the meaning of the square root of the
average photon number in the cavity mode (|a|? = (7) = (a'a)).

1.7.2 Quantum phase transitions and spontaneous symmetry
breaking

i
i
R
|

[

Energy spectrum (E + A2/wg)/w,

0.0 0.5 1.0 1.5 2.0
Coupling strength A/wg

Figure 1.18: The energy spectrum (first 16 levels) of the Quantum Rabi Model at zero
detuning between the cavity mode and the two level system {2 = wy

Quantum phase transitions that arise in the Quantum Rabi Model in the strong cou-
pling regime. However, increasing the coupling strength, the energy distance between
the ground state and the first excited state decreases and tends to zero in the limit of
the infinitely strong coupling, which means that in this limit the ground state becomes
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degenerate (see Fig. 1.18). Any linear combination of the states from the degenerate
subspace is also an eigenstate. But linear combinations of distinct eigenstates are no
longer obliged to respect the symmetry of the Hamiltonian. This situation, when the
ground state of the system does not possesses the symmetry of the Hamiltonian, is
called spontaneous symmetry breaking. Can spontaneous symmetry breaking occur
with a finite coupling strength? We will address this question in the next paragraph.

(a) 1254 (b)
37 100
s _. 751
24 ®
o
o 2 50
14 254
04
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0.0 0.5 1.0 15 2.0 0.0 0.2 0.4 0.6 0.8 1.0
Coupling strength A/wg Coupling strength A/wq

Figure 1.19: Expectation value of the photon occupation (ata) in the ground state for
the case when (a) 2 = wy and (b) 2 = 10wy. We clearly see that when approaching
the limit £2/wo — o0, the average number of photons in the ground state is zero before
the threshold and nonzero after the threshold. These plots are obtained numerically
by exact diagonalization, the photon Hilbert space was truncated at 300 photons.
One should note, that when performing numerical calculations the results are valid
only when the corresponding occupation numbers involved in the simulation are less
than the truncation value.

Spontaneous symmetry breaking is inextricably linked with phase transitions. Let us
recall the second-order phase transition ferromagnet-paramagnet from classical sta-
tistical mechanics: when the temperature drops below the Curie temperature, the
material becomes spontaneously magnetized, i.e. a preferred direction of magnetiza-
tion appears in it, although the system itself (its Hamiltonian function) is invariant
under rotations - an example of spontaneous symmetry breaking. However, this hap-
pens only in the thermodynamic limit, i.e. when the number of particles and the
volume of the system tends to infinity while maintaining their ratio (concentration).
Such a transition has an order parameter (a value equal to zero before the transition
and having a finite value after the transition) - the average magnetization. Can one
find an analog of the thermodynamic limit in the Rabi quantum model? It is possi-
ble [319], due to the fact that the Hilbert space of the bosonic mode is infinite: one
needs to consider the following limit £2/wy — oco. In this limit, a spontaneous breaking
of Zo symmetry occurs at a finite coupling strength, and the order parameter of this
phase transition is (@), i.e. the average value of the photon annihilation operator in
the ground state (Zs symmetry forbids such an average to be nonzero). Also, for this
quantum phase transition the average number of photons in the ground state (a'a)
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is equal to zero before the transition (when the coupling strength is less than critical
value) and become nonzero after the transition as shown in Fig. 1.19(b) (Zy symmetry
does not forbid this quantity to be nonzero, in contrast to (a)).
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Figure  1.20: Mean-field  ground state energy Eg/wg = o) —

V(£2/w0)? +16(X/wo)2 Re(a)/2 as the function of the order parameter  (assumed
to be real). The subplot (a) corresponds to A = 0.2 < A\M¥ where there is only a
single minimum, the subplot (b) corresponds to A\ = 1.2 > \MF where there are two
different minima. Here we set wg = 2 = 1.

Few notes about the quantum phase transition (QPT) in the Quantum Rabi Model.
First, this phase transition is quantum, since occurs at zero temperature. Second,
this QPT is second-order because its order parameter (@) is a continuous function of
the coupling strength ), but its derivative is not (the same holds for (a'a) as shown
in Fig. 1.19(b)). Third, the QPT in the Quantum Rabi Model can be understood
from the mean-field theory, by assuming that the photonic component of the total
wavefunction is described by the coherent state (classical light), which corresponds to
replacing the photon annihilation operator by a number ¢ — «. Then one may find
the ground state of the resulting Hamiltonian, which is plotted as a function of « in
Fig. 1.20 (a) and (b) for two different values of the coupling strength. It is clearly seen,
that when the coupling strength ) is less than some critical value AMF predicted by
the mean-field approach then the single minimum at o = 0 is replaced by two minima
that are symmetric with respect to zero (£a), which is reminiscent of the superradiant
phase transition in the Dicke model. The mean-field approximation does not respect
the Zy symmetry of the initial Hamiltonian, forbidding the eigenstates to have a non-
zero expectation value of the photon annihilation operator a, thus the real ground
state turns out to be a linear combination of the two mean-field minima solutions
in the deep-strong coupling regime as discussed in one of the previous paragraphs.
This can be interpreted as the quantum tunneling between the classical mean-field
solutions, leading to their mixing. In the thermodynamic limit {2/wy — oo the height
of the barrier between the valleys where the minima are located becomes infinite, and
thus after the phase transition, the real ground state spontaneously breaks the Zo
symmetry and becomes equal to one of the classical mean-field solutions with a non
zero expectation value (a).
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1.7 Quantum Rabi Model

The quantum Rabi model is a paradigm for (strongly) interacting quantum systems
in general, and for the light-matter interaction in particular. It exhibits rich and
complex behavior while being at the same time remarkably simple and exactly solv-
able [57]. Since the quantum Rabi model describes the interaction between a two-level
system and a single bosonic mode, it is relevant far beyond the domain of light-matter
coupling, and, in particular, in Chapter 5 of the current thesis, the quantum Rabi
model and its generalizations will appear in the context of strongly coupled quantum
optomechanical systems.
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2 Quantum rings in the regime of
strong light-matter coupling

We demonstrate theoretically that a strong high-frequency circularly polarized electro-
magnetic field can turn a two-dimensional periodic array of interconnected quantum
rings into a topological insulator. The elaborated approach is applicable to calculate
and analyze the electron energy spectrum of the array, the energy spectrum of the
edge states and the corresponding electronic densities. As a result, the present theory
paves the way to optical control of the topological phases in ring-based mesoscopic
structures.

2.1 A 2D array of dressed quantum rings as a
topological insulator

2.1.1 Introduction

Symmetries play a crucial role in modern science since they determine physical prop-
erties of various systems. Particularly, the translational and inversion symmetries
together with the time-reversal symmetry defines the electronic structure of solids.
If one of the symmetries is broken, the electron energy spectrum complicates and
the electron system can reach topologically nontrivial phases [90]. So, the breaking
of inversion symmetry in semiconductor structures can lead to the transition from
the normal semiconducting state to the topological insulator — the matter that be-
haves as an insulator in its interior but whose edges contain conducting electronic
states [91, 92, 256]. The breaking of time-reversal symmetry — for instance, by appli-
cation of a magnetic field — radically changes the electron energy spectrum as well,
resulting in the discrete set of Landau levels within the bulk and the chiral edge states
at the boundaries. In turn, the Coulomb interaction can further complicate the phys-
ical picture leading to the incompressible Laughlin states and other exotic phases of
matter [93].

It has been recently shown that topologically nontrivial phases may arise not only
in the condensed-matter electronic systems but also in photonic structures [94, 95]
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2 Quantum rings in the regime of strong light-matter coupling

or in the strongly coupled light-matter systems based on cavity polaritons [96-99].
Moreover, in ring-like nanostructures (particularly, in mesoscopic ballistic rings) the
coherent coupling of electrons to a circularly polarized electromagnetic field leads to the
appearance of an effective U(1) gauge field which breaks the time-reversal symmetry.
Particularly, this field results in the physical nonequivalence of clockwise and coun-
terclockwise electron rotations in an irradiated QR similarly to a stationary magnetic
field [100-102]. The field-controlled interference of the electron waves corresponding
to these rotations opens a way to an optical tuning of QR arrays [103]. Currently,
QRs are actively studied both experimentally and theoretically as a basis for various
nanoelectronic applications [104]. Developing this the scientific trend in the present
chapter, we demonstrate theoretically that a circularly polarized field can turn a two-
dimensional (2D) array of interconnected QRs into a topological insulator.

The chapter is organized as follows. In Sec. 2.1.2, we elaborate the theory describing
the stationary electronic properties of an irradiated array of QRs. In Sec. 2.1.3, we
derive the electron energy spectrum of the array, calculate the spectrum of electronic
edge states and the corresponding electronic densities, and analyze the found edge
states within the formalism based on the Chern numbers.

2.1.2 Model

Let us consider the 2D periodic array of interconnected QRs which are irradiated
by a high-frequency circularly polarized electromagnetic wave with the electric field
amplitude, Ey, and the frequency, w, assumed to be far from resonant frequencies
of electrons (see Fig. 2.1). Since the wave is both off-resonant and high-frequency
(“dressing field” within the conventional terminology of quantum optics), it cannot
be absorbed by conduction electrons (see, e.g., the discussion in Refs. [105, 106]).
Correspondingly, the effects caused by the dressing field substantially differ from the
effects induced in QRs by absorption of light (see, e.g., Refs. [107-110]). Physically, the
circularly polarized dressing field breaks the time-reversal symmetry and, therefore,
effects on the electron system in the QR similarly to a stationary magnetic field [100].
In particular, the electronic properties of a dressed QR can be described by the effective
stationary Hamiltonian,

(ﬁ(b - eAeff)2
Hpg=——""—" 2.1
eff Qme ) ( )
where pg is the operator of electron momentum in the QR, and
eF?
Aot = =2~ 2.2
off 2Rm w3 (2:2)

is the artificial U(1) gauge potential produced by the interaction between electrons in
the QR and circularly polarized photons of the dressing field [101]. It follows from
Egs. (2.1)—(2.2) that the effective vector potential, Aeg, is responsible for the optically
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2.1 A 2D array of dressed quantum rings as a topological insulator

induced Aharonov-Bohm effect [101, 102] and results in the phase incursion of an
electron wave traveling between nearest quantum point contacts (QPCs),

emRAg el B2

= f— . 2.
%o oh Am, fw® (2.3)

Within the conventional scattering matrix approach [111, 112], the amplitudes of elec-
tronic waves propagating in the array, Ay, B4, Cy, Dy, Fy, G4, Hy, I, satisfy the
following set of equations,

A_e—iqd/Q A+eiqd/2
F, =8| F_ei(maR/2=¢0) | (2.4)
I. [ ei(raR/2+60)

B+e—iqd/2 B_ eiqd/?
F_ =S| Fpeilmak/2tdo) | (2.5)
G_ G+ei(ﬂqR/2_¢0)

Cie—iqd/2 C+eiqd/2
G, =S| G_eimakt/2+do) | (2.6)
H+ H_ei(ﬂ'qR/Q_d)O)

D+67iqd/2 Dieiqd/Q
H_ =S| Hye'lmak/2+¢0) | (2.7)
I 1, ¢i(maR/2=b0)

where the scattering matrix is
V1 —2e? € €
S — c 7(14’\/217252) (17\/127252) (2.8)
(1-v1-2e2)  —(1+V1-2¢2)
2 2

¢ is the electron transmission amplitude through QPCs (0 < ¢ < 1/v/2), hg = /2m.E
is the electron momentum, m, is the electron effective mass, F is the electron energy,
and ¢y is the field-induced phase incursion (2.3). Applying the Bloch theorem to the
considered periodic array of QRs, we arrive at the equations

() (%)
()= (5,).

where k = (k;, k,) is the electron wave vector originated from the periodicity of the
array and T = d + 2R is the period of the array. Mathematically, Egs. (2.4)-(2.7) and
Egs. (2.9)-(2.10) form the homogeneous system of sixteen linear algebraic equations
for the sixteen amplitudes Ay, By, C1, Dy, Fy, G4, Hy, I;. Solving the secular
equation of this algebraic system numerically, we arrive at the sought electron energy
spectrum of the irradiated array, E(k), which is discussed below.
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2 Quantum rings in the regime of strong light-matter coupling

dr2 2R dr

Circularly
polarized light

Figure 2.1: Sketch of the system under consideration: (a) The 2D periodic array of
quantum rings (QRs) irradiated by a circularly polarized electromagnetic wave with
the electric field amplitude EO; (b) The elementary cell of the 2D array with the
period T, which consists of a QR with the radius R, four leads with the length d/2
and four quantum point contacts (QPC). The green arrows correspond to electron
waves traveling in different ways with the amplitudes A+, B+, Cy, Dy, Fy, G4,
Hy, 1.

2.1.3 Results and discussion

The first six energy bands, E(k), of the 2D infinite periodic array of QRs with trans-
parent QPCs (¢ = 1/4/2) are plotted in Figs. 2.2a-2.2c for various directions I'-X-M-I"
in the Brillouin zone of the array (see Fig. 2.2d) and various phase incursions, ¢g. In
the absence of the dressing field (¢9 = 0), the electron energy spectrum plotted in
Fig 2a has no gaps in the density of electronic states and consists of two flat bands (1
and 6), which correspond to electron states localized within QRs, and four bands (2-5)
corresponding to delocalized electron states propagating along the array. The dressing
field (¢o # 0), firstly, results in coupling between localized and delocalized electron
states (see the dispersions of the 6-th band in Figs. 2.2a and 2.2b) and, secondly, in-
duces the energy gaps between different bands (see the green strips in Figs. 2.2b-2.2¢).
In what follows, the gaps between the bands with the numbers ¢ and j are denoted as
A;j;. It should be noted that the values of the field-induced gaps depend periodically
on the dressing field as it is shown in Fig. 2.2e. Let us demonstrate that edge states
— both topologically protected and unprotected — appear within these field-induced
band gaps.

Following the conventional theory of topological insulators [256], we have to fold the
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2.1 A 2D array of dressed quantum rings as a topological insulator

Brillouin zone pictured in Fig. 2.2d as a torus 72. Then the Chern number corre-
sponding to the n-th band of the considered periodic array is defined as

Cp = i/ d?kF,,(k), (2.11)
T2

- 2mi
where F,,(k) = 0A,/0k, — 0A; [0k, is the field strength associated with the Berry
connection, A4;(k) = (n(k)\%\n(k)) is the vector potential of the field, and |n(k)) is
the normalized Bloch wave function of the n-th band [256]. Applying Eq. (2.11) to
the Bloch functions found from Egs. (2.4)-(2.10), we arrive at the Chern numbers of
the considered bands: C; =0, Co = —1,C3 =1, Cy =1 and C5 = —1. According to
the bulk-boundary correspondence [256], the sum of the Chern numbers of the bands
below a certain gap is equal to the number of topologically protected edge modes in

the gap (per each boundary):
N = ‘ pye
i

It follows from Eq. (2.12) that two branches of the topologically protected edge states
must exist within each of the two band gaps, Ass and Ays, if the array of QRs is of
finite size along one dimension. To find the energy spectrum of the branches, let us
restrict the consideration by the array which is infinite along the x axis and includes
only five QRs along the y axis (see Fig. 2.3a). The energy spectrum of electrons in this
array can be easily calculated within the approach developed in Sec. 2.1.2 with the
only difference: The elementary cell of the finite array pictured in Fig. 2.3a consists
of five QRs, where the edge rings (with the numbers 1 and 5) have three QPCs unlike
the others. The energy spectrum of the lowest bands of delocalized electrons in this
array, F(k), is plotted in Fig. 2.3b. As a first consequence of the finite size of the
array along the y axis, each delocalized band of the 2D infinite array (see the branches
2-5 pictured in Figs. 2.2a-2.2¢) is split into five subbands in Fig. 2.3b. As a second
consequence, the branches of edge states within the band gaps appear (see the red,
blue, and green curves in Fig. 2.3b). The edge character of these branches follows
clearly from the calculated electron density, R, which has its maximum at edge QRs
with the numbers 1 and 5 (see Figs. 2.3¢-2.3¢). It follows from the aforesaid that the
branches of edge states plotted in red and blue — which connects two adjacent bands
— are topologically protected since their numbers satisfy the condition (2.12). On the
contrary, the edge states plotted in green are not topologically protected since they
correspond to the zero number (2.12).

: (2.12)

It should be noted that the bandgap, As4, can also be opened by varying the electron
transmission amplitude through QPCs, €. Namely, Azy # 0, if the transmission
amplitude is ¢ < 1/v/2. However, this gap opening does not result in topological
edge states since the corresponding number (2.12) is zero. As a consequence, only
field-induced band gaps can turn the periodic array of QRs into topological insulator
and, therefore, the strong electron coupling to a circularly polarized dressing field is
crucial for the effect under consideration. Physically, this follows from the fact that
the circularly polarized dressing field effects on electron system in a QR similarly
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2 Quantum rings in the regime of strong light-matter coupling
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Figure 2.2: Electron energy spectrum, E(k), of the first siz bands (1-6) in the 2D
infinite periodic array of GaAs-based QRs with the radius R = 30 nm, the period
T =100 nm and the electron transmission amplitude, ¢ = 1//2, in the presence of
a circularly polarized electromagnetic field with the different phase incursions, ¢q:
(a) o = 0; (b) ¢o = 7/9; (¢) po = 7/4. The green strips depict the field-induced
band gaps, the plot (d) shows the first Brillouin zone of the 2D periodic array of QRs
and the plot (e) presents the dependence of the bandgap, Ass, on the field-induced
phase incursion along a whole QR, &g = 4¢yg.

to a stationary magnetic field (see Eqgs. (2.1)—(2.3) and the detailed discussion in
Refs. [100-102]). As a consequence, formation of the edge electron states similar to
those appearing in the quantum Hall effect takes place in the considered periodic array
of irradiated QRs.

Finalizing the discussion, we have to formulate the conditions of observability of the
predicted effects. From this viewpoint, there are the two fundamental restrictions: (i)
the mean free path of electron for inelastic scattering processes should be much greater
then the array period T (ii) the time of electron traveling through a ring should be
much less than the field period, 27 /w. In the considered case of GaAs-based QRs with
the Fermi energy of meV scale and the array period T' ~ 10~°cm, the both conditions
can be satisfied for a dressing field near the THz frequency range. Since the calculated
field-induced band gaps are of meV scale for such a dressing field with the intensity
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2.1 A 2D array of dressed quantum rings as a topological insulator

I ~ kW /cm?, the discussed topological edge states can be detected in state-of-the-art
experiments.

In conclusion, we developed the theory of electronic properties of the 2D periodic array
of interconnected ballistic quantum rings (QRs) interacting with an off-resonant cir-
cularly polarized high-frequency electromagnetic wave (dressing field). It was demon-
strated that the Aharonov-Bohm effect induced by the dressing field substantially
modifies the electron energy spectrum of the array, opening band gaps, and producing
edge states — both topologically protected and unprotected — within the field-induced
gaps. As a result, the light-induced topological insulator appears. The present theory
paves the way to optical control of the electronic properties of QR-based mesoscopic
structures.
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Figure 2.3: Electronic properties of the finite array of QRs: (a) Sketch of the finite
array of QRs which is infinite along the x azis and consists of five QRs along the
y azis; (b) The energy bands, E(k), of the finite array consisting of GaAs-based
QRs with the radius R = 30 nm, the period T'= 100 nm and the electron transmis-
sion amplitude, € = 1//2, in the presence of a circularly polarized electromagnetic
field with the phase incursions, ¢o = w/9. The red and blue lines correspond to the
topologically protected edge states, whereas the green lines correspond to unprotected
ones; (c¢)—(e) distribution of the electron density, R, in QRs with the different num-
bers for the state corresponding to the intersection of the red branches at k = 0 in
the plot (c), the state corresponding to the upper red branch at k,T/m = —0.007 in
the plot (d), and the state corresponding to the upper red branch at k., T/m = 0.007
in the plot (d).
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2 Quantum rings in the regime of strong light-matter coupling

2.2 Dressed quantum ring with the Rashba spin-orbit
interaction

In the section, we developed the theory of electronic properties of a semiconductor
quantum ring with the Rashba spin-orbit interaction irradiated by a high-frequency
linearly-polarized electromagnetic field (dressing field). Within the Floquet theory
of periodically driven quantum systems, it is demonstrated that the dressing field
drastically modifies electronic characteristics of the rings and leads to light-induced
spin-orbit coupling.

2.2.1 Model
EM wave

electron

2

Figure 2.4: Sketch of the system under consideration: The quantum ring (QR) with
the radius R irradiated by a linearly polarized electromagnetic (EM) wave with the
electric field amplitude Eqg. The electron spin (the dark blue arrow) is directed along
the local quantization axis (the dashed blue line) with the spin angle .

To describe an irradiated QR (see Fig. 2.4), we have to start from the Hamiltonian
describing an irradiated two-dimensional (2D) electron system with the Rashba spin-
orbit interaction

(b—cA)’

7:\[ =
2D o

+ afogy(py — eAy) — oy (Py — eAy)], (2.13)
where p = (P, Dy) is the operator of electron momentum, m is the effective electron
mass, e is the electron charge, o is the Rashba spin-orbit coupling constant, o, .
are the Pauli matrices, A = (4,,A4,) = ([Eo/w]coswt,0) is the vector potential of
a linearly polarized electromagnetic wave (dressing field) in the 2D plane, Ey is the
electric field amplitude of the wave, and w is the wave frequency which is assumed to
be far from resonant electron frequencies. Applying the standard approach [253] to
transform the 2D electron system into the one-dimensional (1D) ring-shaped one, we
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2.2 Dressed quantum ring with the Rashba spin-orbit interaction

arrive from the 2D Hamiltonian (2.13) at the Hamiltonian of irradiated QR,

2
Haor =H + | Vo™ + He. |, (2.14)
n=1
where the stationary part,
- 12 a - o e2E?
'= s o ol — ’h—“"} L 2.15
2mR2 + R {a,, 7 + dmw?’ (2.15)

is the Hamiltonian of the unperturbed QR up to a field-induced constant shift of
energy,

. eEy .~ .. COSp aeEy
o= ( i, —in ) e, 2.1
! 2mRw sy ‘ 2 + 2w Ty (2.16)
N e?E2
Vo, = —2% 2.17
2 8mw?’ (217)

is the periodical part with the two harmonics originated from the irradiation, R is

the QR radius, [, = —ihd/Jyp is the operator of angular momentum along the z-
axis, ¢ is the polar angle of an electron in the QR, o, = cosypo, + singpo, and
0, = —singpo, + cospo, are the Pauli matrices written in the polar coordinates.

Applying the conventional Floquet-Magnus approach to renormalize the Hamiltonian
of irradiated QR and restricting the consideration by the leading terms in the high-
frequency limit, we can reduce the time-dependent Hamiltonian (2.14) to the effective
time-independent one,

(2.18)

n=1 n=1

Substituting Eqs. (2.15)—(2.17) into Eq. (2.18), one can rewrite the effective Hamilto-
nian (2.18) as

H="Ho+V, (2.19)
where
N 2 « - o eFEya o
— z . lz _ hi] _ zYz
o 2m* R? * R {Up " ( Rw? > mh
eE2 1 [ heEy \°
il il 2.20
+ 4mw? + 2m <4mR2w2) ’ (220)
- 3 1y . . R?
V = |:16’Y% (o)) 290 - ’y%’yg <’)/§ - 4) 10, S1N 90:| W
. 2 . T
17y sin 2¢ 1 hl,
+ [12 — 27772 (73 - 4) O COS@] Imi?
2
2
4y UEBPp (2.21)

SmR2 %’
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2 Quantum rings in the regime of strong light-matter coupling

where
m

T + 3 (eEy/2mRw?)*

*

(2.22)

is the effective electron mass renormalized by the irradiation, v, = |e|Eg/(mRw?) is the
dimensionless parameter describing the strength of electron-field coupling, and o =
mRa/h is the dimensionless parameter describing the strength of Rashba spin-orbit
coupling. As expected, the Hamiltonian (2.19) exactly coincides with the Hamiltonian
of unirradiated QR [253] in the absence of the field (Ey = 0).

It should be noted that all effects originated from the direct spin interaction with
the magnetic component of the dressing field (particularly, the Zeeman effect and the
Aharonov-Bohm effect) are relativistically negligible since the amplitude of magnetic
induction of the field, By = Fy/c, is very small for reasonable field intensities. There-
fore, they are omitted in the developed theory. We also neglected effects arisen from
overlying electronic modes, assuming the typical distance between transverse electronic
minibands (tens meV for state-of-the-art QRs [113]) to be sufficiently large than the
photon and electron energies under consideration.

2.2.2 Reuslts and discussion

To consider the Schrédinger problem with the effective Hamiltonian (2.19), let us start
from its part (2.20). Two exact eigenstates of the Hamiltonian (2.20) can be written
as

y cos e ie/2
Ty (p) = €% ( —si(rf(/;/)Q)eW/z ) (2.23)
and
i sin e"ie/2
Pa(p) = €% ( coéﬁg//?)ewm > ) (2.24)
where
& = arctan 2m” Ra/h 5 (2.25)
2(m*/m) (eEpa/w?h)” + 1

is the angle between the local spin quantization axis and the z-axis (see Fig. 2.4). It
follows from single-valuedness of the eigenstates, ¥1 2(¢) = ¥ 2(¢ + 27), that the z-
component of total angular momentum of the electron, j,, must satisfy the condition,
Jj: = An+ 1/2, where n = 0,1,2,... is the orbital quantum number corresponding
to the electron rotation in QR and the sign A\ = + describes the direction of the
rotation (counterclockwise/clockwise). Omitting constant terms which only shift the
zero energy, one can write the electron energy spectrum of the eigenstates (2.23)-(2.24)
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2.2 Dressed quantum ring with the Rashba spin-orbit interaction
as

1
An+ =

B S

3 —7h2 )\n+1 2—&-77;02
S T 9 R2 2 om* R2

Eoa\2 ]
m* ebpa

X 2 1
where s = +1 is the quantum number describing the spin direction along the local
quantization axis (see Fig. 2.4) and the spin s = +1 corresponds to the greater energy

(2.26). Within the conventional notation [114] based on the three quantum numbers,
[n, A, ), the eigenstates (2.23)-(2.24) can be written as

o o eingo COS(§/2) .
In, +,—1) = ( —sin(£/2)et® > ) (2.27)

I, +, +1) = ¢ < C(f;&(%)i)w ) : (2.28)

|n,—,+1>:e—”w< cos(&/2) ) (2.29)

2

2am*R
am (2.26)

h

_|_

—sin(¢/2)et?

In, —, —1) = e~ ( c;;?g(fz/;e)v ) : (2.30)

forn=1,2,3... and

10,4, —1) = ( _;i?%/i))eiw ) (2.31)

0, +,+1) = ( 055?5(52/)26)“" > (2.32)

for n = 0. Tt follows from Eq. (2.26), particularly, that €®,, = 5 _,. This means that
the states |n, —, s) and |n — 1,4, s) are degenerated.

The eigenstates and eigenenergies (2.23)—(2.32) can be easily verified by direct substi-
tution into the Schrédinger equation with the Hamiltonian (2.20). However, the total
effective Hamiltonian (2.19) consists of the two parts, including both the discussed
Hamiltonian 7, and the term V. Therefore, we have to analyze the effect of the term 1%
on the found solutions of the Schrédinger problem with the Hamiltonian Ho. It follows
from Eqs. (2.21) and (2.27)-(2.32) that (n’, X, s'|V|n, A, s) ~ dxx for n,n’ > 1. Thus,
the term V does not split the degenerate states |n, —, s) and |n—1,+, s). It should be
noted also that the discussed regime of strong light-matter coupling is conventionally
defined as a light-induced renormalization of electronic properties without the light
absorption by electrons (see, e.g., the discussion in Ref. [120]). Particularly, the main
absorption mechanism for semiconductor structures dressed by an off-resonant elec-
tromagnetic field — the collisional absorption of the field by conduction electrons —
can be neglected if w7 > 1, where 7 is the electron relaxation time [115]. Therefore,
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2 Quantum rings in the regime of strong light-matter coupling

we have to consider the case of high-frequencies, w, when the condition 7; < 1 can
take place. It follows from this that the discussed term Vo~ 7% can be considered as a
weak perturbation for a broad range of QR parameters. Particularly, the conventional
criterion of perturbation theory,

(', N, s'|V|n, X, s)
€S, , — €l
A'n/ An

<1, (2.33)

can be satisfied for the first tens of energy levels (2.26) in the typical case of InGaAs-
based QRs with the effective mass m = 0.045m,, radius R = 200 nm and the Rashba
coupling constant o &~ 10* m/s. As a consequence, the effective Hamiltonian (2.19)
can be reduced to the simplified Hamiltonian (2.20). Correspondingly, the found eigen-
states and eigenenergies (2.23)—(2.32) can be applied to describe electronic properties
of the irradiated QR.

It follows from the Hamiltonian (2.20) that the irradiation of QR results in the two
main effects: First, it renormalizes the electron effective mass (2.22) and, second, it
leads to the unusual spin-orbit coupling ~ [,o, described by the third term of the
Hamiltonian (2.20). In turn, these effects lead to the dependencies of the spin angle
(2.25) and the energy levels (2.26) on the irradiation intensity. Namely, the relatively
weak irradiation can decrease the angle to tens percents of its initial value in the
unirradiated QR, § = arctan (2amR/h). Since the modulation of spin orientation
by various external actions lies in the core of modern spintronics [116-119], the found
strong dependence of the spin polarization on the irradiation can be used, particularly,
in prospective ring-shaped spintronic devices operated by light. The irradiation also
strongly affects the energy of the electron levels in the QR and their spin splitting.
Such a light-induced modification of the energy spectrum (2.26) can manifest itself,
particularly, in optical measurements.

2.3 Conclusions

We considered the 2D periodic array of interconnected ballistic quantum rings, dressed
by an off-resonant circularly polarized high-frequency electromagnetic wave. It was
shown that the light-induced Aharonov-Bohm effect opens topological band gaps in
the band structure of the array. As a result, the light-induced Floquet topological
phase appears.

Also, we demonstrated that the key electronic characteristics of QRs with the Rashba
spin-orbit interaction — the structure of electron energy levels and the spin polar-
ization of electrons — strongly depend on off-resonant irradiation. Particularly, the
modification of both electron effective mass and the spin-orbit coupling appears. It is
shown that the irradiation-induced renormalization of the electron energy spectrum
can be observed in state-of-the-art optical experiments, whereas the light sensitivity
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2.3 Conclusions

of the spin orientation can be exploited in prospective spintronic devices operated by
light.

89






3 Topological metamaterials based
on polariton rings

Chern insulator phase is shown to emerge in two-dimensional arrays of polariton rings
where time-reversal symmetry is broken due to the application of an out-of-plane mag-
netic field. The interplay of Zeeman splitting with the photonic analog of spin-orbit
coupling (TE-TM splitting) inherently present in this system leads to the appearance
of synthetic U(1) gauge field and the opening of topologically nontrivial spectral gaps.
This results in the onset of topologically protected chiral edge states similar to those
forming in the quantum Hall effect. In one dimensional zigzag arrays of polariton rings
edge states similar to those appearing in the Su-Schrieffer-Heeger (SSH) model are
formed.

3.1 Introduction

Since the discovery of the quantum Hall effect [233] and its interpretation in terms of
topological invariance [270], there were several breakthroughs in the field of topological
condensed matter physics. Fractional quantum Hall effect [234, 269] was interpreted
in terms of composite fermion theory by Jain [236] and non-Abelian anyon statis-
tics by Xiao-Gang Wen [237]. Later on, ideas of the topological protection of the
quantum Hall phase edge states were generalized to the concept of the bulk-boundary
correspondence [235]. Finally, the introduction of the hierarchy of topological invari-
ants [258] drastically increased the range of available topologically nontrivial electronic
configurations and corresponding edge states [251].

The recent decade has seen the rise of topological photonics, following the predic-
tion of topologically protected optical crystal edge states similar to the conducting
electronic edge states [259]. Existing proposals for topological photonics exploit sym-
metry breaking with synthetic magnetic fields in arrays of coupled waveguides [260],
a spatial analog of Floquet modulation [261], and magneto-optic metamaterials [262].
Recently, strong light-matter interaction in coupled microcavities was predicted to
yield topological polaritonic edge states [263-265].

In contrast to topological photonics, the topological states of polaritonic systems can
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3 Topological metamaterials based on polariton rings

be controlled with a real magnetic field or via strong particle-particle interactions [266].
The latter gives an additional twist to polariton-based systems, which can demonstrate
nonlinear topological effects related to optical bistability [267]. Moreover, bosonic
stimulation of polariton-polariton scattering allows spontaneous coherent emission
from topologically nontrivial states [268]. Overall, the nonlinearity stemming from
polariton-polariton interactions, responsible for the crossover from polariton lasing to
polariton Bose-Einstein condensation, provides a unique opportunity of studying new
interacting bosonic topological phases.

Polaritons are neutral particles, so the application of an external magnetic field affects
only their spin but not orbital motion. However, as it was shown in the Ref.[247]
in non-simply connected geometry such as polariton ring, the interplay of Zeeman
splitting with the photonic analog of spin-orbit coupling (TE-TM splitting) inherently
present in this system leads to the appearance of synthetic U(1) gauge field affecting
orbital motion. The effect is due to the appearance of the non-zero geometric Berry
phase during one round of the rotation along the ring [248]. In this chapter, we extend
the idea of synthetic U(1) field for polariton system to the case of periodic arrays of
microcavity rings. We demonstrate that in a 2D array of polariton rings the presence
of synthetic U(1) field leads to the nontrivial band topology, characterized by nonzero
Chern numbers, and induces topologically protected unidirectional edge states, similar
to those appearing in QHE. In a 1D zigzag array of the rings edge states similar to
those appearing in the Su-Schrieffer-Heeger (SSH) model are formed.

The work is organized as follows. In Section II we construct and diagonalize the
Hamiltonian of a single polariton ring accounting for both TE-TM and Zeeman split-
ting. The results are then used for the topological analysis of two-dimensional cavity
ring arrays presented in Section III and zigzag chains of annular cavities presented in
Section IV. Conclusions summarize the results of the work.

3.2 Single polariton ring

In this section, we derive formally the effective 1D Hamiltonian describing a single
polariton ring (see Fig. 3.1) with the TE-TM splitting in the presence of a magnetic
field. We start with from the Hamiltonian of 2D polariton inside a planar microcavity
[291]

~ ﬁ(l(f() +A,/2 AﬁTE-TM(lA()
Hyp = ( Hr}E-TM(k) Ho(k) — AZ/2> ’ (3.1)

where the diagonal terms IA:IO describe the kinetic energy of lower cavity polaritons,
and the off-diagonal terms Hrg.Ty correspond to the longitudinal-transverse splitting.
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3.2 Single polariton ring

éu Y T B

N |

Figure 8.1: Schematic of the considered geometry. The cavity (polariton ring) is con-
stituted by two Distributed Bragg Reflectors sandwiching a cavity with embedded
Quantum Well. The polariton ring is placed into an external magnetic field B, per-
pendicular to its interface. The total effective magnetic field acting on the polariton’s
spin is a combination of the real magnetic field and the field provided by TE-TM
splitting. The direction of the total effective magnetic field changes along the ring
as is shown by the red solid arrows. If one moves along the ring it twice covers a
cone characterized by angle 8. The dashed arrow shows the direction of the Stokes
vector S. In adiabatic approximation, the direction of the Stokes vector coincides
with the direction of the total effective magnetic field, while they become different
for the exact solution of the Schrodinger equation.

We further employ the effective mass approximation

. h2k2
Hy(k) = . 2
oK) = 5 (32)
The TE-TM part is given by
H k) =2 9 ;9 : (3.3)
TE-T™M(K) = oy 'ox) .

where [ is a constant, characterizing the strength of the TE-TM splitting which can
be expressed via the longitudinal and transverse polariton effective masses m; and m,
as 8= (h?/4)(m; " —m;'). In order to proceed with the derivation of the correct 1D
Hamiltonian let us pass to the cylindrical coordinates and add the confining potential
V(r), which forces the polariton wave functions to be localized on the ring in the radial
direction to E[Q p- The terms associated with the TE-TM splitting rewritten in polar

coordinates read
o 0\ ,
4] = T2y
<8y + Z@x) e X
9?2 2i 9?2 2 0 10 1 92
s+ = g4 .
or2  r Ordp 1?20y

(3.4)

ror T2 og?
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3 Topological metamaterials based on polariton rings

We decompose the Hamiltonian Eq. (3.1) into two parts Hyp = Hy (r) +H (r, ) where

h? 0? 10
(5 +15) + VO (35

Following the conventional procedure [253], the Hamiltonian of 1D ring is given by
H = (Ro(r)|Hi(r, )| Ro(r)), (3.6)

where Ry(r) is a the lowest radial mode of the Hamiltonian (3.5). For the confining
potential V(r) = A(r — R)?/2 from Ref. [253] we have

HO(T) = _m
€

1/2
Ry(r) = (R?/%) e (r=R?/2 (3.7)
where 7% = megA/h? and the 1D limit is putting ationy to infinity. The desirable
Hamiltonian H = (Ro(r)|Hy(r, ¢)|Ro(r)) contains three types of terms. Namely, the
first type is (Ro(r)|r—2|Ro(r)), arising from the kinetic and TE-TM parts of Hy (r, o).
The other two terms (Ro(7)|0%/0r?|Ro(r)) and (Ro(r)|r=10/0r|Ro(r)) in turn stem
only from the TE-TM part. Due to the fact that R2(r) = ~/(Ry/m)e =R’
converges to d(r — R)/R as 7 — oo, the first term yields 71LI£10<R0(7")|7’72|R0(7")> =

R™2. The second term can be calculated straightforwardly (Ro(r)|r=10/0r|Ro(r)) =
1/2R3(r)|g° = 0.

The direct calculation of the third term yields (R (r)|0%/0r%|Ro(r)) ~ —~2/2 when
v — 00, so this term dominates over the others in (Ro(r)|Hrg.tn(r, )| Ro(r)) and we
can neglect them. Thus, we arrive at the correct Hamiltonian (3.8) of a polariton ring
with Apr = +28/2 which, in turn, is inversely proportional to the characteristic width
of the microcavity.

After averaging all the terms in Eq. (3.4) we arrive at

I:j _ h? /?,‘2 + A2/2 :A1€_2i¢ (38)
A162i(p ]{)2 — A2/2

where k = —i(d/dyp), R is the radius of the ring. For the sake of simplicity we intro-
duced dimensionless parameters A; o corresponding to the LT and Zeeman splittings
as Arpy = Ay)h?/(2megR?) and Apr &~ 3/2a* with a being lateral width of the
ring. The Hamiltonian (3.8) was proposed earlier basing on symmetry considera-
tions [248]. The approach developed here allows establishing correspondence between
the parameters of the Hamiltonian and the geometrical dimensions of the structure.

In general, solutions of the stationary Schrodinger equation with Hamiltonian (3.8)
can be represented in the following form:

¢(<P) = %(@a k>eikw7 (39>
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3.2 Single polariton ring

where X (@, k) is a corresponding spinor

o) e (e
X(p. k) = 5(]%)2 o < e(k)ee ) ] (3.10)

and £(k) = Ay /((E + Ay/2) — (1 4+ k)?). The energy of the state Eq. (3.9) (measured
in units of h?/2megR?) is given by:

B = (i 4 1) £/ A2 + (A2/2 - 2012, (3.11)

For a given energy Eq. (3.11) has four solutions for ki,i=1...4two positive and two
negative, corresponding to clockwise and anti-clockwise propagation and two opposite
spin orientations. Analytical expressions for them are listed below. For this purpose,
we introduce the auxiliary variables a; > and b given by

ay = <—72A‘f‘ +36A3 + 64E% — 96E? — T2ATE — 18A3E — 96F + 64+  (3.12)

(4 (4(E +1) (—942 + 4E(2E — 5) + 8) — 9AX(E — 2))° —

1/
1/2

(4(-34%7 +4(E - 1)E +4) —3A§)3) ) : (3.13)

as =16 — 16E + 16 E% — 12A% — 3A2, (3.14)

b= (4(E+1)+az/ar + a1)/12. (3.15)

As a result, the equations on the dispersion relations for a single polariton ring
(Eq. (3.11)) can be conveniently expressed in these variables:

kio=VbT \/E+1—b—A2/(2x@), (3.16)
Fsa= Vb \E+1—b+ A/ (2Vh). (3.17)

It should be noted that if the Zeeman splitting is present, E(k) # E(—Fk) which
corresponds to the breaking of the time-reversal symmetry in the system leading to
non-equivalence of clockwise and anti-clockwise propagation directions. In the arrays
of interconnected rings, this will lead to the appearance of the topologically protected
edge states as we will demonstrate later on.

The general solution corresponding to a given energy thus reads:

U(p) = Z COi(p), (3.18)

95



3 Topological metamaterials based on polariton rings

where the summation is performed over all real roots of Eq. (3.11) and Ui(p) is an
eigenfunction (Eq. (3.9)) at k = k;. The Stokes vector given by

L sin 6 cos 2¢p
S=14tdp = sinfsin2p |. (3.19)
cos 6

characterizes the distribution of the spin projection along the ring and defines the
profile of the polarization of the emission along the ring, and tan/2 = f(l}) Note,
that the direction of the Stokes vector is not exactly the same as the direction of the
total effective magnetic field as in the case of adiabatic approximation [248].

As we consider only bright excitons with spin +1 as a two-level system, the z-projection

of the operator of total angular momentum is J. = hk + ho.. One can check that
jﬂ/)((p) = hléw(ga) which clarifies the physical meaning of k. If there is only a single
isolated ring, one should impose periodic boundary condition ¥(p) = ¥(¢ + 27), so
that k is integer and corresponds to the orbital quantized angular momentum and
according to Eq. (3.11) energy becomes quantized as well.

3.3 Two-dimensional array of rings

We consider a two-dimensional array of polariton rings, as shown in Figs. 3.2 (a) and
(b). Each ring can be considered as a plaquette in a square lattice where the wave
propagates via leads connecting neighboring cavity rings. Every ring has four leads
attached to it. There is an applied magnetic field B, in addition to the effective
magnetic field Our that stems from the TE-TM splitting and lies in the plane of the
array. The splitting values A, = gupB., Apr = guB|ﬁLT|, where ¢ is the effective
Lande g-factor for the 2D exciton and up is the Bohr magneton. In the unit cell
presented in Fig. 3.2(b) the wave function is piecewise-defined.

For the lead (polariton wire), the wave function can be obtained similarly to the case
for a ring by noticing that the polariton wire Hamiltonian is the ring Hamiltonian
(Eq. (3.8)) at the limit R — oco. For example, two branches (upper and lower, due to
the TE-TM and Zeeman splittings) of the dispersion are given by

E = (kR)* £/ A} + (42/2)2, (3.20)

where again E is measured in A%/(2megR?) units. When E > /A? + (A3/2)? we
have four eigenfunctions of a lead
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Figure 3.2: (a) Geometry of the structure: two-dimensional square lattice of the
exciton-polariton ring resonators connected via leads. (b) A unit cell of the struc-
ture: a polariton ring of radius R with four attached leads of length d/2. The period
of the structure is T = d + 2R, and the corresponding variables are defined as
z1,2 € [0,d/2], z34 € [—d/2,0] and @1, 4 € [0,7/2]. The ring-lead junctions are
labeled as (1)-(4).

_ 1 1 tikuz
’1/13)4(1') = \/% < 50 ) € 5 (322)

where k,,; = R_l\/E F /A% + (A3/2)? and

Ag/2+ /A2 + (A2/2)2.
In the case E < /A% + (A2/2)? only 9 2(x) are relevant. Hence, the general solution
for the m-th lead (m =1...4, see Fig. 3.2(a)) read

Un(z) = > CHi(), (3.24)

1

€o (3.23)

where the summation is performed over all real roots of Eq. (3.20) for a given energy.
Similarly, for the m-th arc (m = 1...4), in obedience to Eq. (3.18), we have

Un(p) = > COi(p), (3.25)

i

where the summation is performed over all real roots of Eq. (3.11).

To define the behavior of the polariton waves at the junctions connecting the rings and
the leads we use Griffith’s boundary conditions [255] stating that the wave functions

97



3

(a)‘L‘ ‘R‘

Topological metamaterials based on polariton rings

© R

147101316 0l 47101316

~
SO

B

Probabllny

-—
| l6stripes | |
_—
Energy E, i'/(2m,R’) units

0.4 C
b
z
= L
£
1 1 1 1 8
- - 3]
1 2 15 16 0=
0 147101316 1 4 7 10 13 16
Y Wave vectror, K. Unit cell number Unit cell number

Figure 3.3: Topologically protected edge states for Ay =5, Ay =2 and h = d/R =

1.2. The corresponding Chern number C = 2 is a sum of all C,, below the energy
level (denoted by the dashed black line). (a) The geometry of the structure: a two-
dimensional square lattice of the exciton-polariton ring resonators that is infinite
in the x-direction and finite in the y-direction. Blue and red arrows indicate the
directions of the propagation along left and right edges. (b) Band structure of the
stripe consisting of 16 periods in the y-direction. The rectangle marks the bandgap
of the bulk system. For a given energy marked by the dashed line there are two edge
states labeled as A and C corresponding to the right boundary, and two states B and
D corresponding to the left boundary. Note, that the sign of the group velocity is the
same for the states propagating along the same edge. This means that these states
are chiral and topologically protected with respect to backscattering. (c) Probability
distribution profiles of the edge states marked at the band diagram. Direction of
their propagation is set by the sign of the product B,g.

have to be continuous and the input probability currents must be exactly compensated
by the output. Together with the Bloch periodic boundary condition, this gives the
closed set of linear algebraic equations allowing to define the band structure of the
system.

The scattering equations for the junctions (1) through (4) in Fig. 3.2(b) are given by
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3.3 Two-dimensional array of rings

Griffith’s conditions [255] and read as follows

Wy (d)2) = Wy (n/2) = ¥ (0)

1 3 (3.26)
RW{(d/2) + Wj(m/2) = ¥{(0),
Vy(d/2) = ¥ (r/2) = ¥a(0) (3.27)
RW(d/2) + W) (n/2) = ¥}(0),
Vs(=d/2) = Wa(/2) = ¥5(0) (3.28)
RW3(—d/2) + ¥5(0) = ¥5(w/2),
Va(—d/2) = ¥s(m/2) = ¥ (0) (3.29)
R¥(~d/2) + Wi (0) = ¥5(m/2),
Due to the lattice periodicity, the Bloch boundary condition read
) _ ik T ()
3 1 (3.30)

) = T of)

where K = (K, K,) is the polariton envelope wave vector originating from the pe-
riodicity of the array and T' = d + 2R is the period of the array. Egs. (3.26)-(3.30)
form a set of linear equations for the variables {Cl(ﬁ)} U {5’{%)} The secular equation
in obtained by equating the determinant to zero.

It should be noted that one may use the S-matrix approach instead of imposing Grif-
fith’s conditions.

Once the spectrum of the bulk system is obtained from the secular equation, the Chern
numbers can be calculated. The Chern number corresponding to the n-th band of the
considered periodic array is defined as

1

" 27

Cy / K F,,(K), (3.31)

1BZ

where F,,(K) = 04, /0K, — 0A, /0K, is the field strength associated with the Berry
connection, A;(K) = <n(K)\%|n(K)> is the vector potential of the field, and |n(K))
is the normalized Bloch wave function of the n-th band [256]. The integration is
performed over the first Brillouin zone (1BZ).

Topological gaps open in the case of non-zero both TE-TM and Zeeman splittings.

The Chern numbers are calculated for the gapped system (see the caption of Fig. 3.3).
Since there are gaps with non-zero Chern invariant, the bulk-boundary correspondence
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3 Topological metamaterials based on polariton rings

suggests the existence of topologically protected edge states for a finite lattice. To
explore the properties of the edge states, one should add the boundaries to the system.
Let us consider the system depicted in Fig. 3.3(a): a strip composed of 16 rings in the
y-direction and infinite in the z-direction. The spectrum of the strip can be obtained
by writing down Egs. (3.26)-(3.29) for the rings 2...15 supplemented by a slightly
modified version of these equations for the outer rings (number 1 and 16 in Fig. 3.3(a))
as they are deprived of the first and fourth leads respectively. Also, one should add the
Bloch condition only for the z-direction as the periodicity is broken in the y-direction.
Finally, we obtain a linear system for the variables {O&\Ll}u{égh} (where X =1...16
numbers the unit cells along an arbitrarily chosen row in Fig. 3.3(a)), with the secular
equation yielding the spectrum, presented in Fig 3.3(b).

As can be seen from Fig. 3.3(b), there exist topological edge states at the bulk gap.
For a given energy level, plotted with the dashed black line in Fig. 3.3(b), there
exist two edge states per boundary. The wave function density at the unit cell scale,
corresponding to the edge states, is shown in Fig. 3.3(c¢). Similar to the case of QHE,
edge states are chiral and topologically protected: the direction of the propagation is
linked to the edge, so backscattering is possible only if it is accompanied by hopping
from one edge to another.

3.4 Zigzag chain of polariton rings

We now proceed to the analysis of zigzag arrays of polariton rings. Let us consider a
system of rings connected into a zigzag chain as shown in Fig. 3.4. It is reminiscent
of the Su-Schrieffer-Heeger model [251], where each carbon atom of polyacetylene is
replaced with a polariton ring and the role of the ‘relative-bond-strength’ (for poly-
acetylene) is played by the ‘bond angle « (see Fig. 3.4(a)). In this section, we focus on
the effects that arise in the absence of an external magnetic field (B, = 0 = Az = 0).
The application of the external magnetic field in the case of the 1D chain of the rings
does not change significantly the results.

As shown in Fig. 3.4(a), there are two rings per unit cell and within each unit cell,
there are different effective magnetic fields in the leads that are not parallel to each

other. The directions of these effective magnetic fields depend on the angle a.

In a similar manner as in the previous section, we immediately derive the scattering
equations given by Griffith’s and Bloch’s boundary conditions. For the junctions from
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Figure 3.4: (a) Sketch of a zigzag array of polariton rings and a unit cell of the
structure. Fach ring is of radius R and each lead is of length d. The period of
the structure is T = 2(d + 2R)sina/2. The corresponding variables are defined as
@14 € 10,21 — o], 23 € [0,a] and x, € [0,d/2], x2 € [—-d/2,d/2], x5 € [-d/2,0].
The band diagram for an infinite zigzag chain (with o = w/2) in the absence of
LT-splitting (A1 =0) (b) and at Ay =2 (c).

(1) to (4) in Fig. 3.4(a) they read as follows

Wy (d/2) = Wy (ar) = ¥y (0)

~ = (3.32)
R¥{(d/2) + ¥3(a) = ¥(0),
Wy(—d/2) = ¥, (21 — @) = Wy(0
2(~d/2) = Ty (27 - o) = Ta(0) 53
RUL(—d/2) + W5(0) = ¥; (27 — «),
Uy(d/2) = Uy(2m — ) = W3(0
13 =i o) =0 038
R¥L(d/2) + V(27 — ) = W4(0),
Uy (—d/2) = Uz(a) = Uy(0
1(~d/2) = Fa(a) = T4 (0 55
RU}(—d/2) + W, (0) = ().
Due to the chain periodicity, the Bloch boundary condition read
c{) = KT, (3.36)

The secular equation is found by setting the determinant to zero.

For o = 7/2 and zero effective magnetic field, the corresponding band diagram (see
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Figure 8.5: Probability distribution of the edge states in polariton ring zigzag chains
with « = w/2 and h = d/R = 1.2 for even (a) and odd (b) number of rings. In
the odd number case (b) there also exists a symmetric edge state that is localized
on the left side of the chain. The profiles are shown for Ay = 2, E = 8.985 (in
%/ (2megR?) units). The energy value is chosen to lay within the bulk bandgap.

Fig. 3.4(b)), exhibits flat bands that are reminiscent of Landau levels related to the
states localized within the ring. As we introduce a non-zero LT-splitting, new gaps
open (see Fig. 3.4(c)). As one introduces boundaries to the system the edge states
appear (see Fig. 3.5(a) and (b)). In both cases in Fig. 3.5 (the even and the odd
number of the rings), the edge states are twice degenerate. Thus, by taking their
linear combination one can prepare a state localized either at both sides of the chain
or at one side. We note that in the case of the chain, no external magnetic field
is required for the emergence of the edge-states since the angle a not equal to w
breaks the equivalence of the clockwise and counter-clockwise propagating modes in
the separate rings. As the angle, a gets closer to 7, the localization length of the edge
states increases.

3.5 Conclusions and Outlook

To conclude, we have shown that a two-dimensional array of the polariton rings is
characterized by the non-trivial Chern invariants and supports topologically protected
chiral edge states analogously to the case of Quantum Hall insulator. Also, the edge
states are shown to emerge in a zigzag chain of polariton rings. The existence of
topologically protected states can find their applications in spintronics.
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4 Dynamics of spin polarization in
tilted polariton rings

We have observed the effect of a pseudo magnetic field originating from the polaritonic
analog of spin-orbit coupling (TE—TM splitting) on a polariton condensate in a ring-
shaped microcavity. The effect gives rise to a stable four-leaf pattern around the ring as
seen from the linear polarization measurements of the condensate photoluminescence.
This pattern is found to originate from the interplay of the cavity potential, energy
relaxation, and TE-TM splitting in the ring. Our observations are compared to the
dissipative one-dimensional spinor Gross-Pitaevskii equation with the TE-TM splitting
energy which shows good qualitative agreement.

4.1 Introduction

Over a decade has passed since the first demonstration of Bose-Einstein condensation
of exciton-polaritons in a semiconductor microcavity [243, 271|. It stands out as a
unique platform for exploring physics of out of equilibrium systems. Recent reports on
the observation of thermal equilibration [272, 273] on one hand has triggered interest
in studying equilibrium physics in non-hermitian systems, while on the other have
shown promise for making devices based on polariton condensates that operate near
equilibrium. Such a feat has been achieved in microcavities with Q > 10°, allowing

several collision events between polaritons to distribute energy and thermalize in their
lifetime [272-275].

These systems also naturally offer a way for describing a pseudo-spin 1/2 Bose gas
[276]. The order parameter of a polariton condensate is described by a two-component
complex valued spinor, which is connected to the electric polarization of the polaritons
in the microcavity [277]. In the presence of a non-aligned magnetic field the spin of the
polaritons is precessing similarly to the spin of an electron in a magnetic field. It turns
out that for a quantum well embedded inside a semiconductor microcavity, a small
but non-negligible momentum dependent effective magnetic field is present which lies
in the plane of the quantum well. This has been used to realize a polaritonic analog
of extrinsic [278] as well as intrinsic [279] spin Hall effect. In contrast to the electronic
systems where the spin Hall effect gives rise to a spin current and no mass transport,
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4 Dynamics of spin polarization in tilted polariton rings

the optical spin Hall effect is realized by actual transport of polaritons while the spin
of the polaritons precess as they move.

In this chapter, we address how the two spinor components of a gas of highly excited
trapped polaritons evolve following a quench in a long lifetime (= 200 ps) microcavity.
The trapping potential is created by patterning the top mirror of the GaAs microcavity
in the shape of a ring. The polaritons in the ring maintain the same long lifetime (=
200 ps), high quality (Q > 10°), and low disorder as in the two-dimensional planar
microcavity used previously [272, 274, 280-282]. With the presence of a unidirectional
gradient in the energy of the polaritons, the circular symmetry of the ring is broken,
giving rise to a rigid rotor potential. Combined with a momentum-dependent effective
magnetic field in the trap, this results in an intrinsic optical spin Hall effect as the
polaritons are transported to the region with the lowest energy in the trap. We map
the spin of the condensed polaritons in the ring using space- and time-resolved spin-
polarized spectroscopy.

The rings are fabricated by etching the top distributed Bragg reflector (DBR) of this
microcavity in the shape of rings of width (the difference of the outer and the inner
radii) 15 pm and radius (average of outer and inner radii) 50 ym. Further details may
be found in the previous papers [282-284]. Across the typical dimensions of the ring,
the thickness of the microcavity varies which leads to a cavity energy gradient (= 7—9
meV /mm). The cavity gradient effect is similar to artificial gravity for the polaritons
making the rings look tilted on the potential energy plane. Due to the analogy to
gravity, here we will refer to the point of highest potential energy as the “top” of the
ring, and the point of lower potential energy, on the opposite side of the ring, as the
“bottom”. The effect of artificial gravity on the spin-polarized polaritons has been
theoretically studied in Ref. [285].

104



4.2 Experiment
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Figure 4.1: Schematic of the experimental setup. Inset shows a time integrated image
of the photoluminiscence from the ring microcavity also showing the direction of
the cavity gradient AE. QWP: quarter waveplate, HWP: half waveplate, LP: linear
polarizer.

4.2 Experiment

The top of the rings is non-resonantly pumped (Epump ~ 1710 meV which is at least
100 meV higher than the energy of the lower branch polaritons at the point of excita-
tion) with a mode-locked Ti:sapphire laser with a pulse repetition rate of 76 MHz, a
pulse width of ~ 2 ps, a spot size of ~ 15 um on the sample and incident at an angle
of &~ 45° from the plane of the sample with more than 90% linear polarization. Due
to the high angle injection, the pump spot is not circular on the plane of the sample
and creates asymmetry in the direction of the polaritons streaming from the pump
spot. Photoluminescence (PL) from the rings was collected using a microscope objec-
tive with a numerical aperture (NA) of 0.40 and imaged onto the entrance slit of a
spectrometer. The image was then sent through the spectrometer either to a standard
charged coupled device (CCD) chip located at one of the exit ports of the spectrometer
for time-integrated imaging or onto a Hamamatsu streak camera located at the other
exit port for time-resolved imaging. All measurements were performed by cooling the
microcavity to low temperature (below 10 K) in a continuous-flow cold-finger cryostat.
A sketch of the experimental setup is shown in Fig. 4.1.

The non-resonant optical pulse excites a population of free electrons and holes at the
top of the ring which undergoes rapid thermalization, turning into excitons. Excitons
further relax down in energy and reach the anti-crossing spectral region of the photonic
and excitonic dispersion branches, forming a dense polariton gas (see, for example,
Tassone et al. [286]), which above a critical density undergoes non-equilibrium Bose-
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Figure 4.2: Example of condensate energy (a) and linewidth (b) as a function of time
from different locations on the ring. 3w/2 corresponds to the bottom of the ring. The
zero of the time axis corresponds to the time of excitation at the top of the ring. The
condensate energy is obtained at each spatial location by fitting a lorentzian function
to the energy- and time- resolved image captured by the streak camera. (¢) shows a
spectral comparison between the PL emission from the top and bottom of the ring as
a function of time.

FEinstein condensation. This non-equilibrium condensate streams out ballistically from
the excitation spot and fills the entire ring, while also dropping in energy as it moves
in the ring. As shown in Fig. 4.2 (c) the polaritons are initially formed with large blue-
shifted energy at the pump spot which rapidly redshifts with time. This is followed by a
spectrally narrow emission which slowly drops in energy, asymptotically approaching
the k) = 0 lower polariton energy at this location. The initial blue shift seen at
the pump spot is due to the interaction of polaritons with the exciton cloud. The
rate of energy drop of the polaritons measures the rate at which the exciton cloud
decays. By the time the polaritons arrive at the bottom of the ring trap, it has already
undergone considerable energy relaxation (= 2 meV). The energy- and time-resolved
image from the bottom in Fig. 4.2 (c¢) shows that as the occupation density of the
polaritons increases, the spectral linewidth of the emission narrows indicating a build-
up of coherence in the bottom of the trap. We have combined the streak images from
the top and bottom of the ring for comparison in Fig. 4.2 (¢). In Fig. 4.2 (a) and (b)
we show spatially and temporally resolved energy and linewidth of the emission from
the full ring. From these plots, we infer that the spatial coherence extends at most to
one-third of the ring circumference at any given point in time, which is signaled by the
energy locking of the emission. At late times the energy of the emission approaches
the local, low density k)| = 0 lower polariton energy.

We resolved the polarization of the PL from the ring by performing a full Stokes vector
measurement (Sp, S1, S2, S3) using combinations of half or quarter waveplate and a
linear polarizer. The measurement was done on the collimated signal just after the
microscope objective. The transmission axis of the polarizer was chosen to be vertical
in the lab frame and was kept fixed throughout the experiment. This was done to
remove the polarization sensitivity of the optics downstream in the setup. We used
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another half waveplate and a polarizer before the entrance slit of the spectrometer
to collect all the signal which didn’t get reflected, scattered or absorbed after passing
through the optics. For all the measurements the orientation of the transmission axis of
the final polarizer was also kept fixed, which removed the polarization sensitivity of all
the optics inside the spectrometer as the light that entered the spectrometer was always
at a fixed linear polarization. Two images were taken for each individual measurement,
one with the half waveplate fast axis (placed just before the final polarizer) at 0° and
one with it at 45°. By adding these two images together, the total contribution of
both polarizations (both parallel and orthogonal to the final polarizer) was taken into
account.

Time-resolved Stokes vector measurements were done using the streak camera. A di-
ametric slice of the image of the ring was aligned with the horizontal time slit of the
streak camera. To collect the PL from a different location on the ring, the image was
rotated using a dove prism. The dove prism was placed in a nearly collimated region
of the optical path, as shown in Fig. 4.1. Before the experiment, the dove prism
was carefully aligned to minimize the image walk-off when the prism was rotated by
adjusting the tilt screws on the mount. Small adjustments were made during data
collection by moving the final imaging lens, Lens 3, in the transverse plane to ensure
consistent overlap of the diametric slice of the ring with the time slit. We note that
the intensity collected by the streak camera after a pulsed excitation of the ring is
the sum of the intensity of millions of such realizations. The density of polaritons
created by each pulse was above the critical density of polaritons required for under-
going Bose-Einstein condensation (BEC) at the given temperature. If the realization
of each instance of the BEC picks up a random polarization state in the ring, then
by averaging we should obtain a strong component of unpolarized light in the emis-
sion. However, from previous time-resolved studies on spontaneously formed polariton
BEC, it is known that the polarization of the BEC is not random and is sensitive to
underlying crystal symmetries and other symmetries or imperfections of the micro-
cavity. Therefore, the degree of polarization is an important parameter distinguishing
between emission from condensed and uncondensed or excited polaritons.

We compare the time-resolved polarization of the PL emission from the point of exci-
tation (top) and the diametrically opposite point (bottom) on the ring in Fig. 4.3. We
find a rapid build-up of the degree of polarization (DOP) of the emission at the pump
spot following the arrival of the pump pulse. This is correlated with a decrease in the
PL emission intensity at the pump spot. This signal is post hot thermalization and
indicates the appearance of a local non-equilibrium condensate that undergoes further
energy relaxation. As the condensate streams and fills the ring, the DOP plateaus.
At the same time, there is a slow build-up of the polarized emission from the bottom
of the ring which persists as long as the polaritons leak from the microcavity. In con-
trast, the DOP drops at the pump location after plateauing because the condensate
drifts away from this location towards the bottom of the ring. The oscillations in the
intensity of the PL emission from the bottom of the ring is due to the pendulum-like
oscillations about the ring trap minimum [284].
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Figure 4.3: Comparison of the polarization between the top and bottom of the ring as
a function of time. Degree of polarization (DOP) is given by \/S? + S3 + S3.

Measurement of the time-resolved components of the Stokes vector from different
angular positions on the ring are shown in Fig. 4.6 and a Bloch vector visualization
at different time instances are shown in Fig. 4.4. The circular polarization component
S3 in these measurements reveal that before the appearance of condensate in the
ring, highly excited non-thermal polaritons moving out from the pump spot show spin
imbalance polarity depending on whether they are moving in the clockwise or anti-
clockwise direction. This is due to the polariton pseudo-spins experiencing the effect of
the in-plane magnetic field arising due to the splitting of the transverse electric (TE)
and transverse magnetic (TM) mode in the cavity and depending on the polariton
wave-vector. It is easily verified in a simulation showing the time evolution of a
linearly polarized wavepacket under the TE-TM splitting Hamiltonian.

The linear polarization components S; and Sy show a spontaneous emergence of four-
leaf angular pattern as shown in Fig. 4.6 (b) and (c). This pattern persists in the
ring until the polaritons fully leak from the microcavity. Manifestation of this pattern
could be visualized by representing the Stokes vector on the Bloch sphere and tracing
it around the ring. The projection of the Stokes vector on the equatorial plane of
the Bloch sphere gives the component of linear polarization of the emission. This is
shown in black arrows in Fig. 4.4 at different time instances. We see in these figures
and in Fig. 4.5 that after t = 265 ps, the linear polarization component appears to
wrap around the ring by 4x radians, which corresponds to a rotation by 27 radians
for the major axis of the elliptically polarized emission from the ring. In Fig. 4.5
we compare the direction of the linear polarization of the Stokes vector from different
angular positions in the ring at two different time instances. The wrapping of the linear
polarization component by 47 radians is found at t = 265 ps, while it only wraps by
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Figure 4.4: PL intensity from the ring at different time instances to and the corre-
sponding polarized emission shown with the Bloch sphere representation of the Stokes
vectors at different angular positions on the ring. Black arrows depict the projection
of the Stokes vector on the equatorial plane of the Bloch sphere. The length of the
arrow is a measure of the degree of linear polarization within the polarized sector
of emission and half of the angle w.r.t. the positive x-axis measures the direction
of the linear polarized light. The red and green arrows depict the spin up and spin
down projection of the polariton spinor respectively. The length of these arrows
indicate the degree of circular polarization (or spin polarization) of the polaritons.
Stokes vectors for intensity below a cut-off level (I.,y = 3) is not plotted due to poor
signal to noise ratio. The linear polarization pattern in the time range shown s
quasi-stationary.
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Figure 4.6: Example of time and polarization resolved PL from tilted ring. Components
of the Stokes vector Sy, S1, 52 and S3 measured at an angular resolution of 10° as
a function of time. We integrated the polarization resolved PL over the radial width
of the ring to process the Stokes components at any given angular position on the
ring. The intensity collected by the streak camera after a pulsed excitation of the
ring is the sum of the intensity of millions of such realizations. Bottom row shows
the four-leaf pattern in the components S1 and Se at t = 374 ps.
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Figure 4.7: (a) A schematic showing the effect of the radial confinement, TE-TM
splitting and the ring geometry on the quantum states in the ring. Visualization of
the expectation value of the Stokes components in the ground state of the ring with-
out the tilt is also shown. In the ground state S, = 0 while S1 and Sy components
are phase shifted by /4 w.r.t. each other. The white arrows depict the polariza-
tion plane direction, corresponding to the local Stokes parameters. In the ground
state the polarization wraps in the azimuthal direction in the ring. (b) Direction of
the effective magnetic field due to TE-TM splitting shown with red arrows in the
momentum space.

27 radians at t = 103 ps. The linear polarization component forms domains in the
ring where the direction changes slowly within a domain while across a domain there
is a change in the direction by 47 /2 or more. The direction of the linear polarization
component from the lower half of the ring remains nearly stationary in time after t
= 265 ps as shown in Fig. 4.4. This is despite the fact that there is a noticeable
angular variation of the intensity of emission from this region with time as shown in
Sp component in Fig. 4.6 (a) as well as in Figure 4.4. Both spatial and temporal
dependence of the PL intensity from the ring indicates a variation of the density of
the polaritons in the ring. The overall polarization component of the emission does
not show a strong dependence on the polariton density which could be deduced from
plots of the Stokes vector around the ring in Fig. 4.4. We can thus conclude that the
interactions between the polaritons do not play a dominant role in determining the
polarization direction of the emission. At late times, the non-equilibrium state shows
very little spin imbalance as shown in Fig. 4.6 (d) which is due to good spatial overlap
of nearly identical density profiles of the two spin components.

In the following section, we develop a minimal model capturing the qualitative features
discussed above highlighting the essential physics needed to interpret our observations.
We derive an effective one-dimensional Hamiltonian by projecting the two-dimensional
Hamiltonian onto the ground state of the radially confining potential due to the finite
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Figure 4.8: Time evolution of the horizontally polarized condensate spinor. Parame-
ters for both rows are mesp = 6.14 x 1075mg, B = 0.05, 7 = 200 ps, and A = 250,
where my is the rest mass of an electron in vacuum. Top row (a-d): Vo = 16, A =
1; Bottom row (e-h): Vo = 335, A = 0.3; A larger energy damping rate is chosen
for smaller tilt case (top row) because the initial state has a lower potential energy
than the larger tilt case (bottom row), so energy relaxation is slower for the same
value of A in the smaller tilt case.

width of the ring channel. The periodicity of the wavefunction in the azimuthal direc-
tion results in discrete orbital angular momentum states in the ring. We assume that
the polaritons occupy only a small part of the lower polariton dispersion near k|| = 0,
allowing us to make an effective mass approximation for the polaritons. The cavity
gradient in the ring reduces the circular symmetry to left-right mirror symmetry in the
ring. It also creates a small spatial anisotropy in the TE-TM splitting energy which
is ignored in the present model. A schematic of the quantum states in the ring in ab-
sence of a cavity gradient is shown in Fig. 4.7 (a). We also neglect the spin-dependent
interactions for reasons discussed previously.

4.3 Theoretical model

Here we present the theoretical model of a single polariton ring of radius R and width
a with a cavity gradient along the vertical axis (see the inset in Fig. 4.1), where only
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the lowest radial mode is occupied.

We start with the Hamiltonian of 2D polaritons inside a planar microcavity neglecting
the cavity width gradient [291]

g Ho(k)  Hrpru(k)
Hsyp = (ﬁ{“EOTM(lA{) TI%;EII%) ) ’ (4.1)

where the diagonal terms H:Q describe the kinetic energy of lower cavity polaritons,
and the off-diagonal terms Hrg v correspond to the TE-TM splitting. We further
employ the effective mass approximation

~ . h%K2
Hy(k) = . 4.2
oK) = 5 (42)
The TE-TM part is given by
. . o 9\’
Hrg. k) = — 41— 4.3
rE-T™ (k) B(ay—’—lam) ) (4.3)

where 8 governs the strength of the TE-TM splitting and may be expressed in the
longitudinal and transverse polariton effective masses m; and my as 8 = (h?/4)(m; ' —
m; '). In order to proceed with the derivation of the correct 1D Hamiltonian let us pass
to the polar coordinates and add the confining potential V(r) confining the polariton
wave functions on the ring in the radial direction to the planar cavity Hamiltonian
H>p. The confining potential is taken as an infinite square well in the radial direction.
The terms associated with the TE-TM splitting in polar coordinates read

B o\ 4
; — F2ip
(8y:tl@:1:> € x

0? 2 02 2i 0 10 1 02
e S R .
or2 — r ordp 12 dp

(4.4)
ror 7 op
We decompose the Hamiltonian Eq. (4.1) into two parts Hyp = Ho(r) + Hy(r,¢),

where . o 5
1
(&a+rm>+v“> (45)

Since we can now separate the variables assuming only the lowest radial mode occu-
pation ¥(r, ¢) = Ro(r)¥(p), the effective Hamiltonian [253] for ¥(y) reads

HQ(T) - - 2m &
€

H = (Ro(r)|Hy (r, )| Ro(r)), (4.6)

where Ry(r) is the lowest radial mode of the Hamiltonian (4.5). For an infinite square
well potential of width a centered at R in the radial direction, the radial modes, which
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are non-zero only in [R — a/2, R + a/2|, are given by

R,(r) = (4.7

enr Yolen(l = 5%)))oFi(1; —(5%)%)
A <YO( R ) OFl(l;_(€n(1 _ ﬁ))2 >7

where we introduced the dimensionless energy eigenvalues ¢, = 7m";f“{ and o F}(a; 2)
is the confluent hypergeometric function and A,, is the normalization constant. The
eigenvalues ¢, satisfy the following equation

Yolen(1+ 55))oF1 (1; —(en(1 = 5%))%/4)
Yolen(1 = 55))oF1(1; —(en(1+ 5%))%/4)

Now we perform the averaging over the lowest radial mode RO( ) corresponding to
the lowest eigenvalue €y. First we observe (Ro(r)|% 8T|R0 = [, Ro(r)R/(r)dr =
R2(r)/2|°= 0 for any Ry(r) such that Ry(0) = Ro(+o00) = O Then, we calculate
(Ro(r)\g—;mo(r)) = —Cp/a?, where we used that R} +r 'R} = —(2meg/h*)EoRo
and the fact that from dimensional analysis it follows that Eq = h?Cy/(2ma?), where
C) is dimensionless. Finally, we have

=1 (4.8)

(Ro(r) 5| Rolr)) = ~Coa”,
(Ro(r) 22 Ro(r)) = 0,
(Ro(r)| 5| Rolr)) = F(a/ B)/ . (19)

where the equation in the last line is obtained from dimensional analysis and F(x)
is a dimensionless function. We approximate Ry(r) by its first Fourier harmonic,
which is reasonable as long as only the lowest radial mode is occupied Ro(r) =

Z sin(w). This function is properly normalized [;° R3(r)rdr = 1 and

satisfy the boundary conditions Ro(R — a/2) = Ro(R + a/2) = 0. Then, we have
Co = 2 and for 0 < z < 1 it follows F(x) ~ 1 to two decimal places. Thus, we finally
arrive at the following hamiltonian

~ h?
H =
2meﬂ‘R2
—2ip(_ 12 | ok
Be ( li +2k+ A) (4.10)
Be?¥(— 2k; + A) k2
where 1?; = —i(d/dy) and the energy levels are now shifted by a constant as compared

to the Hamiltonian (4.1). For the sake of simplicity, we introduced a dimensionless
parameter B corresponding to the TE-TM splitting as B = 28m.g/h? and a dimen-
sionless parameter A = (wR/a)? corresponding to the LT-splitting, stemming from
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the confinement in the radial direction. In the case where the ring is infinitely thin,
the model reduces to the one described in [288].

In general, solutions of the stationary Schrodinger equation with the Hamiltonian (4.10)
can be represented in the following form

Uh,a () = Xalp, k)™, (4.11)

where X (¢, k) is the corresponding spinor

(4.12)

~ 1 e~
Xo(p, k) = W ( ga(k)ew ) )

and 2B(kR — 1)(kR — 3) + 872 R?
a -1 —3)+8rm
Ealk) =— 5 5 - . (4.13)
a?((kR+1)2 — EY)
The energy spectrum of the Hamiltonian can be found analytically, the energy levels
are given by

EByY =1+ K R*¥
VB2t +2°B°r2(3 + k*R?)R—2 + a*(4k? R? + B2(9 — 10k’ R? + K*R*))R 4
(a/R)?

(4.14)

in h?/(2megR?) units. As we consider polaritons with spin +1 as a two-level system,

the z-projection of the operator of total angular momentum is J, = hk + ho,. One
can check that J,¥(¢) = hkW(p) which clarifies the physical meaning of k = kR. The
periodic boundary condition imposes the condition ¥ () = ¥(p + 27), which yields
integer k corresponding to the quantized orbital angular momentum. According to
Eq. (4.14) the energy becomes quantized as well.

To account for the tilt of the well one needs to replace B in the Hamiltonian (4.10)
by B + Vi sing and add Vjsin ¢ to the diagonal elements, where we assume that the
value of the TE-TM splitting, as well as the shift of the energy levels, linearly depends
on the width of the well. Having done that, we arrive at the Hamiltonian (4.22),
where an additional splitting between linear polarizations is added (see the text) below
Egs. (4.22).

The dependence of the TE-TM splitting on the local width of the ring can be calculated
as follows. Introducing the coefficient

nanbjx

L =—
DBR 2y — 1)’

(4.15)

which is frequently called the effective length of a Bragg mirror, where n,; are the
refractive indexes of the layers comprising the DBRs and A is the wavelength, cor-
responding to the central frequency of the stop-band A = 2w¢/w. Next, introducing
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d=we.—w (4.16)

where w, is the real part of the cavity complex eigenfrequency, the TE-TM splitting
thus reads [276]

wTE(L87 wc, ¢0) - WTM(LCa wCa ¢0) ~

LCLDBR 2 cos ¢eﬁ Sin2 ¢eff
(Le + Lper)? 1 —2sin® geg

9, (4.17)

where ¢og & arcsin ((ng/n.) sin ¢p), the coefficients and L. is the width of the cavity, ng
and n. are the refractive indexes of the surrounding media and the cavity respectively.
Now, one can relate the parameters B = meg/h? and Vi introduced in Eq. (4.22) as

8=

i R(wWTE(Leo, we, ¢0) — w™ (Le.o, we, ¢0))
im 5

o 2th,OLDBR(Wc,0 — LA_))CQTZO

) 4.18
(Leo + Lper)?n2w? (4.18)

and

h?V;
Br— =

Meff

lim h(wTE(Lcﬂr/% Wes ¢0) - wTM(LC,ﬂ'/Q? We, ¢0))

_ 2hLcrj2LoBr(We0 — @)c*ng
(Lexj2 + LoBr)?n2w?

(4.19)

where kj| = (w/c)sin¢g and Lc g, L¢ /2 are the widths of the cavity at the points of
the ring defined by ¢ = 0, 7, respectively and w, ¢ is a cavity eigenfrequency at k| = 0,
which also depends on the local width of the cavity.

Let us investigate the ground state of a flat ring (no tilt) and in the absence of birefrin-
gence. For the experimentally relevant values B = 0.052 and A = 61.36, the ground
state ¥y 1, is non-degenerate and corresponds to k = 0 of the lower branch (minus sign
in Eq. (4.14)), the expression for it reads

Yo,L = % ( ee_i:" > . (4.20)

The Stokes vector for this state is given by

—cos2p
S=w!,60,=| —sin2p |, (4.21)
0
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thus, the ground state of a flat ring with no birefringence is completely linearly po-
larized with the polarization direction remaining tangential to the ring. It should be
noted, that the Stokes vector in the ground state (4.20) repeats the pattern of the ef-
fective magnetic field produced by the TE-TM splitting (shown in Fig. 4.7 (b)), but in
the XY-plane. We observed a large degree of linear polarization and a small degree of
circular polarization in the ring as seen in Fig. 4.6 and Fig. 4.8; the TE-TM splitting
term in the Hamiltonian mixes the left and right circular components of the pseudo
spinor creating a large component of linear polarized state with a small circular com-
ponent. Although, the four-leaf angular pattern in .S; and S5 are not phase-shifted by
/2 as predicted from the theory the 2 angular dependence of both the patterns point
towards the 2¢ angular dependence of the pseudo magnetic field originating from the
TE-TM splitting in the ring microcavity.

In the absence of the polariton-polariton and polariton-reservoir interaction, the ring
is described by the following matrix Hamiltonian H, whose elements are given by

h2

ﬁll = ﬁQQ = W(%Q + V() sin QD), (422)
N N 72
Hie = H}y = 5=

((B + Vi sin 50)6721‘@(7];2 + ok +A)+ aewo),

where k = —i(d/dyp). ¢ is measured from the positive direction of the x-axis in anti-
clockwise sense. For the sake of simplicity we introduced the dimensionless quantity
B + Vi sin ¢ which corresponds to the TE-TM splitting, inherited from the plane mi-
crocavity, here B = 2meg/h? (B defines the TE-TM splitting of the plane microcavity
without tilt) and V; accounts for the dependence of the TE-TM splitting on the chang-
ing width of the quantum well. V; describes the position-dependent shift of the energy
levels due to the cavity gradient. The dimensionless parameter A = (7R/a)? corre-
sponds to the LT-splitting, stemming from the confinement in the radial direction.
We also consider an additional splitting between linear polarizations which acts as a
static in-plane field, and described by a and ¢g. This field is usually linked with the
crystallographic axes and appears because of the anisotropy of the quantum well.

The time evolution of the polariton condensate spinor ¥ in presence of energy relax-
ation and finite lifetime 7 reads:

in2 _ (1 —iA) HY — ;jw
T

5 (4.23)

Energy relaxation is phenomenologically included in the model by multiplying the
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4 Dynamics of spin polarization in tilted polariton rings

Hamiltonian (4.22) by the complex coefficient 1 — ¢4, where A is the dimensionless
energy relaxation parameter. This is an energy diminishing scheme, where the higher
energy eigenstates relax more quickly than the lower energy eigenstates. For longer
temporal evolution only the ground state survives. This form of energy relaxation was
first suggested by Pitaevskii and applied in the context of damped atomic condensates.
Since the rate of energy dissipation and the rate of particle loss are not equal, we
accounted for the leakage rate with the parameter 7. While numerically integrating
the term proportional to A we preserve the norm of the wave function by adding back
the particles that are lost during the energy relaxation step. To account for the finite
lifetime of the polaritons we added another imaginary term proportional to ¥, which
describes the loss of particles from the microcavity with time. Thus, the number of
polaritons in the simulation exponentially decays with time at a rate 1/7. An order
of magnitude estimate for A is obtained from the damping of the oscillations at the
bottom of the ring as shown in Fig. 4.6 (a), which gives A of the order of 0.1, an order
of magnitude higher than previous studies.

We evolve an initial state which is close to the state observed in the experiment after
hot thermalization at the pump spot. As shown in Figs. 4.3 and 4.6, the Stokes
parameters are S; ~ 0.5 and S ~ —0.5 when the degree of polarization is maximum
at the top of the ring. This implies that the linear polarization makes an angle of
about -22.5° with the horizontal axis. Any spatially extended state with this uniform
polarization is not a polarization eigenstate of the ring because it lacks the left-right
mirror symmetry of the ring. In the simulations, we preferred to use an initial state
which respects the mirror symmetry of the ring to show that the observed experimental
signatures like the four-leaf pattern (in S; and S3) and the spin flips (in S3) arise in the
course of dynamics and do not sensitively depend on the choice of the initial conditions.
Since the initial condensate is over 80% horizontally polarized, the initial condensate
order parameter in the simulations was chosen to be completely horizontally polarized
and localized at the top of the ring,

2
W(p,t =0) = exp [—(@ —n/2) ] 11" (4.24)
2d?
This initial polarized state has a left-right mirror symmetry with Sa(p,t = 0) =
0 as well as spin balanced S3(p,t = 0) = 0. Such an initial state would clarify
the dynamical signature of the pseudo magnetic field on the propagating polariton
condensate when S; and Ss become non-zero during evolution. The angular width
(d = 7/10) of the gaussian wavepacket in the simulations was chosen comparable to
the spot size of the pump ~ 15um. The numerical solution of Equation (4.23) is shown
in Fig. 4.8 for two different choices of cavity tilt and different energy relaxation rates
to elucidate the role of the cavity gradient and the energy damping in the polarization
pattern formation in the ring. The simulation captures the coherent evolution of the
polariton spinor after excitation by a single pulse.

As the initial spin balanced state diffuses from the top, the two components of the
spinor are pushed in opposite directions creating a spin imbalanced state. This is shown
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at early times in the circular polarization components S3 in Fig. 4.8 (d) and (h). In
the first 100 ps we observed a similar spin imbalance near the top of the ring in the
S3 component as shown in Fig. 4.6. This imbalance is manifested by the appearance
of opposite polarity of the S3 component for the clockwise and counterclockwise flow
of the polariton condensate. From Fig. 4.6 (c) we also see that after 200 ps, the
top half of the ring shows a spin-flip, i.e. the region where S3 > 0 in the first 100 ps
becomes S3 < 0 and vice-versa. From our simulations, we see this when the condensate
motion is not strongly damped in Fig. 4.8 (h). The opposite spin components do not
immediately come to rest on reaching the bottom from the top and continue onward
motion converting back the gained kinetic energy into potential energy. It is during
this course of motion that we observe spin-flip in the ring. In Fig. 4.8 (d) we do not
see this feature because the condensate motion is overdamped, dissipating the kinetic
energy very quickly and bringing the condensate to rest in the bottom of the ring.
In the linear polarization sector, which is a measure of the relative phase between
the two spinor components, we find a rotation of the polarization as the condensate
flows out from the point of generation. This is shown by the appearance of the non-
zero Sy component shortly after the evolution of the initial state in Fig. 4.8 (b) and
(f). As the condensate fills the entire ring, we see the emergence of the four-leaf
pattern in S; and S;. This is clearly seen in Fig. 4.8 (b) and (c) while obfuscated in
Fig. 4.8 (f) and (g) due to interference between clockwise and anti-clockwise moving
waves. Similar observation made in Fig. 4.6 (b-c) and the four-leaf pattern is shown
in Fig. 4.6 (e-f). As the condensate settles to the minimum of the trap potential,
this pattern is seen at the bottom of the ring in Fig. 4.8 (b), (c), (f), and (g). In
this state the circular polarization is nearly absent as the ground state of the ring
is not circularly polarized. The S3 component at late times in Fig. 4.6 (d) is also
absent in the bottom half of the ring. It should be noted that the model neglects
the evolution of the excitonic reservoir in the ring, which dynamically reshapes the
effective potential for polaritons. Evidence of long transport of the reservoir was
shown in these rings in Ref. [284]. Also, the contribution of the higher radial modes
is not included which are found to be occupied only at early times after the quench
since we address a much slower spin precession dynamics. We found that these are
not crucial for understanding the generic polarization patterns in the ring but will
be important when addressing details regarding the transport and energy relaxation
of the nonequilibrium polariton condensate in the ring. The model introduced in
this section captures all the qualitative aspects of the linear and circular polarization
precession following a quench, which emphasizes the role of the TE-TM splitting on
the condensate dynamics. Finally, we note that the polarization of the condensate
observed in the experiment at late times doesn’t correspond to an eigenstate of the
tilted ring and requires further theoretical investigation into the details of energy
relaxation and thermalization processes which could lead to such a pre-thermal state.
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4 Dynamics of spin polarization in tilted polariton rings

4.4 Conclusion

Ring shaped polariton waveguides is attracting a great deal of attention for exploring
various topological effects [287-290] due to the TE-TM splitting in these structures.
We present in this direction the first experiments on etched polariton rings. We studied
the polarization dynamics of a non-equilibrium polariton condensate formed after a
pulsed excitation. Through time resolved measurements we were able to observe the
temporal signature of intrinsic optical Hall effect shortly after quench. We provide a
qualitative estimate of the length scale over which the spatial coherence builds up in
the ring by observing spatial energy locking and linewidth narrowing of the emission.
We also present a theoretical model which captures qualitatively the formation of
a four-leaf pattern in the S; and S; components of the Stokes vector, the relative
angular phase offset between S7 and S and finally the contrasting ratio between the
degree of linear and circular polarization in the ring thus elucidating the role of the
anisotropic pseudo magnetic field originating from the TE-TM splitting and the tilt
in the microcavity structure.

Future work will explore making the rings radially thinner pushing further apart the
radially confined states in energy while also diminishing the cavity tilt. These rings
could then serve as an ideal platform for studying one-dimensional macroscopic quan-
tum phenomena similar to superconducting rings. Already with these long lifetime
samples we could address interesting questions in nonequilibrium physics, such as gen-
eration of long lived non thermal states, which could be observed and studied in this
system.
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5 Chiral waveguide optomechanics:
quantum phase transitions in the
ultrastrong coupling regime

We present a direct mapping between the quantum optomechanical problem of the
atoms harmonically trapped in the vicinity of a chiral waveguide and a generalized
quantum Rabi model and discuss the analogy between the self-organization of atomic
chains in photonic structures and Dicke-like quantum phase transitions in the ultra-
strong coupling regime. We extend the class of the superradiant phase transitions
for the systems possessing Zs rather than parity Zs symmetry and demonstrate the
emergence of the multicomponent Schrodinger cat ground states in these systems.

5.1 Introduction

The arrays of quantum emitters coupled to a common one-dimensional photonic reser-
voir are the main object studied by the emerging field of waveguide quantum electrody-
namics (WQED) [292, 293]. The field currently experiences rapid progress due to de-
velopments in quantum technologies allowing realizations of this type of system based
on a variety of platforms including superconducting qubits [294, 295], cold-atoms [296]
or semiconductor quantum dots [297]. The key features of waveguide quantum optical
set-ups are the emergent long-range correlations between the qubits harnessed through
the exchange of the propagating waveguide photons and the inherent open nature of
these systems provided by the leakage of the photons. Recently, the set-ups comprising
the ring-shaped topological waveguides have been suggested [298, 299] which combine
the long-range inter-qubit correlations and quasi-hermiticity. These set-ups could be
particularly useful for the emulation of the strongly correlated quantum models since
the latter are usually Hermitian ones.

One of the factors limiting the diversity of the quantum many-body phenomena sup-
ported by the WQED set-ups is the relatively small radiative coupling of the individual
qubits to the photonic mode as compared to the transition frequencies. This leaves us
in the weak coupling region of the light-matter interaction. At the same time, reaching
the regime of the ultrastrong coupling [300, 301] at which the coupling strength be-
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5 Chiral waveguide optomechanics: quantum phase transitions in the ultrastrong coupling regime

comes comparable with the transition frequencies would enable the access to a plethora
of fascinating quantum phenomena such as non-vacuum and correlated ground states,
and possible application in quantum memory [302] and quantum metrology [303, 304].
Also, it turns out that superradiant phases are a general property of the ultrastrong
coupling limit [305].

In this chapter, we show that the consideration of the atomic mechanical degree of
freedom opens the route towards the realization of the ultrastrong coupling regime in
the WQED structures. While the joint dynamics of mechanical and internal degrees
of freedom have been considered previously, the analysis relied on the approximations
of either classical dynamics of both positions and polarization of atoms [306] or the
truncated Hilbert space for the phonons [307]. In this chapter, we provide a rigorous
mapping from the optomechanical problem to the quantum Rabi model and show
that the self-organization of atoms predicted in the classical picture corresponds to
the Rabi-like phase transition known to appear in the ultrastrong coupling regime.
Since there has recently been tremendous progress in finding analytical solutions to the
Rabi model [308] we believe that the presented mapping is of substantial importance
for the further developments of the quantum optomechanics in the regime of strong
optomechanical coupling.

5.2 Model

We consider a system depicted in Fig.1: N qubits are placed in the laser harmonic
traps on top of the chiral ring resonator. The qubit can absorb or emit a waveguide
photon, and the radiative relaxation to the far-field is suppressed. The Hamiltonian
of the system reads

N N
H=Y wler+ Y weoioj+ > Qala;+ Hi, (5.1)
k j=1 j=1

where wy = vk is the dispersion of the chiral waveguide modes which is assumed to be
linear, v is the speed of light in the waveguide, w, is the qubit resonance frequency,
and {2 is the optical trap phonon energy, a;, d} are annihilation and creation phonon
operators respectively. The interaction Hamiltonian reads

A = gz [Ugékeik[R‘Pj-ij] n H.c.} ’ (5.2)
k,j

where g is the Rabi splitting, R is the radius of the ring, x; corresponds to the
deviation of the j-th atom from its equilibrium position which is equal to ug(a; + &;),

ug = /h/(2M$2) is the quantum of the mechanical motion, where M is the mass of
the qubit. Actually, the optical spectrum of the ring is discrete rather than continuous
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\j

hw,,

Figure 5.1: Geometry of the structure: an array of two-level atoms placed in the
vicinity of the chiral ring resonator. The parabolic trapping potential is shown with
a shaded region only for one atom.

with the frequency difference between the modes given by éw = v/R. However, for a
large resonator when v/ R < w, the limit of the continuous spectrum can be employed.

We then integrate out the waveguide degrees of freedom by performing the Schrieffer-
Wolff transform [309] to obtain the effective Hamiltonian up to the second order of
the qubit-photon coupling g:

Heff = ZWIU;_U]‘ + Z Q&jdj
J J

_% Z [io-;i-o-jeiqR@jein(di-&-@g—@j—@j) +He.|, (5.3)
i<j

where ¢ = w, /v, Iy = g*/v is the radiative decay rate of a single qubit, and 1 = qug
is the dimensionless optomechanical interaction. In deriving Eq. (5.3) we used the
Markov approximation neglecting the frequency dispersion in the phase factor (k = q).
The Markov approximation holds for RIp/v < 1. In stark contrast to the WQED
case the resulting Hamiltonian is Hermitian. This is both due to the fact that unlike
the case of an infinite waveguide our system is a closed one, and because the radiation
to the far field has been neglected. The latter approximation can be adopted when the
radiative coupling to the waveguide mode [ is much stronger than that to the far-
field continuum . This can be achieved in the photonic crystal waveguide geometries,
where I/I" > 9 has been experimentally reported [310].
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5 Chiral waveguide optomechanics: quantum phase transitions in the ultrastrong coupling regime

The qubit excitation energy w, is the largest energy scale of the problem. Since the
Hamiltonian commutes with the excitation number operator, we can safely project the
Hamiltonian to the subspace with a single excitation. In this case, the qubit subspace
is spanned by N states corresponding to excitation localized at each of N qubits. We
assume the equidistant spacing of the harmonic traps, i.e. ¢;y1,; = ¢.

The third term in Eq. (5.3) contains the exponent of the bosonic operators making it
highly nonlinear in the region 7 ~ 1. It is instructive to estimate the experimentally
relevant range of parameters of the model. Parameter 7 is defined by the ratio of
the length scale of the atomic motion, up and the wavelength of the photon in the
waveguide, A\, n = 4dmwug/A. The coherence of the atomic motion is preserved at the
scale of the atomic de Broglie wavelength A = h/pyy,, where the thermal momentum
pth = V3MkEkgT. Thus, the condition of the coherent atomic motion implies that
uo < B/pen. For the lithium atoms and the resonant wavelength of approximately 700
nm the value of n = 1 is achieved at T" = 640 nK, which is a temperature that has been
achieved in recent cold atom experiments (see the review [311] and references within).
The corresponding phonon energy is then approximately 2.4 kHz. The radiative decay
rate Iy can be tuned in a wide range of frequencies from zero to GHz. Therefore, the
range of I/£2,m ~ 1 can be achieved in the state of the art cold atom experiments.
Thus, it is relevant to explore the properties of Hamiltonian (5.3) outside the small 7
regime.

5.3 Mapping to the N-state quantum Rabi model

We start with the Hamiltonian, given by Eq. (3) in the main text, and project it on
the subspace of a single qubit excitation

N N

] 3 ] At L RV i—j) jiquo(a;+al —a;—al

Hep = Hppon + H. Z;Qa}aj _ 20(;) [1|Z><]|64R¢( 9) glauo(@i+aj —a;—aj) +H.C.},
— i<j

(5.4)

where |i) are the basis vectors in the N-dimensional space, corresponding to the exci-
tation, localized at the i-th qubit. We then introduce the unitary operator T=58x 45
where

Qijij = 5”67iqR¢(i71)67iqu0(di+&I)’ Z,j =1... N, (55)

and S is the matrix, which lines are the normalized eigenvectors of the matrix 2 jsi [l G+

H.c. The unitary transformation T diagonalizes H.. The resulting diagonal matrix has
non-degenerate eigenvalues, located symmetrically with respect to zero. For N = 2,
the eigenvalues are +17/2.
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5.3 Mapping to the N-state quantum Rabi model

The transformation @ﬁphonéT results in

DHppon®' = Z Qala; + 2n* + On x diagli(al — a,)), (5.6)
Jj=1

where 17 = qug. We then can introduce the phonon center-of-mass creation operator
acyp = ﬁ >_; @;. Namely, for N = 2 the resulting Hamiltonian reads

I
Qal a0 + Qalag — m%(am — by, + 27+ UIQ%(i&d —ia}) - S,
(5.7)

where a4 = (a1 — G2)/+/2 corresponds to the relative motion of the two qubits. As
can be seen this Hamiltonian is exactly the one describing the Quantum Rabi model
plus the decoupled bosonic mode, corresponding to the center-of-mass motion. Now
we introduce the new variables

Ui af . N

a = &CM + lﬁ, aT CM 157 (58)
for which we have
AF . . . i S
QaEMa(;M - Qz%(aCM - agM) =Nata— 277 (5.9)

thus finally we arrive at

On? I
Heg = THo Tt = Qata+ Qalaq + 2 + 0,01 (g —ial) — S0 (510

2 V2

For N = 3 qubits the Hamiltonian is given by

Heg = THT" = Qal., 600 — le/ng(aCMf ibar) + Qaba, + abay) + 2P —
1 0 0 01 1 0 1 -1
31
*/;0 0 -1 0| -02-L(a,—ial) {1 0 1]+2-L@,—al)[-1 0o 1
0 0 0 G 110 G 1 -1 0

(5.11)

where a,, = %(—dl — a2+ 2a3), a, = %(dl —G2). Now we introduce new variables

i=a M—i—i%, aT:@gM_%, (5.12)
for which we have
At . . . i P
Qalybom — QI%WCM — b)) = Qa'a - Tn (5.13)
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thus finally we arrive at

22
Hop = THaT" = Qata + Q(ala, +ala,) + 9%—
1 0 0 01 1 0 1 -1
I
\/320 0 -1 0| -0-LGa,—ial)[1 0 1] +0-L(@,—-al)[-1 0 1
0 0 0 V6 110 G 1 -1 0

In general, we have a generalized Rabi model with N-dimensional matrices.

For the case of two qubits, T5 reads TﬁegTT, where

1 ieiinil e*iT]iQ*iqR¢
T:ﬁ —ieln®1  o—ing2—igRe | > (5.15)

where z; = a; + dz, and the transformed Hamiltonian
Nl i t Ui
ToHgTy = 12 |:&CM&CM + dddd + 5

n
0 (g — ia}) - Oaz} : (5.16)

/2 202

acym = %(dl + ag + in) corresponds to the center-of-mass qubit motion and a4z =
%(&1 — Gg) corresponds to the relative motion of two qubits. The center-of-mass
momentum operator is shifted from the equilibrium position on 7. This is due to the
unidirectional propagation of the chiral waveguide photon which pushes the qubits as
whole in one direction. Then, we see that the spectrum of the problem does not depend
on the static phase difference ¢ which is typical for the chiral waveguide quantum
optical set-ups [312, 313]. Finally, we see that up-to the center-of-mass kinetic energy
term which decouples from the rest of the system, the effective Hamiltonian is exactly
the one corresponding to the quantum Rabi model. The radiative decay I plays the
role of the resonant transition energy and the 7 defines the effective coupling strength.
The case of strong optomechanical interaction > 0.1v/2 thus directly maps to the
ultrastrong coupling regime (USC). It is known that in the USC and deep-strong
coupling regime (1 > v/2) of the Rabi model the system is characterized by the non-
vacuum ground state |¥g) which can be roughly approximated by the superposition
of the coherent states |¥q) =~ %(H) ® o) +|—) ® | — «)) [314], where | + a) are
the bosonic coherent states, and |+) = %ﬂ 1) =1 ])) - are the superpositions of the
ground and excited qubit states. Also, the direct mapping to the Rabi model is valid
only in the purely chiral case. However, as we show in Section 5.6, the numerically
obtained spectrum for the non-perfectly chiral waveguide qualitatively is very similar
to the perfectly chiral case.

For three qubits the unitary transformation T3 results in the Hamiltonian [315]):

A A AT 2 ~ ~ ~
TsHegTs' = Heg = Hyp, + H, + H., (5.17)
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5.4 Quantum phase transition

where ﬁph is the phonon kinetic energy given by

: dtoata 4 ata o 2T
Hyp = 2(a'a + aja, + a)a, + ?), (5.18)
where a corresponds to the shifted operator of center-of-mass motion, a = %(dl +
as +as+1in), and a, = %(fdl — a9 +2a3), a4y = %(dl — a9) are operators of normal

modes. The qubit Hamiltonian ﬁq reads

. I
H, = V3 0>\3, (5.19)

where J; is the 3 x 3 Gell-Mann matrix. Finally, the coupling term H, reads

~ (P A « «

H,. = 1 [puL(/\1 + )\4 + /\6) —|—py( Ao+ A5 — )\7) , (5.20)

V3

where p; = %(&i - dg). The Hamiltonian ﬁeg (up to the decoupled center-of-mass
motion) describes the two-dimensional Bose-Einstein condensate (BEC) of spin 1 par-
ticles localized in a harmonic trap (given by H,,) and in perpendicular magnetic field
(ﬁq). The term H, describes the spin-orbit coupling (SOC) for spin 1 particles. This
type SOC has been introduced for the BECs of spin particles previously [316, 317].
Thus, we highlight a link between the waveguide optomechanical systems and BEC
physics.

Despite seeming similarity, the Hamiltonian in Eq. (5.17) is qualitatively different from
the Dicke model Hamiltonian. Namely, the qubit operators do not obey the angular
momentum commutation relations. Moreover, the Hamiltonian (5.17) possesses global
Zs symmetry. Consider the unitary operator

1 0 0
A~ - 27 .
R=el:F o0 % 0 |, (5.21)
0 0 6127r/3
where L, = = &P, — YP, is the angular momentum operator. Operator R obeys R2 Rt
and thus [IL R, RQ} form a group. We note that RHeﬂ?RT H.g and thus [R Heﬂr]

0. Therefore, the eigenstates of R are also eigenstates of Heff The three distinct
eigenvalues of R are [1 ei27/3 6147T/3]

5.4 Quantum phase transition

We then assume the limit of the classical motion of the qubits by assuming p,, p, to
be classical variables and find the eigenvalues of the corresponding matrix Hamil-
tonian obtained from Eq. (5.17). We find the ground state energy by minimiz-
ing the smallest eigenvalue with respect to p,,p,. Moving to the polar coordinates
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(P, py) = (pcos, psinf) we find that the minimum energy is obtained for cos 36 = 1.
With this condition fulfilled, the expression for the ground state energy as a function
of p reads

2°Q2 /31 {]52
€q =

_ 1.1 0

LA 10 (f) 5.22
| s (3)] (522
where = \/4/2T* 2/ Ty, p = 2082 /(31,)p, and v = arctan ((81]54 +279% + 3)%/9]33).
For small p we can write

220 I - pt —

773 N x/§2 b [1]53 9" m 3]32}

(5.23)

€Eqg ~

For n < 1 Eq. (5.23) has a single local minimum at = 0. For n > . = 1/3v/31/(752)
it has an additional minimum at p. which for n ~ 7. can by approximated by p. =
3(1+ /7 —2/p). Then, for n > \/V3Io/(262), there is only a single minimum at p,.
At n = 1, the first derivative of eg is discontinuous which is a hallmark of the first
order quantum phase transition [318].

We plot dependence of e given by Eq. (5.22) in Fig. 5.2(a). We can see that indeed
there exists a range of parameters where there are two local minima signifying the
phase co-existence regime. Thus, the quantum phase transition (QPT) in the classical
limit is indeed of the first order. This is in stark contrast to the classical limit of the
quantum Rabi model, where the phase transition is of the second order [319].

The map of the e in (p,, p,) space is shown in Fig. 5.2(b). For the case n < 7. shown
in left panel, there is a single minimum corresponding to p = 0. For n > 7. (right)
panel three degenerate minima emerge.

Since the QPTs can occur only in the thermodynamic limit we shall refine our analysis
of the ground state energy. For that, we first consider that the actual quantum states
corresponding to the minimal energy in the classical limit are the direct products of
the spin states and the coherent states of the qubit motion at small p,

De/2
) =~ N | —[1— %ﬁg]emel ® |pe cos Oy, pesin by) , (5.24)
=~ i91
Dbce
where | = 0,1,2, 6, = 27l/3, and N, is the normalization factor. It is evident that
(I|Heg|l) yields the classical mean-field ground state energy. However, these states can

not be the eigenstates of Hamiltonian H, g since they are not eigenstates of operator
R. Namely, R|l) = |[(I+1)mod3]). Moreover, due to nonorthogonality of the coherent

states (I'| Heg|l) # E6y and (I'|l) # 6. We thus can solve the characteristic equation
for the eigenvalues det[(I’| Heg|l) — E(I'|l)] = 0. The explicit form of the characteristic

128



5.4 Quantum phase transition

0.8

N

Figure 5.2: (a) Dependency of the ground state energy on p for different values of
the parameter u; I'y/2 = 2.5. (b) Dispersion of the lowest energy surface in the
classical approximation for qubit motion in the two cases: n = 0.5 and n = 2.0;
Io/2 =25, n.~1.36.

(e} [\] = [=2] oo
eq/N

equation is cumbersome and presented in Section 5.5. However, the non-diagonal ele-
ments of the matrix representation of the Hamiltonian are proportional to the overlap
of the coherent states which is proportional to exp[—3pZ]. The explicit form of the
eigenstates can be found from the symmetry considerations. Namely, the eigenstates
should also be the eigenstates of the operator R. We then can easily find the mutually
orthogonal linear superpositions of states |I) which satisfy this condition. Namely, the
ground and two excited states are given by:

Vo) = —= [IO +10) +12)],

S

|¢E1> |:|0> 4i7r/3|1> —|—€2iﬂ'/3|2>} ,

%I

Wp2) = [|o> + A1) 4 ) (5.25)

%I
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Figure 5.3: Figenergies of first nine eigenstates of f[eﬁ vs optomechanical coupling n
with Iy/$2 = 0.5. Red dashed lines show the dispersions of states in Eq. (5.25) and
the blue solid lines show the results of the numerical diagonalization. The vertical
dotted line corresponds to critical optomechanical coupling n. ~ 0.61. For the nu-
merical diagonalization, the phonon sub-space was truncated with maximal phonon
occupation number - 100.

The spectrum of Heg as a function of the coupling strength 7 is shown in Fig. 5.3 for the
case of the ground state of the center-of-mass degree of freedom ncps = 0. The spec-
trum has been obtained via direct numerical diagonalization by truncating the phonon
subspace. We can see that at large n the ground state becomes quasi-degenerate.
We also plot the analytically obtained dispersions of states |¥q), |¥g1), |¥E2). The
first three low energy states given by Eq. (5.25) are the analog of the triangular
Schrodinger cat states [320]. While the Schrodinger cat states are generally regarded
as extremely fragile with respect to decoherence, it has been recently revealed that
the two-component cat states appearing in the USC of the conventional Rabi model
appear two be robust to decoherence and can be used to realize protected quantum
gates with high fidelity [321, 322]. Thus, the states |¥q g1, 52)) as the three-component
generalizations of the cat states originating in the USC are likely to remain sufficiently
stable and can be used for quantum information processing.

We have shown that the phase transition occurs in the classical limit. The classical
limit can be regarded as a thermodynamic limit of the vanishing harmonic oscillator
energy (2 [319, 323-325]. To explore this limit, we redefine the energy constants in

H.g in the following way: we set nf2 — 1’ as an independent variable and redefine
Iy = ¢éw, 2 =w/&. The thermodynamic limit is then achieved for £ — oo.

In Fig. 5.4 we plot the first derivative of the ground state energy as a function of 7’
for w = 1 and for different . As & increases this function steepens in the vicinity
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Figure 5.4: First derivative of the ground state energy dec /O’ for different values of
scaling parameter £. w = 1.

of .. In the limit of infinite £ we would observe the discontinuity of the deq/0n’
just as in the classical limit and the establishment of the QPT with Zz symmetry
breaking. The {2 — 0 limit can be regarded as the classical limit of the atomic
motion. Thus, the predicted phase transition corresponds to the appearance of non-
zero phonon occupation in the ground state and self-organization of atomic motion
due to the photon-mediated inter-atomic interactions. The self-organization of atoms
has been predicted within the classical approach in WQED systems [306]. We thus
reveal the direct connection of the self-organization phenomena and quantum phase
transitions similar to that occurring in the Rabi model.

5.5 Hamiltonian, projected on the three lowest
energy states

In this subsection we calculate the 3 by 3 matrix (I,I’ = 0,1,2) <l/|ﬁeﬂ|l> — i.e. the

projection of our Hamiltonian Heg on the three lowest energy states. The states 1) are
given by Eq. (13) from the main text, but it is important to note that in this equation
one has to interpret the phonon state |p. cos 0}, p. sin 0;) (with 6; = 271/3) as a product
of coherent states of x- and y-phonons, namely, |p.cos @, p.sin6;) = |a£li> ® |ag3,>
The coherent states satisfy dw\agb = agl;|a£l;) and &y|a£2,> = agg, a%) How are

the parameters ag?p and a&f; of the coherent states related to the pair of numbers
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(Pe cos Oy, pesin0;)? We remind, that p; = \/5((11 —a) ) and £; = \}i(d +a ) here i =

) () A ) (l)>

z,y. Now, by definition (ae;z|Pe|Cez) = Po = De o801, (Qey|Py|a Py = Pesing,

and we remind that p. = 2n2/(3Ip)p.. On the other hand, p, = <o& |a£’L> =
ﬂ(agi - aé@*) and p, = <a£2, j (l)> ﬂ(a% ozglg,*) Also we can introduce
z. and y. as x. = <am«| o M;} = f( alh +a£l;*) and y. = ( > = f( SQ, +

a% ), and thus we now have a simple linear one-to-one map aﬁﬁc = (—ipccosf; +

z.)/V/2 and ozgg = (—ipesin 0 + y.)/V/2, which, in other words, means that to fully
characterize a coherent state we need to know the average position and the average
momentum in this coherent state. However, in the states |I) the coherent parameters
aﬁll: and agl;%, are pure imaginary, and thus z, = y. = 0. We now proceed with
calculating the matrix elements, assuming that |I) = AY | (l)> ® \a(l)> =40 g
| —ip. cos 0;/V/2) ® |—ip.sin6;/+/2), where AY is the corresponding column-vector in
Eq. 13 (from the main text) with the normalization factor N.. In our derivation below
we use that the overlap of coherent states is given by (8|a) = e~ (I8 Hlal*=26%)/2,
AAnd we use the fact, that our Hamiltonian is written in the normal-ordered form
ﬁeﬂ‘[dz, al, dy,&;] = Neﬂ?[&z,&zt, Qy, d;] ;, l.e. in each term, each creation operator is
to the left of each annihilation operator, which greatly simplifies "sandwiching" the
Hamiltonian between coherent states. We arrive at the following result (we omit the
center-of-mass term)

(V| Hegtll) =
AS}')T 3 —ip. cos O —ip. sin Oy —ip. cos B,

7 | 7 7 )|

Agl/)THeff[dm — a&ii, al — agf;)*,dy - O‘ggp dL - agl;;;)*]Agl) -

—ip. sin 6;

V2

oAV @ | ) —

Heff,OO Heff,Ol H:ff,ol
Higor Hemoo Hemor | (5.26)
Heror  Higor  Heft00

and we remind that aSJL = 71pc cos OZ/ﬁ and ac y = —ip,sinf;/v/2. Since -HCH,OO =
Her11 = Her 2o and Heg o1 = Heg 12 = H

off,02; thus due to hermiticity we have to list
only two matrix elements:

Hegr00 = (0| Hegt|0) =

1 T2V/3IE (32417 + 45T0np2622 — 20m3p3623
Y srvarn Vi3I ( 5T 11°pe(2)
0 324 + 25mipt 24

+ 502 (4n? + 3p3)> ;

(5.27)

132
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3pg
Heg 01 = (0| Het|1) = 24 (3241{ + 25n*p2t)

(—1944 (V3 +31) 1§ — 648 (V3 - 31) IiPp2 2+
3617212 p2 2° (24 (1 n 31\/3) 0+ (—9 - 271\/3) P2 -8 (\/3 + 31) npc) +
324 (1 + i\/§) 40 (3p2 — 811%) + 30 (7\/5 - 31) Ton'piat+

25 (1 n i\/§) n'pt2® (3p% — 8n?)] (5.28)

Diagonalizing this matrix (I’|Heg|l) for n > 1., we get as eigenstates exactly the states,
described by Eq. (14) from the main text.

5.6 Non-chiral waveguide

Let us consider the case when the waveguide is non-chiral. Here we focus on the
case when there are 2 qubits suspended above the waveguide. Then the effective
Hamiltonian up to the second-order of the qubit-photon couplings g, 2 reads

Hop = Zwmafo*j + Z Q&}dj
J J

—% Z [ia;"ajeiqu’“ ein(@i+a]—a;—a]) + H.c.}
i<j
_ [iUJrJ o—iaR$i; ,—in(aital —a;—al) +H.e } (5.29)
5 Lo : .c.|, .
1<j
where ¢ = w, /v, Io,1 = g7 »/v are the radiative decay rate of a single qubit into modes
with opposite chirality, and n = qug is the dimensionless optomechanical interaction.
Below we present a plot of the comparison between the two cases: a perfect chiral
waveguide with Iy = 0.5(2, I'1 = 0 and a non-chiral waveguide with Iy = I} = 0.5(2.
We clearly see, that the corresponding spectrum resembles the one of a perfectly chiral
waveguide. If the waveguide is nearly chiral (i.e. Iy < Ip) then the gaps between
different groups of the dispersion branches F(n) are smaller, than for a perfectly chiral
waveguide (Fig. 5.5a). For a non-chiral waveguide (i.e. Iy = I'1) these gaps completely
vanish, as shown on the lower panel of the figure below (Fig. 5.5b). The figure below
obtained by numerical diagonalization of the Hamiltonian above, after projecting on
the subspace with a single photon in the system.
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Figure 5.5: Comparison of the energy spectra E(n) between (a) the perfect chiral waveg-
uide (top panel) and (b) the non-chiral waveguide (lower panel) for the system with
2 qubits and a single photon in the system. The gaps between different groups on
the dispersion branches are marked with grey rectangles in the top panel. For a
non-chiral waveguide these gaps disappear. Here we assumed ¢ = w/(qR).

5.7 Conclusion

To conclude, we have established a direct mapping between the quantum optomechan-
ical set-up in the chiral waveguide and the generalization of the quantum Rabi-model.
While for two qubits the system directly maps to the quantum Rabi model, already
for the case of three qubits the system possesses unconventional Zs symmetry, exhibit-
ing multi-component Schrodinger-cat ground states as well as Z3 symmetry breaking
first order phase transitions in the thermodynamic limit. The work establishes solid
connections between the self-organization of atoms in photonic structures which has
been previously treated and quantum phase transitions. It also poses an interesting
question on the structure of the ground state in the limit of a large number of qubits
N. While it can demonstrated that the Zy symmetry holds for the case of N qubits,
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5.7 Conclusion

the nature of the phase transition and the structure of the ground state is yet to be
explored.

The results of the work can be applied to a more general class of systems of moving
atoms in the photonic structures since it reveals that the apparatus developed in
the studies of USC can be directly applied to explore both fundamental aspects of
quantized spin-motion coupling and perspective applications in quantum information
processing.
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6 Anomalous exciton Hall effect

It is well known that electrically neutral excitons can still be affected by crossed electric
and magnetic fields that make them move in a direction perpendicular to both fields.
This effect is at the origin of the magnetic Stark effect for excitons and is described in
terms of a synthetic gauge field. We show that a similar effect appears in the absence of
external electric fields, in the case of scattering of an exciton flow by charged impurities
in the presence of the external magnetic field. As a result, the exciton flow changes the
direction of its propagation that may be described in terms of the Hall conductivity
for excitons. We develop a theory of this effect, which we refer to as the anomalous
exciton Hall effect, to distinguish it from the exciton Hall effect that arises due to
the valley selective exciton transport in transition metal dichalcogenides. According
to our estimations, the effect is relatively weak for optically active or bright excitons
in conventional GaAs quantum wells, but it becomes significant for optically inactive
or dark excitons, because of the difference in the lifetimes. This makes the proposed
effect a convenient tool for spatial separation of dark and bright excitons.

6.1 Introduction

Thomas and Hopfield [58] were the first to point out that excitons propagating in the
presence of an external magnetic field orthogonal to their velocity acquire stationary
dipole polarisation perpendicular to both the magnetic field and their propagation
direction. This is the manifestation of the magnetic Stark effect for excitons that was
experimentally evidenced in a variety of semiconductor systems [59-61]. This effect is
caused by the Lorentz force that pulls an electron and a hole apart if an exciton as a
whole particle moves in the presence of a magnetic field. Imamoglu [62, 63] pointed out
that once an exciton is placed in crossed electric and magnetic fields, it starts moving
as a whole in the direction perpendicular to the directions of both fields, that leads to
the renormalization of the excitonic dispersion in quantum wells or two-dimensional
semiconductor crystals. The dynamics of electrically neutral quantum liquids in the
presence of crossed electric and magnetic fields were studied by Shevchenko [80-82].
Onga et al. [64] have recently reported the experimental observation of an exciton
Hall effect in atomically thin layers of MoS, that manifests itself in the appearance of
an off-diagonal exciton conductivity in the presence of a magnetic field. The effect is
caused by the strong spin-valley locking in monolayer transition metal dichalcogenides
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6 Anomalous exciton Hall effect

(TMDs).

Here we predict an anomalous exciton Hall effect that is independent of the exciton
spin structure. We show that in conventional GaAs quantum wells containing charged
impurities, an exciton flow may be reoriented in the real space due to the combined
effect of the local electrostatic potential created by charged impurities and the orbital
effect of a magnetic field applied in normal to the plane direction. Conceptually, this
effect is similar to the cross-field effect proposed by Imamoglu [62, 63] and it manifests
itself in a very similar phenomenology to the exciton Hall effect studied by Onga et
al. [64], however, it is different from both above-mentioned effects as neither external
electric field nor spin-valley locking is required in our case. To distinguish from the
previous studies and emphasize the similarity with the anomalous Hall effect (AHE),
we refer to the effect we study as an anomalous exciton Hall effect.

We argue that the effect may have a significant magnitude in fluids of optically inac-
tive, dark excitons due to their long lifetimes, and it is much weaker for short-living
bright excitons in conventional GaAs-based quantum wells. This makes the anomalous
exciton Hall effect a powerful tool for spatial separation of dark and bright excitons.

6.2 Synthetic gauge fields

In condensed matter physics, gauge fields are ubiquitous. The best-known example
is a magnetic field B, which can be introduced into a single particle Hamiltonian by
substitution p; — p; — qA;, with ¢ being the electric charge of the particle, A; being
components of the vector potential, B = V x A. The presence of a magnetic field
dramatically modifies the properties of the system and leads to such fundamental
phenomena as the quantum Hall and Aharonov-Bohm effects. For neutral particles
with ¢ = 0, a magnetic field does not affect the orbital degree of freedom directly,
and thus can not be considered as a real gauge field. However, if a particle possesses
internal degrees of freedom, such as spin, polarization, or an internal set of energy
levels, the creation of so-called synthetic gauge fields becomes feasible. In particular,
for cold atoms both Abelian and non-Abelian gauge potentials can be engineered by
a resonant drive of the system with spatially inhomogeneous laser beams [65]. For
photons, the methods to create synthetic gauge fields include dynamic modulation
[66], use of coupled optical resonators [260], engineering lattices with strain [261], or
reciprocal metamaterials [67].

In condensed matter physics, the typical example of an electrically neutral quasiparti-
cle is an exciton. Excitons govern the optical response of semiconductor materials at
low and, in many cases, at high temperatures [172]. The recent study of the electric
field effect on the gauge fields for exciton strongly coupled to light (exciton-polaritons)
[63] showed the high potentiality of the gauge field approach to the description of ex-
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6.3 Phenomenological model

citon and polariton dynamics in the presence of a magnetic field. In this chapter,
we demonstrate how the combination of the magnetic Stark effect [58] with excitonic
scattering by an impurity potential leads to the anomalous exciton Hall effect link to
the appearance of an effective U(1) gauge field acting on the motion of the exciton
center-of-mass.

6.3 Phenomenological model

To reveal the nature of the proposed effect, we start with a simplified phenomenological
model, assuming that the motion of the exciton center of mass is decoupled from
the relative motion of the electron-hole pair. We consider a 2D exciton confined in
the zy-plane and subject to the external magnetic field directed along the z-axis.
If the exciton center of mass is characterised by a non-zero momentum k # 0, the
magnetic field acting on the electron and hole would dipole-polarize the exciton in
the direction perpendicular to k, so that the electric dipole moment of the exciton
reads (d) = f(B)le. x k], where f(B) is a function of the magnetic field, which
depends linearly on B at weak fields, but becomes inversely proportional to B at
the large fields in the magneto-exciton regime [68-70]. At small magnetic fields one
can find f(B) by passing to the center-of-mass reference frame, where the magnetic
field is absent, but an electric field E' = [hk x B]/M appears, here M is the exciton
mass. If this electric field is weak, then (d) = —e(r) = aE’ = a[hk x B]/M, where
a = 2la}4nege /128 is the 2D exciton polarizability [79], thus f(B) = —ahB/M. At
strong magnetic fields, in the magneto-exciton regime, the dipole moment is given
by [70] (d) = —e(r) = —e[e. x k]I%, where g = \/A/(eB) is the magnetic length, thus
f(B) =—-h/B.

The presence of impurities and fluctuations of the doped quantum well width leads
to the appearance of the scattering potential Us.(R) for excitons, here R denotes the
position of the exciton center-of-mass. Moreover, it generates some non-zero in-plane
distribution of the electric field E(R), which can affect the exciton dipole moment (see
Fig. 6.1 (a)). Using these assumptions we write down the model Hamiltonian of the
System as:

ﬁdip—ﬁ+vdip—ﬁ—2+U (R)—l(a-E+E~a) (6.1)

- 2M C2M ¢ 2 ’ '

where d = f(B)les x f{], M is the exciton mass, and p = hk is the exciton center-
of-mass momentum operator. Note, that as an exciton is a composite particle, there
is no simple straightforward relation between the scattering potential and the electric
field E = E(R), produced by the scatterer. After some algebra this can be cast in
form HYP = (p — eAcz(R))? /(2M) + Uegr(R), where
Ag(R) = Mf(B)(he)™! (e, Ey(R) — e, E,(R)) is a synthetic vector potential, cor-
responding to the magnetic field Beg(R) = —e, M f(B)(he) "t divE(R). Usg(R) =
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Figure 6.1: (a) The sketch of the system under consideration. FExcitons created by
the optical pump travel in the plane of a disordered quantum well in the presence
of a uniform orthogonal magnetic field B. The magnetic field induces an in-plane
dipole moment of excitons which leads to the asymmetric scattering of excitons by
impurities. This problem can be mapped to the scattering of a charged particle
by an impurity in the presence of the position-dependent synthetic magnetic field
B.g#(R), depicted by the grey domain around the scatterer in the figure. (b) Polar
plot of (n(¢, B)—n(p,—B))/n(p, B), where n(yp, B) is the concentration of excitons,
propagating in the direction given by the in-plane polar angle ¢, plotted at B =1 T.

Use(R) — M f2(B)(2h?)"1E?(R) is the effective scalar potential. One can see that
for the appearance of a non-trivial synthetic gauge field, two conditions need to be
fulfilled: (a) B # 0 and (b) the presence of an inhomogeneous electric field.

We consider now the scattering of an exciton by a single radially symmetrical impurity
with Uy (R) = Ug(R) and E(R) = E(R)R/R. We obtain the following elastic scat-
tering matrix elements between the exciton states with the center-of-mass momenta k
and k' (k| = |K')

/dRQEjl |AK|R). (6.2)
0

) ihfk

P — [ (AK) + -
Vk,k’ USC( ) Ar |Ak|
Here we performed the integration over the polar angle, which yielded the Bessel func-
tions, Ak = k' —k is the transferred momentum, the arguments of f(B) and E(R) are

omitted for brevity. The first term Us.(Ak) = f RARUs.(R)Jo(]Ak|R) is real

and it describes the normal symmetric scattering of an exciton by an impurity, while
the second imaginary term accounts for the breaking of the time reversal symmetry
by the magnetic field (as Vf o # lep _1)- This term gives rise to the asymmetric
scattering (analogous to skew scatterlng) of excitons by the impurities and thus leads
to the excitonic analog of the anomalous Hall effect. Thus, the physical mechanism of
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6.4 Microscopic theory

the proposed effect is similar to the AHE [87], where the role of spin-orbit coupling is
replaced by momentum-dependent exciton dipole polarization.

6.4 Microscopic theory

Now we proceed with a full microscopic model of exciton-impurity scattering in the
presence of a magnetic field that accounts for the coupling of electron-hole relative
motion and the exciton center-of-mass motion.

The Hamiltonian H, re1 Of the relative motion of an e—h pair characterized by the center-
of-mass momentum £k in the presence of a perpendicular magnetic field B = (0,0, B)
has the form [68, 72, 83]

. 2 j 1 1
Hrelz—h—vf—@ (-)B-[rxer
2/1, 2 me mp
(6.3)
e?B? n ehB v x K] e? n h2k?
T' — . —_—,—_—— —
8u M dmepelr|  2M

where r = r. —ry, is the relative e —h coordinate, and y~* = m_* +m; . Deriving this

expression we have taken advantage of the existence of an exact integral of motion,
namely the magnetic center-of-mass momentum [72|, defined by the operator hk =
—ihVr — eA(r), where R = (mer. + mpry,) /M is the center-of-mass coordinate,
M = m.+my, and the vector potential is taken in the symmetrical gauge A(r) = B x
r/2. The exciton wave function has the form Wi (R,r) = exp {i%¥ [k + eA(r)]} Pk (r),
where @i (r) is the corresponding eigenstate of the Hamiltonian above. An important
point is that the wave function @y of the relative motion depends on the center-of-mass
momentum fik [72] i.e., the relative motion and the center-of-mass motion are coupled.
The scattering matrix elements Vi o = (¥i|V|¥e) between the exciton states with
the center-of-mass momenta k and k' in the external potential V = V,(r.) 4+ Vi (rp)
are given below.

6.5 Weak magnetic fields

In the weak-field limit, I > ap, the scattering matrix elements can be found ana-
lytically, here ag = 4mweoeh?/(e?) is the Bohr radius (the 1s exciton radius is ap/2).
We shall neglect excitonic transitions to the excited states of internal e — A motion,
i.e. the center-of-mass momentum |k| < agz'. The ground-state wave function @y (r)
is calculated in a magnetic field using the perturbation theory. The corresponding
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6 Anomalous exciton Hall effect

scattering matrix elements Vi ks are obtained in Ref. [71] and read as follows
View = Ve(AK)Fo(AK) + Vi (AK) Fy (Ak) +

2
ik x K], (?E) (Ve(Ak)ae - f/h(Ak)ah) . (6.4)

Here V; (k) is the two-dimensional Fourier transform of the potentials V;(r) (j = e, h),
Fe (AK) = [1 = 8akm ) (AK)*/(32M2) + B (AK)2a% (an/p)" ], and Ak =K'~
k is the transferred momentum. In the derivation above only the terms of up to
the second order in B and the lowest order in |k|ap are taken into account. The
expressions for the dimensionless constants ae(s) and Be,) for a 2D Wannier-Mott
exciton can be found in [71] (we corrected typos in the original formulas): Bep) =

47002 (105m2 )~ 1592/2) and ey = ~2mio /M, k& = ~211/(162M). Note
that B¢, B, > 0 are positive, therefore, the exciton scattering cross-section increases
with B when Ip > ap. An important point is that the time-reversal symmetry is

broken Vi k, # V_x,,—k, and the structure of Vi y resembles its counterpart (6.2) from
the simplified phenomenological model. The ground-state exciton energy spectrum is

given by N ) )
(k) = f;ﬂl} [12|/{ (‘;;3) ] . [1 (Z) ] (6.5)

where the parameter l; = (3/128)'/%ap determines the diamagnetic shift. The first
term stands for the center-of-mass kinetic energy, whereas the second term represents
the binding energy.
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Figure 6.2: (a) The dependence of the dipole moment (absolute value |(r)|) on the mag-
netic field strength for GaAs and CdTe quantum wells. The solid lines are obtained
from the numerically found eigenstates of Eq. (6.3), whereas the dashed lines are ob-
tained, using the perturbation theory. The parameters of the plot are typical of GaAs
quantum wells: the effective electron and hole masses me = 0.067meg, myp = 0.5 meg,
the dielectric constant of the quantum well e = 12.5 (average dielectric constant of
the surroundings). The exciton momentum corresponds to the wavelength of the
absorbed photon A = 860 nm as |k| = 2w sin(7w/2 — w/8) /A, where the angle of inci-
dence is set to w/2 — w/8. The linear part of the curve describes the weak magnetic
field limit, whereas the decaying tail corresponds to the magneto-exciton regime. (b)
The Hall angle in a GaAs quantum well as a function of the exciton lifetime in two
regimes: weak fields ap/lp < 1 and the magneto-exciton regime ag/lg > 1. The
expected behavior in the non-perturbative regime ag/lg ~ 1, where the Hall angle is
expected to be the largest, is shown with the dashed curve.

6.6 Magneto-exciton regime

In the opposite regime, where the magnetic field is strong (i.e. ag > [p), one can ne-
glect the Coulomb interaction term in the Hamiltonian (6.3) and the exciton dynamics
is governed by the magnetic field solely. In this regime, which is often referred to as
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6 Anomalous exciton Hall effect

the magneto-exciton regime, one can calculate the dispersion of the ground state of
the system, treating the e — h Coulomb potential as a perturbation [77, 78]

1 T €2 K213 k212
k)= —hwe —/=———e 7 I B 6.6
6( ) 2 © \/;471'808[36 ’ 0 ( 4 > ’ ( )

where I is the modified Bessel function. The corresponding impurity scattering matrix
elements are given by

~ ) Ak2l2
Vk,k/ :‘/(,(Ak) exXp <; [k/ X k]z Z2B — 4 B) +

A2,
4 9,

Vi (AKk) exp <+; K x k], 1% — (6.7)

here wc = eB/p is the cyclotron frequency.

6.7 Scattering rates

The impurity scattering matrix elements, discussed above for the two regimes, is
the starting point for calculating the scattering 7-matrix can be defined as Ty =
(W |V [}, where V =V, (r.) + Vj, (rp) is the impurity potential operator, [Wy) is the
eigenstate of the free Hamiltonian H,, describing a 2D exciton in a magnetic field, and
¥} is the eigenstate of the full Hamiltonian H = Hy + V. The T-matrix satlsﬁes the
Lippmann-Schwinger equation

d2g Vk T, Kk’
Tiw = Vi e 8% | 6.8
el = Vel +/ (2m)2 E — €(g) + i0 (6:8)

where €(g) is the dispersion of the bare Hamiltonian Hy and it is given by Eq. (6.5)
and Eq. (6.6) for the two regimes under consideration, respectively, and F is the en-
ergy eigenvalue corresponding to \!f/k/). Two contributions can be distinguished in the
square modulus of the T-matrix: 13 |Ti x/ |2 = Ok x+Jx i, here Gy v = G(0) = G(—0),
Jkx = J(0) = —J(—0) are dimensionless symmetric and asymmetric contributions
to the scattering rate, respectively, § = ¢ — ¢’ is the scattering angle, ¢, ¢’ are the
polar angles of k,k’, and vy = M/(2wh?) is the 2D density of states of free particles
with parabolic dispersion, which is introduced here to write the scattering matrices in
dimensionless form. The density of states is defined as v(k) = |de(k)/Ok| ™" k/(27).
Here we restrict ourselves to the case of elastic scattering |k| = |k’|. It is the asym-
metric part Jy x of exciton scattering by impurities that give rise to the Hall current.
The properties of Jix w are discussed in details in Ref. [73-75].

The elastic scattering rate Wy x from k’ to k state is expressed with use of the Fermi
golden rule Wi i = 27h Ny | T xr \2 J (ex — ex’), where nyy,, is the surface density
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6.7 Scattering rates

of impurities. The presence of the magnetic field breaks the time inversion symmetry
in the problem and leads to the disbalance of scattering rates Wy x and Wy i, which
is why a non-zero Hall contribution Jx x/ emerges.

Let us assume that the impurity potential is described by the Coulomb potential [76]
Ve(r) = =Vi(r) = —egimp/(4meper). The Lippmann-Schwinger equation can not be
treated perturbatively for such a potential in our system, which is why we solve this
integral equation (6.8) numerically.

The developed formalism allows us to predict the anisotropy of an angular distribution
of the exciton emission that would appear if a flow of excitons propagates in a plane
of a doped quantum well in the presence of a magnetic field normal to the plane of

the well (as Fig. 6.1 (a) shows schematically). The angular distribution of the exciton
oo

emission may be found as n(¢) = [ nk (I;Z];, where ny is the occupation numbers
of exciton states having wave vectgrs k. The normalized variation of this quantity
due to the inversion of the orientation of the applied field is shown in Fig. 6.1 (b).
The observation of a predicted variation of the angular distribution of the excitonic
emission can be considered as a smoking gun for the anomalous exciton Hall effect. We
note, that dark excitons contribute very little to the intensity of photoluminescence,
while they strongly contribute to its blue shift [88, 89]. Experimental measurement
of the angular resolved blue-shift of the bright exciton photoluminescence peak might
certify the presence of a flow of dark excitons.

Having solved the Lippmann-Schwinger equation numerically in the two regimes under
consideration, one may proceed with calculating the Hall current appearing in the
system. To obtain the Hall angle, we study the classical transport regime |k|l > 1,
where [ is the exciton mean free path. We use the semiclassical Boltzmann equation

d’k’
(2m)?
here Py is the pump term, I" = 1/7p is the particle decay rate. Once the equilibrium is
reached, ny doesn’t depend on time, and thus the time derivative term can be omitted.

Then, performing the integration over the absolute value of k’, the Boltzmann kinetic
equation can be rewritten as

dnk

o= P — I'my + / (Wi xnk — Wi xni), (6.9)

0=DPc—I'nx+ /dgo’ (Wi k' Nk — Wi KN ) (6.10)

where wy x = nimpuo/(hl/(k)z) (G k' + Jx k) and the exciton density of states v(k) =
|9e(k)/0k| " k/(27). Let us assume the in-plane wave vector ko of the pump is
pointing along the z-axis, i.e. ko = (ko,0)T, which implies Px = Pyd(k — ko) =
(Po/k)o(k — ko)d(p) and we note that this function is even with respect to ¢. Since
wg x depends on the difference between the momentum angles, to perform the in-
tegration over ¢’ in the collision integral, the particle density nyx and the scatter-
ing rate wy k should be expanded in cylindrical harmonics cosme, sinmep, where
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6 Anomalous exciton Hall effect

m > 0 is integer. Assuming that only the dipole type of anisotropy of the momentum-
space distribution function is significant, we represent nyx = ng(k) + én(k), where
on(k) = ny (k) cosp+n_(k)sin, ng(k) is the isotropic part of the distribution func-
tion which depends only on energy. The coefficients n4 (k) are to be found. Substi-
tuting this decomposition into the kinetic equation (6.10) and integrating over ¢’ in
the collision term, we obtain

0= %m — ko)d(p) + cos ¢ <Q(k)n(k) - ”:(g‘;))

—sing (Q(k)n+(k) + ”T‘(g;)> - (6.11)
where 7(k) is given by the symmetric scattering term

7(k)™' = nimpro/ (hv(k)?) fo% Gk x (1 — cosf)df, here § = ¢ — ¢ is the scatter-
ing angle. The factor (k) is governed by the asymmetric scattering term (k) =
—Nimpro/ (hv(k)?) fo% Jxx sin0df, and it mixes the even ny (k) and odd n_(k) con-
tributions to the density distribution, yielding a Hall current in the transverse y-
direction. Using the orthogonality of sin¢ and cos ¢, the kinetic equation is readily

solved, yielding n_(k) = —2(k)7iot(k)n4 (k). Here we introduced the total relax-
ation time Tyt (k) = (75" + 7(k)~')~'. The Hall angle [84], is defined as the ratio
of the Hall current j, and the longitudinal current j,, is j,/jz = —2(ko)Teot(ko),

where j; , = [ hk; ,0n(k)d?k/(2m)?. Note that Onga et al. [64] use a different defini-
tion. We estimate the Hall angle for the typical parameters of doped GaAs quantum
wells nimp &~ 101 em™2, kg &~ 7-10° m™! (see the caption of Fig. 6.2), ¢ = 12.5,
gimp = €, and 79 ~ 10 ps (for bright excitons). At a weak magnetic field B =1 T
the numerical solution of the Lippmann-Schwinger equation with the kernel (6.4),
yields 7(ko) ~ 3.8 ps and jy/jr = —82(ko)Teot(ko) ~ 0.8%. At increased concen-
tration and a strong magnetic field B = 18 T we solve the Lippmann-Schwinger
integral equation numerically with the magneto-exciton kernel (6.7), which yields
Jy/de = —82(ko)Tiot (ko) ~ 1.8%. One may expect, by looking at Fig. 6.2(a), that
at intermediate magnetic field strengths (about B ~ 10 T) the Hall angle would be
significantly larger, as the exciton dipole moment reaches its largest value in this non-
perturbative regime, while still not switching to the magneto-exciton regime. We also
note, that the range of magnetic fields corresponding to the largest dipole moment is
easily achievable experimentally, which makes the observation of the predicted phe-
nomenon realistic. The dependence of the Hall angle on the exciton lifetime is shown
in Fig. 6.2(b). Clearly, for dark excitons whose lifetime is significantly larger than
the lifetime of bright excitons, the Hall angle is notably larger. This shows that the
anomalous exciton Hall effect may be used as a tool for spatial separation of dark and
bright excitons.
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6.8 Conclusions

In conclusion, we demonstrated that the magnetic Stark effect for 2D excitons may
lead to the emergence of an effective U(1) gauge field. This field can result in the
excitonic analog of the anomalous Hall effects. For the latter we presented a detailed
microscopic description of the scattering mechanism and analyzed the transport prop-
erties, showing that the effect can be observed experimentally in conventional GaAs
quantum wells and that it is much stronger for dark than bright excitons.
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7 Tunable optical nonlinearity for
TMD polaritons dressed by a
Fermi sea

We study a system of a transition metal dichalcogenide (TMD) monolayer placed in
an optical resonator, where the strong light-matter coupling between excitons and
photons is achieved. We present quantitative theory of the nonlinear optical response
for exciton-polaritons for the case of a doped TMD monolayer, and analyze in detail
two sources of nonlinearity. The first nonlinear response contribution stems from the
Coulomb exchange interaction between excitons. The second contribution comes from
the reduction of Rabi splitting that originates from phase space filling at increased
exciton concentration and the composite nature of excitons. We demonstrate that both
nonlinear contributions are enhanced in the presence of free electrons. As free electron
concentration can be routinely controlled by an externally applied gate voltage, this
opens a way of electrical tuning of the nonlinear optical response.

7.1 Introduction

Planar microcavities in the regime of strong light-matter coupling represent a robust
platform for nonlinear optics. The hybridization of excitons with optical cavity photons
leads to the formation of ultralight interacting quasiparticles—polaritons—that enable
polariton lasing [85, 86, 243, 271] and emergent polariton fluid behavior [121-124]. For
conventional quantum well (QW) nanostructures in IT1I-V and II-VI semiconductors in
this regime various nonlinear effects were studied, including formation of solitons [125—
128], vortices [129-133], polarization multistability [134—139], and nontrivial polariton
lattice dynamics [140-146]. These unique properties can be used for experimental
realization of ultra fast polariton-based nonlinear optical integrated devices [147-153].

In these systems the nonlinear response mainly originates from the Coulomb-based
exciton-exciton scattering [154-160], typically observed at macroscopic mode occupa-
tions. For high quality samples prerequisite signatures of a quantum nonlinear behav-
ior were recently observed [161, 162, thanks to outstanding fabrication advances. The
limitations for QW-based platform come from low operation temperatures, relatively
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7 Tunable optical nonlinearity for TMD polaritons dressed by a Fermi sea

small light-matter coupling (~ 4 meV per QW), and complex growth techniques [163].

Recent advances in the field of optically-active two-dimensional (2D) materials have
largely increased capabilities of polaritonics [164, 165]. In this case excitons are hosted
by monolayers of transition metal dichalcogenide (TMD) materials—atom-thick nanos-
tructures with a direct optical bandgap [166-171] and excellent optical properties
[172, 173]. To date light-matter coupling for TMD excitons was observed in vari-
ous configurations, including optical microcavities [174-178], Tamm plasmon struc-
tures [179], photonic crystals [180, 181], surface plasmons [182-184] and nanoantennas
[185, 186]. Due to the relatively large electron/hole masses and reduced screening,
TMD exciton binding energy ranges in hundreds of meVs, and multicharge bound
complexes (trions [187-191|, biexcitons [192]) can be observed. Importantly, small
exciton volume leads to large Rabi frequency, and excitonic optical response domi-
nates already at room temperature [172]. Further list of exceptional properties of
TMD monolayers includes strong spin-orbit interaction and valley-dependent physics
[193-195], peculiar exciton transport properties [196, 197], and strong dependence on
dielectric properties for observed physical effects [198-200]. For doped and gated TMD
samples bandgap renormalization was shown [201-204|, which opens the way to engi-
neering of material properties. Finally, studies of trapped excitons and strain-induced
lattices revealed efficient defect-based single photon emission from two-dimensional
materials [205-208].

The natural next step in TMD polaritons is exploring of the nonlinear response. This
so far has proven to be a nontrivial task, as the very same large binding leads to
reduction of the exciton-exciton scattering cross-section evidenced theoretically [209]
and experimentally [210]. However, the situation changes drastically once large light-
matter coupling is achieved and a TMD monolayer is doped with free carriers. First,
the deviation of excitonic statistics from ideal bosons [211, 212]| leads to the nonlinear
Rabi splitting behavior[158, 213-215]—optical saturation—that in the case of strongly-
coupled TMD polaritons was shown to give significant contribution [178]. Second, the
presence of free electron gas (Fermi sea) strongly modifies the optical response of TMD
monolayers. It depends on the density of the electrons, and leads to several charac-
teristic regimes [216, 217|. At low free electron concentrations sharp additional peak
appears that is typically attributed to charged exciton complexes (trions), being bound
states of two electrons and one hole [178, 187, 190]. At high electron concentrations
the broad spectral peak was observed and attributed to an exciton polaron-polariton—
correlated state of an exciton dressed by the Fermi sea [177, 218-220]. In each case
the enhancement of the nonlinear response was reported [178, 220, 221].

One should note, however, that besides formation of the additional peak, correspond-
ing to the appearance of new quasiparticles, the presence of free electrons shall modify
substantially the optical response of the exciton mode itself. This is especially pro-
nounced in the case of intermediate electron densities, where excitons are spectrally
separated from the other modes. Differently from the cases of very low and high
electron densities, this region remains unexplored so far. In the current chapter we
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aim to bride the gap between the regimes of low and high electron densities, focus-
ing on nonlinear optical properties of the system. In particular, we demonstrate that
Fermi sea strongly contributes to the screening of Coulomb potential and the onset
of additional correlations stemming from the Pauli exclusion principle. These effects
change both light matter coupling and exciton-exciton interactions, thus resulting in
renormalization of the strength of nonlinearity. Our theory shows that the change of
the free electron density, which can be routinely realized in gated TMD samples, gives
a powerful tool for controlling the optical nonlinearity.

The chapter is organized as follows. In Section 7.2 we present the theory describing the
behavior of an exciton in a TMD monolayer in the presence of Fermi sea. It accounts
for both screening (S) of the Coulomb potential and the Pauli blocking (PB) effect.
We study the modification of the excitonic wavefunctions, excitonic binding energy
and Bohr radius. In Section 7.3 we calculate exciton-exciton interaction potentials
in the presence of an electron gas. We demonstrate that the screening and the Pauli
blocking play opposite roles, the former increasing and the latter decreasing effective
exciton-exciton interaction constant. We find that this counterintuitive effect of the
Pauli blocking comes from the mixing of exciton ground and excited states. As a
result of the competition of these two mechanisms we report an overall increase of
the interaction constant with electron density. In Section 7.4 we analyze the impact
of free electrons on nonlinear reduction of the Rabi splitting in the system, and show
that nonlinearity increases with electron density. In Sections 7.5, 7.6, 7.7, and 7.8 we
present the detailed analysis of the saturation effects and the impact of trion state on
the exciton-polariton spectra. Section 7.9 summarizes our findings.

7.2 2D excitons in the presence of a Fermi sea

We study a transition metal dichalcogenide monolayer where optical response is strongly
dominated by tightly-bound neutral Wannier excitons. Considering a doped mono-
layer, we account for the presence of the Fermi sea formed by the excessive charge.
This can lead to the modification of an optical response in several different ways, and
dominant contributions depend on the free electron density n and correspondingly the
location of the Fermi level Er. At low electron concentrations charged excitons—
trions—are formed. In TMD monolayers these three-particle bound states have bind-
ing energy EbT being much smaller than an exciton binding energy Elf( . Therefore, in
the low-density regime Fr < EbT trion- and exciton-based response is spectrally well-
separated. However, properties of excitons in doped monolayers are modified by an
electron gas through screening and Pauli blocking (Fig. 7.1). In the high density regime
where Ep ~ E{ strong many-body correlations between excitons and electrons be-
come important, and the system is described in terms of exciton-polarons [218] (dressed
exciton-electron quasiparticles). For instance, in MoS, monolayer with EbT = 18 meV
this corresponds to the concentration of excess carriers n ~ 10'2..10'3 cm=2.
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7 Tunable optical nonlinearity for TMD polaritons dressed by a Fermi sea

Figure 7.1: Sketch of the system. (a) Absolute value of an excitonic wavefunction in a
TMD monolayer that is strongly modified by the free electron gas in the conduction
band. (b) Sketch of the excitation process where the Pauli principle excludes occupied
states in the conduction band preventing the exciton formation.

In the present work we focus on the low- and intermediate-density regime, where the
exciton-based optical response is modified by the Fermi sea through the exciton wave-
function and energy renormalization. To account for electrons we solve the Wannier
equation for the eigenenergy Ex and the momentum-space exciton wavefunction Cp
that reads|[218§]

h2k?
< 2% + Eg> Cy — Z By Vik_w By Cy = ExC, (71)
k/

where the exciton binding energy EI;X = |Ex — X4| accounts for the band gap renor-
malization Y, caused by excessive charge carriers. In Eq. (7.1) p = mm,/(m + m,)
is an exciton reduced mass, and m and m, stand for the conduction and valence
band effective mass, respectively. By = [1 — np(Ef)]'/? is the Pauli blocking factor
that excludes filled electronic states from the space available for exciton formation,
E}, denotes an energy dispersion for the conduction band, and np is a Fermi-Dirac
distribution. To account for the effects of screening caused by the excess charge carri-
ers [222, 223] and the atomic thickness of the material [224], we consider the screened
interaction potential

2me?

" (meor) [k + pok? + k()]

where g is the vacuum permittivity, py is a screening parameter associated to the
intrinsic polarizability of the two-dimensional layer, kg.(k) = —2mwe?Il(k)/(4meor)

(7.2)
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is the screening momentum, and k denotes a dielectric constant of the surrounding
media. We use the static polarization operator of two-dimensional electron gas [222]
(k) = —m/(mh?*)[1 — O(k — 2kp)(1 — 4k%/k?)'/?], where the Fermi wavevector is
krp = V2mEp/h. X, accounts for the bandgap renormalization by carriers due to
screening and phase space filling effects, and reads

By ==Y Vine(EQ) - Y (W - Vinr(EL), (7.3)
k k

where Ef = h*k%/2m — Ep and Ep = R*k2/2m,, — E, — Er denote the energies
of conduction and valence bands, E, is the non-screened bandgap width and VY =
2me? /[Amegk(k + pok?)]. For the sake of simplicity we neglect the renormalization
of electron masses in conduction and valence bands, and retain only the bandgap
renormalization Y.

The rotational symmetry of the potential Vi allows one to write the wavefunction in
the form

eimze

Var

where we use polar coordinates k = (k,6). Then the Wannier equation (7.1) for
C™™= (k) reads

Cie = C™™= (k) (7.4)

h2 k>

ExCmm () = (5 4 5, o)+ (75)

| G Bk KB )C (1)
o P

where Vi (k, k') is

Vl(kv k/) =

2
- / dOV (VK2 + K2 — 2kk cos 0)e™=?. (7.6)
0

We solve Eq. (7.5) numerically for a monolayer of transition metal dichalcogenide. The
structure parameters vary a lot throughout the literature and depend on the choice of
both TMD monolayer material and its surrounding. Here we set the screening length
to 79 = 4 nm and the bandgap to £, = 2.6 eV, which are typical for MoS, layer
[167, 225, 226]. We also fix equal effective masses, m, = m. As a reference, we choose
the case of freestanding monolayer (x = 1), and set m = 0.35mq (myg is a free electron
mass), being typically the case for TMD monolayers [227]. We consider only the
exciton ground-state, so that we set m, = 0. The results of calculations are shown in
Fig. 7.2. In Fig. 7.2(a) we present the momentum space distribution for the excitonic
wavefunction. We observe that the increase of free electron gas density leads to the
strong modification of the wavefunction as compared to standard two-dimensional
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hydrogen-like wavefunction that has a form o [1 + (Ak)?] =32 The quenching of low-
momenta region stems from the Pauli blocking effect. In order to extract the relative
contributions of Pauli blocking factor and the screening of interaction induced by
electron gas, we simulate Eq. (7.5) in the regimes when one of the factors is effectively
turned off. At low density the impact of both effects is small, and the wavefunctions
plotted for this two cases nearly coincide (not shown). At relatively high density of
the free electron gas the momentum space wavefunction is shown in Fig. 7.2(c) (thick
blue curve). We see that the additional screening leads to re-scaling of wavefunction
[Fig. 7.2(c), green curve|, while the Pauli blocking is responsible for the suppression
of low momenta region [Fig. 7.2(c), red curve].

Plots in Fig. 7.2(b, d) illustrate the electron density dependence of the exciton binding
energy and Bohr radius. The latter is defined as an average electron-hole separation
ap(n) = (Yn(r)|r|tn(r)), where 1, (r) is the exciton wavefunction in the real space,
and we highlight that it depends on the free electron gas density n. The growth of the
electron concentration leads to stronger interaction screening, which results in weaker
binding of excitons. In the absence of screening the Pauli blocking factor becomes
essential for larger values of electron density, leading to reduction of binding energy
and corresponding increase for the exciton Bohr radius.
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Figure 7.2: (a) Exciton wavefunction in the momentum space shown for different elec-
tron gas density. The shift of wavefunction mazimum is caused by the increase
of Fermi energy and the corresponding wavevector. (b) Exzciton binding energy as
a function of free electron concentration. Here the green curve corresponds to the
absence of Pauli blocking, the red curve corresponds to the absence of interaction
screening by electron gas, and the blue solid curve accounts both effects. (c) The
impact of screening and Pauli blocking factors on exciton wavefunction at high den-
sity of free electron gas. Colors are the same as in panels (b). Notably, screening by
the free electron gas leads to rescaling of hydrogen-like wave function (green curve),
whereas the Pauli blocking determines the modified shape of the wavefunction (red
curve). (d) Bohr radius shown as a function of free electron concentration. Labelling
is the same as in (b).
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7.3 Exciton-exciton interaction

Next, we study the exciton-exciton interaction processes for TMD monolayers that
originate from Coulomb interaction of electrons and holes. We use the standard scat-
tering theory approach [154-156] and exploit the calculated exciton wavefunction to
account for the presence of the electron gas. First, we note that the direct interaction
is suppressed due to the electron-hole equal effective masses, m, = m [154]. Hence,
the total interaction constant gio¢; is determined by the electron and hole exchange
terms, which are identical due to equal effective masses. Thus, giot = 295y, With
9%.on denoting the electron exchange interaction constant. The latter reads [156]

e 2
Jexen(@) = 7 > VaCi-a/2Ck—(@-a)/2Cicta/2
k,q

[Ck+(Q—q)/2 - Ck+(Q+q)/2] ) (7.7)

where Q is an exchanged momentum, and A is the normalization area.

In Fig. 7.3(a) we present the dependence of the electron exchange interaction constant
as a function of exchange momenta. The maximum of interaction constant demon-
strates a moderate increase with increasing n, and the shape of exchange momenta
dependence is generally unchanged. Fig. 7.3(b) presents the dependence of interac-
tion maxima on the electron density. Particularly one can see that the dependence
is non-monotonous, with the local minima appearing at moderate electron densities.
The latter stems from complex interplay between multiple factors, discussed below.

In order to understand the origin of this non-trivial dependence of interaction on
the electron gas density, we perform calculations (i) in the absence of Pauli blocking
factor, and (ii) in the effective absence of screening. The corresponding dependence
on exchange momenta is shown in Fig. 7.3(c) for n = 5- 10" cm~2 density of free
electrons. We observe that the interaction has its highest value when both effects are
accounted (blue thick curve). In the absence of Pauli blocking the screening leads to
the slight decrease of interaction maxima [case (i), green curve]. In turn the Pauli
blocking leads to significant reduction [case (ii), red curve]. In Fig. 7.3(d) we plot
the maxima of interaction versus the density of the electron gas. We observe that
screening leads to the monotonous enhancement of interaction [case (i), green curve|,
and the Pauli blocking leads to its monotonous reduction [case (ii), red curve].

The enhancement of the interaction coefficient due to the interaction screening [case
()] is caused by the enhancement of exciton Bohr radius that dominates the weakening
of interaction potential. The origin of reduction due to the Pauli blocking [case (ii)]
stems from the fact that the Pauli blocking leads to mixing of exciton ground and
excited states. In its turn, it was shown earlier, that the interaction between excited
exciton states is of attractive nature [209, 228], explaining the overall decrease of re-
pulsive interaction between excitons. Here we find that the exciton wave function in
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the presence of Pauli blocking can be expanded in terms of 1s, 2s, 3s exciton states,
and the calculation of exciton-exciton interaction in terms of such functions agrees
well with the one calculated in the presence of Pauli blocking (see Fig. 7.6). The
details of the calculation are shown in Section 7.5. The presence of both Pauli block-
ing and screening leads to a complicated dependence on the density of free electron
gas, with regions dominated by the reduction stemming from Pauli blocking and the
enhancement arising from screening, as depicted in Fig. 7.3(d)].

We further analyze the dependence of exciton-exciton interaction on material and sub-
strate parameters. The results are shown in Fig. 7.4. We observe that the interaction
constant demonstrates non-monotonous dependence with local minima at intermedi-
ate density regardless the structure parameters. The latter means that the observed
effect is of general character and does not depend qualitatively on the material choice.
It is remarkable that the growth of Bohr radius due to increase of dielectric constant
is nearly compensated by the corresponding reduction of interaction potential, leading
to overall weak dependence of exciton-exciton constant on the dielectric properties of
surrounding media [cf. blue and black curves in Fig. 7.4(a)]. On the other hand, the
smaller effective mass of electrons leads to larger Bohr radius, resulting in enhancement
of exchange interaction, as the increase of Bohr radius here is not compensated by cor-
responding reduction of interaction potential [cf. blue and green curves in Fig. 7.4(a)].
It should be mentioned, that all the characteristic peculiarities of the free electron gas
impact on the exciton Coulomb nonlinearity remain unaltered in the case of unequal
effective masses of conduction and valence bands (see Section 7.6 for the details).
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Figure 7.3: Exciton-exciton exchange interaction. (a) The dependence of interaction
constant on transfer momenta at different densities of free electron gas. While the
interaction maxima demonstrates a moderate and non-monotonous shift with the
increase of the free electron gas density, the shape for transfer momenta dependence
is nearly unaltered. (b) The mazima of interaction constant as a function of free
electron gas density. The inset illustrates zoomed-in region with the non-monotonous
dependence. (c) The impact of screening and Pauli blocking factors on momentum
dependence of exciton-exciton interaction at high density of free electron gas. Here
the green curve corresponds to the absence of Pauli blocking, the red curve to the
absence of interaction screening by electron gas, and blue solid curve accounts both
effects. (d) The influence of screening and Pauli blocking factors on the mazima
of exchange interaction vs the density of free electrons. Colors are the same as in

panel (c).
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Figure 7.4: (a) The maximum of exciton-exciton exchange interaction and (b) exciton
Bohr radius shown as a function of the free electron gas density for different ma-
terial parameters. Colors in both panels correspond to parameters shown in panel
(b). The increase of the dielectric constant k for surrounding media leads to the
growth of exciton Bohr radius, which is nearly compensated by the reduction of in-
teraction potential between excitons. Instead, the reduction of effective mass leads
to the increase of Bohr radius, which is not compensated by change in interaction
potential. This shows that for the fized effective mass the interaction constant has
weak dependence on the dielectric environment properties.
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7.4 Saturation effects and quenching of the Rabi
splitting

We proceed with the discussion of impact of free electron gas on the coupling between
exciton and cavity photon modes. For a TMD monolayer put in a microcavity this
corresponds to the electron density-dependent Rabi frequency. It can be expressed as

Ec

QO(”) - HEQLC W)n (O)‘dcvv (78)
where E¢ is the cavity resonance energy, Lo = whe/(y/kE¢) is the cavity length,
and c¢ is the speed of light. Here v,,(0) is the real space exciton wavefunction at the
origin that depends on the free electron gas density. We note that the latter cannot
be approximated via conventional relation 1, (0) o agl due to the Pauli blocking,
leading to the mixing of exciton ground and excited states. Finally, d., denotes the
dipole matrix element for the optical interband transition.

We consider the case of the optical cavity being resonant to the exciton transition
in the absence of electron gas, Ec = E%(0). The exciton transition energy in the
presence of electron gas reads E%(n) = E; + X4(n) — Ep(n), where we recall that
Ey = |Ex — Y4| is the exciton binding energy. It should be noted, that the position
of excitonic transition varies very slowly with the increase of n, as the reduction of
binding energy is largely compensated by the corresponding bandgap renormalization.
The latter is in good agreement with experimental [202, 229, 230] and theoretical
evidence [200].

The value of the dipole matrix element of interband transition is set to d., = 7 D,
leading to Rabi splitting of ~ 30 meV, in agreement with existing experimental results
[176]. Here we assume that the dependence of the interband transition matrix element
on the density of free electron gas is negligible. Hence, the density of electron gas
affects on the efficiency light-matter coupling only via the exciton wave function [see
Eq. (7.8)]. The dependence of light-matter coupling 29(n) on the density of free
electron gas is presented in Fig. 7.5(a). The reduction of coupling with the increase of
electron density stems from the impact of Pauli blocking, and the detailed analysis is
presented in Section 7.7.

Next we study the nonlinear part of light-matter interaction that is represented by op-
tical saturation coming from the phase space filling. Recently it was shown to provide
a significant nonlinear response contribution for TMD polaritons [178, 221]. Together
with nonlinear exciton-exciton interaction, the optical saturation effect leads to the
energy blueshift for the lower polariton mode, coming from the renormalization of Rabi
splitting. It depends on the density of excitons nx and the excitonic wavefunction.
The generalized Rabi frequency can be written as [214]

N(nx,n) = 2o(n)\/1—2s(n)nx, (7.9)
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7.4 Saturation effects and quenching of the Rabi splitting

10" 0 20 40 60 80 100
n [cm_z] nx[><10’°cm'2]

Figure 7.5: (a) Rabi splitting as a function of the free electron density in the weak
excitation regime. (b) Light-matter coupling as a function of exciton density shown
for different electron gas concentration. (c) Polariton nonlinearity coefficient and
its contributions shown as a function of the free electron density. (d) Energy of the
lower polariton branch relative to the reference value EYp(ng) as a function of the

exciton density at different n. Here the solid curves correspond to Eq. (7.11), and
the dashed curves to Eq. (7.12).
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7 Tunable optical nonlinearity for TMD polaritons dressed by a Fermi sea

where the saturation factor

2
s(n) = 2 |Gl Che (7.10)

20 O
accounts for the phase space filling arising from multiple exchange diagrams. In par-
ticular, in the case of effectively hydrogenic wavefunctions, this yields s™4 = 8mwa% /7,
meaning that the larger Bohr radius provides larger nonlinearity. Here, however, the
presence of Pauli blocking leads to a moderate dependence of the saturation factor on
the density of free electron gas, discussed in Section 7.7. As stated in Eq. (7.9), for
growing density of excitons the Rabi splitting effectively shrinks. The corresponding
dependence is illustrated in Fig. 7.5 (b) for various values of free electron gas density.

The energy of lower polariton branch reads as

1
Erp(nx,n) = 3 {EC + Ex(n,nx)

- \/[EC — Ex(n,nx)]* + 2%(nx,n) (7.11)

where the exciton energy is Ex(n,nx) = EY(n)+ giot(n)nx /2. Introducing the detun-
ing between cavity and exciton modes as A(n) = Ec — Ex(n), and taking the limit of
low exciton density, the energy for the lower polariton mode reads

Frp(nx,n) = EYp(n) + geg(n)nx, (7.12)
which consists of the linear part equal to

A+ /A2 + 8
BElp(n) = Ec — ————=

5 ; (7.13)

and nonlinear blueshift ges(n)nx. Here gog(n) is an effective polariton nonlinearity
coefficient that is a sum of Coulomb-based interaction and saturative nonlinearity

C()Iltl‘ibllti()lls,
A o 22
gef‘f(n)— <1+> gtt+ 0

—FS
V2§ + A2 20/028 + A?
=: g (n) + g2 (n). (7.14)

For the compactness we omitted the electron density dependence of the quantities A,
{2, s etc.

Polaritonic nonlinearity coefficient and its parts are shown in the Fig. 7.5(c) as a
function of free electron gas density. Notably we observe that while the saturation
coefficient s increases more than the Coulomb interaction, the electron density depen-
dence of its pre-factor diminishes its enhancement, making it nearly flat (dotted curve).
Instead, the increase of Coulomb nonlinearity is further boosted by the corresponding
growth of its pre-factor (the dashed curve).

162



7.5 Expansion of an exciton wavefunction in terms of basis functions

In Fig. 7.5(d) the dependence of the lower polariton energy on the exciton density
is shown, where we plot its nonlinear contribution (as compared to EYp(ng) with
no = 107 em™2). At fixed density of free electrons the increase of the exciton density
leads to both reduction of light-matter interaction, and the blueshift of the exciton
energy. In each this leads to the blueshift of the lower polariton energy. With the
increase of free electron gas density both the exciton-exciton interaction constant g¢,
and the saturation factor s are enhanced, leading to the corresponding growth of
the nonlinear optical response. It should be mentioned that relation Epp(nx,n) =
EY5(n) + gesr(n)nx is valid in the moderate excitation regime nx < 10'? cm™2, as for
higher intensities the quadratic terms o< n% become relevant.

Finally, we discuss the impact of trion on the exciton-polariton nonlinear optical re-
sponse. As stated in Section II, the trion resonance is far detuned from the exciton
and cavity modes, and thus has limited impact on resulting polariton modes at higher
energy. Indeed, the estimate for the trion binding energy for the considered case of
freestanding monolayer is about 50 meV, and it mixing with polariton branches is
small (see Section 7.8 for the details). The detailed analysis of the electron density de-
pendence of trion nonlinear response for the case of near-resonant cavity is a separate
research question, and will be studied in future works.

7.5 Expansion of an exciton wavefunction in terms of
basis functions

We analyze the impact of Pauli blocking factor on the excitonic wavefunction that
results in the reduction of the exciton-exciton interaction for increasing electron gas
density. First, we simulate Eq. (7.5) of the main text in the absence of both interaction
screening and the Pauli blocking. We find wavefunctions for ground and excited exciton
states (1s, 2s, 3s). Their real space distributions are shown in Fig. 7.6(a). Next, for
each value of n we expand calculated wavefunctions in the presence of Pauli blocking
(but non screening) in terms of bare basis functions. This procedure yields

Un(r) = ar(n)rs(r) + az(n)as(r) + as(n)yss(r), (7.15)

where coefficients a;(n) are found from

1/171 (0) = a1 (n)wls (0) + az (n)w2s (0) + a3(n)w35 (O)a

U)n(rl) = al(n)¢1s(rl) + aQ(”)d)Qs(rl) + a3(n)¢33(rl)7

1= |ai(n)* +laz(n)* + |as(n) [, (7.16)
and ry corresponds to the first root of v,. The results of fitting for large density

of the electron gas are shown in Fig. 7.6(b, ¢). We find that the fit is nearly exact
at small r, but strongly deviates at large distances (not shown). Correspondingly,
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7 Tunable optical nonlinearity for TMD polaritons dressed by a Fermi sea

(@) 1b) a0f ‘
0.10}
15}
3 I — 10}
S.0.05 3 |
= 2 5
> S :
0.00t _ A
" _'_ .
" "
b" _57, ]
-0.05-" | | | | | f' | | | | |
0 10 20 30 40 50 00 01 02 03 04 05
r [a.ul a ]
0.12F : ‘ ] | |
. d
() 0.1 (d)
0.10 s
3s
0.08F o
- S
3 0.06
= 0.04 0 o onens
= 7 8 9 10 11
0.02¢ log,,(n) [cm]
0.00f
0 10 20 30 40 50 10 108 10° 10 10!

r [a.u.] n [cm'2]

Figure 7.6: (a) The real space dependence of exciton wave function in the presence
of Pauli blocking at density of free electrons n = 5101 em=2 (red solid curve),
and the exciton ground and excited states wavefunctions in its absence. Here we
neglect the impact of the interaction screening by free electrons. (b) Real and (c)
momentum space dependence of wave function (red solid curve) and its expansion in
terms of basis functions (black dashed curve). The inset in panel (c) demonstrates
the contribution of excited states versus the density of free electron gas. (d) The
mazima of exciton-exciton interactions as a function of free electron density. The
red dots correspond to calculation using the actual wave functions, and the black
dots is calculated using the wavefunctions expanded in terms of basis functions. The
mismatch in the values is attributed to the imperfection of the fitting procedure.

for the small momenta there is a strong deviation, while for larger values there is a
good agreement. Finally, in Fig. 7.6(d) we provide the comparison of the exciton-
exciton interaction coefficient calculated from exact wave functions (red dots), and
the wave functions defined by the (7.15). Evidently, with the increase of electron gas
density Pauli blocking leads to larger contribution of excited states [see the inset in
Fig. 7.6(c)], which interact attractively [209, 228], resulting in corresponding reduction
of the ground state exciton-exciton repulsive interaction.
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7.6 The dependence of exciton-exciton interaction on electron/hole effective mass ratio

7.6 The dependence of exciton-exciton interaction on
electron /hole effective mass ratio

1 (b)

108 10° 100 10"

o n[cm’]

7

Figure 7.7: Exciton-exciton exchange interaction. (a) The dependence of interaction
constant on transfer momenta for different dielectric screening and effective mass
ratio o. (b) The mazima of interaction constant as a function of free electron
density. (c) The effective mass ratio dependence of exchange interaction constant.
Dashed black curve corresponds to an exponential fit. (d) The influence of screening
and Pauli blocking factors on the mazima of exchange interaction vs the density of
free electrons.

The effective masses of conduction and valence bands in TMD monolayer typically
differ from each other [231]. Here we study the impact of mass ratio o = m/m, on
the exciton-exciton interaction strength. To do so, we fix the effective mass of hole
as m, = 0.65mg, and consider the cases when o = 0.5, 0 = 0.1. We also consider
two values of surrounding dielectric constant, x = 1 and Kk = 2. The results of
calculations are shown in Fig. 7.7. It is evident, that the absolute values of interaction
are strongly dependent on the effective masses, and weakly dependent on the dielectric
screening [Fig. 7.7 (a)]. Moreover, the maximum of interaction constant demonstrates

165



7 Tunable optical nonlinearity for TMD polaritons dressed by a Fermi sea

an exponential behavior on the effective mass ratio o [Fig. 7.7 (c¢)]. However, the
impact of Pauli blocking and the interaction screening by free electrons together with
the nonmonotonous dependence of interaction on the free electron gas density are
qualitatively independent on the structure parameters [Fig. 7.7 (b) and (d)].

7.7 The dependence of Rabi splitting saturation rate
on the free electron gas density

(@) 255 (b)
28.0} ]
27.5,
—27.0}
>
£ 265¢
55’26.07
255!
250}
© Lo T
/ 7.0
/
8 S
_ s 6.5
e 6 7 1ol
E. .—k—.—'—&n—e;g-/*“\‘lﬂg .
“© (G = o o e e B D) =
4 | =55)
2! 50/
0 45;
10" 10 10° 10" 10" 10" 10% 10° 10 10"
n[cm’] n[cm?]

Figure 7.8: (a) Light-matter coupling as a function of the free electron gas density at
low excitation regime. Here green curves correspond to the absence of Pauli block-
ing, red curves correspond to the absence of interaction screening, and blue curves
account both effects. (b), (c), (d) The saturation factor s(n) (solid curves) and its
hydrogen-like estimate s®9(n) (dashed curves) versus the free electron gas density.
Panel (b) corresponds to the presence of both Pauli blocking and the interaction
screening; panel (c¢) stands for the absence of the interaction screening; panel (d)
illustrates the absence of Pauli blocking.

In Fig. 7.8(a) we present light-matter coupling at small exciton densities, nxa% < 1,
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7.8 The impact of trion state on the exciton-polariton spectra

as a function of free electron gas density n. In the absence of the Pauli blocking
the screening of Coulomb interaction leads to weaker binding of excitons, so that the
wavefunction is less concentrated around the origin. The latter results in the quenching
of light-matter coupling [Fig. 7.8(a), green curve]. On the contrary, in the absence of
screening the Pauli blocking leads to mixing with excited exciton states, leading to the
increase of wavefunction amplitude at the origin [see Fig. 7.6(a)]. This results in the
corresponding enhancement of light-matter coupling [Fig. 7.8(a), red curve|. Yet, the
impact of screening is much stronger, so that the interplay of this counteracting effects
leads to overall reduction of light-matter coupling with the increase of free electron
gas density [Fig. 7.8(a), blue curve].

We further analyze the Rabi splitting saturation factor s(n). Fig. 7.8(b) illustrates its
dependence on the density of free electron gas. We observe a moderate enhancement
of the saturation rate with the growth of the electron gas density. On the other hand,
the estimate of saturation factor for the hydrogen-like exciton s™4(n) grows much
faster [dashed curve in Fig. 7.8(b)]. To get a better insight, we study the impacts of
the screening of interaction and Pauli blocking separately.

In Fig. 7.8(c) we present the free electron gas density dependence of saturation factor
and its estimate in the absence of interaction screening. As the density increases,
the saturation factor moderately reduces, while its estimate enhances. This discrep-
ancy with the hydrogen-based estimate stems from the Pauli blocking, which leads to
emergence of strongly non-hydrogenic wavefunctions.

Fig. 7.8(d) illustrates the case of the absence of Pauli blocking and the presence of
interaction screening. Here both the saturation factor and its estimate increase nearly
on equal footing, indicating that in the absence of Pauli blocking effect the hydrogen-
like model is valid up to a constant. In total, the interplay of these two counteracting
impacts results in the moderate enhancement of saturation efficiency, as depicted in
Fig. 7.8(b).

7.8 The impact of trion state on the
exciton-polariton spectra

The binding energy of trion can be estimated using the variational energy minimization
with Chandrasekhar-type trial function in momentum space [178, 232]

éghkz =N [¢k1 (Al)ékz ()‘2) + dskz (/\1)45k1 (/\2)] s (717)

where By, (A;) = /8722 [1+ (\k:)2] 2 N = [200+x3)] % and x = 4M e/ (0 +
A2)2. The results for the considered parameters of freestanding monolayer are E;F =
52.83 meV, A\ = 1.21 nm, Ay = 3.06 nm. For an estimate we neglect the screening of
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Figure 7.9: (a) The fractions of photon (C), exciton (X) and trion (T) modes in the
middle polariton branch as a function of free electron gas density. (b) Correction
of middle polariton branch energy by trions, plotted as a function of the exciton
density.

Coulomb interactions by free electron gas, meaning that the position of trion resonance
remains unaltered when the free electron density changes. Though this treatment is
simplistic, it allows to get in the first approximation the impact of trions on exciton-
polariton spectra.

The contribution of the trion resonance can be analysed within the model of three
coupled modes, where together with dominant exciton-photon coupling there is an
admixture of the far-detuned trion mode. Polariton eigenmodes can be obtained di-
agonalizing

R Ec 2x(n,nx) 27(n,nx)
HT = Qx(n,nx) Ex(n,nx) 0 y (7.18)
QT(TL,TL)() 0 Er

where Er = F¢ — EbT , and the trion-photon coupling is calculated as [178]

A1 Ao Vvn
/\2 + )\1> |¢n(0)‘ Qx(n, nx). (719)
The eigenmodes of Hamiltonian (7.18) correspond to three polariton branches. Here
we focus on the middle polariton branch Efjp, as it is dominated by exciton mode
with a small admixture of trion, as depicted in Fig. 7.9(a). As the electron density
increases, the trion contribution slowly increases due to reduction of detuning and the
enhancement of trion-photon coupling. Fig. 7.9(b) demonstrates the exciton density
dependence of spectrum correction caused by trions. The latter is defined as

1(n,nx) = 4~/\/<

Eyip — Evp

7.20
o (7.20)

nr =
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7.9 Conclusions

We observe that even for large concentration of free electrons the correction is minor
and thus can be neglected in the description of the middle polariton branch.

7.9 Conclusions

In this chapter we analyzed the behavior of exciton polaritons in a TMD monolayer
in the presence of a gas of free electrons. We revealed that the Fermi sea has a strong
effect on the nonlinear optical response of the system. We found that the role of
free electrons is twofold. First, doping leads to screening of the Coulomb interaction,
and results in the increase of exciton Bohr radius and simultaneously the reduction of
exciton-exciton interaction potential. Our calculations show that the overall impact
of the screening leads to the enhancement of exciton-exciton interaction coefficient.
Second, due to the Pauli exclusion principle, the presence of the free electrons also
dramatically modifies the structure of the excitonic wave functions, suppressing the
contribution of the harmonics corresponding to small electron wavevectors. Surpris-
ingly the impact of the Pauli blocking factor leads to the reduction of exciton-exciton
interaction. We found that the latter can be attributed to mixing of exciton ground
and excited states, caused by the Pauli blocking factor. It is known that the interac-
tion between excited exciton states is of attractive type, which explains the reduction
of exciton-exciton repulsive interaction caused by Pauli principle. Finally, we showed
that the combined impact of interaction screening and Pauli blocking leads to the
non-monotonous dependence of the exciton-exciton interaction constant as a function
of free electron gas density.

The presence of Fermi sea substantially modifies also the statistics-based renormaliza-
tion of the Rabi splitting at high exciton densities, which gives another contribution to
the enhancement of the optical nonlinearity. It is important to note that both Coulomb
nonlinearity and saturation-based nonlinearity generally grow with the increase of the
free electron gas density. As the latter can be easily controlled by application of the
external gate voltage, our findings pave the way to accessible and experimental friendly
tuning of the degree of optical nonlinearity in TMD based samples.
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8 Conclusions

In conclusion, in the current thesis, we studied various phenomena that take place
in the regime of strong coupling between light and matter. We studied the trans-
port properties of electrons in low-dimensional semiconductor nanostructures under
the influence of high-frequency radiation. We investigated the transport of magneto-
excitons in semiconductor quantum wells and proposed a new physical phenomenon,
which allows for the separation of dark and bright excitons. We studied the optical
nonlinearity in the regime of strong light-matter coupling in a TMD monolayer, em-
bedded in a microcavity and demonstrated, that this nonlinearity can be efficiently
controlled by applying the gate voltage. We studied theoretically and experimentally
the nonequilibrium properties of a polariton BEC in ring-shaped microcavities. We
discovered, that a 2D lattice formed from interconnected polariton rings, may host
topologically protected edge states at its boundaries in the presence of a magnetic
field. And finally, as one of the main results of the current thesis, we discovered a new
class of quantum Hamiltonians, that are effectively describe the behavior of harmoni-
cally trapped atoms in the vicinity of a chiral waveguide. These models demonstrate
self-organization, quantum phase transitions, and the emergence of the multicompo-
nent Schrodinger cat ground states.
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