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Abstract

This thesis is devoted to the study of spin effects in planar microcavities. In-
vestigated optical resonators were composed of two dielectric mirrors, with
the space between them filled with different materials providing polariza-
tion dependent effects.

At first the cavity was filled with a layer of nematic liquid crystal. Such
birefringent material are characterized with different effective refractive in-
dexes depending on the relative orientation of the linear polarization plane
versus the axis of the crystal, which leads to the splitting of the linearly po-
larized modes of the cavity.

In such system, we investigated a spatial polarization textures arising
when polarized light was transmitted through the sample for different
orientations of the optical anisotropy of the liquid crystal and observed con-
figurations of second order meron and second order antimeron.

In an analogous system we observed effects resulting from polarization
dependent losses. Depending on the non-Hermicity degree we measured
shift in the momentum space and following annihilation of the exceptional
points originating from different diabolical points.

Second, by incorporation into the cavity a layer of two-dimensional pe-
rovskite, we were able to observe emergence of strong coupling regime be-
tween the photonic modes and excitons in the perovskite. By additional
orientation of the liquid crystalline layer into a twisted nematic structure, we
lifted the degeneracy at the diabolical points around the regime of Rashba-
Dresselhauss sin orbit coupling. This lead to a polarized band structure of
the cavity modes exhibiting nonzero Berry curvature.

Using the strong coupling regime we obtained a polarized emission
from the polariton states in a fully isotropic microcavity incorporating mo-
nolayers of tungsten diselenide. To achieve this we used, unique for transi-
tion metal dichalcogenides monolayers, spin-valley locking, where an exci-
ton with a given spin orientation is confined within a specific valley in the
momentum space with limited possibilities for spin flipping and scattering.
Utilizing this property by quasiresonantly exciting excitons with a given
spin orientation by circularly polarized pump beam we were able to create
exciton polaritons exhibiting nonzero degree of the circular polarization of
the emitted light.



Streszczenie

W prezentowanej pracy badano efekty polaryzacyjne wystepujace
w planarnych mikrownekach optycznych. Badane rezonatory sktadaty sie
z dwoch zwierciadet dielektrycznych, pomiedzy ktérymi umieszczano ma-
terialy powodujace wyréznienie réznych polaryzacji $wiatta.

W pierwszej kolejnosci wewnatrz wnek umieszczono warstwe ciekle-
go krysztatu. Jako Zze ten dwéjlomny material charakteryzuje si¢ réznymi
wspoélczynnikami zatamania $wiatla w zaleznosci od orientacji polaryza-
qji liniowej Swiatta wzgledem osi krysztatu, powoduje to rozszczepienie li-
niowo spolaryzowanych modéw wneki. W takim ukfadzie badano tekstury
polaryzacyjne $wiatfa transmitowanego przez prébke w zaleznosci od kie-
runku anizotropii optycznej cieklego krysztalu obserwujac tekstury mero-
nu i antymeronu drugiego rzedu.

W analogicznym ukladzie zaobserwowano réwniez efekty zwigzane ze
stratami zaleznymi od polaryzacji $wiatla. W zaleznosci od stopnia nie-
hermitowskosci w ukladzie zmierzono przemieszczanie si¢ w przestrzeni
pedoéw a nastepnie anihilacje punktéw wyjatkowych (ang. exceptional po-
ints), powstatych z réznych punktéw diabolicznych.

Nastepnie, dodanie wewnatrz wneki ciektokrystalicznej warstwy dwu-
wymiarowego perowskitu pozwolifo na uzyskanie rezimu silnego sprzeze-
nia pomiedzy modami fotonowymi wneki a ekscytonami w perowskicie.
W ukladzie tym poprzez zastosowanie orientacji ciektego krysztatu w po-
staci skreconego nematyka uzyskano zniesienie degeneracji w punktach
diabolicznych wokét rezimu sprzezenia spin orbita Rashby Dresselhausa
powodujace powstanie polaryzacji pasm modéw wneki wykazujacych nie-
zerowa krzywizne Berry’ego.

Wykorzystujac silne sprzezenie uzyskano réwniez spolaryzowang emi-
sje ze stanoéw polarytonowych z catkowicie izotropowej optycznie mikrow-
neki zawierajgcej monowarstwy selenku wolframu. W tym celu wykorzy-
stano unikalne wtasciwosci tego materiatu, w ktérym ekscyton o danej
orientacji spinu zwigzany jest z dang doling w przestrzeni odwrotnej z ogra-
niczong mozliwoscig do rozpraszania. Dzieki temu kwazirezonansowe kre-
owanie ekscytondw o danej orientacji spinu przez pobudzajacq wigzke
Swiatla o polaryzacji kotowej pozwolito wykreowa¢ polarytony ekscytono-
we wykazujace emisje o niezerowym stopniu polaryzacji kotowej.
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Chapter 1

Introduction

The work is structured as follows:

Chapter 1 contains a brief overview of concepts important at all stages
of this work, namely: planar optical resonator, polarization of light and to-
pology of vector fields in two dimensions.

Chapter 2 presents more detailed description of the properties of planar
resonators. It introduces theoretical methods to calculate optical properties
of planar structures and summarizes properties of microcavities based on
distributed Bragg reflectors. Afterwards, it demonstrates the experimental
setup that allowed mapping of the dispersion relation of such a resonator.
The most of the space is dedicated to the properties of the cavities filled
with optically anisotropic medium, especially to different regimes of the
degeneracy between specific modes.

Chapter 3 is devoted to new results concerning the topology of the spa-
tial polarization textures of polarized light transmitted through a cavity fil-
led with liquid crystal.

Chapter 4 brings non-Hermicity to the description of cavities filled with
liquid crystal, originating from polarization dependent losses in the system.
It shows that tunability of the liquid crystals allows for control over the
exceptional points: spectral singularities exclusive to non-Hermitian sys-
tems. In particular, it demonstrates the possibility of annihilation of the
exceptional points originating from different valleys in the momentum spa-
ce.

Chapter 5 leaves for a moment anisotropic liquid crystals to demonstrate
the strong coupling regime. It presents investigations of thin flakes of tung-
sten diselenide (WSe,) incorporated within a tunable, open cavity. It shows
operation in a strong coupling regime between the cavity mode and the exci-
tonic transition in WSe,. Additionally, it uses the valley polarization within
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the WSe, monolayer to non-resonantly transfer spin state of pumping beam
into the polariton state.

Finally chapter 6 goes back to the liquid crystal system in which a strong
coupling regime can be obtained by incorporation of 2D perovskites. It also
shows how, through changes in the orientation of LCs, the polariton bands
can exhibit locally non-trivial geometry quantified by non-zero Berry cu-
rvature.

1.1 Optical resonators

Optical cavities are resonators designed to confine the electromagnetic field
in the visible range. In an ideal cavity light with at specific wavelengths
is confined indefinitely without any losses in distinguished resonant mo-
des. In microvcavities, light is confined within a space comparable to wa-
velength, resulting in a sparser frequency separation between consecutive
modes [1].

There are different approaches to trapping light. In so called whispering
gallery modes resonators, light is trapped by total internal reflection [2]. It
can be also localized in photonic crystal cavities, on a defects introduced
in subwavelength periodic structures [3]. Electromagnetic field can be also
confined by plasmonic effects in plasmonic nanocavities [4].

One of the most popular type of optical resonator are planar microcavi-
ties [5], based on idea of Fabry—Perot interferometer, in which light is confi-
ned between two parallel metallic plates. In the variation on this approach a
highly reflective, but also introducing loses, metallic planes can be exchan-
ged for a dielectric mirrors, where high reflectivity is achieved by interfe-
rence between multiple dielectric interfaces.

1.2 Strong light-matter coupling regime

In the vacuum, an atom in the excited state via a dipole transition can transit
into the ground state by the emission of photon into a continuum of pho-
tonic states. If the same atom is placed within an optical cavity, resonant
with the transition, it couples with the vacuum field of the cavity, leading
to the energy exchange between the two states. When the Rabi frequency
is higher than the dissipation time from the cavity, the system stays in the
strong coupling regime.

Such phenomena can be observed e.g. in a planar microcavity incorpora-
ting semiconductor quantum well, schematically depicted in Fig. 1.1a. The
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system consists of planar resonator made of two distributed Bragg reflectors
(DBRs) which localize the photonic field in the center of the cavity. Here,
instead of an atomic transition, photons in the quantum well can create exci-
tons, the bound pairs of electrons and holes called.
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Fig. 1.1 | Strong coupling in planar microcavity. (a) Schematic illustration
of a cavity with embedded quantum well. (b) Dispersion relation
of microcavity exciton-polaritons.

In such system the strong coupling regime can be described in a coupled
oscillator model by 2x2 matrix:

i (Ex(k”) Q/2 )7 (1.1)

Q/2 EC(kH)

where excitonic mode with energy Ex couples with the cavity mode reso-
nance Ec with the coupling strength €2 (Rabi energy).

The eigenvalues of Eq. 1.1 describe the dispersion relations of the light-
matter mixed states of lower (LP) and upper (UP) polariton modes:

1 2
Eiryoe (1) = 5 { (1) + B (i) 7/ + [ (i) ~ £}
(1.2)
plotted as a function of the photon wave vector k| in Fig. 1.1b. When the
energy of the cavity mode crosses the exciton resonance a clear anticrossing

behavior can be observed, with the minimum energy splitting between the
polariton branches equal to the Rabi energy €.

1.3 Polarization of light and two level system

Light in the form of a propagating plane wave posses a degree of freedom
in the form of orientation of the electric field called polarization.
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Fig. 1.2 | Bloch/Poincaré sphere.

Based on the intensities of light detected in linear: horizontal (/1), ver-
tical (Iv), diagonal (Ip), antidiagonal (/y), and circular: right (/,+) and
left (I,-) one can determine the polarization state of light by calculation of
Stokes parameters:

Ig — Iv
S = , 13
"+ Iy (13)
Ip — Ia
_ , 14
2 Ip+ I ( )
L.—1,
= 9 07 1.
Ss i (1.5)

Additionally, to describe the total intensity of light, the zero Stokes pa-
rameter is defined based on the total intensity :

So=In+Iv=Ip+Ia=1++1,-. (1.6)

Based on the Stokes parameters one can construct a 4-element Stokes
vector S = (S, S1,Ss, S3)', which e.g. is used in analysis of the light pola-
rization by Mueller matrices. Alternatively a 3-element Stokes vector S =
(S1, 52, Sg)T can be used to represent given polarization state by a point wi-
thin so-called Poincaré sphere (Fig.1.2).

o* polarized photons carry +h angular momentum. This intrinsic an-
gular momentum connected with o* polarization is referred to as spin an-
gular momentum (SAM), or simpler spin of the photon, to differentiate ad-
ditional orbital angular momentum (OAM) dependent on the field spatial
distribution.

Due to the angular momentum conservation rule, light can only create
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within a medium an excitonic state with the same spin state as the incident
photon. Thus the Poincaré sphere is equally useful for the description of the
spin state of an optically active exciton, but from historical reasons such re-
presentation is known as Bloch sphere. The same conservation of the angu-
lar momentum rule applies for photoemission from an excitonic state, thus
the photons eventually emitted form the cavity within its polarization carry
full information about the spin state of the exciton or exciton-polariton.

1.4 Topology: winding number

Topology is a branch of mathematics, which investigates properties of the
systems which are invariant to smooth deformations. Its goal is to divide
different geometrical objects into so called homotopy classes, within which
each member can be transformed into one another by a continuous defor-
mation without cutting and/or binding.

Within this work topological classification will be useful for the analysis
of three-dimensional vector fields in two-dimensional space. Here the vec-
tor would describe spin or a polarization state described by a Stokes vec-
tor in two dimensional spatial or momentum coordinates. The topological
charge classifying such fields will be described in Sec. 3.1, but very useful in-
tuitions can be gained by the introduction of a winding number classifying
2D vector fields in 2D space.

Meaning of the winding number can be easily illustrated on a specific
example [6]. Let’s consider a texture given by two-dimensional vectors mar-
ked by the orange arrows arranged around the core represented by the red
sphere in Fig. 1.3a. We can think about it as an in-plane projection of a spin
of a photon in spatial z—y coordinates.

The winding number of a given field can be determined based on the
mapping of the orientation of the spin while encircling the core. Here we
encircle the core counterclockwise staring from position 1. (white), which
can be chosen arbitrary and does not influence the final result. Spin at posi-
tion 1. is oriented upwards, which corresponds to Sy = 1 polarization. We
then trace the orientation of the spins while encircling the core, where the
progress along the loop is marked by pseudocolor white-blue-black-green
scale. At position 2. (blue) the spin orientation undergo a smooth transi-
tion to 51 = —1 tracing a quarter of a unit circle. Moving forwards through
positions 3. (black), 4. (green) and back to the starting position the traced
spin orientation also performs a one full loop around the origin. Additio-
nally the loop at the mapping side followed counterclockwise direction as
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Fig. 1.3 | Winding number. Examples of 2D spin textures with different
winding numbers v: (a) v =1, (b) v =—1,(c) v =2, (d) v = -2
and (e)—(f) v = 0.

marked with direction of the arrows in Fig. 1.3a. As the direction of the en-
circling loop and the mapping is the same, the resulting winding number v
is equal to +1.

In the same fashion we can consider different configurations of the ar-
rows like the one presented in Fig. 1.3b. Here during the same procedure of
mapping of the spin orientation while encircling the core counterclockwi-
se the spin undergoes clockwise rotation. As it is opposite to the looping
direction the resulting winding number is equal to —1.

For different spin configurations encircling the core can correspond to
more than one rotation of the spin. One of such configurations is shown
in Fig. 1.3c. During one loop around the core in counterclockwise direction
spin undergoes two full rotations in the same direction leading to winding
number +2. Correspondingly, an example of a vector field in which spin
undergoes two full rotations in the opposite direction to the encircling, re-
sulting in the winding number —2, is shown in Fig. 1.3d.

In the presented examples the winding number took integer numbers,
in particular it can be also equal to zero. One of such cases is trivial, ho-
mogeneous vector field shown in Fig.1.3e. Here all spins point upwards,
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so mapping the spin orientation during encircling an arbitrary core leads
to single point, which does not loop around the origin. In a slightly more
complex configuration depicted in Fig. 1.3f, the spin orientation is not con-
stant around the core. Nevertheless, when encircling the center of the vector
field, the spin does not undergo the full rotation, thus the winding number
is also equal to zero.

Fig. 1.3 presented only a single example corresponding to different win-
ding numbers, but multiple distinct spin textures are characterized with the
same winding number.
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Fig. 1.4 | Different vector fields with the same winding number. (a) v =1,
(b)v=-1,(c)v=2and (d) v = —2.

Fig.1.4 presents more variations of the spin configuration with equiva-
lent winding numbers. Fig.1.4a presents four configurations which each
corresponds to the v = 1. All of them were obtained by a smooth defor-
mation performed as rotation of all of the spins by 90° counterclockwise, so
all belong to the same homotopy class.

Similarly, starting form texture presented in Fig.1.3b and rotating all
spins by 90° we obtain several new representatives of the much wider group
characterized by winding number —1, as shown in Fig. 1.4b.
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For v = %2 rotation of all of the spins by a constant value results in the
rotation of the whole texture as presented in Fig. 1.4c,d.

3-dimensional vector fields in two dimensions are topologically classi-
fied in terms of topological charge. This quantity will be described in Sec. 3.1,
but for a core polarized in S3 direction the topological charge @ is the pro-
duct of S at the position of the core, winding number of the in-plane com-
ponents and additional positive factor depending on the rotation range of
the S5 component. Thus the topological charge can be reversed by reversing
the polarity of the core or the winding number of the in-plane field.



Chapter 2

Planar optical microcavities

This chapter introduces the physics of planar microcavities.

The first section (Sec.2.1) starts with the description of two theoreti-
cal approaches to simulate optical properties of such layered structures: the
transfer matrix method and the Berreman matrix method. Both methods
are further on used to present the basic properties of a dielectric cavity. If
possible, the numerical results are compared with the experimental data.

The second section (Sec.2.2) concentrates on cavities that are filled with
birefringent medium, specifically with nematic liquid crystals. Based on the
Berreman matrix simulations it shows tunability of the cavity modes and we
discuss various regimes of degeneracies between the different modes.

2.1 Optical planar microcavities

2.1.1 Theoretical simulations of light propagation in planar struc-
tures

Transfer matrix method

One of the most useful description of light propagation through homoge-
neous layered structure is based on so called Transfer Matrix method. It can
be used to find transmission, reflection coefficients and spatial distribution
of the electric field of any stack of layers with given thicknesses and refrac-
tive indices. In this section summary on the transfer matrix method follows
formulation described in Ref. [7].

In transfer matrix method electric field amplitudes at the left- and right-
hand side of a layered structure (Fig.2.1) can be connected by a 2x2 matrix
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Fig. 2.1 | Transfer matrix method. (a) Schematic representation for electric
field amplitudes in transfer matrix method. (b) Description of a
multilayer structure with corresponding transition M) and pro-

pagation Mgii,p matrices.

M according to equation:

Oy (B
() = (&) o)

The matrix M for a given layered structure can be obtained by matrix
multiplication of the partial matrices corresponding to the propagation of
the electric field within i-th layer in the distance between z; and z;:

e ik, (zj — zi)] 0
i) = (Cxpliks 22
prop ( 0 exp[—ik; (zj — )] )’ (22)
where k., wave vector component in i-th layer is equal to:
() w? 2
kY = = ki (2.3)

Here w is the frequency of the incident wave, c the speed of light in vacuum,
n; refractive index in a given layer and k| wave vector component of the
incident light for parallel to the interface plane.

Additionally, every interface between two layers i-th and j-th of diffe-
rent refractive indexes has to be taken into account by multiplication by a
proper transition matrix M9, As Fresnel reflectance coefficients are diffe-
rent for electromagnetic waves with transverse electric (TE, s polarization)
or transverse magnetic (TM, p polarization) polarization the form of this
matrix depends on the polarization of the incident field. For TE polariza-
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tion the transition matrix takes the form:

IO IO

N = | (2.4)
- : ,
KO 5D ) )
2k 2k

when for the perpendicular TM polarization the transition matrix reads

n?kiﬁ—‘rn?kgi) n?kgﬂ—n?k:gi)

M]("’K/IY) — 2ninjk§j) Qninjk£j> ) (2 5)
n2k) —n2k 02k 42k
2nin; kij) 2nin; k:ﬁj)

Total transfer matrix independent for TE and TM polarization can be
written as:

i=1

N
~ ~(i—1,1) 2 (i ~r(N,N+1
Mrg/m™m = (H M"l("iE/Tl\l/EM}ngz)p> Ml(“E/TM )' (2.6)

For known total transfer matrix M assuming all of the light is incident
from the left side with normalized amplitude EY = 1and introducing
reflectance coefficient » and transmission coefficient ¢ can be found based

on the matrix equation:
t My Mg (1
= : 2.7

This set of two linear equations can be solved in terms of elements of matrix
M to obtain transmittance (¢) and reflectance (r) coefficients as:

My
p= 2 2.8
v (2.8)
. M1 Mas — M12M21. (2.9)

Moo

The total transfer matrix of the whole structure M can be used to ob-
tain reflectance and transmission coefficients of the entire system, based on
which it is possible to calculate the electric field distribution within the inve-
stigated sample. Based on Eq. (2.6) we can construct partial transfer matrix
Mpart(zp) up to certain distance z, within i-th layer. Then calculation of the
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electric field amplitudes of left (El(l)) and right (Er(z)) propagating waves
are given by the solution of a matrix equation:

(@)
Er(zp) - 1
<E1(i)(zZ)> = Mpar((2p) <1\4H1\4212V1212\412Mm> ) (2.10)

which gives electric field at position z, as E(z,) = Re (Eﬁi)(zp) - El(i)(zp)).

Berreman matrix method

Fig. 2.2 | Schematic representation for electric field amplitudes in Berre-
man method.

In the transfer matrix method all of the layers in the investigated stack
have to be optically isotropic and characterized by a specific refractive index
at a given wavelength. An extension to this approach for layered structures
is so called Berreman method, named after the author of initial paper [8],
also referred to as 4x4 matrix method [9]. Berreman method can be used
for layered structures with optical anisotropy, which can be described by
3x3 dielectric tensor é.

Description of this method and later results of numerical simulations
are following formulation given by Schubert [10]. Broader description inc-
luding calculations of electric field distribution inside the structures can be
found e.g in Ref. [11].

In Berreman method the amplitudes of incident (A), reflected (B), trans-
mitted (C') and back-incident (D) light in both TE and TM linear polariza-
tions are connected by 4 x4 matrix 7"
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ATE Crtr
Brg = | Dte

=T 211
Arm Ct™m (211)
Brwm Dy

Investigated amplitudes are schematically drawn in Fig.2.2. Especially in
approach described by Schubert the incident plane lays within z—z plane
(i.e. ky, = 0). Simulation of light propagation/reflection from investigated
structure at any angle can be obtained by rotation of the structure along z
axis. Such operation is equivalent to the rotation of dielectric tensors of each
layer according to:

g = AeA™1, (2.12)
where A is rotation matrix by the angle ¢, which reads:

cos¢p —sing 0
A= |sing cos¢p O0]. (2.13)
0 0 1

Each layer in this approach is described by the partial transfer matrix Tj:

. 2 -
T; = exp (i;Aid,») , (2.14)

where d; is the thickness of a given layer, A is wavelength of investigated
light and A, is a 4x4 matrix given by:

2
1 E31 i £32 0 k3
B L B P _ M
€33 €33 €33
R 0 0 -1 0
A; = 2.15
¢ €31 9 €32 €23 |’ ( )
€93— — €21 ky —€22 —e3— 0 k,—
€33 €33 €33
€31 €32 €13
E11 —€13—— €12 —E€13—— 0 —ke—
£33 €33 €33
where
ky = ngsinf,, (2.16)

and 6, is the incidence angle and n,, is refractive index of the incident me-
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dium.

Transfer matrix T of the total system is a product of partial transfer ma-
trices T:

N
T=1L;"! <H T> Ly, (2.17)
i=1
and input and output matrices L; ' and L, which are given by:
0 1 —1/ngcos6, 0
1 0 1 1/ngcos@ 0
Li=2 “ ¢ 2.18
“ 2| 1/cosb, O 0 1/ng |’ (218)
—1/cosf, 0O 0 1/nq
0 1 —njgcosty O
- 0 0 0 0
L= (2.19)
cosfy 0 0 ny
0 0 0 0

07 is the angle at which light exits the structure. In typical conditions where
both incidence and exit medium is vacuum with n, = ny = 1 it is equal to
the incidence angle 0,,.

When total transfer matrix 7 is calculated, assumption that there is no
back-incident light (i.e. Dty = Dtg = 0) and for known incident light
fields (Arg and Ay ) (2.11):

ATE Crr
BTg I 0

=T , 2.20
Arm Ctm (220)
Brum 0

reduces to set of 4 linear equations for 4 reflection/transmission fields am-
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plitudes Brg, Brym / Cte, Crum. Results can be written as:

B Arm (T13T21 — Ti1T23) + Arg (To3T31 — To1T33)
. — . (221)
—T13T31 + T11T33
By — - Arm (ThsTun — TiTus) + Are (T T3 — T33T41), (2.22)
—T13T31 + 111733
— AT ArpTs:
Cpp — — 113 + ATE 33 (2.23)
Ti3Ts1 — TiiTss
~ —ArvTu + AT

—Ti3Ts51 + T11Ts3

Crvm = (2.24)

Finally, for known incident light amplitudes Aty and Ary, Eq. (2.21) al-
lows for calculation of all reflected and transmitted light electric fields am-
plitudes. As in general the elements of the matrix T are complex, calculated
fields carry information about the amplitude as well as about the phase of
all of the investigated fields.

2.1.2 Distributed Bragg reflector

Typical planar microcavity consists of two distributed Bragg reflectors (DBRs).

A DBR is a structure comprised of repeated layers made of two materials

characterized by different refractive indexes: higher ny;; and lower 4. The

thickness of each layer are designed for specific central wavelength Ao equal:
Ao

di = . 22
I (2.25)

For this condition the optical length of each layer is equal exactly one fourth
of the wavelength. For such conditions Fresnel reflections at each interface
between the consecutive layers interfere destructively at the transmission
side of the DBR resulting in high reflectance coefficient. Exact reflectance
properties of the DBRs can be easily simulated using transfer matrix, or Ber-
reman matrix method.

Fig.2.3a presents simulated reflectance spectra for increasing number
of pairs of layers characterized by refractive indexes: np;; = 2.2 and lower
Now = 1.5 (corresponding roughly to dielectrics like SiO, and TiO,). With
the increasing number of pairs at the central wavelength \y = 700 nm the re-
flectance coefficient increases, exceeding 91% for 5 DBR pairs and reaching
99.8% for 10 DBR pairs. Additionally for high number of DBR pairs flat and
high value of the reflectance is preserved over a relatively broad spectral
range, often referred to as photonic stopband region. In presented simu-
lations for 10 DBR pairs reflectance stays above 95% between 620 nm and
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Fig. 2.3 | Distributed Bragg reflector (DBR). (a) Simulated reflectance
spectra for a DBR made of different number IV of pairs materials
with refractive indexes npig = 2.2 and njp, = 1.5. (b) Reflectance
spectra for increasing refractive index difference An = npig — njow
performed for 6 pairs and 0.5(npg + n1ow) = 1.85. Simulations per-
formed for central wavelength Ay = 700 nm.

795 nm.

For a given number of DBR layers the reflectance can be increased by in-
creasing the refractive index contrast between the layers An = npig — njow-
Fig.2.3b shows how simulated reflectance spectra changes upon increase of
the An between 0.2 and 1 keeping constant mean refractive index 0.5(nnig +
Niow) = 1.85. With 6 DBR pairs and the lowest investigated An = 0.2 the re-
flectance of the structure does not exceed 50%. With refractive index contrast
above 0.6 the reflectance at Ay approaches 1 with simultaneous broadening
of the photonic stopband range.

Structure of a realistic dielectric DBR is presented in Fig.2.4a. It shows
scheme of DBR made of 8 pairs of dielectrics: silicon dioxide (SiO,) and ti-
tanium dioxide (TiO,), which are characterized with high refractive index
contrast. Structure was designed to provide maximum reflectance at the
wavelength of 520 nm, which for refractive indexes nsio, = 1.46 [12] and
nt1io, = 2.22 [13] leads to the thicknesses of the layers: dsio, = 89.0nm and
dtio, = 58.7nm. Experimentally measured reflectance spectrum at normal
incidence to the DBR is shown by gray dots in Fig.2.4b with clearly visi-
ble photonic stopband region of high reflectance between approx. 480 nm
and 600 nm. The experimental results are in a good agreement with simu-
lations performed with transfer matrix method, presented in orange line in
Fig.2.4b. Simulations well recreate not only the stopband region, but also
the oscillations of the reflectance coefficient with wavelength outside of this
range, especially spectral positions of minima of the reflectance.
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Fig. 2.4 | Distributed Bragg reflector (DBR). (a) Scheme of a SiO,/TiO,
stack of layer forming a DBR centred at A\j = 520nm. (b) Expe-
rimentally measured reflectance spectrum of a DBR (gray dots)
compared with transfer matrix simulation (orange line).
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Fig. 2.5 | Electric field distribution in DBR. Electric field distribution with
initial (a) 27, (b) m and (c) 5 phase shift. (d) Spatial distribution
of mean value of electric amplitude (|E|?). Incident light is a plane
wave with wavelength Ao = 520 nm.

Transfer matrix method can be also used to calculate the distribution of
the electric field across the DBR. Fig. 2.5a—c present simulated electric field
within the structure at different initial phases of the incident plane wave
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with A9 = 520nm. As the DBR was designed to provide high reflectance
at Ao almost all electric field is reflected leading to maximum electric field
at the incident side two times higher than the incident amplitude of 1 for
37 initial phase Fig.2.5a (constructive interference of forward propagating
incident field and traveling backwards reflected wave). Consequently at the
transmission side amplitude of the electric field is minimal. Within the DBR
the amplitude of the electric field gradually decreases. With changing initial
phase of the incident light, electric field distribution behaves as a standing
wave, and for 7 incident phase there is destructive interference between the
incident and reflected field Fig. 2.5b. A time averaged electric field can be ob-
tained by averaging electric field intensity over incident phase factors from
0 to 27 range, what is plotted in Fig. 2.5d. Electric field partially penetrates
the structure of the DBR, but with amplitude decreasing the deeper into the
structure.

2.1.3 Planar microcavity
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Fig. 2.6 | Dielectric microcavity. (a) Scheme of a SiO,/TiO, stack of layer
forming a microcavity. (b) Experimentally measured reflectance
spectrum of a microcavity (gray dots) compared with transfer ma-
trix simulation (orange line).

Two DBRs separated by a layer with optical thickness of \y/2 schema-
tically show in Fig.2.6a acts as an optical cavity. Such structure made of
dielectric 5iO,/TiO, layers was fabricated for central wavelength of \g =
725nm. Measured reflectance spectra of such structure in Fig.2.6b shows
spectrally narrow cavity mode of high transmission within the photonic
stopband region. Measured spectrum is in a good agreement with transfer
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matrix simulations performed for Ao = 724.8 nm. Cavity modes in reflec-
tance or transmittance spectra are characterized with Lorentzian lineshapes
and their spectral width determines quality factor @) of the cavity defined
as

Q=2 (2.26)

where FE) is the resonance energy and ¢ F linewidth (full width at half ma-
ximum, FWHM). Fitting the reflectance spectra to the experimental results
gives the resonance linewidth of 6.7 nm with @Q-factor of 250. The value re-
asonably well matches the simulated predictions of 350 quality factor for
such structure based on two DBRs containing only 9 dielectric layers.

For the state of the art planar microcavities based on the DBRs the @
factors exceed 1 x 10° for both semiconductor [14] and dielectric [15] mate-
rials. The number of Bragg pairs exceeds 14 for dielectric and 32 for GaAlAs-
based structures.

The cavity resonance is characterized by strong localization the electric
field corresponding to the cavity mode. This can be shown using transfer
matrix simulations of the electric field distribution within the investigated
dielectric structure.
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Fig. 2.7 | Electric field distribution in dielectric microcavity. (a) Electric
field distribution with initial 2T phase shift. (b) Space distribution
of mean value of electric amplitude (|E|?). Incident light is a plane
wave with wavelength \g = 724.8 nm.

Fig.2.7a presents temporal distribution of the electric field within the
cavity. The highest amplitude of the electric field is located exactly at the
center of the structure in the middle of the A/2-thick layer. The correspon-
ding time-averaged electric field intensity distribution within this cavity is
presented in Fig.2.7b, which shows that at the center the electric field in-
tensity amplitude is almost 50 x higher than the incident light. Electric field
spans the entire structure, but it is mostly confined within the center of the
cavity.
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Fig. 2.8 | Cavity photon wave vector. Schematic illustration of a cavity with
marked wave vector of cavity photon k separated into components
in cavity growth direction k. and in-plane component k;.

The resonance condition of a planar cavity changes slightly for the elec-
tromagnetic waves with nonzero wave vector component in the plane of the
cavity kj, corresponding to the light incident/exiting the structure at nonze-
ro angle. Dispersion relation describing the dependence of the cavity mode
energy on wave vector of the cavity photon is given by:

he
_ 2 2
Ep = - \ k2 + k‘ . (2.27)

C

Wave vector components in growth direction of the cavity k. and in-plane
component ki = k2 + kJ are schematically depicted in Fig. 2.8.

As k. wave vector component is a constant determined by the cavity
optical length for small in-plane wave vector k| values relation (2.27) can be
expanded in Fourier series, which up to the second order leads to quadratic
dependence in the form:

2

he h
— /1.2 2 ~ 2

C

where me is effective mass of the photon.

Value of in-plane wave vector is directly connected with the angle ¢ at
which it exits the cavity structure (Fig.2.8) by equation:

Epn
k= =2 sin 6. 2.29
| =, sin (2.29)
This direct dependence grants easy experimental access to the dispersion
relation of the cavity mode for angle resolved emission/reflectance measu-
rements.
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2.1.4 Fourier space imaging and tomography
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Fig. 2.9 | Scheme of the setup: imaging the Fourier plane at the entrance
of a monochromator.
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Fig. 2.10 | Dispersion of a cavity mode. (a) Angle-resolved reflectance
spectra from SiO,/TiO, microcavity. (b) Simulated by Berreman
method angle-resolved reflectance spectra of dielectric microca-
vity. (c) Comparison between experimental cavity mode energy
dependence on detection angle (gray circles), results of Berreman
model and parabolic fit (pink dashed line).

An extremely useful experimental technique allowing to get access to
the emission angle is Fourier plane imaging, also known as back focal plane
imaging. A positive (converging) lens at the focal length distance performs
Fourier transform of object plane. At this pane all rays emitted from an ob-
ject at a given angle 6 are focused at a certain distance r from the optical axis
given by equation:

sinf =r NA , (2.30)

T"'max

where rmax is radius of the image and NA is numerical aperture of the
lens/objective.
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Fig. 2.11 | Dependence of the cavity mode energy on detection angle. Cal-
culated for A\/2 SiO,/TiO, dielectric microcavity with the reso-
nant wavelength of 720 nm.

In the experiment to maintain high numerical aperture and long wor-
king distances lens performing Fourier transform can be replaced with a
microscope objective. Such more complex optical system can also be used
to optically perform Fourier transform, but the distance of the Fourier plane
is not directly connected with effective focal length of the objective. Some
manufacturers specify the exact position of back focal plane of their objec-
tives (e.g. [16]), but for typical objectives with long working distance the
position of the Fourier plane is close to the rear aperture of the objective.

Fourier transform performed optically by the objective can be further
imaged on a desired detector. Fig. 2.9 shows a specific optical setup in which
two positive lenses can be used to obtain the Fourier plane image on a de-
tector or, as shown in the image, on the entrance slit of the spectrometer. In
this configuration f> lens produces image of the Fourier plane at position
y2, which is further on imaged at the position of the detector. The use of two
lenses allows to optimize magnification M of the Fourier space to fully use
the vertical direction of the detector, especially a CCD matrix connected to
a spectrometer. Spatial size of the Fourier image projected by a microscopic
objective in the first approximation is equal to the objectives’ pupil diameter
D, which can be calculated as

D = 2NAY, (2.31)

where f is the effective focal length of the objective and NA its numerical
aperture.

For configuration presented in Fig. 2.9 positions of the lenses p; 2, their
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focal lengths f; » and the magnification of the final image M at the distance
L from the objective entrance is connected by set of three linear equations:

1 _ 1,1 _ 1 1

fa T 2 Y2 L—p2 + Y2

1+, 11 41 2.32
fi x1 + Y2 P2—P1—Y1 + P2 ( )
M2,y % . p

T2 T1 L—p2  p2—p1—y2

This set of equations (2.32) for known focal lengths f; 5, desired magni-
fication M and the distance between objective and spectrometer entrance
slit can be numerically solved to obtain positions of the lenses p; 2. In gene-
ral, this set of equations is mathematically fulfilled by two set of positions of
the lenses p; 2, but not every solution is physical as calculated positions of
the lenses can be negative or imaginary. Typically trials with different expe-
rimentally available focal lengths allows to find solution which can physi-
cally fit within the experimental setup. In practice it is typically easier to use
lenses with relatively long focal lengths (above 500 mm), as the final image
they project is often less sensitive to their exact positioning.

Calibration of the Fourier plane imaging is the easiest to preform with
broadband light illumination of a sample with a cavity mode. Starting from
the calculated position of the lenses, their further position can be adjusted to
obtain the highest possible energy depth of the parabolic dispersion relation
of the cavity mode which preserves narrow spectral linewidth of the mode.

Fig.2.10a presents angle-resolved reflectance spectrum of the dielectric
cavity. A scheme of the experimental setup is presented in Fig. 2.12. Spectral-
ly broadband illumination from a halogen lamp through a non-polarizing
beam-splitter is directed towards a microscopic objective, which focuses the
incident lamp on the surface of the sample. Two lenses f; » projects the ima-
ge of the Fourier plane of the microscope objective at the entrance slit of
a monochromator equipped with a CCD camera. In this specific configu-
ration for the total distance between the spectrometer and the microscopic
objective L = 168 cm for focal length of the lenses equal to f; = 500 mm
f2 = 750 mm and magnification M = —1.1, calculated positions of the len-
ses according to the Eq. (2.32) are equal to: p; = 72.3cm, py = 124.4cm.

Vertical slit of the monochromator selects from the 2D image in (k,,k,)
directions a cross section along k, (Fig.2.12b). Inside the monochroma-
tor this signal is spectrally resolved by a grating and produces a 2D ima-
ge in wavelength-y space on the CCD camera, as schematically shown in
Fig.2.12b. Following Eq. (2.30) the distance along y direction on the camera
can be recalculated to the reflection angle to obtain angle-resolved spec-
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Fig. 2.12 | Experimental setup for angle-resolved tomography. (a) Scheme
of the experimental setup in reflectance configuration. (b) Image
recorded when f; lens is at the optical axis, when the measured
signal corresponds to k, wave vector direction. (c) When lens f;
is moved along x direction by a distance d = 1.2 mm, the mono-
chromator slit selects slice of the dispersion relation at nonzero
ky.

trum as shown in Fig. 2.10a. As predicted by Eq. (2.29) the spectrum shows
parabolic-like dependence of the cavity mode energy from the incidence or
reflectance angle. Experimental results are also consistent with the transfer
matrix simulations performed for light incident at different angles. Results
of simulations can be also used to precisely calibrate the angle scale in the
experiment. Using Eq. (2.30) to calibrate the angle scale assumes that full
numerical aperture of the microscopic objective is fully used. It is a useful
approximation, which can be improved by comparison with the simulated
spectra in which NA /rpyax ratio from Eq. (2.30) can be used as a fitting pa-
rameter to obtain the best fit between the experiment and the theoretical
predictions. Such comparison is shown in Fig. 2.10c presenting fitted posi-
tion of the cavity mode as a function of the reflection angle. Additionally,
the parabolic fit presents that in the investigated angle/wave vector range
the first parabolic expansion of the Eq. (2.28) is enough to properly describe
the dispersion relation of the cavity mode.

In this figure to obtain the best agreement between the experimen-

tal results and the transfer matrix simulations NA /ryax ratio was set to
0.0031 pix_l. As a result, the maximum reflection angle observable in
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Fig.2.10a is equal to 40.6 deg, which is less than maximum value expected
from observation with an objective with numerical aperture NA = 0.75,
which corresponds to maximum angle of 48.6 deg.

Fig.2.11 presents simulated dependence of the energy shift of the cavi-
ty mode in SiO,/TiO, cavity as a function of the observation angle, which
can be used for calibration of setups with objectives of varying numerical
apertures.

Presented earlier experimental scheme allows for easy angle-resolved
spectroscopic measurements within cross section along specific wave vector
directions (k,). To measure a dispersion relation far all wave vector direc-
tions in 2D space a angle-resolved tomography setup can be used. As shown
in Fig.2.12 one of the imaging lenses can be mounted on a stage allowing
for movement of the lens in x direction. Such small movement away from
the optical axis results in a shift of the Fourier plane image in « direction at
the position of the spectrometers’ entrance slit, as schematically shown in
Fig.2.12c. In this case vertical slit of the spectrometer still selects cross sec-
tion of the Fourier plane along k,, but at nonzero k, component, dependent
on the position of the stage d. Motorized movement of the stage synchro-
nized with the readout of the CCD camera of the spectrometer allows to
collect data for all k, values contained within the Fourier plane and obtain
a 3D set of data in k,, k, and wavelength (photon energy).

Results of such tomography in reflectance for investigated dielectric ca-
vity are shown in Fig.2.13, presenting cross sections along different wave
vector directions and photon energies. The cross sections along all presen-
ted: k,, diagonal (k, = k,) and k, wave vector directions show parabolic
like dispersion relation of the cavity mode.

As expected from fully isotropic sample, the results show parabolic di-
spersion relation of the cavity mode in all k; wave vector directions.

2.2 Cavity filled with birefringent medium

Cavities described in this work up to now were fabricated from optically iso-
tropic materials. Introduction of optically anisotropic materials brings com-
pletely new phenomena, especially convenient to study in a liquid crystal
systems, where the direction of the optical anisotropy can be dynamically
tuned by external fields.

Following especially brief introduction of the properties of liquid cry-
stal, especially nematics, based on [17, 18, 19, 20] this section concentrates
on dielectric cavities filled with nematic liquid crystal.
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Fig. 2.13 | Angle resolved tomography in reflectance. Cross sections across
different wave vector directions and at different photon energies.

2.2.1 Nematic liquid crystals

Liquid crystals (LC) exhibit various different mesophases: thermodynami-
cally stable phases with properties combining characteristics of the solid
crystal with features typical for isotropic liquid. Substances demonstrating
such phases staying in between crystal and liquid are referred to as meso-
gens.
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Fig. 2.14 | Mesophases of liquid crystals. (a) nematic, (b) smectic-A
(c) smectic-C and (d) cholesteric (chiral nematic).

Depending on how mesophases are achieved in a material one can di-
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stinguish two types of liquid crystals. Lyotropic liquid crystals are obtained
when a sufficient amount of material is dissolved in a solvent. In them the
critical parameter governing over the existence of different mesophases is
the concentration. Examples of lyotropic liquid crystals are soaps and pho-
spholipids. In the other type called thermotropic, liquid crystalline proper-
ties are obtained by melting a crystalline solid. Here the most important pa-
rameter to control between different mesophases are temperature or pressu-
re. There are also mesogens exhibit both lyotropic and thermotropic phases,
which are sometimes referred to as amphotropic.

All of those types can be further distinguished based on their symme-
try, differentiating three major classes: nematics, cholesterics and smectics.
Order in those classes is typically depicted using various configuration of
an elongated rods representing their anisotropic molecules, as is presented
in Fig.2.14.

In the nematic phase (Fig.2.14a) position of the rod-like molecules is
random, but their orientation is aligned along a specific direction represen-
ted by a so-called director n vector, which can be regarded as a crystal axis.
Their orientation can be described using a unit vector n called director.

In the nematic phase exhibit long range orientational order, as schemati-
cally shown in Fig. 2.14a. All of the molecules within a nematic mesophase
are preferentially aligned along specific direction. Their orientation can be
described using a unit vector n called director, which can vary within the
sample. Molecules forming nematic phase are free to rotate around their
long axis, and have no preferential arrangement of their ends, thus the sign
of the director has no physical meaning. In nematics there is no long-rage
positional order, and the locations of the centers of mass of the molecules is
not correlated between them. As a result nematics are one of the least orde-
red liquid crystalline phase. Optically the nematic phase is birefringent and
behaves as a uniaxial medium with ordinary (n,) and extraordinary (n.)
refractive indexes and the anisotropy axis pointing in the direction defined
by the director.

Without specific anchoring provided by the boundaries liquid crystals
take on a milky appearance due to scattering of the light at random fluctu-
ations within its volume. They become crystal clear with consistent director
within the whole LC volume only after specific direction is favored by the
interfaces.

In the LC cells consisting of the LC imposed between two glass surfaces
orientation of the director is defined by the treatment of the glass substrates.
One can distinguish two main nematic orientation types in such geometry.
In homeotropic alignment (HT) the director is oriented perpendicular to
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the plane of the substrate, as shown schematically in Fig. 2.15a. Such confi-
guration can be achieved for example by covering both glass substrates with
thin layer of surfactant such as HTAB (hexadecyl trimethyl ammonium bro-
mide). This soap-like material tends to orient themselves perpendicularly
to the surface and impose homeotropic orientation of the liquid crystal.

In the other planar or homogeneous alignment (HG) LC director is orien-
ted parallel to the glass substrates, as shown schematically in Fig.2.15b. To
obtain such orientation both glass substrates can be covered by a thin layer
of a polymer such as PVA (polyvinyl alcohol). To favor a desired orientation
within the plane surface of the polymer layer can be rubbed in this specific
direction direction. Due to strain and/or stress imposed during the rubbing
process long axis of the liquid crystal molecules tend to align along the rub-
bing direction.

Apart from this two main alignment types there are multiple other va-
riations like hybrid, twisted or fingerprint with various ordering techniques
suitable for specific situations like photoorientation possible for photosen-
sitive materials.

Chemically molecules exhibiting nematic mesophases have typically ani-
sotropic shape often based on rigid core. Often this core consists of con-
nected aromatic rings with various terminal groups which strongly affects
properties of the material.

Another distinguished LC phase is so called chiral nematic phase, histo-
rically also referred to as cholestric. Similarly to the nematics, in cholesteric
phase lacks long range positional ordering , as positions of the centers of
mass of the molecules is fully random. Cholesterics exhibit long range orien-
tation order, but the director rather than being constant within the whole
volume assumes a helical form as in Fig.2.14b. Helical structure appears
due to admixture of chiral molecules into the liquid crystal. Within the cho-
lesteric director rotates around a specific axis and the distance within which
the director exhibit full 360° rotation is referred to as a pitch p. Nematic pha-
se can be thought of as a specific case of chiral nematic in which the pitch
length is infinite. Specific helicity of the cholesterics combined with perio-
dically varying refractive index leads to specific optical properties of this
phase resulting in selective reflection of circularly polarized light of speci-
fic handedness at wavelength dependent of the birefringence and the pitch
length.

In specific conditions cholesteric liquid crystals can organize into a more
complex 3D photonic crystal structures referred to as Blue phases.

In the smectic phase in addition to the orientation order, there is also po-
sitional order, which defines multiple subphases. In smectic-A presented in
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Fig.2.14c molecules are arrange into layers with director normal to the pla-
ne of the layer. In smectic-C the molecules are also form layers, but with the
director n tilted versus the normal direction as shown in Fig. 2.14d. Smectic
subphases C, C*, G, H, I, F ... Q have been identified.

@) homeotropic alignment (HT) () homogeneous alignment (HG)

(© E<E, @ E>E, () E>E,

o - —— — — —
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Fig. 2.15 | Liquid crystal cells. (a) Nematic LC cell with homeotropic (HT)
alignment. (b) Nematic LC cell with homogeonous (HG) align-
ment. (c) In HT oriented cell external electric field £ does not
induce reorientation of the LC as long as the field is smaller than
threshold value Ery,. (b) When external field E is higher than the
threshold value LC molecules within the cell reorient with the
long axis towards the electric field direction. (e) At high electric
fields bulk of the material is oriented along the external field.

In addition to the preparation of the boundaries structure of the liquid
crystals can be affected by external electric or magnetic fields. In the nematic
LC cells such fields can induce rotation of the director, which is known as
Frederiks transition (Fréedericksz transition). For positive dielectric aniso-
tropy Ae = g — €, orientation of the LC molecules parallel to the external
electric field F is energetically favorable. Nevertheless to cause actual re-
orientation the influence of the external field has to at first overcome the
energy required for such deformation.For this reason starting from the pla-
nar orientation of the LC with the electric field applied perpendicular to
the cavity plane (Fig.2.15¢) there is no disorientation as long as the electric
field E is lower than the threshold field which for the simplest one elastic
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constant approximation is equal to [17]:

T 4K
Emh ==/ 2.33

where K is the elastic constant and d is the thickness of the cell.
When the electric field is above the threshold value the LC molecules
start to reorient, with the reorientation angle dependent on the strength of

the external field Fig.2.15d, but it is typically assumed that the molecules
located at the vicinity of the orienting layers are stationary.

The same effect can be achieved applying external magnetic field to the
cells filled with material exhibiting anisotropy of diamagnetic susceptibility
Ax.

Ability to affect the optical anisotropy of the nematic liquid crystals by
means of externally applied electric field makes them extremely interesting
medium to consider within an optical resonator.

2.2.2 Cavity filled with liquid crystal

Fig.2.16a presents a scheme of a cavity filled with liquid crystal investigated
in this work. The cavity consists of two dielectric DBRs which are separated
by a nematic liquid crystal layer. Initial orientation of the liquid crystal ani-
sotropy layer is determined by polymer orienting layers located at the top
of the each DBR. The polymer layers are relatively thin (approx. 50 nm) and
subjected to a rubbing process, which determines the preferential direction
of the LC molecules at the polymer interface. For nematic liquid crystals,
depending on the choice of the liquid crystal mixture and processing of the
orienting layer there are two main configurations of the LC molecules wi-
thin the cell.

In so called homogeneously oriented cells without external electric field
the director of the LC molecules is oriented parallel to the cavity plane, as
schematically shown in Fig.2.16b. In this configuration for linearly polari-
zed light along vertical (V, y) direction effective refractive index of the LC
layer is equal to n,. For light with perpendicular linear polarization along
horizontal (H, z) direction effective refractive index is equal to the extraor-
dinary refractive index ne.

The opposite configuration of the LC molecules is referred to as home-
otropic (HT) alignment, schematically depicted in Fig. 2.16c. In this case the
director is oriented along z axis, perpendicular to the cavity plane. As a re-
sult effective refractive index for a plane wave incident perpendicularly onto
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Fig. 2.16 | Microcavity filled with nematic liquid crystal. (a) Scheme of mi-
crocavity filled with liquid crystal. Liquid crystal fills space be-
tween two dielectric DBRs. To initially orient LC molecules DBRs
are finished by polymer layer. LC molecules orientation angle ¢
can be smoothly controlled by external voltage applied to trans-
parent ITO electrodes. (b) When molecules rotation angle § = 0
extraordinary direction of LC is oriented along z axis. (c) At
0 = 90 deg extraordinary direction is oriented along z direction,
leading to equal refractive index (n,) along  and y directions.

the cavity plane is characterized by the same effective refractive index equal
to no, regardless on the polarization of the incident light.

One of the biggest advantages of the liquid crystals due to their liquid
nature is ability to steer their optical properties by external fields. A phe-
nomenon utilized in investigated LC microcavities is a reorientation of the
director of the LC molecules under external electric field, which is also re-
ferred to as Fréedericksz transition. To achieve such tunability DBRs for-
ming the cavity are grown directly on top of a indium-tin oxide (ITO). ITO
is transparent in the visible range and is electrically conductive. Applying
external voltage to the ITO electrodes at the opposite DBRs results in electric
field to the LC layer, which can induce reorientation of the LC molecules.

Fig.2.17a presents a photo of such device fabricated at the Military Uni-
versity of Technology in the group of prof. Wiktor Piecek using a highly
birefringent nematic liquid crystal synthesized in the group of prof. Prze-
mystaw Kula.

The cavity is formed between two 5mm thick glass substrates. DBRs
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Fig. 2.17 | LC microcavity image. (a) Photo of the investigated LC microca-
vity compared with a centimetre scale. (b) Schematic cross sec-
tion through the device.

centered at 745 nm can be visible in this picture by a blue hue between the
glasses. Both glass substrates are finished with ITO layers which are connec-
ted to the wires to allow application of the electric signal. The actual cavity
is formed between the DBRs, with the space filled with the liquid crystal.
Spacing between the DBRs for presented cavity is around 3.5 um. The spa-
cing is set during the fabrication process by the use of silica spacers with
calibrated diameter. The spacers are mixed with the glue which is distribu-
ted at the edges of the cavity to set the cavity width.

Configuration of the LC molecules without the applied voltage is deter-
mined by processing of orienting polymer layers. In presented device rub-
bing along longer edge of the cavity leads to orientation of LC molecules
as presented in Fig.2.16b. External voltage applied to the ITO electrodes
introduces reorientation of the director around the y axis by an angle 6 de-
pendent on the amplitude of the signal. At sufficiently high voltages the LC
layer can be almost completely to HT orientation shown in Fig. 2.16c.

During rotation of the molecules the effective refractive index for ver-
tically polarized light remains constant and equal to n,, but the effective
refractive index for horizontally polarized light changes between n. at § =
0deg to n, at @ = 90 deg. Berreman matrix simulations presenting how such
change affects the cavity mode of the cavity is presented in Fig. 2.18. The re-
flectance spectra at normal incidence within the photonic stopband spectral
region was calculated independently for horizontal and vertical linear pola-
rization of incident light. Existence of the cavity mode resonance for specific
energy and incident light polarization appear as a minimum of the reflec-
tance. Due to significant thickness of the liquid crystal layer multiple cavity
modes can be observed within the stopband region. They can be numbe-
red by the integer mode number N describing how many antinodes of the
standing wave are confined within the cavity. For the investigated cavity
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Fig. 2.18 | LC microcavity tuning at normal incidence. Simulated by Berre-
man method normal incidence reflection from LC microcavity at
different LC molecules orientation angles.

consecutive resonances with mode numbers between N = 12 and N = 17
are confined within within the photonic stopband region.

At molecules rotation angle § = 90 deg corresponding to high voltage
applied to the LC microcavity cell, modes for linear H and V polarizations
are degenerate, when director is oriented perpendicularly to the cavity pla-
ne. When the molecules rotation angle decreases effective refractive index
of H polarized mode starts to increase resulting in the decrease of the cavity
mode energy. As the energy of V polarized mode remains unaffected it in-
troduces splitting between H and V polarized modes with the same mode
numbers.

As the molecules rotation advances the energy of H polarized modes
can decrease enough to intersect with V polarized mode characterized with
lower mode number. E.g. tracing vertically polarized mode with Ny = 14 at
0 = 45.7 deg it becomes degenerate with H polarized mode with Ny = 15.

Depending on the thickness and the birefringence of the LC layer mul-
tiple crossings of perpendicularly polarized mode can occur. In the inve-
stigated cavity only one additional degeneracy condition can be found: for
Ny =14 at 0 = 22.8deg.

Finally when the molecules are aligned parallel to the cavity plane (6 =
0) the cavity modes with perpendicular linear polarizations are energy-
split.

Based on the Fig.2.18 three main regimes appearing in LC cavity can
be distinguished based on which of the modes characterized with different
mode numbers (N,,N,) are close to the degeneracy.

In the first regime when in which molecules are aligned along the z axis
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Fig. 2.19 | Different regimes of mode degeneracy in LC microcavity. (a) In
typical isotropic multimode cavity mode numbers for linear-
ly polarized modes along = and y directions are the same i.e.
(Ng,Ny) = (N,N). When refractive index along « direction is hi-
gher than for y direction modes of different mode numbers can be
degenerate: (b) (N +1,N) when two modes have opposite parity,
(¢) (N + 2,N) when two modes have the same parity.

at normal incidence, modes of the same mode number are degenerate. As
N, = N, this regime will be marked as (N,N) regime. In this regime both
modes of orthogonal linear polarizations exhibit the same number of anti-
nodes within the cavity, as schematically shown in Fig. 2.19a which sketches
distribution of the electric field inside the cavity. In the described LC micro-
cavity such situation occurs at high voltages applied to the electrodes, but
it is typical for most of the regular cavities made of optically isotropic ma-
terials.

Another regime corresponds to the molecules rotation angle at which
mode number of the horizontally polarized cavity mode is one grater than
the vertically polarized one (N + 1,N). At normal incidence both modes
polarized horizontally and vertically are degenerate but due to different ef-
fective refractive indexes within the cavity both exhibit different number of
electric fields antinodes inside the cavity (Fig.2.19a). As the mode numbers
vary by one electric field distribution are of different parities, with one be-
ing symmetric and the other antisymmetric versus the cavity center. Within
this regime the LC layer acts as a half-have plate with 7 retardance.

The last degeneracy regime available in the cavity occurs when two mo-
des of the same parity but mode numbers different by two (N + 2,N) are
close to the resonance Fig.2.19b.

Simulated reflectance maps at normal incidence in Fig. 2.18 show possi-
ble degeneracy conditions in LC microcavity, but the differences between
those different regimes can be observed investigating light incident at non-
zero angle in y—z plane. Simulations performed for incidence angle of 15 deg
are shown in Fig. 2.20.

As expected for observation at nonzero angle all cavity modes are blu-
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Fig. 2.20 | LC microcavity tuning at 15 deg incidence angle. Simulated by
Berreman method normal incidence reflection from LC microca-
vity at different LC molecules orientation angles.

shifted. Starting from 90 deg molecules rotation angle degeneracy at normal
incidence is lifted due to TE-TM splitting which is significantly higher in ca-
vities filled with anisotropic medium, as it will be analyzed in more detail in
Sec.3.2.1. As at § = 90 deg horizontally polarized cavity mode is of higher
energy with rotation of the director the both H/V modes with IV, = IV, = 14
cross at § = 81 deg. This crossing point corresponds to one of the diabolical
points which will be described in Sec.2.2.3.

The biggest difference between Fig.2.20 and the simulations at normal
incidence emerges close at the next (/N + 1,N) regime. At nonzero inciden-
ce angle the modes do not cross but exhibit typical anticrossing behavior
which is a result of Rashba-Dresselhaus like spin orbit coupling observed
for photonic modes of different parity, which we observed in [21].

No anticrossing appears for lower LC molecules orientation angles, whe-
re close to § = 22 deg corresponding to (N+2,N) modes degeneracy regime.

The differences between the regimes can be observed in Fig. 2.21, which
presents angle resolved (in y—z plane) reflectance spectra simulated at dif-
ferent molecules rotation angles compared with experimental results obta-
ined at different voltages applied to the LC microcavity.

Fig.2.21a corresponds to (N,N) regime. Here according to simulations
for increasing incidence angles the cavity modes should be split due to TE-
TM splitting with higher energy TE (H for y—z incidence plane). This split-
ting is less visible in the experiment. Driving the investigated device to this
specific regime required high voltage which resulted in spectral broade-
ning of the photonic modes. In the (N +1,N) regime presented in Fig. 2.21b
the dispersion relation is dominated by the Rashba-Dresselhaus SOC term,
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Fig. 2.21 | LC microcavity in different regimes. Simulated and measured
angle-resolved reflectance spectra from LC microcavity in regi-
mes: (a) (NV,IV) degeneracy, (b) (N + 1,N) degeneracy, (c) (N +
2,N) degeneracy and (d) sample without applied voltage.

with perfect agreement between the simulations and the experiment. The
dispersion relation consists of two separated in wave vector parabolas with
circularly polarized eigenstates. For lower molecules rotation angle and vol-
tage another degeneracy in (N + 2,N) regime can be observed. Along y—z
incidence plane modes with linear H/V polarizations are clearly separated
in both simulations and the experiment. It is important to mention than al-
though the dispersion relation consisting of two centered parabolas with
energy splitting quadratically increasing with observation angle closely re-
sembles this of (/V,IV) it is characterized by at least the opposite polariza-
tion of the modes with more specific differences discussed in Sec.2.2.5 and
Sec.3.2.3. Finally without external voltage H and V polarized modes are
significantly separated in energy for both: theoretical and experimental re-
sults Fig.2.21b.

Overall Fig. 2.21 Berreman matrix simulations present perfect agreement
with the experimental results in all of the presented regimes depending on
voltage/LC molecules angle. It is however important to note that in order to
obtain such qualitative and quantitative agreement cavity assumed in Ber-
reman matrix model is not fully filled with LC which reorients.

For example for the data presented in Fig. 2.21 it is assumed in the model
that the total cavity width is equal to 3508 nm. It is separated into three lay-
ers. At the interfaces with the both dielectric mirrors it is assumed that the
LC is well oriented by the orienting layers thus such layers are characterized

by a dielectric tensor ¢ = Diag(n2,n2,n2) corresponding to no electric bias
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and rotated around the y axis to take into account reorientation in external
electric field. Both such layers are separated by additional layer, here as-
sumed to be isotropic and characterized by refractive index n,. In Fig.2.21
thickness of both interface layers is equal to 1159 nm whereas the central
isotropic layer is 1190 nm thick.

Such approach can be justified based on the experimental results that
at very high voltages the cavity modes are degenerate (Fig.2.21a) thus no
birefringence in x—y plane must be zero. On the other hand total energy
shift of the H polarized mode when voltage is decreased to zero determines
the length of the LC which follows reorientation with electric field. To fulfill
those conditions either the LC is homogeneous along all the cavity length
but with lower birefringence, or does not exhibit long order across the whole
cavity length, at is assumed in this case.

To analyze all of this regimes the next section concentrates on more pre-
cise description of the whole dispersion relation of the cavity modes.

2.2.3 (N,N)regime

In typical planar microcavities fabricated from the optically isotropic mate-
rials at normal incidence there is a total degeneracy of the electromagnetic
tield with any orientation of the polarization plane. Such configuration cor-
responds to Fig. 2.19a in which mode number for horizontally polarized li-
ght trapped in the cavity is equal to the mode number of vertically polarized
light, as both are equivalent.

Such perfect equivalence is however lifted when the light is incident at
an nonzero angle. Such configuration distinguishes TE and TM polarized
modes as due to different Fresnel reflectance coefficients for TE and TM
polarized waves leads to different effective cavity lengths.

Such behavior in planar microcavities is described by TE-TM splitting
[22, 23]. With introduction of the TE-TM splitting dispersion relation of the
cavity modes can be described by 2x2 effective Hamiltonian, which in cir-
cular polarization basis reads [24]:

3 h’k? 2 _ 12
Hrgmm = ( 7 > 60 + B(ky — ky)ow + 2Bkiky 6y
1212 L \92
— ( r271)<1 ) ﬁ(kx 2;211%) ) ) (234)
5 (kl + 1ky) h2m

Here spin-independent parabolic dispersion of the cavity modes is descri-
bed by an effective mass m and TE-TM splitting strength is quantified by
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parameter (3.

Additional contribution from birefringence in x direction originating
from small reorientation of the LC molecules in the cavity or XY splitting in
semiconductor cavities can be added to the Eq. (2.34) [25]:

ﬁ2k2
2m

Hrpv = < ) 60 + B(k2 — k;)&m + 208k, kyoy + éAHVfo, (2.35)
where Apy describes energy detuning between horizontally and vertically
polarized cavity modes.

Expansion of Eq. (2.35) in terms of Pauli matrices ; allows by following
analogy to spin 1/2 in magnetic field find eigenstates of the Hamiltonian
describing polarization of the modes in terms of Stokes parameters S; as
antiparallel to the effective magnetic field.

Such predictions of the model can be compared by exact numerical solu-
tions of Maxwell equations derived in Berreman matrix form for an investi-
gated planar structure. Energy position of the cavity modes can be determi-
ned by transmission maxima or minima of reflectance. Additionally in this
approach polarization of any given mode can be determined by finding po-
larization of light (in terms of Stokes parameters) which is fully transmitted
through the cavity.

In Fig.2.22c Polarization of the mode is plotted as Stokes vector S =
(51,52,53). In plane components S| = (51,52) of the Stokes vector S are
plotted by arrows. It is important to stress that directions of the arrows mark
in-plane component of Stokes vector, not the direction of the polarization
plane. Le. horizontal polarization of light corresponding to S; = 1 leads
to arrow pointing in right (z) direction, but vertical polarization of light
51 = —1leads to S| pointing leftwards. Diagonal Sz = 1 (antidiagonal Sy =
—1) light polarization corresponds to upwards (downwards) orientation
of ). As a result Stokes vector rotates in z—y plane two times faster than
orientation angle of the polarization plane of linearly polarized light. The
remaining S3 component of the Stokes vector in Fig.2.22c is marked with
pseudocolor scale.

When the director of nematic LC layer is oriented perpendicularly to the
cavity plane the cavity modes are degenerate at normal incidence, what con-
stitutes (V,NV) resonance in LC cavity. Dispersion relation of the cavity mo-
des obtained by the Berreman matrix method at such conditions is plotted
in Fig.2.22a. The dispersion relation consists of two paraboloids degenerate
at a single point k£ = 0 in reciprocal space. Degeneracy point can be easier
to observe when the energy (E) of each of the cavity modes is subtracted
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Fig. 2.22 | Cavity modes dispersion in (/V,N) regime based on Berreman
matrix simulations. (N,N) resonance: (a) calculated dispersion
of the cavity modes. (b) Energy of the modes subtracted by their
mean value (F). (c) Polarization state of the lower energy mode.
Out of (N,N) resonance for § = 81 deg: (d) calculated dispersion
of the cavity modes. (e) Energy of the modes subtracted by their
mean value (E). (f) Polarization state of the lower energy mode.

by their mean value [(E) = (E; + E») /2], as it is shown in Fig. 2.22b. Obse-
rved splitting between the cavity modes can be described by TE-TM term.
Polarization of the lower energy branch obtained by the Berreman method
shows pseudospin structure with +2 winding around the £ = 0 point. The
lower energy mode is TM polarized as the polarization state in Fig.2.22c
follows the incidence plane. At &k, = 0, thus with linear polarization plane
within z—z plane, the cavity mode is horizontally polarized. As we follow to
another wave vector direction, at diagonal direction of the incidence plane
(kz = ky) cavity mode becomes diagonally polarized, and for k, = 0 po-
larization of the mode changes smoothly to vertical one. As along &k, = 0
for this structure we observe horizontal polarization according to the Ber-
reman method it corresponds to negative value of TE-TM splitting strength
Bin Eq. (2.35).

The dispersion of the cavity modes changes when the LC molecules fil-
ling the cavity start to rotate. In Fig.2.22d the molecules rotation angle of
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6 = 81 deg results in splitting of the cavity modes. As it introduces an in-
crease of the effective refractive index for light polarized in z direction, ho-
rizontally polarized mode at normal incidence decreases resonance energy,
what can be described by the HV detuning term A Exy which becomes ne-
gative. At nonzero observation angle combined effect of HV detuning and
TE-TM splitting leads to specific dispersion relation exhibiting two dege-
neracy points, best visible in Fig.2.22e. They constitute so-called diabolical
points (DP) [26, 27] where around a degeneracy point in a parameter space
the energy dispersion constitute Dirac-cone like dependence, thus they are
also referred to as conical intersections [28].

Appearance of the diabolical points can be easily explained by analysis
of the Hamiltonian Eq. (2.35). Along k, = 0 due to negative TE-TM split-
ting strength 3, factors before the first Pauli matrix (6/@% + %AEHV) 0 be-
come more negative , which increases the energy splitting between the mo-
des. Along the perpendicular wave vector direction k;, = 0 the situation is
different. Here — k.o, contribution is positive and increases with the wa-
ve vector. Especially it can cancel out negative HV detuning described by
the AFpy term where degeneracy points appear k:EP = AQEQHV. Those
are two only possible degeneracy points as for any other wave vector direc-

f,(ﬁk‘g — Bk2 + %AEHV) &x} and the second
(28k;ky0y) Pauli matrix in Eq. (2.35) are never simultaneously equal to ze-

tion terms multiplying the first

ro.

Comparing polarization state of the lower energy mode in Fig.2.22f
around each diabolical point the pseudospin exhibit a +1 winding within
S1—S2 plane. The total topological charge between the (/N,N) resonance
(Fig.2.22a—c) and small negative HV detuning (Fig.2.22d-f) is conserved
as single degeneracy point with +2 winding is spit into two DP with +1
winding each.

As mentioned earlier (IV,N) regime with TE-TM splitting is typical for
most planar microcavities in [23] and without strong coupling with excito-
nic resonance [29]. In regular semiconductor microcavities TE-TM splitting
is at the order of tens of peV um? [30, 31, 29] and depends on the design of
the cavity [22] like or intentional designing the energy of the cavity mode
far away from the stopband center [32]. It can be also significantly incre-
ased in open cavities due to high refractive index contrast interfaces [33]. It
is also significantly higher in cavities incorporating birefringent media like
perylene [34] or liquid crystals, where TE-TM splitting can be used to de-
scribe impacts of optical anisotropy of the medium as it will be described in
Sec.3.2.1.



2.2 (N + 1,N) regime and Rashba-Dresselhaus spin orbit coupling term?

The emergence of the diabolical points was predicted theoretically in
Ref. [35]. It was observed experimentally in microcavities with birefringent
perovskites [36, 37, 38] and in semiconductor microcavities based on AlGa-
As system [39, 40]. External magnetic field can lift the degeneracy at those
diabolical points, which leads to two valleys in momentum space exhibiting
nonzero Berry curvature and nonzero Chern number of the bands [39, 38].

In the presence of polarization dependent losses diabolical points split
into pairs of exceptional points as it was at fits predicted theoretically [41]
and demonstrated experimentally in microcavities based on ZnO [42] and
with perovskites [43].

224 (N + 1,N) regime and Rashba-Dresselhaus spin orbit co-
upling term

In the (N + 1,N) regime two cavity modes close to the resonance are of
different parity, which corresponds to a half-wave plate situated inside an
optical cavity. For such configuration based on the waveguide approxima-
tion developed by prof. W. Bardyszewski the eigenvalue problem for the
cavity modes P in circular polarization basis can be written as [21]:

n2k; h2k§ 2 2\ ~ A 1 A
S, + % P—l—(5xkx+5yky)axP—2akyazP+§(EH—EV)UJCP = EP,
(2.36)

equivalent to 2 x 2 Hamiltonian:

. [ R U A | . 2 2\ 5 5
Hrp = | Ey + T + 2, 60 + EAEH\/UQC + (0zky + Oyk,) 02 — 20ky 6.

(2.37)

AEpy term describes detuning of the modes from the RD resonance.
It is equal to zero when two modes undergoing RD coupling are exactly
degenerate at normal incidence. In experimental realization of the LC cavity
this term is controllable by the amplitude of the external voltage applied to
the electrodes.

Apart from spin-independent effective mass anisotropy in k, and k, wa-
ve vector directions described by parameters m, and m,, terms §;k?6, intro-
duce splitting of H/V polarized modes increasing quadratically with wave
vector.

The strongest effect originating in (N + 1,N) regime is given by the last
term 2ak, 6, referred to as Rashba-Dresselhaus like spin orbit coupling. For
LC cavities with high birefringence it is typically the strongest contribution.
Its presence leads to the dispersion relation of two paraboloids separated
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Fig. 2.23 | Rashba-Dresselhaus regime in LC microcavity. (a) Angle-
resolved reflectance spectrum of LC microcavity at RD re-
sonance. (b) Corresponding S3 parameter of reflected light.
(c) Polarization-resolved tomography in reciprocal space.

along k, wave vector direction, as shown in experimental angle-resolved
spectra in Fig.2.23a. As the term is proportional to the third Pauli matrix
in circular polarization basis resulting shifted parabolas are circularly pola-
rized with opposite helicities, as can be demonstrated in polarization reso-
lved reflectance spectra with S3 parameter of the reflected light is shown in
Fig.2.23b.

In LC cavities Rashba-Dresselhaus term is proportional to wave vector
direction perpendicular to the plane which contains extraordinary direction
of the LC filling the cavity. For LC molecules oriented initially along x axis,
the SOC term is proportional to k, wave vector direction. The dispersion
relation in both wave vector directions can be measured by reciprocal spa-
ce tomography. Such result is plotted in Fig. 2.23 presenting two, circularly
polarized paraboloids separated in k, direction.

Name of the Rashba-Dresselhaus spin orbit coupling comes from the
analogy with the solid state physics. There the most general linear spin-
orbit coupling Hamiltonian for a two-dimensional electron gas takes the
form [44]:

- hK?

H= 5 Ta (ky6y — ky6y) + B (kz62 + kyby) , (2.38)
where « is the strength of Rashba and 3 strength of Dresselaus contribu-
tions. In specific situation when both contributions are of equal strengths
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i.e. « = 3 Bernevig et al. demonstrated that under specific rotation of spa-
tial and spin coordinates the same Hamiltonian can be can be written as
[44]:

NI 9 .

H= - (K3 + k2) + 20k 46, (2.39)
which is mathematically equivalent with the term found in description of
LC cavities in (N + 1,N) regime Eq. (2.36). The condition of equal Rash-
ba and Dresselhaus contributions are of special interests in the solid state
systems as due to resulting symmetry the system is robust against spin in-
dependent disorder and Coulomb interactions [44]. This leads to signifi-
cant increase in spin coherence time for charge carriers in 2D electron gas
[45], which also also leads to emergence of spatial spin texture known as
Persistent Spin Helix with proposed multiple spintronic applications (see
Ref. [46] for a review).

According to the waveguide approximation the Rashba-Dresselhaus co-
upling strength « is equal to:

, (2.40)

o =

2 MN n2 —n? sin 6 cos 6

mi, L M? — N? ( neng ) \/ngsin29+n200529
where L is length of the cavity and M and N are mode numbers of the
resonances close to degeneracy. RD term appears for any pair of the modes
in which M and N are of different parity but due to % the highest
coupling strength is typically observed when M and N differ by one. As it
isnot directly visible from the formula, Eq. (2.40) applies only for the modes
of different parity thus RD coupling is equal to zero when both N and M
are simultaneously odd or even.

On the other hand coupling strength depends also on the molecules
orientation angle . Term sin 6 cos 6 is maximal for the molecules reorien-
ted by 45 deg angle. Especially this term leads to zero RD coupling strength
when 6 = 0 deg or § = 90 deg. For this reason RD SOC cannot be observed
when ordinary/extraordinary directions are parallel/perpendicular to the
cavity, which for LC cell corresponds to requirement to apply external vol-
tage.

Additionally the RD coupling strength increases for higher birefringen-
ce of the LC used due to n2 — n? term in the numerator of Eq. (2.40) and
decreases for higher cavity widths L.

Value of the RD coupling strength « in the experimental system can be
determined by direct fitting of the cavity modes dispersion by theoretical
prediction given by eigenvalues of the Eq. (2.37). It can be also extracted
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from measurements at different voltages applied to the LC cavity passing
RD resonance.

0.6 0.8 170
1.70 [ T — [ T — T —_—
(@) 2.22 V|| (b) 2.34V|] (c) 246V || (d) 258V
1.68 | 1t 1k AF
1.66 | 1 1 74k
= { i
() J
> / /
()] [ J f :
5 164} 1k J 1k
c J f H
i} { Y 4
1 \ . ‘\.'_ J /
1.62 | 1t ' 1F 5 T ¥ g bdit L "4
A 4 ) :
Ny ) :
1.60 | -’ 1t 1t |
L L LB Il L I! il L I.’ L L ll
-20 0 20 -20 0 20 -20 0 20 -20 0 20
Angle (deg) Angle (deg) Angle (deg) Angle (deg)

Fig. 2.24 | Tuning around Rashba-Dresselhaus resonance. Experimentally
measured angle resolved reflectance maps at different voltages
applied to the LC microcavity close to the Rashba-Dresselhaus
resonance at 2.46 V.

Fig.2.24 presents angle resolved reflectance maps measured along y
angle of RD term collected at different voltages around RD resonance. In
Fig.2.24a2.22 V voltage is below the RD resonance, which in Eq. (2.37) is de-
scribed by a negative d Epy. for increasing voltage the modes approach each
other at normal incidence, and become degenerate at 2.46 V in Fig. 2.24c. For
higher voltage the separation between the modes at normal incidence incre-
ases, this time corresponding to positive values of AEpy.

Those reflectance spectra can be also shown as a function of applied vol-
tage at certain observation angle (in y—z plane). Fig.2.25a at normal inci-
dence corresponding to k, = 0 RD term is equal to zero and two modes
cross each other. Simultaneously at nonzero observation angle the modes
exhibit anticrossing behavior Fig.2.25b. As the observation angle increases
the minimal energy separation between the modes increases, as shown in
Fig.2.25c—e. The minimum energy splitting between the modes plotted as
a function of the k, wave vector of the reflected light in Fig.2.25f shows
expected linear dependence, with the slope o = 3.19 x 1073 eVum.

Fig.2.26a,d,g presents calculated with the Berreman method dispersion
relation of the cavity modes around (N + 1,N) regime: above the resonance
(Fig.2.26a: AExy > 0,U > Urp, 0 > 6rp), at the RD resonance (Fig.2.26g)
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Fig. 2.25 | Rashba-Dresselhauss spin-orbit coupling. Experimental de-
monstration of Rashba-Dresselhauss SOC between the modes at
reflectance maps measured at: (a) normal incidence, (b) 5deg,
(c) 10deg, (d) 15deg, (e) 20deg for increasing voltage applied
to the device. (f) Minimal splitting between the cavity modes de-
pendence on the wave vector with linear fit.

and below the resonance (Fig.2.26g).

The dispersion relation in all of those cases can be easier visualized by
plotting the energy of those modes subtracted by their mean value (E) (pa-
nels Fig.2.26b,eh). Corresponding polarization state of the lower energy
mode is plotted in Fig.2.26¢,f,i.

Below the RD resonance (Fig.2.26a—c) at normal incidence the cavity
modes are split with positive AEpy. As a result lower energy mode exhi-
bit vertical polarization. Along k, wave vector direction the energy splitting
rapidly increases with modes becoming circularly polarized due to the do-
minant RD SOC term 2ak,6 .. Depending on the sign of o S3 component
of the polarizations state is negative (¢~) for positive k, and S3 > 0 for
negative k, with zero S3 component along k, = 0.

Along the perpendicular wave vector direction £, starting from & = 0
the splitting between the modes decreases. Here positive value of AFEpy is
compensated by d,.k2 contribution as 6, < 0. Especially atk, = + %TFQ’ both
modes are degenerate. Crossing the degeneracy along k, the polarization
state of lower energy mode flips from vertical to horizontal.

Observed here two degeneracy points constitute another pair of diabo-
lical points (DB). Those two DB are distinctly different than those observed
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Fig. 2.26 | Cavity modes dispersion in (N + 1,N) regime based on Ber-

reman matrix simulations. Above (/N + 1,N) resonance for 6 =
47.7 deg: (a) calculated dispersion of the cavity modes. (b) Ener-
gy of the modes subtracted by their mean value (E). (c) Polari-
zation state of the lower energy mode. (N + 1,N) resonance for
§ = 47.2deg: (d) calculated dispersion of the cavity modes. (e)
Energy of the modes subtracted by their mean value (E). (f) Po-
larization state of the lower energy mode. Below (N + 1,N) re-
sonance for § = 46.7deg: (a) calculated dispersion of the cavity
modes. (b) Energy of the modes subtracted by their mean value
(E). (c) Polarization state of the lower energy mode.

around (N,N) regime. In (IV,N) regime spin state winded up within 5;-5
plane during encircling of either of DP. Here due to circular polarization

splitting from RD term encircling one of the DB polarization state rotates
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predominantly in S1-S3 plane.

Isin (N,N) regime lifting degeneracy at DB required external magnetic
field to split circularly polarized state [39], here lifting such degeneracy at
DB is possible by addition of anisotropy in &, direction (S2) which does not
require external magnetic field. Such scheme will be described in detail in
Chapter 6.

By lowering voltage/molecules rotation angle/A Exy position of the dia-
bolical points moves towards &£ = 0. Especially at RD resonance they merge
to the single degeneracy point at normal incidence (Fig.2.26d,e). Regarding
polarization of the lower cavity mode Fig. 2.26f it is dominated by RD term
resulting in circular polarization of the modes with helicity depending on
the sign of k,. When k, = 0 along k, the splitting of the modes and hori-
zontal polarization of the lower energy mode arises from negative §k2 term.
As at k = both modes are degenerate, thus no eigenpolarization, there is a
sharp jump between ¢* and o~ polarization when crossing zero along k,
wave vector direction.

Moving further below RD resonance the dispersion relations of the two
closest in energy modes exhibit no degeneracies (Fig.2.26g,h). Polarization
of the lower energy band follows this for RD resonance with homogene-
ous increase of S; contribution due to negative HV detuning, as shown in
Fig.2.26i. At normal incidence polarization of the lower energy mode is ho-
rizontal with smooth transition between ¢* and o~ through horizontal po-
larization when following along k, through normal incidence point.

Opverall behavior in the (N +1,N) regime in LC cavities is dominated by
a Rashba-Dresselhaus like spin-orbit coupling term 2ak, 6. It leads to the
dispersion relation consisting of two circularly polarized paraboloids sepa-
rated in k, direction. By taking into account smaller in value contributions
to linear polarization reveals that for positive HV detunings the dispersion
relation exhibit two diabolical points.

Since the initial discovery which we described in [21], we used the pho-
tonic Rashba-Dresselhauss spin orbit coupling in LC cavity system to obtain
photonic persistent spin helix polarization texture [47] and observation of
photonic lasing from inseparable valleys [48]. Rashba-Dresselhaus term is
also crucial in engineering nontrivial band geometry in LC cavities, as it will
be described in Chapter 6.

Apart from LC cavities Rashba Dresselhaus-like SOC was also recently
observed with birefringent, optically active organic crystals incorporated
inside an optical cavity [49].
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22.5 (N +2,N) regime

In (N + 2,N) regime two modes closest in energy are characterized with
mode numbers of the same parity: both even or odd.

Based on the waveguide approximation such dispersion relation of the
cavity modes can be described by 2 x 2 Hamiltonian in circular polarization
basis, as we introduced in [50]:

21.2
. (n%g L PRy

1
H= ) 60— (0ukl — Oyk7 )60 + S ABRVG = OaykukyGy. (241)

2my 2my,
Here similarly to (N + 1,IV) regime effective masses are anisotropic with
different along £, and k, wave vector directions and HV detuning control-
lable by external voltage can be introduced by A Eyy 6, term. In this regime
RD SOC term disappears, but the symmetry allows for additional 0, k. k, Gy
term. Appearance of such splitting will be demonstrated experimentally in
Sec.3.2.3. Combined with also previously present terms splitting HV pola-
rized modes quadratically with wave vector (6, k2 —d,k7)&. they constitutes
an extended TE-TM splitting in which all §, =, = 6, .

As previously precise dispersion of the cavity modes in such regime can
be obtained by Berreman matrix method, demonstrated in Fig. 2.27.

Extracted from the simulations dispersion relation of the cavity modes
above (AEny > 0, U > Un4oNy, 0 > O(nso,N) )is presented in Fig. 2.27a. As
previously details of the dispersion relations are easier to observe by plot-
ting energy of the modes subtracted by their mean value (E), as in Fig. 2.27b.
Polarization state of the lower energy branch is shown in Fig.2.27c. At nor-
mal incidence due to positive AFyy the lower energy mode is polarized
vertically. As in (N + 1,N) regime following along k, wave vector direction
the splitting decreases as for negative sign of §, the §,k2 compensates HV
detuning. This leads to emergence of two diabolical points where both con-
tributions cancels out each other at kD7 = :l:\/% . For higher k, splitting
term goes more negative and the lower energy mode becomes horizontally
polarized. At perpendicular wave vector direction &, starting from & = 0 the
behavior is qualitatively very similar. with increasing wave vector negative
b,k contribution initially decreases the splitting, up to degeneracy point at

kyDP ==+ %Tﬂy" and flips polarization of the mode to horizontal at higher
wave vectors. As for any other wave vector directions contributions before
6, and 6, cannot simultaneously cancel out each other the dispersion re-
lation exhibit in total four diabolical points: two at each main wave vector

directions, clearly visible in Fig.2.27b. Following polarization state around
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Fig. 2.27 | Cavity modes dispersion in (N + 2,N) regime based on Ber-

reman matrix simulations. Above (/N 4 2,N) resonance for 6 =
26.4 deg: (a) calculated dispersion of the cavity modes. (b) Ener-
gy of the modes subtracted by their mean value (E). (c) Polari-
zation state of the lower energy mode. (N + 2,N) resonance for
6 = 25.7deg: (d) calculated dispersion of the cavity modes. (e)
Energy of the modes subtracted by their mean value (E). (f) Po-
larization state of the lower energy mode. Below (N + 2,N) re-
sonance for § = 24.7deg: (a) calculated dispersion of the cavity
modes. (b) Energy of the modes subtracted by their mean value
(E). (c) Polarization state of the lower energy mode.

the diabolical points those located at k, = 0 are characterized with +1 po-
sitive winding number, whereas those positioned at k£, = 0 have negative
—1, thus total topological charge is equal to zero.
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It is worth noting that the polarization state obtained by the Berreman
matrix simulations predicts nonzero S3 component, especially nearby the
DB at k, = 0, which is not captured by analytical model given by Eq. (2.41),
but those contributions are relatively smaller than contributions to S; and
52.

Decreasing HV detuning the energy splitting at normal incidence de-
creases and the diabolical points approach each other and merge at single
degeneracy point at £ = 0 when Apy = 0 (Fig.2.27d,e). As total topologi-
cal charge of four DB were equal to zero at (N + 2,IV) resonance winding of
the pseudospin around the degeneracy point is equal to zero. The polariza-
tion of the lower energy mode calculated by Berreman method (Fig. 2.27f) is
predominantly horizontal originating from negative (3,k2 — d, k;)&x contri-
butions with diagonal (antidiagonal) contribution in the first and third (se-
cond and fourth) quadrant of wave vector directions from 0,k k5, term.

With further decrease of the HV detuning (Fig. 2.27g—i) there are no lon-
ger any degeneracies between the cavity modes and the polarization of the
lower energy branch becomes more and more horizontally polarized.

In summary (N + 2,N) regime when two modes of the same parity are
close to the resonance despite lack of Rashba-Dresselhaus SOC is distinctly
different than what is observed in typical microcavities with relatively small
birefringence or XY splitting. At positive HV detuning dispersion of the mo-
des contain four diabolical points with zero total topological charge, instead
two degeneracy points with total +2 topological charge [39, 40, 36, 37, 38].

As it will be shown in the two following chapters this brings new effects
in terms of spatial polarization textures and behavior of exceptional points.

2.3 Optical planar microcavities: summary

In summary, this chapter presented an introduction to the physics of pla-
nar microcavities, with a special emphasis on resonators that incorporate
an optically anisotropic medium.

At first, we describe two theoretical approaches: trasfer matrix method
and the Berreman matrix method, which can be used to simulate optical
properties of layared structures such as planar microcavities. We used those
techniques to illustrate the optical properties of the distributed Bragg reflec-
tors and planar microcavities. Where possible, we compared the results of
the calculations with the experimental results. We described an experimen-
tal setup allowing for measurement of the dispersion relation of the cavity
modes of the resonator in both wave vector directions.
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Second, we analyzed dispersion of the cavity modes in a multimode re-
sonator filled with a birefringent, nematic liquid crystal based on the Ber-
reman matrix simulations. Depending on the orientation of the anisotropy
direction of the LC layer, we distinguished three different regimes in which
distinct modes of the cavity are close to degeneracy. For all of these regimes
we simulate polarization of the cavity modes based on the Berreman matrix
method and provide effective 2x 2 Hamiltonians describing the dispersion
relation of the two closest in the energy cavity modes.






Chapter 3

Photonic spin textures in LC
microcavities

The results described within this chapter are published in:

[50] M. Krol et al. Observation of second-order meron polarization textu-
res in optical microcavities. Optica 8, 255 (2021).


https://doi.org/10.1364/OPTICA.414891

60 Spin textures

Previous chapter showed various different configurations of spin polari-
zed bands which can be obtained within a cavity filled with a nematic liquid
crystal. Within this chapter we will show how the transmission of polarized
light through such bands can result in real space polarization textures with
nonzero winding, namely merons and antimerons of the first and second
order.

The first section (Sec.3.1) introduces to different pseudospin textures
in 2D space with nonzero topological charge: skyrmions, antiskyrmions,
merons and antimerons of different order.

The second section (Sec.3.2) considers transmission of polarized light
through LC microcavity based on Berreman matrix simulations. It shows
that depending on the incident light and orientation of the LC microcavity
the transmitted light polarization texture can consist of meron-antimeron
lattice, or form second order meron or second order antimeron. Those two
last polarization textures will be demonstrated also experimentally based
on polarization-resolved transmission measurement.

3.1 Spin textures

3.1.1 Skyrmion and meron textures in 2D

Skyrmion polarization textures for three dimensional order parameter S in
two dimensional space can be written in polar coordinates (7, ¢) as [51]:

cos ®(p) sin ©O(r)
S = |[sin®(p)sinO(r) |, (3.1)
pcos O(r)
where
O(p) = v + 7. (3.2)

Skyrmion texture written in this form has three parameters. The first one
is the vorticity v, which has an interpretation of a winding number. Vorticity
can take integer values (except 0). For a skyrmion the vorticity value is equ-
al to 1, and the negative values leads to antiskyrmions (keep in mind, that
some authors differentiate between skyrmions and antiskyrmions based on
topological number (), not vorticity e.g. [52]). Vorticity with modulus hi-
gher than one are characteristic for higher order (anti)skyrmions.

Exemplary skyrmion textures with vorticities v = +1, + 2 and phases
v = 0, —7/2 with positive polarity are shown in Fig. 3.1.

Additional phase factor vy is known as skyrmion helicity. For the vorticity
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Fig. 3.1 | Skyrmion textures. Example skyrmions with positive polarity and
various winding number v and helicities v with their topological
charges Q.

v = 1 the helicity v = 0, 7 leads to so called Néel skyrmion. Moving radially
from the skyrmion core the order parameter rotates in the plane given by
radial direction and z axis, like in Néel domain wall known in magnetism.
If helicity v is equal to 7/2 or 37 /2 moving radially from the core the order
parameter rotates around radial direction as in Bloch domain wall leading to
the so-called Bloch skyrmion. Helicities of different values are also possible
leading to an intermediate state between Néel and Bloch skyrmions.

For higher order skyrmions there is no distinction between Bloch and
Néel skyrmions, as such textures contain both: Néel and Bloch walls. Heli-
city in this case controls the orientation of the skyrmion/antiskyrmion te-
xture.

The last parameter is the polarity p. For skyrmions out of plane spin
component [S3 = pcos O(r)] texture changes to antiferromagnetic configu-
ration between the core and infinity. Positive polarity means that core has
positive out of plane direction.

Topological invariant of skyrmion textures called skyrmion number or
topological charge is given by [53]:

1 dS 0S
Q= /pskdxdy = E/S (81’ X 8y> dz dy, (3.3)

where py is referred to as topological charge density.
For skyrmion texture given by (3.1) the topological charge simplifies to
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product of vorticity and polarity [54]:
Q=v-p (3.4)

As the idea of skyrmions originate from higher dimensional theory of
elementary particles [55], textures of 3D order parameter in 2D space [ (2 +
1)] investigated in this work are also referred to as ‘baby skyrmions’ [56].

Another distinct group of textures of three dimensional order parameter
in two dimensional space are merons. Contrary to antiferromagnetic confi-
guration between core and infinity for skyrmions, in merons the order pa-
rameter away from the core lays in-plane. Merons are also called as half-
skyrmions or Mermin-Ho vortices.

Meron textures can be described by (3.1) in which in S3 component
cos ©(r) varies between 1 and 0 instead of between +1. In result, the to-
pological charge of the meron is half of the corresponding skyrmion (thus
is named as half-skyrmion).

3.1.2 Realizations of skyrmion/merons

Most popular example of skyrmion/meron are magnetization textures ob-
served in magnetic materials. Multiple review articles have been devoted to
magnetic skyrmions [57, 58, 59, 54], some concentrating on specific experi-
mental methods like neutron scattering [60].

Magnetic skyrmions are promising candidates for data storage and pro-
cessing. They are robust and small witch allow for high data density, can
be created by spin polarized currents [61] or optically [62, 63], moved by
current [64] and read-out.

There have been theoretical proposals for construction of logic gates ba-
sed on magnetic skyrmions [65]. Operations have been performed by move-
ment of the skyrmions through specifically designed channels thinner than
size of a single skyrmion. Due to boundary effects skyrmions have lost the-
ir robustness thus could merge or annihilate leading to AND or OR logic
gates.

Stability of magnetic skyrmions have been predicted theoretically [66,
67] and first experimental evidence of skyrmion lattice has been made in
MnSi [68]. Néel-type skyrmions [69], antiskyrmions [70] have been also
experimentally observed.

In magnetic materials textures with higher than one topological charge
typically have a form of a biskyrmion: coupled pair of two skyrmions [71].
Recently the observation of second order antimeron has been reported [72].
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In magnetic materials isolated merons have been typically not stable.
Merons have been present only in a form of lattice [52] or in pairs when
magnetization was in-plane in constrained geometries [73, 74] or in pairs
[75].
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Fig. 3.2 | Meron textures. Spin textures of (a) meron, (b) antimeron and (c)
second order meron and (d) second order antimeron with positive

polarity and helicity v = —7 /2.

In photonic systems the skyrmions have been observed in evanescent
field of plasmonic structures [76, 77] and have been theoretically investiga-
ted in chiral materials [78]. Skyrmion polarization textures with size signi-
ficantly smaller than the wavelength have appeared also in strongly focused
beam with orbital angular momentum [79].

Of special interests are merons in reciprocal space [80], as they are the

evidence of a nontrivial band geometry leading to nonzero Berry curvature
[39].

Fig. 3.3 | Meron polarization texture of exciton-polariton condensate.
Theoretical spatial polarization pattern described by (a) Stokes
vector and (b) only S3 = S, component for microcavity exciton-
polariton condensate. Figure from Ref. [81]

Skyrmions have been also investigated in optical microcavities. Donati
et al. [82] investigated the evolution of the polarization pattern after reso-
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nant excitation with beams with nontrivial topology. Skyrmion patterns in
incident light have been created using liquid crystal g-plates [83].

Theoretical investigations of resonantly driven microcavity in strong co-
upling regime have led to a spatial skyrmion lattice polarization pattern
[84] due to TE-TM splitting what has resulted in optical spin Hall effect.

Cilibrizzi et al. [81] observed analogous spatial spin texture for nonreso-
nantly created exciton polariton condensate in GaAlAs microcavity (shown
in Fig.3.3).

Those two results gave rise to the question if the same results can be ob-
served in cavities filled with liquid crystals without strong coupling with
excitonic component, following the observation of optical spin Hall effect
in uncoupled cavities [29, 85]. Additional question was how observed po-
larization textures will be affected by tunability allowed by liquid crystals?

3.2 Meron polarization textures in liquid crystal mi-
crocavity

3.2.1 Polarization textures in (N,N) regime

Meron lattice polarization textures observed in semiconductor microcavi-
ties results from TE-TM splitting which leads to optical spin Hall effect
(OSHE). OSHE has been predicted [24] for optical microcavities in strong
coupling regime as a result of TE-IM splitting. OSHE can be described as
an effective magnetic field dependent on the wave vector direction:

K2 — k2
2inky | (3.5)
0

Beft = %
where (2is a constant proportional to polariton longitudinal-transverse split-
ting. In the original model [24, 30] this splitting originates from exciton lon-
gitudinal-transverse splitting.

Effects of TE-TM splitting on cavity photons with parabolic dispersion
relation can be written using effective Hamiltonian in circular polarization
basis:

1212 2,—2i 12k ;
Hrpm = Eot fT“ Plce juz _( Pt o Ol 12ky2)2 (3.6)
,81(262130 Eo+ 5271; ,B(kx + iky)2 Eo + hk

2m

where parameter (3 gives strength of TE-TM splitting and ¢ = arctan k, /k,,.
OSHE has been observed by multiple groups in strongly coupled micro-
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cavities [30, 86, 87]. Later experiments have predicted OSHE also in cavities
without strong coupling to excitonic resonance [29]. In a previous work, we
demonstrated OSHE in a microcavity filled with liquid crystal [85].

OSHE Hamiltonian given by magnetic field in Eq. (3.5) is equivalent to
eigenvalue problem for cavity filled with liquid crystal at (V,N) regime
(when the anisotropy axis is oriented along the growth axis z) based on
the waveguide approach developed by prof. W. Bardyszewski [21]:

B2k Rk K2 —e,
(o ) P+ g (222 02 Ko 2k P =
(3.7)

Prediction of this model is in agreement with Berreman matrix simu-

lations. Fig. 3.4a shows simulated cavity mode dispersion from a dielectric
cavity filled with liquid crystal with An = 0.41 and the anisotropy axis
oriented along z axis. In this configuration the effective refractive index for
linearly polarized light along both = (X, green) and y (Y, purple) axes is
the same, witch leads to the degeneracy of the modes at normal incidence.
For light incident at nonzero angle this degeneracy is lifted and modes are
TE and TM linearly polarized. Polarization of the modes for different wave
vector directions is shown in Fig.3.4b. Yellow arrows marks orientation of
effective magnetic field given by Stokes vector S = (51, Sz, S3) plotted in
the figure for inner cavity mode at energy marked with dashed vertical line
in Fig. 3.4a. Polarization of the mode follows the direction perpendicular to
the incidence plane, which is equivalent to TE polarization. Polarization of
the outer mode (not shown in the figure) is perpendicular to the inner one.
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Fig. 3.4 | Liquid crystal microcavity dispersion in (N,N) regime. (a) Di-
spersion relation along two perpendicular wave vector directions.
Modes polarized horizontally (vertically) are plotted in green
(violet). (b) Cavity mode polarization direction at the energy mar-
ked with the gray dashed line in (a) with inner cavity mode. Ob-
tained by Berreman matrix model.
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For microcavities filled with liquid crystal — according to Eq. (3.7) — the
role of longitudinal-transverse splitting in semiconductor microcavities in
strong coupling regime is played by optical anisotropy. Precisely, the split-
ting is proportional to the difference between dielectric tensor elements along
x and y direction e, —¢,,. In (IV,N) resonance this difference is equal to the
difference between ordinary and extraordinary dielectric tensor elements:

Exx — Ezz = Eo — Ee-
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Fig. 3.5 | Angle-resolved reflectance for subsequent cavity modes for va-
riant birefringence in multiple-mode cavity. (a—e) mode with
N =9, energy above center of the stop band for birefringence 0.4,
0.2,0.0, —0.2and —0.4. (g-k) mode with N = 10 and energy equal
exactly to the center of the stop band. (m—q) mode with N = 11
and energy below the center of the stop band.

Fig.3.5g-k shows simulated with Berreman matrix model reflectance
for a cavity filled with liquid crystals of increasing birefringence An =
V/€e — \/Eo- DBRs forming the cavity are centered at Ay = 750 nm. To keep
the resonance energy constant at the same LC thickness ordinary refractive
index of the cavity is equal to n, = 1.539 with cavity length 10ﬁ and only
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extraordinary refractive index is changed. In Fig.3.5(g) for negative bire-
fringence of —0.4 with increasing wave vector the cavity mode splits with
TM-polarized one with higher energy. As cavity birefringence increases to
—0.2 (Fig.3.5h) the energy of TE-polarized mode at a given, nonzero, wa-
ve vector increases and the splitting decreases. When n. = n, and the ca-
vity is optically isotropic the TE-TM splitting disappears (Fig.3.5i). With
further increase of the birefringence (Fig.3.5j-k) splitting reappears. This
time the energy of TE-polarized mode remains constant, but the energy of
TM-polarized one increases faster with wave vector for higher values of n.
Dependence of the TE-TM splitting on birefringence of the cavity layer and
incident light wave vector is summarized in Fig. 3.51.

Overall simulated values of TE-TM splitting for high birefringence at
the order of 40 meV are significantly higher than those observed in semi-
conductor microcavities [88, 23, 29, 32]. This is expected as those structures
are assumed to by optically isotropic. Berreman matrix simulations can be
used to demonstrate, that in addition to the optical anisotropy TE-TM split-
ting can be also affected by the design of the resonator.

Fig.3.5a—e and Fig.3.5m—q shows the same simulations of reflectance
spectra for increasing values of birefringence of the cavity layer, but calcu-
lated at the energy ranges corresponding to cavity modes with mode num-
bers N = 9 and N = 11. General behavior is the same as for the central
cavity mode, with TE-TM splitting strongly decreasing with birefringence.
Decreasing birefringence eventually leads to the change of sign of TE-TM
splitting, but for various modes vanishing of the splitting occurs at diffe-
rent, nonzero birefringence value. This can be observed in Fig. 3.5f,r, espe-
cially for high values of the wave vector. For higher energy mode in Fig. 3.5f
splitting vanishes for An ~ 0.05 whereas for lower energy mode (Fig. 3.51)
zero splitting corresponds to An =~ —0.05. Those effects are summarized in
Fig. 3.6 presenting strong dependence of the TE-TM splitting strength para-
meter 5 dependence on LC birefringence.

TE-TM splitting appearing for cavity modes away from the center of the
stopband for DBRs is observable in Berreman matrix simulations also for
fully optically isotropic cavities. The magnitude of the splitting increases
with the energy difference between mode energy and DBR center as long
as the quality factor of the mode starts to significantly decrease when the
cavity mode approaches a boundary of the photonic stopband.

Another mechanism for increasing of TE-TM splitting, even in optically
isotropic cavities, is to introduce interfaces with high contrast of refractive
indices. TE-TM splitting has already been reported to be significantly higher
for open cavities design which is primarily caused by interfaces with high



68 Meron polarization textures in liquid crystal microcavity

refractive index contrast between air and semiconductor [33].
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Fig. 3.6 | TE-TM splitting strength. Simulated value of TE-TM splitting pa-
rameter [ for different birefringence.
3.2.2 Polarization textures in real space in (N,N) regime
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Fig. 3.7 | Transmittance spectra simulated by Berreman method.
(a) Angle-resolved transmittance spectra. (b) Transmitted li-
ght S parameter.

Thanks to the relation between in-plane photon wave vector and in-
cidence/transmittance angle, the Berreman method allows to directly si-
mulate transmittance properties of LC microcavities in momentum space.
Fig.3.7a presents transmittance spectra of the cavity with An = 0.41 and
the anisotropy axis oriented in z direction. Simulations were performed for
8 pairs of TiO,/SiO, DBR layers in order to achieve spectrally narrow cavi-
ty modes, which results in visibly separated TE and TM polarized modes.
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Polarization of the modes is shown in Fig. 3.7b which presents S; parame-
ter of transmitted light. Presented data is a cross section for wave vectors
along y direction thus for positive birefringence higher energy mode is TE
polarized resulting in positive sign of the first Stokes parameter.

(It’s important to note that Stokes parameters are normalized in respect
to intensity, thus can be nonzero even when photon energies and wave vec-
tors does not correspond to a cavity mode.)
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Fig. 3.8 | Simulations in real space. (a) Transmittance through LC micro-
cavity in reciprocal space of vertically polarized light. (b) Gaus-
sian beam spot in real space. (c) Normalized Fourier transform of
Gaussian profile from (b).

To investigate polarization textures in real space we considered trans-
mission of monochromatic light through LC microcavities. Fig.3.8a pre-
sents transmission intensity in momentum space of horizontally polarized
light at energy marked by dashed line in Fig. 3.7. This cross section consi-
sts of two concentric circles with intensity dependent on the wave vector
direction, as modes are TE-TM polarized and incident light has the hori-
zontal polarization. For k, = 0 transmittance is high for inner mode, but
decreases to zero at perpendicular wave vector direction where k, = 0. the
polarization of the outer mode is opposite which leads to the maximum
transmittance for £, = 0, and the intensity vanishes at k, = 0.

Transition between real and momentum space can be realized by Fo-
urier transform. We considered tightly focused beams, which are required
to cover broad range of LC microcavity dispersion in reciprocal space, as di-
mensions in momentum and real space are inversely proportional. Example
Gaussian beam spot with full width at half maximum (FWHM) of 2.14 pm
is shown in Fig.3.8b. Fourier transform of Gaussian spatial beam profile
is also Gaussian. Numerically calculated Fourier transform in Fig. 3.8c cor-
responds to FWHM of 2.59 um™! in momentum space. Thus such tightly

N
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focused beam spot can cover wave vector range of dispersion relation of LC
microcavity at the investigated energy.

To simulate the electric field transmitted in real space, at first the Berre-
man method was used to obtain electric field in « (E,) and y directions (E,)
at a given wave vector for a given incident light polarization. Incident light
amplitude for a given wave vector was modulated by a Gaussian envelope,
such as shown in Fig. 3.8c, which carries information of desirable spot size in
simulations. Obtained transmitted electric fields £, and £, in momentum
space can be than transformed to real space by numerical 2 dimensional fast
Fourier transform.

To investigate spatial polarization textures calculated electric field can
be used to determine the stokes parameters by:

E.|* — |E,|?

= Bl Z 1B (3.8)
[Ex|” + [ Ey|

, = Dbyt Byl (3.9)
|Ex|” + [ Ey|
i(E.E; — E,E*

S5 = (2 i y;) (3.10)

|Exl” + [ Ey|

Results of spatial polarization state described by Stokes vector S =
(81,52, S3) of transmitted light through LC microcavity are shown in Fig. 3.9.
Obtained polarization texture is close to the meron-antimeron lattice obse-
rved in exciton-polariton condensates in semiconductor microcavity Fig. 3.3
from Ref. [81].

Polarization texture consists of four quadrants separated by directions
parallel and perpendicular to incidence polarization plane. Radially from
the incidence spot, each quadrant consists of lobes with opposite values of
S3 and whirling S1 and S>. Each neighboring lobe exhibit opposite sign of S3
parameter. Each lobe contains meron or antimeron, what can be shown by
calculation of the topological charge ). Based on equation (3.3) numerical
calculations of topological charge is approximately equal to +0.5 in each
region separated by gray line in Fig.3.9, which matches with topological
charge of meron/antimeron of 4+1/2 (precise values of () are given in the
figure).

For a given quadrant the topological charge of all merons/antimerons
is the same. For the first and third quadrant (z,y > 0, z,y < 0) lobe closest
to the center (within radius of 23 um) contains a Bloch meron with nega-
tive polarity (S3 < 0) which results in topological charge of —0.50. Lobe
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Fig. 3.9 | Spatial polarization texture for light transmitted through LC
microcavity. Spatial polarization state given by Stokes vector S
resulting in meron—-antimeron lattice. Region of each single me-
ron/antimeron is separated by solid gray line with calculated nu-
merically topological charge. Incident light is linearly polarized
along z direction (horizontal).

further from the center (23 pm < r < 46 um) with positive polarity is also
characterized with the negative topological charge, thanks to its —1 win-
ding number. Further from the center the patterns repeat and meron with
negative polarity is followed by antimeron with positive polarity.

For the second and fourth quadrant the polarity is reversed leading to
positive sign of topological charge. Lobe closest to the center contains meron
with positive polarity and @ = 0.50. Lobe further from the center contains
antimeron with negative polarity.

Fig.3.10 presents how observed polarization texture changes with the
polarization of incident light. Fig. 3.10 concentrates on the area close to the
center containing four merons for horizontally-polarized incident beam. For
increasing degree of circular polarization of incident beam (Fig.3.10b—c)
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Fig. 3.10 | Formation of second order meron. Spatial polarization state for
light transmitted through LC microcavity for varying polariza-
tion of incidence light from (a) linear to (d) o™ circularly polari-
zed.

pattern evolves and two merons with positive polarity approaches to the
incidence spot. For fully circularly polarized excitation, shown in Fig. 3.10d
(and Fig. 3.12 in wider range) they merge into a single second order meron.

As each of the meron carries topological charge of 1/2 second order me-
ron is characterized by two times higher topological charge of 1. This expec-
tation is confirmed by the numerical calculation of the topological charge.
At the distance of 11.5 um from the center the S3 parameter of transmitted li-
ght reaches zero. Within this radius from the center-marked with gray circle
in Fig. 3.12-numerically calculated topological charge is equal to ) = 1.00.

Considering distances further from the center S3 parameter decreases
further and reaches —1. Such anti parallel orientation to the core is charac-
teristic to skyrmions. Within this area, marked by yellow circle in Fig.3.12,
topological charge is equal to 1.98 what is consistent with skyrmion number

of 2, the second order skyrmion.
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Fig. 3.11 | Formation of second order meron with negative polarity. Spa-
tial polarization state for for light transmitted through LC micro-
cavity for varying polarization of incident light from (a) linear to
(d) o~ circularly polarized.
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For changing incident light polarization from linear to circular with the
opposite chirality (0~ ) two merons with negative polarity merge at the exci-
tation spot forming second order meron with negative polarity, as is presen-
ted in Fig. 3.11.

Overall, the Berreman matrix simulations predict that after the change
of the polarization of excitation from linear to circular meron/antimeron
lattice evolves into a second order skyrmion at the center.
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Fig. 3.12 | Spatial polarization texture for " polarized light transmitted
through LC microcavity. Spatial polarization state given by Sto-
kes vector S resulting in the formation of second order skyrmion.
Area within radius of 11.5 um (gray circle) contains second order
meron with topological charge of ) = 1.00. Wider area within ra-
dius of 23 um (marked with yellow circle) contains second order
skyrmion with topological charge of @ = 1.98.

Observation of second order skyrmions or merons were not reported in
semiconducting microcavities. A similar radially varying S3 parameter was
modeled for circularly-polarized excitation of exciton-polariton condensa-
tes, but this regime has not been described in more details [89].
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To experimentally verify the prediction of the model we performed trans-
mission measurements on a microcavity filled with liquid crystal previously
used in Ref. [85]. The sample consists of 2 DBRs designed for 700 nm wa-
velength with 6 pairs of SiO,/TiO,. Cavity with thickness of around 1.9 um
was filled with liquid crystal with n, = 1.504 and n. = 1.801 in HT configu-
ration (extraordinary direction perpendicular to cavity plane), correspon-
ding to (IV,N) degeneracy regime without external electric field.
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Fig.3.13 | Liquid crystal microcavity dispersion in (N,N) regime.
(a) Angle-resolved transmittance spectra shown as dispersion
relation along k, wave vector. (b) S; parameter of transmitted
light. (c) Transmittance and (d) S; stokes parameters simulated
by Berreman method.

Angle-resolved transmission of the sample is shown in Fig. 3.13a. Spec-
trum was obtained using broadband light from halogen lamp. To achieve
small excitation spot and wide range of incidence angles light beam was
focused on the sample with high numerical aperture microscope objective
(NA = 0.55). Transmitted light was collected with another microscope ob-
jective with the same numerical aperture. Dispersion relation in Fig.3.13a
shows, as expected, a parabolic dispersion relation with splitting increasing
with the wave vector. Split modes are linearly polarized what can be seen
in Fig. 3.13b, which presents S parameter of transmitted light.

At normal incidence linewidth of the mode based on fitting Lorentzian
peak profile is equal to 3.6 meV, which with resonance at 1.613 eV leads to
quality factor of the resonator of 453.

Experimental results are in perfect match with the Berreman matrix si-
mulations. Fig.3.13c,d presents calculated transmission spectrum and Sy
parameter of transmitted light. To obtain the same resonance energy as
in the experiment, the thickness of the LC layer in simulations was set to
1855.2 nm. Simulations with 6 pairs of dielectric layers resulted in calcula-
ted quality factor of 846, which is significantly higher than experimental va-
lue. To better match linewidths in simulations Fig. 3.13c,d shows results in
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which simulated structure consists of DBRs made with 5 pairs of SiO,/TiO,
with Q-factor of 442.

Based on the quality factor the lifetime of the cavity photon can be es-
timated to approx. 0.2 ps. As a result of this limited lifetime, cavity photon
in-plane propagation is significantly limited to distances around 10 um. For
example, in simulated meron lattice for linearly polarized excitation the co-
res of individual merons were far from the excitation spot. Therefore, we
concentrated in that case on observation of second order meron, as it is cen-
tered at the excitation spot.

Observation of polarization textures in real space was based on the same
broadband halogen lamp as in Fig.3.13a,b. The incident light was circular-
ly polarized by a set of linear polarizer and a quarter-wave plate. Access
to cross section at a chosen photon energy was achieved by a tomography
measurement.

Light transmitted through the sample was imaged on the entrance slit of
a monochromator equipped with CCD camera providing images resolved
in photon energy and position in y direction. To obtain the resolution in z di-
rection, the image was scanned through the spectrometer slit by motorized
movement of the imaging lens. Each scan was performed with polarization
optics set to detect light intensity in polarizations: horizontal, vertical, dia-
gonal, antidiagonal, o and ¢~ to calculate Stokes parameters.

Measured spatial polarization state of 0% polarized light transmitted
through LC cavity at energy marked by dashed line in Fig. 3.13 is shown in
Fig.3.14a. S3 parameter is presented in colorscale and in plane Stokes vec-
tor S| = (51, S2) is plotted by arrows. Transmitted light preserves incident
circular polarization, especially close to the incidence spot with additional
nonzero degree of linear polarization. Orientation of this linear polarization
described by in plane Stokes vector S| wraps around the center in similar
way to second order meron. For comparison, the polarization texture of se-
cond order meron described by Eq. (3.1) is shown in Fig. 3.14a. Good agre-
ement can be easier observed for S; and S, parameters plotted separately
by a colorscale in Fig. 3.14b—c for model texture and in Fig. 3.14e—f for expe-
riment. In both results S; is positive in the first and the third quadrant with
negative values in remaining second and fourth quadrants. Similar pattern
but rotated by 45 degrees counter-clockwise can be observed in S, compo-
nent, with positive values along vertical direction, and negative along z di-
rection.

Experimental results can be also directly compared with exact simula-
tions by Berreman method for the same parameters as in Fig. 3.13. This re-
sults are plotted in Fig. 3.14g—i. Simulations also recreate with a good agre-
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Fig. 3.14 | Second order meron polarization texture in LC microcavity. (a—
c) Second order meron polarization texture. (a) S = (57, 52)
marked with arrows with S3 mapped by a colorscale; (b) S; (c)
Sy parameters mapped by colorscale. (d—f) Experimental spa-
tial polarization texture of transmitted light: (a) S| = (S1,S2)
marked with arrows with S3 mapped by a colorscale; (e) S (f)
Sy parameters mapped by colorscale. (g-h) Simulated by Berre-
man method spatial polarization texture of transmitted light: (g)
S| = (51, S2) marked with arrows with S3 mapped by a colorsca-
le; (h) S (i) S parameters mapped by colorscale.

ement the experiment and the model texture of second order meron, but
with slightly rotated polarization pattern.

This rotation comes from an overlap of the perpendicularly polarized
modes. In Fig.3.7 shown previously, where the calculations were perfor-
med for 8 DBR pairs leading to high quality factor of the cavity, both modes
were clearly separated. Contrary to experiment for which energy splitting at
considered wave vector is significantly smaller than the spectral linewidths
of the modes.

In simulations different overlaps between the modes can be obtained by
the same parameters that alters TE-TM splitting: birefringence with extra-
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ordinary optical axis in z direction and energy position of the mode within
photonic stopband.
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Fig. 3.15 | Rotation of second order polarization texture with varying bi-
refringence. Spatial polarization textures obtained by Berreman
method for LC birefringence of (a) An = —0.4, (b) —0.02, (c)
+0.4 at the energy marked with dashed line at corresponding
angle-resolved reflectance spectra in (d—f). (g) Meron orientation
angle and size for varying birefringence.

Fig.3.15a—c shows evolution of second order meron texture for incre-
asing birefringence with corresponding angle-resolved reflectance spectra
in Fig. 3.15d—f. Transmitted light polarization for each considered birefrin-
gence An between —0.4 and +0.4 results in second order meron texture
but with varying orientation and size which are plotted in Fig.3.15. Me-
ron orientation angle changes from —110 deg for negative birefringence to
+70 deg for positive An. The dependence is steep for birefringence close to
zero as TE-TM spitting decreases and modes spectrally overlap (Fig.3.15e),
as for slightly negative An = —0.02 rotation angle is close to —90 deg. At
the same time the birefringence and the overlap between the modes affects
spatial size of resulting polarization textures. Merons are the smallest (be-
low 10 um) for high absolute values of cavity birefringence. For small opti-
cal anisotropy the size of the meron strongly increases even above 100 um,
where simulated light intensity is too low to numerically determine the po-
larization state in performed simulations.

Another previously mentioned parameter affecting the TE-TM splitting
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Fig. 3.16 | Rotation of second order polarization texture for varying ener-
gy position within photonic stopband. Spatial polarization te-
xtures obtained by Berreman method at cavity mode energy de-
tuning of (a) —165meV, (b) —52meV, (c) 173 meV from central
energy of photonic stopband at 1.653eV. (d—f) Corresponding
angle-resolved reflectance spectra. (g) Meron orientation angle
and size for the detuning of the cavity mode.

is the energy position of the given mode within photonic stopband region.
Fig.3.16 summarizes simulations in which energy of the mode was chan-
ged above 0.3 eV by varying the length of optically isotropic cavity between
2137 nm and 2787 nm. Fig. 3.16a—c shows transmitted light polarization te-
xture at three different cavity mode detunings, each realizing second order
meron pattern. Energy of incident light in each case was set 10 meV above
given resonance energy at normal incidence, which is marked at correspon-
ding reflectance spectra in Fig. 3.16d—f. Overall dependence of both meron
orientation and size (Fig. 3.16g) follows the same behavior as in the case of
birefringence.

Apart from rotation and scale the overlap between the modes affect trans-
mitted polarization pattern in one more way. Due to relatively low quality
factor of the cavity, in plane propagation is limited and experimental deter-
mination of polarization state of transmitted light was possible in approx.
+10 um range. This allowed for experimental observation of only a second
order meron core of a second order skyrmion shown in Fig. 3.12. Apart from
this experimental limitations, the Berreman matrix simulations show that
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generation of generate second order skyrmion textures is possible only in
high-(Q) cavities and the low-(Q are limited to second order meron textures.
Fig.3.17a shows simulated dependence of S3 parameter of transmitted li-
ght on the distance from the incidence spot for cavities made of different
number of dielectric layer pairs in DBRs. For high-@Q) structure made of 8
DBR pairs the degree of circular polarization oscillates in a full range be-
tween +1 and —1. This ability to reach the pseudospin orientation antipa-
rallel to the core allows to reach topological charge of +2 of a second order
skyrmion, as shown in Fig. 3.17b. As the quality factor decreases, the radial
oscillations of S3 parameters dampens with distance. With 5 DBR pairs an-
tiparallel configuration is almost possible, but for 4 DBR pairs the minimal
S3 value reaches only —0.66. This results in decreasing maximal value of the
topological charge, in which value of 2 of the second order skyrmion is not
reached, but the observation of meron requiring topological charge of 1 is
still possible.
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Fig. 3.17 | Second order meron polarization texture for cavities of diffe-
rent ()-factor. (a) S3 parameter of transmitted light dependence
on distance from incidence spot calculated for cavities made of
different number of dielectric pairs. (b) Topological charge den-
sity integrated within disk of increasing radius.

In summary, in (NV,IV) regime the cavity modes are TE/TM polarized
and can be described by in-plane effective magnetic field with winding num-
ber in momentum space equal to 2. Transmission of linearly polarized light
results in the formation of meron/antimeron spatial polarization pattern at
the surface of the cavity. For circularly polarized pump beam the transmit-
ted polarization forms second order meron, what was verified experimen-
tally.
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green (violet). (b) Cavity mode polarization direction at the ener-
gy marked with gray dashed line in (a) with inner cavity mode.
Obtained by Berreman matrix model.

3.2.3 Polarization textures in (N + 2,N) regime

Described in the previous section results in (N,N) regime showed that for
circularly polarized incident light, the transmitted light formed spatial po-
larization pattern with the same winding number (2) as induced by an
effective magnetic field in momentum space. Following this observation
and using tunability of the liquid crystal inside the cavity we find a regi-
me in which the winding number of the effective magnetic field is equal
to —2. Following Berreman matrix simulations for dispersion relation as in
Fig. 3.4 by rotation of LC anisotropy around y axis introduces energy split-
ting for linearly polarized modes along = and y direction. At specific angle of
24.77 deg, shown in Fig. 3.18a, at constant energy the cross section along k.
and k, wave vector modes polarization can be reversed compared to initial
(N,N) regime. Thanks to effective mass difference for X-polarized mode
along k, and k, at small, positive detuning around (/N + 2,N) resonance
the inner mode is X - polarized along &, and Y -polarized at &k, wave vector
directions. Additionally, simulations for all wave vector directions presen-
ted in Fig. 3.18b shows that in this configuration the effective magnetic field
wraps two times anticlockwise resulting in winding number of —2, reverse
to (N,N) regime with winding number of 2. As can be observed in Fig. 3.18b
the smooth rotation of effective magnetic field orientation with wave vector
direction is the evidence of a coupling between X and Y polarized modes
of the same parity with difference of mode number of 2.

This coupling can be described by an effective eigenvalue problem de-
rived in linear polarization basis, as we introduced in [50], following the
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approach developed by prof. W. Bardyszewski:

nk2 Wk,
- = + -7
2my 2my,

>P—“@@—%@—AD@—@M¢¢JP—EP

(3.11)
At k, = 0 and k, = 0 corresponding Hamiltonian is directly diagonal re-
sulting in X-Y polarized modes. Coupling of this modes by nondiagonal
term k,k, 6, mixes those initially X-Y modes at diagonal/antidiagonal wa-
ve vector directions.
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Fig. 3.19 | Liquid crystal microcavity dispersion close to (N +2,NV) regime.

(a) Angle-resolved transmittance spectra shown as dispersion re-

lation along k, wave vector with applied square waveform with

the frequency 1kHz and the amplitude of 1.425V. (b) S para-

meter of transmitted light. (c¢) Transmittance and (d) S; stokes
parameters simulated by Berreman method.

Appearance of this term can be accessed also in the experiment. Fig. 3.19a
presents angle-resolved transmittance spectrum of LC cavity in (N + 2,N)
coupling regime. Investigated cavity is based on two DBRs centered at 580 nm
with 5 5iO,/TiO, pairs. Approx. 2 um thick cavity is filled with nematic li-
quid crystal with n, = 1.949 and n, = 1.539. To tune the cavity modes
to (N + 2,N) coupling regime square waveform with frequency of 1kHz
and 1.425V amplitude is applied to transparent ITO electrodes. Voltage was
set to obtain situation as in Fig.3.18 with slightly positive detuning of X-
polarized mode. This can be easier to observe in Fig. 3.19b showing S; pa-
rameter of transmitted light. At normal incidence, equivalent to k£, = 0,
lower energy mode is polarized vertically (S; < 0) and higher energy mo-
de horizontally (S; > 0). Due to the difference in effective masses of the

modes they cross each other at around 1.5 um™1.

Observed transmittance spectra can be well reproduced by Berreman
method. Fig. 3.18c—d contains transmittance and S; of transmitted light for
structure simulated with LC layer thickness of 1902 nm with molecules ro-
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tation angle § = 26.27 deg. As previously, to obtain a better agreement with
spectral linewidths, the simulations were performed with lower number of
dielectric layers in DBRs, 4 in the model.
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Fig. 3.20 | Voltage tuning of LC microcavity in (N + 2,N) regime at high
wave vector at different directions. Total transmission intensity
at (a) ky = 4.5um™!, (b) ky = 4.5um™!, (¢) kg = 4.5pum~! and
(d) kq = 4.5 um™!. (e—f) Difference between transmission inten-
sities of X- and Y-polarized light corresponding to (a,b). (g-h)
Difference between transmission intensities of diagonally and an-
tidiagonally polarized light corresponding to (c,d). (i-1) Corre-
sponding simulated difference between transmittance in relevant
polarizations with rotation of the director of LC molecules.

Presented spectra show transmission with wave vectors of light along
y direction. To directly observe the coupling between the modes additional
experiment was performed in which modes were tuned by varying voltage
applied to ITO electrodes to go across (N + 2,N) resonance. To probe dif-
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ferent wave vector direction, the whole sample was rotated around z axis
(with corresponding switching of the detection of polarizations). Fig.3.20
shows polarization resolved transmittance spectra at high wave vectors of
transmitted light at different orientations.

For wave vectors limited to k, = 0 or &k, = 0 directions the Hamiltonian
(3.11) is diagonal which results in modes polarized along this main axes.
Additional rotation of LC molecules obtained by varying voltage applied
to ITO electrodes is described by AEd,. Experimental transmittance spec-
tra for this conditions are shown in Fig. 3.20a,b. With increasing voltage the
energy position of one of the modes increases and eventually crosses the
energy of the other mode witch is independent on the applied electric bias.
Polarization of the modes can be traced in Fig.3.20e,f presenting differen-
ce of intensities detected in horizontal (/x)and vertical polarizations (Iy).
As expected, the mode responding to voltage is polarized in the same pla-
ne as LC molecules director (Ix — Iy > 0), while stationary mode exhibit
perpendicular linear polarization.

For diagonal and antidiagonal wave vector directions (Fig.3.20c,d) the
evidence of coupling term k,k,6, appears as anticrossing behavior betwe-
en the modes. Even at this specifically chosen high wave vector value the
splitting is comparable with spectral linewidths, but two modes are clear-
ly separated. Additionally, the polarization of the modes changes to dia-
gonal basis, as can be observed in nonzero difference of transmitted light
intensity in diagonal (I;) and antidiagonal (/,) polarizations presented in
Fig.3.20c,d.

All of these experimental transmission results are well reproduced by
Berreman method simulations presented in Fig. 3.20i-1 presented as a func-
tion of molecules rotation angle 6, showing crossing of the modes when the
incident light wave vector has only &, or k, componnent in Fig.3.20i,j, in
contrast to the anticrossing behavior for diagonal and antidiagonal wave
vector direction in Fig. 3.20k 1.

As we discussed all of the components in the Hamiltonian Eq. (3.11),
we can proceed to the analysis of the polarization textures appearing in the
real space.

Fig.3.21a presents simulated spatial polarization texture for linearly po-
larized light transmitted through LC microcavity at the energy marked by
dashed line in Fig. 3.18. As for (IV,N) regime the polarization pattern can be
separated into four quadrants, each consisting of lobes in radial direction.
However, the topology of individual polarization vortices is different than
previously. In the first and third quadrant (z,y > 0, z,y < 0) the lobe clo-
sest to the center is formed by antimeron, contrary to the meron in (N,N)
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Fig. 3.21 | Formation of second order antimeron. Spatial polarization state
for for light transmitted through LC microcavity close to (N +
2,N) regime for polarization of incidence light from (a) linear and
(b) circular o.

regime. Negative polarity of this antimerons result in positive topological
charge. The same topological charge is carried with further lobe in the radial
direction formed by meron with positive polarity.

In the remaining second and fourth quadrants (+x-Fy > 0) the polarity
of the individual lobes is opposite to the first quadrant what leads to the
negative topological charge with antimeron closest to the center and meron
at higher distance.

Effectively, compared to the (INV,N) regime in the polarization pattern
observed in (N 4 2,N) regime the topological charge sign is reversed as
antimerons appear in the place of merons and vice versa.

Following simulations for different incident light polarizations with in-
creasing value of S5 parameter of excitation beam two antimerons with po-
sitive polarity approach to the excitation spot. At o incident light polari-
zation presented in Fig. 3.21b they merge forming second order antimeron.
Integrating topological charge density within radius of 30.4 u from the cen-
ter results in topological charge of —1.00 as expected from second order
antimeron. Similarly, as for the (IV,IV) case for high-Q cavities S3 oscillates
in full range of 1. At the radius of 60.1 pm numerically calculated topolo-
gical charge reaches local minimum of —1.975, close to —2 expected from
second order anitiskyrmion.

To observe second order antimeron polarization pattern in transmitted
light we performed polarization resolved tomography measurement analo-
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Fig. 3.22 | Second order antimeron polarization texture in LC microcavity
in (N +2,N) regime. (a—c) Second order antimeron polarization
texture. (a) S| = (51, 52) marked with arrows with S3 mapped
by a colorscale; (b) S1 (c) S2 parameters mapped by colorscale.
(d—f) Experimental spatial polarization texture of transmitted li-
ght: (a) S| = (51, S2) marked with arrows with S3 mapped by
a colorscale; (e) 51 (f) Sz parameters mapped by colorscale. (g-
h) Simulated by Berreman method spatial polarization texture of
transmitted light: (g) S| = (51, S2) marked with arrows with S3
mapped by a colorscale; (h) S; (i) Sz parameters mapped by co-
lorscale.

gous to experiment for (INV,N) regime.

Fig. 3.22d—f presents spatial polarization state separated into Stokes pa-
rameters observed at energy cross section corresponding to dashed lines
in Fig.3.19. Experimental results show the same polarization structure as
second order antimeron pattern plotted in Fig. 3.22a—c. S parameter is po-
sitive in the first and third quadrant with opposite sign in second and fourth
quadrant, the same as in (N,N) regime. Changes can be observed in S pa-
rameter where polarization is opposite to previously observed with positive
Si values along y = 0 line and negative at = = 0 direction.
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Observed polarization pattern matches well with Berreman matrix si-
mulations for parameters chosen to recreate angle-resolved transmittance
spectra in Fig. 3.19.

3.3 Polarization textures in LC cavities: summary

In summary, the incorporation of optically anisotropic material such as ne-
matic liquid crystal into planar optical cavity leads to multiple-polarization
dependent phenomena.

When the anisotropy axis of LC is oriented in the growth direction, such
that there is no optical anisotropy in the plane, it strongly affects strength of
TE-TM splitting of the cavity modes observed at nonzero incidence angles.
Especially it allows to change the sign of the TE-TM splitting when using
materials with positive or negative birefringence. Regardless of the birefrin-
gence sign, the presence of LC significantly enhances the TE-TM splitting
strength.

It has been previously reported in the literature, the presence of TE-
TM splitting in an optical cavity combined with linearly polarized pump
beam leads to polarization texture in the real space composed of meron-
antimeron lattice [81].

In this work, we presented theoretically that the same effect can be obse-
rved in the cavity filled with liquid crystal. Experimental demonstration of
this effect turned out to be challenging due to limited quality factor of the
investigated samples, what resulted in limited in-plane propagation length,
insufficient to show the meron-antimeron lattice. More importantly, when
the same effect is analyzed for circularly polarized beam the polarization
texture changes to a second order meron for realistic cavities. As its core is
located at the incident light spot the presence of this texture was confirmed
also in the experiment.

For significantly reduced linewidths of the cavity mode the simulations
predict that it is possible to observe second order skyrmion polarization
texture.

Even more importantly, the tunability of the optical anisotropy direction
within the LC layer allows to arrange the cavity modes in such a fashion,
that the effective magnetic field at a given incident light wavelength can be
inverted from +2 characteristic for typical TE-TM splitting to —2. In such
configuration theoretical simulations show reversal of the topological char-
ge at the spatial polarization texture for polarized incident light in compari-
son with the typical microcavities. It allowed for the observation of second
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order antimeron polarization texture in both theory and experiment.






Chapter 4

Annihilation of exceptional
points in LC microcavity

Results described in a manuscript currently under review:

[90] M. Krdl, I. Septembre et al., Annihilation of exceptional points from
different Dirac valleys in a 2D photonic system. arXiv:2112.06621 (2021).


https://arxiv.org/abs/2112.06621

90 A brief overview of non-Hermitian physics

In the previous chapter the manipulation of the spin polarized excitation
beam was used to obtain polarization textures in the real space.

An overlooked feature of those band was the existence of spectral dege-
neracies when two band cross in the momentum space. Such intersection
points are of particular importance especially in the systems exhibiting po-
larization dependent gain or loss described by non-Hermitian terms. An
optical cavity with inherent losses originating from the limited lifetime of
the cavity photons is a natural candidate for such studies.

In this chapter the first section (Sec. 4.1) is devoted to a brief introduction
into non-Hermitian physics and its most important feature comprising of
spectral degeneracies referred to as exceptional points. In the second section
the behavior of exceptional points in planar microcavities will be introduced
starting from a realistic parameters for a liquid crystal microcavity in (/V,V)
regime.

The main result of this chapter will be presented in the last section
(Sec.4.3). Starting from the analytical model for liquid crystal microcavi-
ty in (N + 2,N) regime it will be shown that in such condition it is possible
to observe the annihilation of the exceptional points, occurring when those
spectral singularities disappear upon meeting in the reciprocal space. Those
theoretical predictions will be followed by an experimental demonstration
of the photonic band structure before and after the annihilation.

4.1 A brief overview of non-Hermitian physics

Recent interests in non-Hermitian physics started with the seminal work by
C.Bender and S. Boettcher who noticed that for a wide class of Hamilto-
nians conserving parity-time (P7) symmetry despite clear non-Hermicity
the spectrum is purely real and positive [91]. This brought widespread at-
tention to the systems trying to balance gain and losses.

Of special interests in the non-Hermitian physics are so-called excep-
tional points (EPs) which are the singularities in the parameter space of
Hamiltonians at which at least two eigenvalues (real and imaginary parts)
coalesce and are degenerate. Moreover around the EP the vector space is
skewed that at EP supports only one eigenvector [92]. This is in a striking
difference in comparison to the Hermitian systems in which at spectral de-
generacies, referred to as diabolical points, the eigenvectors remain linearly
independent [27]. Starting from a diabolical point the introduction of a non-
Hermitian perturbation can spawn a pair of exceptional points [93], which
are connected with a Fermi arc [94].
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Concepts based on P7 symmetry and unique properties of non-
Hermitian systems have been applied in diverse fields of physics like: aco-
ustics [95], electronics [96 ], microwave resonators [97 |, mechanical systems
[98], cold atoms [99], and metamaterials [100], but probably the most fru-
itful area is optics [101, 102].

One of the most promising applications of the non-Hermitian physics is
enhanced sensing in the vicinity of EP [103, 104]. In the Hermitian systems
according to Weyl’s perturbation theorem the change of the eigenvalue is
smaller or equal to the highest eigenvalue € of any Hermitian perturbation
[92]. However at the exceptional point the shift of the spectrum scales as
|| %, where n is the order of the EP, which for small perturbations |e| < 1 is
smaller than the perturbation itself [92]. Such behavior has been observed
experimentally for second [103] and third order EPs [104]. Although such
approach gives hopes for a new generation of sensor based on EPs, practical
applications point to other inherent limitations, [105], which are described
in more details in specific review articles [106].

Maintaining P7 symmetry requires precise balancing of losses and gain
within the system. This can lead to such counter-intuitive observations like
suppression of lasing under increasing pumping power [107] or revival of
lasing upon increasing loss [108]. In more practical applications lasing in a
ring resonator with a specific single mode can be strongly favored even in
materials with broadband gain spectral range by coupling with additional
lossy ring [109]. Another scheme allowing for the selection of a given lasing
mode has been based on a precise design of loss and gain regions [110].

In Hermitian systems adiabatic encircling of a diabolical points leads to
accumulation of m Berry phase [26, 27], as has been demonstrated experi-
mentally in microwave cavities [111].

In the non-Hermitian case due to self-intersecting Riemann sheet geo-
metry of the complex energy around the EPs single encircling of a second
order EP leads to switching between the modes. Full 7 geometric Berry pha-
se is accumulated only when the same EP is encircled twice, as has been
experimentally demonstrated in a microwave resonator [97] as well as an
optical cavity [112] or exciton-polariton billiard [113].

Encircling EP in a dynamical system results in the final state dependent
only on the encircling direction, regardless of the initial state [114, 115,116 ].
In practice this allows for realization of unidirectional transport, where the
final transmitted state is dependent on the direction of the propagation wi-
thin the system. Within the same framework conceptually simple structure
consisting of a stack of successive absorbing and non-absorbing layers can
be used to design and produce a unidirectional reflectors, where reflection
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and transmission varies strongly depending on the direction of the incident
light [117]. It was proposed that a similar scheme can be used to obtain an
omni-polarizer, a system allowing to produce any polarization state inde-
pendently on the input [118].

Presented here extremely concise overview of the most intriguing phe-
nomena arising in non-Hermitian system does not aim to exhaust wide and
rapidly expanding area. More precise information can be found in recent re-
view papers concentrating on general P7 symmetry[119], exceptional po-
ints in optics [102, 120],or topology of non-Hermitian systems [121].

Before proceeding into specifics of exceptional points in liquid crystal
microcavities it is instructive to consider effects of inclusion of non-Hermitian
contributions into a Hermitian system containing diabolical points. For the
analysis of an exemplary 2D Hamiltonian in circular polarization basis:

~

H(K) = k6, — ko, (4.1)

Eigenvalues of this model Hamiltonian are given by:

Eia(k) = F\/k2 + k2, (4.2)

which are plotted in Fig. 4.1a. The resulting dispersion relation consists of a
Dirac cone with a single diabolical point at k = 0, where both energies are
equal to each other (plotted also as energy difference between the branches
in Fig. 4.1d. Pseudospin texture of the lower energy branch solution of Ha-
miltonian (4.1) plotted in Fig.4.1g shows +1 winding while encircling the
Dirac point at k = 0.

Here Hamiltonian with the form of (4.1) is used as both dispersion rela-
tion and the pseudospin texture resembles the diabolical point appearing in
typical planar microcavities with small XY splitting described in Sec.2.2.3
and plotted in Fig.2.22e f.

Hermicity of Eq. (4.1) assures that the eigenvalues are purely real with
vanishing imaginary part. Gain/losse distinguishing horizontal and vertical
pseudospin sates can be included into the Hamiltonian by an additional
non-Hermitian term i, leading to:

H(K) = kyby — kpby + 1862 =

_ 0 kyFik +iGY) (4.3)
ky — ik, + 1§ 0
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Fig. 4.1 | Spawning of exceptional points (EPs) from a diabolical point
(DP) by additional non-Hermicity. (a) Dispersion relation of a
Dirac cone exhibiting single DP, with (d) energy difference betwe-
en the bands and (g) pseudospin orientation at the lower ener-
gy branch. (b) Real spectrum of the Hamiltonian with additio-
nal non-Hermicity exhibiting two EPs connected with a real Fer-
mi arc (green line) and (e) corresponding energy difference be-
tween the bands. (c¢) Imaginary part of the spectrum of the non-
Hermitian Hamiltonian with (f) corresponding argument of the
complex energy. Pseudospin orientation at (h) lower and (i) up-
per energy branch.

Eigenvalues of Eq. (4.3) are given by:

Ep = :F\/ k- (¢~ 1k3)2. (4.4)
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For general values of the wave vector they are complex with nonzero re-
al and imaginary part. Real part of the spectrum Re(F; 2) and imaginary
part Im(FE ) for £ = 2 are plotted in Fig. 4.1b,c, correspondingly. Starting
from the real spectrum the single degeneracy point in the Hermitian limit
expands into a degeneracy line laying within |k,;| < &, which can be ob-
served also in Fig.4.1e, which presents the difference in real parts of the
energies. Both ends of this degeneracy line—also referred to as real Fermi
arc, which is marked in Fig.4.1b by a green line—contain an exceptional
points (EPs), where both real and imaginary part of the eigenenergies of
Hamiltonian (4.3) are equal at the same time.

Imaginary part of the eigenergies are plotted in Fig. 4.1c. Imaginary parts
of the eigenenergies (I';) are degenerate at EPs and for |k, | > £, which forms
an imaginary Fermi arc. Imaginary part of the spectrum consisting of surfa-
ces corresponding to lower real energy branch (gray) and upper real ener-
gy branch (orange) form a Riemannian surface, winding around both EPs.
Especially winding around each of the two EPs is opposite, as marked with
cyan and magenta arrows in Fig. 4.1c. Encircling clockwise EP located at
k, = ¢ following surface corresponding to upper real energy branch (mar-
ked with orange color), we follow upwards in imaginary part of the energy
along the cyan arrow. Moving with the same direction around the second
EP at k, = —¢ the imaginary part of the energy decreases following the ma-
genta arrow. Winding around the EP can be also visualized on a 2D image
by plotting an argument of the complex energy arg(AE + iAT'). Itis plotted
in Fig. 4.1f, which clearly shows vortex-like phase profile around both of the
EPs with opposite winding between them. It is worth noting that Fig. 4.1f
does not emphasize the location of the imaginary Fermi arc, which follows
arg(AE + iAT") = 0 condition.

Another important property of the exceptional points that not only ener-
gies are degenerate (both real and imaginary part) but also the eigenvectors
coalesce. At the position of the EP where |k, | = £ the Hamiltonian reads:

H(kIZS,kyZU)ZG 23f> (45)
ff(k‘xz—f,kyzo):(_gig 8) (46)

For (4.5) the only eigenvector is equal to (1,0)" corresponding to o+ pola-
rization, whereas for (4.6) the eigenvector (0,1)" is orthogonal, correspon-
ding to 0~ polarization of the state. Pseudospin texture for all wave vectors
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is plotted in Fig. 4.1h for lower real energy mode and in Fig. 4.1i for higher
real energy band. Far away from k = 0 the pseudospin texture tends to the
Hermitian limit (Fig. 4.1g), with the orthogonal spin state at the upper ener-
gy branch (Fig. 4.1i). The situation changes approaching the EPs positions,
where eigenstates of both energy branches is the same and circularly polari-
zed with opposite helicities at different EPs. Additionally the spin state plot-
ted in Fig. 4.1h,i is discontinuous while crossing the real Fermi arc along &,
direction. Such behavior is allowed as moving in this direction corresponds
to switching between lower and upper real energy branches, which are de-
generate along the discontinuity line, but both states differ in imaginary part
of the energy (compare with encircling single EP in Fig. 4.1c).

Following such exemplary model brings intuitions that by introducing
non-Hermitian terms to the Hamiltonian leads to eigenenergies with nonze-
ro real and imaginary parts. Special singularities in spectra of such Hamilto-
nians are so-called exceptional points where real and imaginary parts of the
eigenernergies are degenerate and corresponding eigenvectors coalesce. In
a specific case of polarization-dependent losses between linearly polarized
spin states leads introduced into a system exhibiting a Dirac (diabolical)
point leads to spawning of two exceptional points with opposite windings.

Here we followed a single model which will be close to a realistic micro-
cavity system, as it will be shown shortly. Starting from the same Hermitian
limit addition of losses differentiating diagonal and antidiagonal pseudo-
spin orientation (i) leads to very similar behavior, but with the EPs po-
sitioned at k, = 0 line. Losses can also be introduced by term multiplied by
the third Pauli matrix (i), which in this configuration leads to spawning
of an so called exceptional ring, in which over a whole closed loop both real
and imaginary parts are degenerate 100, 121].

4.2 Exceptional points in (N,N) regime

Following description presented in Sec.2.2.3 close to the (/V,V) resonance,
when the LC director is oriented closely to the normal direction of the cavity
plane, the dispersion relation can be described by a Hamiltonian:

Hrem = (Eo + Bok2 + @ﬂfﬁ) oo+

1
+ B(k; = ky)aa + 20kekyGy + APy Ga+
+ €64, (4.7)
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which includes TE-TM splitting proportional to the parameter 3 and HV
splitting AEyy (also referred to as XY splitting) originating from: tilt of the
LC director from the z axis. Parameters (3, /, = n}f are different notation
for effective mass contribution.

Energy (eV)
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Fig. 4.2 | Polarization-resolved Fourier space tomography in (N,N) regi-
me. Dispersion relations along (a) k, and (b) k, wave vector di-
rection obtained from transmission measurement. Pseudospin sta-
te along lower energy branch from (c) experiment, (d) Berreman
matrix simulations (e) fitting of the to the experiment.

Fig.4.2a,b presents cross sections through polarization-resolved Fourier
space tomography measured in transmission configuration. The measure-
ment was performed at a comparably thick LC cavity (approx. 3.9 um LC
width) at a high voltage of 11V, which corresponded to the operation close
to the (IV,IV) regime degeneracy for this ample. The green (purple) dotted
lines show fitting of the polarization-resolved measurements in horizontal
(vertical) incident light polarization. Along the k, wave vector direction
(Fig.4.2a) H and V polarized energy bands are separated in energy and
do not cross. In contrast, in the perpendicular k, wave vector direction in
Fig.4.2b the H-polarized lower energy mode at normal incidence cross with
the other mode due to lower effective mass. As discussed in Sec.2.2.3, those
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two crossing points along k, wave vector direction act as a diabolical po-
ints with characteristic Dirac cone dispersion relation in their vicinity in the
momentum space.

Winding of the pseudospin texture around those diabolical points can
be observed in Fig. 4.2c, which shows experimental polarization state of the
lower energy mode extracted from the tomography measurement. At nor-
mal incidence the lower energy mode is horizontally polarized, and keeps
its polarization when following k, wave vector direction as in Fig. 4.2a. At
perpendicular wave vector direction the polarization changes to vertical at
high wave vectors as H and V modes crosses each other, like in Fig.4.2b.
Combining with positive (negative) S, contributions at diagonal (antidia-
gonal) wave vector directions around the diabolical crossing points (mar-
ked with blue circles) the pseudospin shows +1 winding.

The same pseduspin texture of the lower energy branch can be recreated
by Berreman model. Fig.4.2d shows results of calculations in which in a
cavity with total thickness of the LC of 3865 nm (with two isotropic interface
layers, each 240 nm thick) in which molecules rotation angle § = 83 deg.
Clearly two singularities with +1 winding of the pseudospin around them
can be observed along the &k, = 0 line.

Using cross sections along k, and k, all parameters of the Hermitian
part of the model given by Eq. (4.7) can be extracted by fitting the dispersion
relation of the observed modes. Based on the experimental results presented
in Fig.4.2a,b the fitting parameters are equal to Ey = 2.002eV, AEpy =
—~7.6meV, m, = 2.8 meVum?, m, = 2.5meVum?, 3 = —0.33 meVum?.

Parameters of the model can be then further used to investigate sys-
tem exhibiting additional non-Hermitian H-V polarization dependent ga-
in/losses provided by the i{5, term. Calculations performed for { = 5 meV
are presented in Fig. 4.3a,b.

The difference of real energy part of eigenenergies plotted in Fig.4.3a
shows two degeneracy arcs originating one from each diabolical point. At
the ends of this real Fermi arcs the argument of the complex energy dif-
ference, presented in Fig.4.3b, shows vortex-like winding of the phase as
expected from the exceptional points.

Thus similarly to the model simplified Hamiltonian (4.1) exhibiting sin-
gle diabolical point in the Hermitian limit, in microcavity system exhibiting
two diabolical point each becomes an origin of two exceptional points with
introduction on losses dependent of H/V polarized states. Contrary to sim-
plified model presented earlier in the LC microcavity in (N,N')) do not move
excursively in k;, as the real Fermi arcs exhibit dislocation from the diabo-
lical point origin in both &, and k, components. Precise momentum posi-
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Fig. 4.3 | Exceptional points in (/V,N) regime. (a) Difference of real parts of
the eigenenergies of the modes at { = 5meV. (b) Corresponding
argument of the complex energy. (c) Position of the EP (colored
dots) for increasing non-Hermitian contribution &.

tion of the exceptional points can be calculated based on Eq. (4.7) by setting
conditions requiring equality in both real and imaginary parts of both eige-
nenergies. Analytical positions are given by:

1 | —AFE AFEZ., + 4§2

EP HV | ALy

= += + 4.

kx 2 I5] ﬁQ ( 8)
1 |AE AFEZ,, + 4€2

KP =2 ﬁH" [ < (4.9)

Based on this solutions the positions of the EPs for increasing non-
Hermitian contribution £ are plotted in Fig. 4.3c. For low non-Hermicity (up
to £ = 1 meV) spawned EPs move in the momentum space mostly in &, di-
rection, but for higher polarization-dependent losses their separate also in
k, direction. In particular in the limit of high non-Hermicity contribution
¢ — oo asymptotically tend to diagonal/antidiagonal wave vector directions
as:

Ze 2 TP 4. (4.10)
)

Here possibility of observation of EPs in LC cavities is shown only the-
oretically based on the analytical model, which shows good agreement with
the experiment in the Hermitian limit. As described here (IV,N) regime is
closest to the typical planar microcavities the appearance of exceptional po-
ints in this regime was studied by different groups.

In the literature emergence of exceptional points in planar microcavi-
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ties was initially observed by S. Richter et al. in numerical simulations of a
planar microcavity incorporating birefringent ZnO material [41]. This the-
oretical predictions were later on followed by the same group with an expe-
rimental demonstration described in Ref. [42]. Later on exceptional points
were also demonstrated experimentally in a planar microcavity containing
a birefringent perovskite crystal [43]. Berry curvature and quantum metric,
especially their divergence at the EPs, investigated in a planar microcavity
containing strongly anisotropic organic crystal [122].

4.3 Exceptional points in (N + 2,N) regime

The ability to tune a LC cavity into a different regimes of degeneracy betwe-
en the modes brings a great opportunity for realization of different behavior
of the exceptional points.

In particular, as described in Sec2.2.5 around (N + 2,N) resonance the
dispersion relation of the cavity modes can exhibit four diabolical points.
Such regime is demonstrated in Fig. 4.4.

It presents Fourier space tomography results performed on the same
sample as in Fig.4.2, but at lower voltage applied to the LC cell of 1.39V,
which corresponds to (N + 2,N) regime. Fig.4.4a,b presents cross section
along k, and k, wave vector directions through polarization-resolved tomo-
graphy in transmission configuration. Here in both of the main wave vec-
tor directions the cavity modes of perpendicular linear polarization crosses.
Along the k, direction the crossing of the modes is evident, as the effective
mass difference between the modes is higher. It is less visible at k, wave
vector direction but the both modes also crosses each other, as can be easier
to trace by following dotted lines, which present fittings to the H/V pola-
rization resolved data. In total the dispersion relation contains 4 diabolical
points where energies of the two nearest cavity modes are degenerate.

Corresponding to this experimental results pseudospin texture of the
lower energy mode is shown in Fig. 4.4c, with the position of the diabolical
points marked with circles with different color depending on winding of
the pseudospin texture around them. Both diabolical points oriented along
k, = 0 exhibit positive +1 winding of the pseudospin. This is contrary to
the remaining two diabolical points located at k, = 0 wave vector direction
which exhibit negative —1 winding of the pseudospin. As the band structure
contains two positive and two negative poles the total winding of the texture
is equal to zero.

The same pseudospin texture is a result of Berreman matrix simulations,
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Fig. 4.4 | Polarization-resolved Fourier space tomography in (N +2,N) re-
gime. Dispersion relations along (a) k, and (b) k, wave vector
direction obtained from transmission measurement. Pseudospin
state along lower energy branch from (c) experiment, (d) Berre-
man matrix simulations (e) fitting of the to the experiment.

presented in Fig. 4.4d. The simulations were performed for the same struc-
ture as the one in Fig. 4.2d, with the only difference in the LC molecules ro-
tation angle § = 44.4 deg to recreate proper energy difference between the
modes in (N +2,N) regime. As in the experiment simulated texture exhibit
four singularities with alternating +1 windings. As in the experiment the
diabolical points located at k,, = 0 line are located closer to the momentum
space origin than the ones located at k, = 0 line.

Earlier described Hamiltionian providing description of the cavity mo-
des close to the (/N + 2,N) resonance is given by:

H= (Eo + BokZ + ﬂykz) oo+
1
+ (622 + Oyk)6a + S ABRVGs + duykaky by, (4.11)

Eigenvalues of this Hamiltonian can be fitted to the experimentally obtained
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dispersion relation with parameters: £y = 2.010eV, AExy = 6.1meV, 3, =
3.0meVum?, 8, = 2.5meVum?, §, = —0.23meVum?, §, = —0.58 meVum?,
Szy = —0.60 meVum?.

For this given parameters the dispersion relation calculated by Eq.(4.11)
is plotted in Fig. 4.5a. It consists of 2 paraboloid-like energy branches which
touches in only 4 positions marked by colored spheres denoted as DP (dia-
bolical points). Their position within the dispersion relation is easier to trace
by plotting energy of the photonic branches subtracted by their mean value
(E), as is shown in Fig. 4.5b.

Starting from this Hermitian limit we can investigate theoretically the
influence of non-Hermitian contribution i€, providing H/V polarization
dependent losses/gain. In this case the total Hamiltonian of the system is
given by:

A

H = (Bo+ B:k2 + Byk2) o+
1
+ (622 + Oyk )60 + S APV + doykoky6y+
+ €6 (4.12)

Starting from relatively low non-Hermitian contribution £ = 1 meV, the
real and imaginary energy spectrum are presented in Fig. 4.5c,d. The corre-
sponding real part of the energies difference and complex energy differen-
ce argument is plotted in Fig. 4.5¢ f, correspondingly. In total, the spectrum
contains 8 exceptional points, two originating from each of the 4 diabolical
points in the Hermitian limit. Each two EPs spawned from the same diaboli-
cal point are connected by a real Fermi arc of vanishing difference of the real
parts of the energy. On the imaginary spectrum (Fig.4.5d) each two closest
in the momentum space EPs originating from different diabolical points are
connected by imaginary Fermi arcs (green lines in Fig. 4.5d). The complex
energy phase plotted in Fig. 4.5f shows that each of the EPs exhibit opposi-
te winding to their closest neighbor in momentum space originating from
both: the same or different diabolical point.



102 Exceptional points in (N + 2,NV) regime

]

Fig. 4.5 | (N +2,N) regime with non-Hermicity. Dispersion relation in Her-
mitian limit (a) energy of the cavity bands (b) £ — (E). Low non-
Hermicity £ = 1 meV: (¢) real and (d) imaginary spectrum; (e) re-
al energy difference |AE| and (f) complex energy phase arg(AE +
AT). Intermediate non-Hermicity £ = 2meV: (g) real and (h) ima-
ginary spectrum; (i) real energy difference and (j) complex energy
phase. High non-Hermicity £ = 4meV: (k) real and (1) imaginary
spectrum; (m) real energy difference and (n) complex energy pha-
se.
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Based on the Eq. (4.12) and the requirement of vanishing both real and
imaginary parts of energy difference between the modes positions of all of
the EPs can be given by:

1 ~ABmvo?, £ \/AEI%Wagy — 160,0,02, 13)
@ 2 0,02,
o 1| —ABavo2, &\ [ABE 5L, — 166,0,02,€2
ky" =+3 7 . (4.14)
YyYxy

With increasing non-Hermitian contribution to £ = 2meV presented
in Fig.4.5g—j, the momentum position of the EPs changes. Real Fermi arcs
expands, while imaginary Fermi arcs shrink as the EPs issued from different
approach each other in the momentum space.

Especially at sufficiently high non-Hermitian contribution the EPs can
meet each other in the momentum space and annihilate. Fig. 4.5k—n presents
situation calculated for { = 4 meV. Within the real spectrum Fig. 4.5k,m both
modes exhibit a degeneracy ring. At the same time in the imaginary part of
the spectrum shown in Fig. 4.5 for all of the wave vectors the imaginary
parts of the eigenenergies are clearly separated from each other. As a result
the spectrum no longer contains any exceptional points where both real and
imaginary parts of the eigenenergy are equal to each other. This theoreti-
cal prediction shows that upon increasing non-Hermicity exceptional po-
ints originating from different valleys in momentum space corresponding
to different diabolical points can annihilate leaving no singularities in the
dispersion relation.

Annihilation of the EPs occurs when the inner square root in Eq. (4.13)
is equal to zero, which leads to condition:

2_ AE#y62,

1605, (4.15)

As within this regime in order to observe 4 diabolical points in the Hermi-
tian limit AEyy > 0 and all §; < 0:

o AEHVézy

&= 44/0,6,

(4.16)
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This equation can be rewritten to the form:

&~ Ow (4.17)

AFuy  4\/5,0,

which shows that the condition required for annihilation of the EPs can be
equivalently obtained by increasing non-Hermicity £ or decrease of the re-
al part provided by HV splitting A Eny. The latter approach is especially
useful as HV detuning is directly controllable by external voltage applied
to the LC cavity. Such behavior indicate possibility for observation of the
annihilation of exceptional points issued from different Dirac points within
a single system with simple change of macroscopic parameter as amplitude
of externally applied voltage.

Presented here predictions of behavior of EPs, especially their annihila-
tion, in (N 4 2,N) regime is strikingly different than described earlier for
(N,N) regime in which upon increasing the non-Hermitian contribution
they depart from each other moving into infinity in the reciprocal space.
The most obvious difference between those regime which is visible when
comparing spectra of Hamiltonians describing those systems Fig.4.3 and
Fig.4.5 is the number of diabolical points in the Hermitian regime. Though
more fundamental feature allowing or not for the annihilation of EPs is total
topological charge of the bands. In the (IV,V) regime both diabolical points
carry the same topological charge of +1 (Fig. 4.2c), thus the spectral singu-
larities cannot be removed from the system by non-Hermitian contribution
without changing the total topological charge. In contrast in the (N + 2,N)
regime from total of 4 diabolical points there are two pairs exhibiting the
opposite topological charge of £3. As a result the total topological charge
vanishes and spectral singularities can be removed without any change of
the global topological invariant.

It is also important to note, that after the annihilation the LC cavity sys-
tem does not realize so-called exceptional ring, which requires that along a
whole of a closed loop both real and imaginary parts of the spectrum be-
ing degenerate [100]. Comparing with Fig. 4.5k 1 where the real part of the
spectrum is degenerate along a ring, but both solutions are distinguishable
by their imaginary part of the spectrum, where values for each of the modes
are clearly different.

Such possibility was proposed proposed by 1. Septembre, D. Solnyshkov
and G. Malpuech. To analyze the effect they started with with the Hermitian
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Hamiltonian:
rrreal _ Eo+ szg + ﬁykz %AEHV - ﬁ,k2 - ﬂ(kx — i/{:y)Q _
) L1ABuy — 8% — Bk + iky)? Eo + Bok2 + Byk?

= (Bo+ B:k? + Byh?) 6o+

+ (;AEHV — Bk + Bk — 6’k2) 62 — 20kykyby, (4.18)

Within this Hamiltonian Ej provides sets energy of the modes at normal
incidence and terms (3, /, k2 sy Provide parabolic dispersion relation on the
cavity photon wave vector with z,y anisotropic effective masses described
by parameters 3, , = % Apart from this spin-independent terms tuna-
bility of H/V polarized modes controlled in experiment by external volta-
ge applied to the sample is described with HV splitting parameter A Epy.
Additionally the cavity exhibit TE-TM splitting described by 3 (k, F ik,)>
term. The last contribution 3'k%6, provides difference in effective masses
of horizontally (my) and vertically (my) polarized modes equal to 3’ =
R%(my — my)/4mgmy.

The model leads to 4 diabolical points from which two are located at

ky = 0 line at
AV
kow = 4 o 4.19
’ 2(0'+P) (419

and the remaining two diabolical points are located at k, = 0 line at

AEny
b =[5 (4.20)

Losses can be introduced into Hamiltonian (4.18) by additional terms
leading to non-Hermitian Hamiltonian:

HE™ = (Bo+ Bok2 + Byk2) 60+
1
+ <2AEHV — Bk + Bk, — ﬁ’k2> 61 — 2BkykyGy+
+ ilg60 + 1606, (4.21)

where I'y = (I'y + I'v)/2 term describes the spin-independent mean de-
cay rate and 0I' = (I'y — I'y)/2 defines a constant imaginary effective field
discerning losses for horizontally and vertically polarized modes.
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Within this model momentum position can be written as:

ko or?
KEP = +£2%¢ 114+ |1— , 4.22
C T P, )
L PV PR (4.23)
V2 32k3 k3, '

where ko, ko, are positions of the diabolical points in the Hermitian limit
given by Eqs (4.3-4.20).
By introducing a new parameter describing the degree of non-Hermicity:

AEnpy B ’

X =2 (4.24)
condition for annihilation of the exceptional points is x > 1. Condition this
can be equivalently met by increasing strength of the non-Hermitian contri-
bution dT’, or easier to perform experimentally by decreasing HV detuning
AFEyy.

To test predictions of the theoretical model, we collected polarization
resolved tomographies performed at two different voltages applied to the
LC cavity. The experiments were performed on a cavity consisting of two
Si0,/TiO, DBRs each containing 6 Bragg pairs with maximum reflectance
at 550 nm, filled with liquid crystal of high birefringence An = 0.41. Ad-
ditionally the LC mixture contained 0.2% of pyromethene 580 organic dye.
Based on the energy separation between the consecutive cavity modes, the
total thickness of the LC layer was approx. 1.8 um.

Obtaining the range of annihilation of EPs required operation at low va-
lues of HV splittings. The first dataset was obtained at 1.77V applied to the
LC cavity. Cross sections along two main wave vector directions are plotted
in Fig.4.6a—e. Based on the cross sections at normal incidence, plotted in
Fig.4.6e, HV splitting in this case was equal to 3.0 meV. The second measu-
rement was performed at lower 1.72 V with resulting splitting between the
modes at normal incidence equal to 1.2meV (Fig. 4.6f-).

The experimental data was analyzed by I. Septembre. By fitting solutions
of the Eq. (4.18) to those dispersion relations one can access present in the
model: the effective masses, TE-TM splitting strength 3 and HV effective
mass difference (', which are equal to m, = (1.34 £ 0.07) x 10™°my, my =
(1.0840.06) x 10~°myg, 3 = 0.08040.03 meVum?, 3’ = 0.47+0.03 meVum?.

Difference of the energies between the modes for higher HV splitting for
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Fig. 4.6 | k-space tomography in (N + 2,N) regime in transmission confi-
guration. (a)—(d) Cross sections through H/V polarization reso-
Ived tomographies measured at 1.77V applied to the cavity. (e)
Cross section through normal incidence fitted with Lorentzian
profiles providing AEFyy = 3.0meV detuning. (f)-(i) Cross sec-
tions through H/V polarization resolved tomographies measured
at1.72'V applied to the cavity. (e) Cross section through normal in-
cidence fitted with Lorentzian profiles providing Ay = 1.2 meV
detuning.

all wave vector directions is plotted in Fig.4.7a. In this image wave vector
coordinates are normalized to the momentum position of the initial dia-
bolical points kg, /,. The energy difference spectra contains 4 degeneracy
arcs located at the unit ring in reduced wave vector coordinates around
the cross sections with the main axes. Following the unit ring at diago-
nal/antidiagonal wave vector directions the energy difference visibly incre-
ases, and the modes are no longer degenerate, as expected form the regime
with non-Hermicity degree x below 1. The positions of the 8 EPs located at
the edges of the degeneracy lines are marked with white x. The results are
in a perfect agreement with the calculated real part of the energy difference,
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Fig. 4.7 | Observation of EPs and their annihilation. Real part of the energy
difference in (a) experiment at 1.77 V (AExy = 3meV) and (c) at
1.72V (AEpv = 1.2meV) with corresponding theoretical results
in (b) and (d) correspondingly. The color bar is saturated above
0.9 meV. The argument of the complex energy difference in in (e)
experiment at 1.77V and (g) at 1.72 V with corresponding theore-
tical results in (f) and (h) correspondingly. (i) Length of the real
Fermi arcs as a function of non-Hermicity degree x. Black (red)
points were obtained for the sample with approx. 1.8 um (3.2 um)
thickness of the LC layer. Figure and analysis prepared by I. Sep-
tembre.

presented in Fig. 4.7b. Theoretical map was obtained for parameters fitted
from the £, , cross sections and 26T" = 0.24 + 0.05 meV.

The energy difference between the modes extracted from the experiment
at lower voltage shows a degeneracy ring for the whole ring at unitary redu-
ced wave vector, as shown in Fig. 4.7c. Such behavior is expected from the
regime with annihilated EPs for non-Hermicity degree x > 1. Once again
the experimental results are consistent with calculations in which the only
change was the value of the HV splitting.

The access to the imaginary part of the spectrum was possible by analy-
sis of the linewidths of the observed cavity modes. In order to distinguish
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homogeneous line broadening described by non-Hermitian terms in Hamil-
tonian Eq. (4.21) from the nonhomogeneous broadening originating from
effects like the disorder, the experimental results were fitted with the Vo-
ight profile. As a convolution of Lorentzian and Gaussian peak functions
it allows to distinguish both contributions, with only Lorentzian linewidth
taken into account in further analysis.

Fig.4.7e plots the argument of the complex energy difference extracted
from the experiment with higher HV detuning. It shows winding (marked
with the arrows) of the phase around position of each of the 8 exceptional
points traced at the real part of the spectrum. Consistent with the theore-
tical prediction each of the EPs exhibit opposite winding (marked by the
direction of the arrows and +/— sign) to its nearest neighbor originating
from the same, or different momentum valley. Exactly the same behavior
with more pronounced phase difference is visible in the corresponding the-
oretical plot in Fig. 4.7f.

For the regime with lower HV splitting complex energy phase in both
experiment and the theory plotted in Fig.4.7g,h contain no positions with
winding of the phase characteristic for the presence of the exceptional po-
ints. In both consistent between each other results the phase undergoes
transition between +m/2 when crossing the degeneracy line at the real part
of the spectrum following in radial direction in wave vector.

In order to provide additional experimental confirmation for observa-
tion of annihilation of the exceptional points additional measurements were
performed on another sample, with significantly thicker LC layer of approx.
3.2 um. The results are summarized in Fig. 4.7i which shows extracted from
the experiment length of a real Fermi arcs as a function of non-Hermicity de-
gree x. For x below 1 exceptional points can be observed in the momentum
space. They are connected with the real Fermi arcs with lengths increasing
with the non-Hermicity degree. At x = 1 length of the Fermi arcs increases
to 90° they connect to single degeneracy ring as EPs issued from different
valleys in momentum space annihilate. Exactly the same behavior was ob-
served on two independent samples: thinner marked with black points and
thicker marked with the red dots.

4.4 Exceptional points in LC microcavities: summary
In summary by changing voltage applied to the LC cavity for constant po-

larization dependent losses we can precisely control the non-Hermicity de-
gree by adjustment of the real part contribution. Such possibility is extreme-
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ly fruitful especially in the regime close to degeneracy between (N + 2,N)
cavity modes. In this regime in the Hermitian limit the dispersion relation
contains 4 distinct valleys in momentum space each with diabolical point.

With additional polarization H/V dependent losses each of the four
valley gives rise to two exceptional points. With increasing degree of non-
Hermicity the exceptional points with opposite topological charges issued
from different valleys approach each other in the momentum space. Most
importantly at some critical value of the non-Hermicity they meet in the
momentum space and annihilate. After the annihilation any position in the
reciprocal space exhibit degeneracy in both real and imaginary part of the
spectrum.

It is important to note, that as possibility of annihilation of the exceptio-
nal points is known [121]. It is however typically thought of as the opposite
process to creation of two exceptional point from a diabolical point with ad-
dition of non-Hermicity. To our best knowledge this is the first demonstra-
tion of annihilation of exceptional points originating from different valleys
in momentum space.



Chapter 5

Valley effects in transition
metal dichalcogenide
exciton-polaritons

The results described within this chapter are published in the following pu-
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In the previous chapter spin (polarization) effects arose as a direct re-
sult of optical anisotropy of the photonic system in microcavities filled with
birefringent liquid crystal.

Within this chapter a completely different approach will be employed,
where in fully isotropic planar microcavities observed spin effects will be
provided through admixture of spin-polarized excitons in strong light-matter
coupling regime.

The investigated system consists of a tunable open cavity made of two
distributed Bragg reflectors containing thin layers of tungsten diselenide
(WSe,), which is a member of broader group of semiconducting transition
metal dichalcogenides.

The first section (Sec.5.1) will be devoted to optical properties of thin
flakes of transition metal dichalcogenides, with special emphasis on exci-
tons in the monolayer limit.

The second section (Sec.5.2) concentrates on the design of the optical
resonator allowing for observation of strong coupling regime with exciton
in WSe, flake. Initial concepts will be optimized using the theoretical calcu-
lations based on the transfer matrix method. At the end, the experimental
realization of the best design will be compared with the theoretical predic-
tions.

The third section (Sec.5.3) will present the optical properties of thin
WSe, flakes based on photoluminescence and reflectance measurements.
Based on the obtained reflectance contrast spectra the properties of the exci-
tonic transitions in WSe, will be extracted.

The fourth section (Sec. 5.4) will demonstrate strong coupling regime in
the fully assembled resonator with WSe, flakes. It will be shown, that the
strong coupling can be obtained not only in the direct bandgap monolay-
ers, but also in thicker flakes. Experimental results will be compared with
theoretical simulations based on the properties of the excitonic transitions
extracted from prior measurements of the bare flakes.

Finally, the fifth section (Sec. 5.5) will concentrate on the valley physics
of the monolayer WSe, exciton-polaritons showing transfer of the incident
angular momentum of the pump laser into the cavity polariton states.

5.1 Transition metal dichaclogenides (TMDCs)

Extraordinary properties of single layer graphite in the form of graphene
[125, 126 ] brought attention as well as development of experimental tech-
niques for obtaining, exploiting and characterization of thin flakes of other
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thin forms of various layered materials.

Especially desirable was a semiconducting 2D material to complement
semimetallic graphene and insulating hexagonal boron nitride.One specific
group of such materials fulfilling such requirements were transition metal
dichalcogenides (TMDCs).

General chemical formula for TMDCs is M X5, where M is the transition
metal and X is the chalcogen. Semiconducting properties exhibit materials
in which M stands for: molybdenum (Mo) or tungsten (W) and X for: sul-
fur (S), selenium (Se) or tellurium (Te).
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Fig. 5.1 | Properties of MoS,. (a) A sketch of the crystallographic structu-
re of TMDCs after Ref. [127], (b) Band structure of MoS, calcu-
lated for the bulk form as well as for 4, 2 and 1 monolayer-thick
flakes. Image taken from Ref. [128], (¢) Increase of the photolumi-
nescence intensity between bilayer and monolayer MoS, reported
in Ref. [129].

Similarly to graphite TMDCs are built from a stack of planar layers bo-
und between each other by the weak van deer Waals forces and within each
layer the atoms are bound with strong covalent bounds, schematically de-
picted in Fig.5.1a. What differentiates TMDCs from the graphene is the
composition of the monolayer which consists of all metal ions lying within
single plane sandwiched from the top and the bottom with the chalcogen
ions.

In the bulk form semiconducting TMDCs exhibit indirect band-gap [130],
with lowest energy transition between the I' point in the valance band and
A point in the conduction band (laying in between I'' and K points), as pre-
sented in the band structure in Fig. 5.1a. This property is maintained upon
thinning the material up to the two monolayer limit (2 ML), but is simulta-
neously accompanied with the decrease of the energy of the valence band
maximum and increase of the energy at the A point. Between the bilayer and
the monolayer form of TMDCs there is a crossover and for the single lay-
er flake the material becomes a direct bandgap semiconductor with lowest
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energy transition located at the +K points in the Brillouin zone. As expec-
ted from a direct bandgap semiconductors the light emission from TMDCs
monolayers is much more efficient, what has been reported in the first re-
ports for single layer TMDCs (MoS,) [129, 128].

From the begging of the studies, the semiconducting TMDCs with insu-
lating hBN and conducting graphene have been playing a crucial role in the
concept of "2D Lego" [131]. Nowadays the idea is expanded by a plethora of
different materials like 2D magnetic materials [132] and additional degrees
of freedom like twist angles leading to moiré lattices [133, 134].

From the top view TMDC structure resembles a hexagonal lattice of gra-
phene but with nonequivalent A and B sites. As a result TMDC structure
lacks the inversion symmetry, which leads to opening energy gap in Dirac
cones of the graphene-like dispersion relation and emergence of nonequ-
ivalent K and — K valleys with opposite Berry curvature [135].
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Fig. 5.2 | Band structure in TMDCs. Schematic representation of the band
structure in TMDCs monolayers around the =K points in the Bril-
louin zone.

The sketch of the band structure of TMDCs concentrating on the most
important for the optical transitions + K points is presented in Fig.5.2. Due
to the heavy ions of the transition metal both conduction and valence bands
are spin-split due to strong spin orbit coupling at the range of several hun-
dred meV in the valence band (A¥yc) and of a few to tens of meV in the
conduction bands (A§yc) [136]. Without the external magnetic field both



Transition metal dichaclogenides (TMDCs) 115

+K valleys are connected by time reversal symmetry, which results in the
opposite spin configuration in the opposite valleys.

The optical selection rules allows for circularly polarized light to couple
only to the transition at K or — K valley [137]. As a result within the K (—K)
valley o (07) polarized photon can promote an electron to the conduction
band leaving in the valence band a hole. This two oppositely charged quasi-
particles are subjected to strong Coulomb interactions between each other.
As a result, an electron with a hole can form an analogous to the hydrogen
atom bound state, referred to as neutral exciton.

In TMDCs the electron with the hole are highly bound with the exciton
binding energy at the order of 0.2eV [138, 139, 140], thus excitonic transi-
tions dominate over optical properties of the TMDCs from cryogenic to ro-
om temperature.

As another consequence of high exciton binding energy in TMDCs mo-
nolayers, the exciton Bohr radius—defining mean distance between the elec-
tron and the hole—is comparably small, on the order of a few nanometers
[136]. This gives an intermediate value between two main models of an exci-
ton. The first type, so called Wannier-Mott exciton, is characterized by a Bohr
radius expanding over multiple lattice constants. It is applicable to typical
semiconductors like GaAs. On the other side of the spectrum in so called
Frenkel exciton where both the electron and the hole are strongly spatial-
ly localized within a single site, and such behavior is more specific to e.g.
organic molecules.

For the atomically-thin monolayers Coulomb interaction between char-
ge carriers is highly sensitive to the screening provided by the local dielectric
environment [141]. This fact strongly affects also the excited exciton states,
which energies deviates from the simple hydrogen-like model for 2 dimen-
sions [138, 139].

According to the band structure depicted in Fig. 5.2 an electron or a ho-
le in order to change the valley has to undergo a spin flip or energetically
unfavorable process to higher energy state, which significantly inhibits inte-
rvalley scattering. This effect, combined with the spin valley locking allows
for optical generation of the imbalance in carrier concentration between the
valleys by circularly polarized light. Additionally, this imbalance can be ob-
served in the polarization of the emitted light: phenomenon referred to as
valley polarization. It has been shown, that even for nonresonant excitation,
the chirality of the incident light is partially preserved in the emitted light
[142, 143 ]. Moreover, the valley coherence in which excitation with a linear-
ly polarized light can create a coherent superposition of the exciton in both
+ K valleys which is in part maintained in the emitted light has been de-
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monstrated, for the first time in WSe, in Ref. [144]. Valley coherence can be
robust enough to allow for rotation of the linear polarization plane direc-
tion when the flake is subjected to external magnetic field in the Faraday
configuration [145].

Opportunity to optically address and readout of the valley index in
TMDCs brought great hopes for valleytronics [146], which aims to employ
valley degree of freedom for data processing, manipulation and storage
[147].

Coming back to the band structure in Fig. 5.2, depending on the material
the spin splitting at the ==K point in the valence band A, varies between
molybdenum based TMDCs from approx 0.2 eV to 0.4 eV in tungsten based
TMDCs. As a result of this splitting two optical transitions are possible: lo-
wer energy one marked by black arrows in Fig. 5.2 referred to as A exciton,
which will be investigated within this study. The transitions between the
bands of the opposite spin-split valence/conduction bands leads to higher
energy so-called B exciton.

Smaller value spin splitting A§, is also present in the conduction band.
Its sign depends on the material distinguishing dark or bright materials. For
"dark" TMDCs, as in Fig. 5.2, the optical transition from the lowest energy
ground state is spin forbidden. The discussions about the sign of the con-
duction band splitting are based on experiments in the function of tempe-
rature, magnetic field in Voigth configuration.

An exciton with additional charge carriers can form more complex multi-
particle bound states, which were observed and identified in the TMDC mo-
nolayers. An exciton bound with another single charge carrier forms so cal-
led trion [148]. A bound four-particle state arranged from two electrons and
two holes forms a biexciton [149], which with an additional charge carrier
forms a five-particle state of charged biexciton [150].

Some authors suggest that such multi-particle excitonic complexes in
TMDCs instead of a bound sets of the electron and holes should be treated
rather in the polaron picture in which excitons interact with a Fermi sea of
charge carriers [151].

For more complex structures with stacking of two different TMDCs, a
type-II band alignment between them results in the lowest energy spatially
indirect exciton state, where the electron and the hole are located in the
other flakes [152]. Similarly in thicker TMDCs flakes such interlayer exciton
states can be identified [153].

In specially designed heterostructures even such excitonic complexes as
doubly charged excitons (quatermions) [154] can be observed.

Main means to obtain monolayer TMDC flakes are: mechanical exfo-
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liation [155], chemical vapor deposition [156] or molecular beam epitaxy
(157,158, 159].

For scientific purposes the first widely adopted method was mechanical
exfoliation from the bulk crystal. Based on earlier experiences with graphe-
ne it allowed for preparation of the thin flakes with the typical lateral size of
tens of micrometers. The main disadvantage of this approach is randomness
of the method. Location, size and thickness of the obtained flakes is comple-
tely irregular, which requires time for characterization and selection of the
most promising fragments with typically very low yield. Nevertheless, com-
bined with methods of deterministic transfers, like with viscoelastic stamps
[160], it allows for preparation of high quality structures appropriate for the
scientific investigations. There are demonstrations of a functional fully au-
tomatized setups which use mechanical transfer to construct quite complex
heterostructures [161].

On the other hand the use of growth methods such as CVD and MBE
brings hope for preparation of a wafer-size flakes [ 162] which maintain very
high optical properties [158].

At the initial stage of research, the investigated TMDCs monolayers ha-
ve been deposited on a silicon substrates with top oxidized layer of silicon
dioxide SiO,. Depending on the thickness of the SiO, layer the interference
effects can significantly enhance the visibility of the thin, especially mono-
layer flakes [163]. Huge technological advantage in optical quality of the
prepared monolayers brought encapsulation of the flakes in hexagonal bo-
ron nitride (hBN) [164]. As an another member of the van der Waals family,
the hBN provides an atomically flat surface and isolates from localized char-
ges which has resulted in the significant reduction of the emission and ab-
sorption linewidths, up to narrow emission lines close to the homogeneous
broadening limit. With the encapsulation by choosing specific thicknesses
of hBN layers to some degree the exciton radiative rate can be controlled by
the Purcell effect [165].

Thickness of the layers even close to the monolayer limit can be esti-
mated by the contrast on the microscopic images. More confident determi-
nation of the thickness of TMDC flakes can be performed based on AFM
profile, comparison of Raman spectra [166] or reflectance contrast measu-
rements. To distinguish monolayers from thicker flakes, an easy method is
to compare intensity of the photoluminescence, also at room temperature.

In TMDCs even low strain can induce significant shift in the bandgap
energy [167], which can explain shifts in the absolute energy of the exci-
tonic resonances between different samples and positions within the same
sample.
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Presented here the overview of the optical properties of thin flakes of
transition metal dichalcogenides is only an excerpt from more broad re-
views on this topic [136, 168, 169]. Especially, the specifics of the valley po-
larization, can be found in Ref. [170, 147, 171].

5.2 Cavity design and realization

Potential of transition metal dichalcogenides for polaritonic applications
owing to their high exciton binding energy has been noticed shortly after the
discovery of the unique optical properties of their monolayer form, which
followed with broad research performed in various types of planar micro-
cavities.

The first observation of strong coupling regime has been demonstrated
in a solid dielectric cavity containing MoS, monolayer, shortly followed by
a realization in an open cavity [172] and at room temperature [173].

Preservation of the chirality of the incident light in polariton systems has
been reported by multiple groups [174, 175,176, 177,178]. Valley coherence
with rotation of the linear polarization plane by magnetic field was later
reported in [179], and up to the room temperature in [180]. In polariton
systems valley polarization is maintained up to higher temperatures than
for the bare flake [174] and can be enhanced close to trion resonance [176].

In planar microcavities valley physics of TMDCs monolayers couples
with TE-TM splitting [24, 30] leading to the Valley Hall effect [181, 182].

More elaborate gated heterostructures have been also investigated wi-
thin optical cavities and allowed for control over the charge carrier density
[151], control over the coupling strength [183] and has allowed for achie-
ving room temperature polariton electroluminescence [184].

Multiple excitonic resonances within different materials can couple si-
multaneously with a single cavity mode forming hybrid polaritons [185] as
was also shown in WS,-organic dye system [186] as well as in MoSe,-GaAs
[187], which in the former case thanks to the admixture of GaAs excitons
in the polariton state allowed for the first observation of polariton lasing.

Bosonic condensation of the TMDC-based polaritons was for the first
time reported in [188]. In that work the influence of the GaAs quantum well
in a hybrid structure was significantly reduced in comparison with earlier
demonstration of polariton lasing in analogous system [187].

Recent reports points on characteristic features for the condensation pro-
cess, especially coherent emission, even at room temperature [189, 190].
Other nonlinear effects in WS, monolayer has been a recent demonstration
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of a parametric amplifier [191].

Considered in this work planar microcavity is not the only possible type
of an optical resonator. Lasing was observed with TMDC flakes in whispe-
ring gallery mode cavity [192, 193] as well as with design based on photonic
crystals [194] or grating cavity (on indirect excitons within heterobilayers)
[195].

In the linear regime helical propagation was observed in a system com-
posed of TMDC monolayer strongly coupled with topological photonic cry-
stal [196, 197].

5.2.1 Planar microcavities with TMDC thin flakes

In the literature two main approaches of realization of planar microcavities
incorporating thin TMDCs flakes have been reported. In both of this me-
thods the first step consisted of depositing a thin TMDC flake on top of a
mirror. Monolayer TMDCs flakes can be CVD grown [198] or mechanically
exfoliated [199]. In the first "regrowth" approach the full cavity structure is
finished by another growth process of the second mirror forming the cavity.

The second method is based on so-called open cavity approach. In this
configuration the cavity is formed by approaching the second mirror to the
TMDC flake deposited on top of the first mirror, and with a free space in
between forming an optical cavity [200, 201, 172].

In both configurations mirrors constituting the cavity can be made either
from the multilayer DBR structure made of dielectric [198] or semiconduc-
tor [202] layers, or the role of the mirror can be played by a thin metallic
layer [173]. In specific realizations of the open cavity the second mirror can
be grown directly on top of an optical fiber [151].

There exists also a third approach in which a DBR structure is exfoliated
from the substrate and deposited directly on top of the TMD flake [182].

Typically for the regrowing approach an additional layer deposited on
top of the TMDC flake is required in order to protect the flake against high
temperatures during sputtering deposition of dielectric DBRs [199].

In our approach we used an open cavity, schematically depicted in Fig. 5.3.
The cavity was formed by two independent dielectric DBRs separated by a
free space. Exfoliated TMDC flake was deposited directly on top of one of
the mirrors. To allow tunability of the cavity, one of the mirror was placed
on a piezolectric stage.

The main advantage of this approach is ease of the tunability of the opti-
cal resonator. In typical solid resonator the cavity mode energy position is
set by distance between the DBRs, so this distance has to be precisely con-
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Fig. 5.3 | Scheme of a tunable microcavity incorporating a thin TMDC fla-
ke.

trolled during the growth, which could require multiple attempts before
mastering the procedure. In the proposed approach the energy of the cavi-
ty mode can be freely changed by tuning the distance between the mirrors
forming the cavity, which can be performed by external voltage applied to
a piezoelectric element even during the experiment.

Another significant advantage of the open cavity approach is the limited
number of required growth processes of the dielectric DBRs. Single growth
simultaneously performed on multiple glass substrates can be used to obta-
in multiple parts of the DBRs, which can be used for construction of multiple
cavities. This was a significant advantage due to a limited access to a facility
allowing for deposition of dielectric layers at that time.

On the other hand, as the coupling strength decreases with the cavity
length, the experimental challenge was: how close to each other the two
macroscopic DBRs can be approached? It will be shown later that, achie-
ved distances were small enough for the observation of the strong coupling
regime for a single cavity mode in the cavity.

5.2.2 Theoretical design of dielectric cavity for WSe, thin flakes

Design of dielectric structure allowing for the observation of the strong co-
upling regime between excitons in WSe, and cavity photons was based on
transfer matrix method.

Emission from neutral exciton in WSe, at liquid helium temperature has
been reported at 711 nm [203], 708.5nm [204] for flakes deposited on sili-
con substrate with oxidized surface and at: 719 nm [164], 719.4nm [205].
Additionally thickness of the monolayer flake at the order of 65 pm [206] is
significantly smaller than wavelength of the light resonant with the excito-
nic transition.

Design of the cavity will be discussed assuming for simplicity \g =
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Fig. 5.4 | Reflectance of the open dielectric cavities. Simulated reflectance
spectrum from open cavities with top DBR layers made of SiO, and
TiO,. Spacing between the mirrors forming cavity is equal to Ao /2.

Fig.5.4 presents simulated reflectance spectra of the open cavity made
of two DBRs made of SiO, and TiO, layers with with optical widths of A\ /2.
In order to use dielectric stacks obtained within only one growth process
both mirrors are assumed to be identical. This allows for two possibilities:
with the top layer of the DBR made of higher refractive index material (TiO,
top), or lower refractive index (SiO, top). In both of this configurations di-
stance between the mirrors forming the cavity is set to \g/2 to obtain the
cavity mode resonant at the Ao wavelength. In both of this configurations
reflectance spectra exhibit desired reflectance spectra minimum at A corre-
sponding to the photonic cavity mode within the photonic stopband region
of high reflectance coefficient.

Despite the desired reflectance properties of both of these cavity con-
figurations only one of them can be used to couple the photonic field of
the cavity with the exciton on TMDC flake deposited on top of the mirror,
what can be explained based on Fig. 5.5, which presents mean electric field
distribution across the cavity in both of this configurations.

In configuration with higher refractive index material (TiO,) on top pre-
sented in Fig. 5.5a electric field is strongly localized within the cavity, but its
maximum lies exactly at the center of the gap region between the mirrors. At
the interfaces between air/vacuum and the top TiO, layer, where the TMDC
flake can be deposited, the electric field has a node. As a result coupling be-
tween excitons in TMDC flake and the photonic mode would be minimal.

The contrary is true for the realization with SiO, layer as the top of the
DBR structure. When two such DBRs are used to form the cavity, simulated
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Fig. 5.5 | Electric field in open dielectric cavities. Distribution of electric
field intensity through cavities made of two DBRs centred at \g =
720nm simulated by transfer matrix method. (a) Top DBR layer
made of material with higher refractive index: TiO,. (b) Top DBR
layer made of material with lower refractive index: SiO,. Spacing
between the mirrors forming cavity is equal to A\g/2.

electric field distribution exhibit antinodes at the DBR interfaces where thin
TMDC flake can be deposited, allowing for efficient coupling between the
cavity modes and the excitons in the flake.

Simulations shown in Fig. 5.4 and 5.5 assumed small width of the cavity
with the spacing between the mirror equal to Ag/2 = 360nm. In realistic
approach achieving such distance can be challenging. For example after the
exfoliation process transfer of the thin monolayer flakes leaves significantly
thicker material at the order of micrometers, as will be shown in 5.3.1.

Fig. 5.6 presents simulated reflectance spectra for dielectric cavities with
varying thickness of the gap between the DBRs. Depending on the distan-
ce between the mirrors within the cavity photonic stopband region approx.
600-900 nm multiple spectrally narrow cavity modes appear. Wavelength of
those cavity modes is tunable by adjusting the spacing between the DBRs.
Especially when the cavity width is equal to multiple of \y/2 one of the ca-
vity modes is in resonance with Ao wavelength, which can be also shown
at cross sections presented in Fig. 5.6b. For the )\y/2 spacing only one cavi-
ty mode at desired wavelength of Ay can be observed. For wider spacing
such as 4\o = 2.88 um apart from the central cavity mode at Ay within
the photonic stopband region two additional cavity modes at 640 nm and
820nm can be observed. For even greater distance between the mirrors li-
ke 8\g = 5.76 um spacing between the modes decreases that 5 consecutive
cavity modes are visible within the stopband range but one of them is still
resonant with the Ag.

Corresponding electric field distributions calculated for such wider ca-
vities are shown in Fig.5.7. For both widths of 4 and 8\ antinodes of the
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Fig. 5.6 | Reflectance of the open dielectric cavities. (a) Simulated reflec-
tance spectrum from the open cavities with top DBR layers ma-
de of SiO, and increasing distances between the DBRs. (b) Cross
sections through (a) for gap thickness of: \g/2, 4)\¢ and 8\ for
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Fig. 5.7 | Electric field in open dielectric cavities. Distribution of electric
field intensity through cavities made of two DBRs centered at \g =
720 nm simulated by transfer matrix method. Top DBR layer made
of material with lower refractive index: SiO,. Spacing between the
mirrors forming cavity is equal to (a) 4\g and (b) 8.

electric field distribution are located at the final position of the thin WSe,
flake at the interface between the DBRs and the cavity. Such observation is
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important as it shows that for DBR structure finished by lower refractive
index material for any spacing between the mirrors providing a resonance
condition at A\g. Additionally for all of the mentioned simulations with the
3.4 and 8 cavity widths the electric field amplitude at the position of the
flake is the same, slightly exceeding 20 times the incident light amplitude.
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Fig. 5.8 | Simulated cavities incorporating WSe, flake. Angle resolved re-
flectance spectra for (a) cavity with TiO, top layer. Cavities with

SiO, top layer and the increasing spacing between the DBRs equal
to (b) Ao/2, (c) 4)\ and (d) 8.

According to the simulations the amplitude of the electric field does not
change with the distance between the mirrors. Nevertheless the coupling
strength decreases with the thickness of the cavity, as was demonstrated in
the literature e.g. in [201]. Such effect can be also observed in simulations
presented in Fig. 5.8 which include WSe, monolayer (the exact approach
will be described later in Sec. 5.3).

For cavity made of DBRs with top layer made of higher refractive in-
dex material (TiO,) simulated angle-resolved reflectance spectra shown in
Fig. 5.8a consists of single photonic cavity mode displaying no effects of the
monolayer flake, as it is positioned at the node of the electric field of the
cavity resulting in low coupling efficiency:.

This is in contrary to the situation when the flake lays in the antino-
de of the electric field, as for the cavity made of DBRs with top SiO, layer.
In this case simulated reflectance spectra in Fig.5.8b shows characteristic
exciton-polariton dispersion relation with two anticrossings: lower and up-
per polariton modes, resulting from coupling between exciton in the WSe,
flake and the cavity mode. Simulations in Fig. 5.8b were performed for low
spacing between the mirrors forming the cavity equal to \o/2. As this di-
stance increases to 4\ (Fig. 5.8c) and 8\ (Fig. 5.8d) the exciton-photon co-
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upling strength given by the minimum energy splitting between lower and
upper polariton modes clearly decreases. This decrease is plotted directly in
Fig.5.9, presenting coupling strength dependence on the distance between
the mirrors. The highest value of 36 meV is observed in the configuration
of the cavity with no additional distance between the DBRs and the WSe,
flake. Coupling strength significantly decreases with the distance, but even
at 5 um spacing (corresponding to 30 \y/2) energy splitting of the upper
and lower polariton branches is above 14 meV.
A2
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Fig. 5.9 | Coupling strength dependence on the cavity width. Simulated
dependence of the exciton—photon coupling strength with the di-
stance between the DBR mirrors forming the cavity.

To summarize, based on the simulations the cavity allowing for the obse-
rvation of the strong coupling regime between excitons in WSe, monolayer
and cavity photons can be constructed of two identical dielectric DBRs. In
order to maximize photonic field at the position of the flake the top DBR
layer must be made of lower refractive index material. In such configura-
tion resonant energy of the cavity is dependent on the spacing between the
mirrors. Cavity mode is resonant with the desired Ay wavelength for inter-
mirror distance equal to any integer multiplication of )\y/2. Nevertheless
the expected exciton—photon coupling strength decreases with the cavity
width, what requires low distance between the mirrors.

Cavity design for hBN-encapsulated flakes

Described above design of the cavity assumes that the TMDC flake is depo-
sited on top of the dielectric DBR, especially on top of SiO, layer. As descri-
bed in 5.1 flakes with the highest optical quality and spectrally narrow lines
are obtained by encapsulation in hexagonal boron nitride (hBN) [164].
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Fig. 5.10 | Dielectric cavity with hBN. Cavity formed from dielectric DBRs.
One of the DBRs ends with A\g/2npN thick hBN layer. Simulated
(a) reflectance spectrum, (b) distribution of electric field at \g =
720 nm.

Fig.5.10 presents simulations showing that additional hBN layer can
be incorporated within previously considered microcavity design in which
hBN flake is deposited on top of one of the DBRs. When the thickness of this
additional hBN layer is equal to A\ /2nypN corresponding reflectance spectra
presented in Fig.5.10a clearly shows the cavity mode at the desired wave-
length of \¢. Additionally, the electric field distribution within such cavity,
presented in Fig. 5.10b, shows high value of the electric field at the interface
between hBN and air, at the position where WSe, flake can be deposited.

Such configuration corresponds to TMDC flake deposited on top of the
hBN. To obtain fully encapsulated flake additional hBN layer has to be de-
posited on top. Fig. 5.11 presents simulations performed for the thicknesses
of the covering hBN of 10 nm and 20 nm.

Fig.5.11a shows simulated amplitude of the electric field at the position
of the TMDC flake for varying thicknesses of the bottom hBN layer with the
top hBN 10nm and 20 nm thick. In both cases electric field exhibit a local
maxima close to the thickness of bottom hBN layer of A\o/2nupny = 170.6 nm
(for nppn(A = 720nm) = 2.11 [207]). According to the simulations for top
hNB with thickness of 10 nm the maximum lays at 162 nm and for thicker co-
vering hBN (20 nm) the bottom hBN should be thinner and equal to 156 nm.

For those optimal hBN thicknesses, electric field distributions within the
cavities are shown in Fig. 5.11c,d with the corresponding reflectance spectra
in Fig. 5.11b showing cavity mode positioned at Ag.

5.2.3 Experimental realization of a tunable microcavity

Following this design, the tunable cavity based on two dielectric DBRs was
realized in practice.
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Fig. 5.11 | Dielectric cavity for encapsulated flakes. (a) Simulated electric
field intensity amplitude at the position of a thin TMDC flake en-
capsulated in hBN for different thicknesses of bottom hBN layer
with top hBN layer of 10 nm and 20 nm. (b) Calculated reflectance
spectra and (c,d) electric field distribution for cavities correspon-
ding to maximum electric field at the position of the TMDC flake
with top hBN 10nm and 20 nm thick.
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Fig. 5.12 | Tunable microcavity holder. Scheme and photo of a holder fit-
ting inside a cryostat allowing to fabricate a tunable microcavity.

Fig.5.12 presents a scheme and a photo of a self-made holder allowing
to form such cavity inside the Oxford Instruments MicrostatHe-R cryostat.
From the top side, the holder contains an aperture with 2mm radius
allowing for optical access to the cavity. The top DBR forming the cavity was
glued directly to the holder with DBR layers pointing inwards. The optical
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cavity was formed by approaching with the second, bottom DBR.

There are two mechanisms to control the distance between the DBRs.
The first one allows for macroscopic adjustments outside the cryostat. The
bottom DBR is mounted on a piston, which can be moved by rotation of the
screw at the bottom part of the holder.

The second one, for more precise control of the distance allows for ad-
justments during the operation at liquid helium temperature. The bottom
DBR is glued to a piezoelectric chip (Thorlabs PA4FKW). By applying elec-
tric bias to the electrodes of the chip the element expands, decreasing the
width of the cavity.

The holder was prepared to fit dielectric DBRs grown on transparent
glass or fused silica substrates with dimensions of approx 7 x 7 x 1 mm.
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Fig. 5.13 | Tunable dielectric cavity. (a) Reflectance of cavity formed by
two DBRs: measured and calculated by transfer matrix method.
(b) Reflectance corresponding to 100V applied to piezoelectric
chip. (c) Experimental angle-resolved reflectance spectra at 0V,
50V and 100V applied to piezoelectric chip. (d) Experimentally
determined cavity mode position at different biases at piezoelec-
tric elements with calculated distance between the DBRs obtained
by transfer matrix method. All measurements performed at 4.5 K.

Operation of the full system was tested with a cavity formed by two
Si0,/TiO, DBRs with center wavelength of Ay = 720 nm. Holder was placed
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in the cryostat. Fig.5.13 presents results obtained with the system cooled
with liquid helium.

Fig.5.13a shows reflectance spectrum measured at normal incidence.
Within the photonic stopband region the spectrum shows clearly a cavity
mode with the resonant wavelength of around 740 nm and the second cavi-
ty mode at the short-wavelength edge of the stopband at around 630 nm.

With the application of 100V of the external bias to the piezoelectric
chip the width of the cavity decreases which results of in the shift of the
cavity mode towards lower wavelengths at around 720 nm, and the other
cavity mode at shorter wavelengths almost entirely shifts outside the pho-
tonic stopband.

The holder allows to use the high numerical aperture objective (up to ap-
prox. NA = 0.6 with working distance of 100 mm), which provides oppor-
tunity to collect angle-resolved reflectance spectra, as shown in Fig. 5.13c.
These (measured in shorter wavelength range than Fig. 5.13a,b) clearly show
both: parabolic dispersion relation of the cavity modes and the wavelength
tunability with voltage applied to the piezoelectric chip.

Resonant wavelength of the cavity mode extracted from the series with
increasing voltage is shown in Fig. 5.13d. In the range of 0-100 V almost per-
fect linear dependence between the electric bias and the position of the ca-
vity mode is observed. In this case small tunability of the mode in approx.
740-720 nm (shift of approx. 45 meV) is connected with low thickness of the
obtained cavity.

The thickness of the cavity can be estimated based on the reflectance
spectra, especially those collected in wider spectral range. In Fig. 5.13a expe-
rimental spectrum (gray dots) is compared with the simulations of two
Si0,/TiO, DBRs designed for maximum reflectance at 720 nm separated be-
tween each other by a vacuum gap of 420 nm (orange line). Such theoretical
curve properly describes multiple features of the experimental spectrum.
The most sensitive parameter changing with the spacing between the DBRs
is the wavelength of the cavity mode, which is in a good agreement between
simulations and experiment at 740 nm. For wider cavities the second para-
meter is the energy difference between subsequent cavity modes. In the ca-
se of the spectrum in Fig. 5.13a the second cavity mode is located just at the
short wavelength edge of the photonic stopband, but its position (630 nm )
in simulations match the experimental results. In good agreement with the
experiment is also the wavelength of the first reflectance minimum at the
higher wavelength edge of the photonic stopband (in simulations shifted
by approx. 10 nm towards higher wavelengths than in the experiment). Re-
maining oscillations of reflectance outside the stopband range are in general
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well captured by simulations in regards of spectral positions of subsequent
minima and maxima of reflectance. The highest discrepancy is visible aro-
und 580 nm where in the experiment a single minima can be observed but
the simulations show a double structure, but the overall agreement between
the experimental spectra measured at 0 V and the simulations for the cavity
thickness to 420 nm is very good.

This is particularly important when the experimental results are com-
pared with simulations for different cavity thicknesses. Fig.5.13a presents
also simulations performed for 50nm (green) and 790 nm (pink) spacing
between the DBRs. Those considered thicknesses are the closest values at
which the resonant wavelength of the cavity mode matches the experiment.
In both cases the agreement between simulations and experimental results
is significantly worse than for 420 nm spacing, especially at the position of
the cavity mode at 630 nm, where it is shifted towards shorter wavelenghts
for 50 nm and towards the higher wavelengths for 790 nm spacing.

Similarly, the spectra measured for 100 V electric bias can be compared
with the simulations. Fig.5.13b in solid orange lines presents the simula-
tions performed at 360 nm distance between the DBRs. Like for the previo-
us spectra there is a good agreement between the experimental results and
the simulations in the spectral position of the cavity mode and both short-
and long- wavelength minima of the reflectance. Once again only significant
discrepancy can be observed around 575 nm where single wide minima in
experimental results shows additional maximum in simulations.

Based on the simulations in the initial case without external bias the
distance between the DBRs is around 420 nm and decreases to 360 nm for
100V applied to the piezoelectric chip. Those values suggests that during
the operation both DBRs are in contact at the other parts of the sample. This
results in a limited tunability of the cavity width of the order of 60nm.,
which suggests that the movement of the piezoelectric chip is blocked. Ty-
pically operation at higher initial cavity width allows for extended tunabi-
lity range. Nevertheless observed in this case tunability of around 45nm of
the cavity mode is sufficient to fine-tune the cavity mode around the exciton
resonance in WSe,.

The final concern regarding the realization of the cavity containing WSe,
monolayer is the ability to locate the position of the desired flake. As the
flakes placed in the cavity are covered from both sides with the DBR struc-
tures with high reflectance the imaging of the flakes and finding desired
monolayer flake is difficult. Nevertheless imaging even in such conditions
is possible as is shown in Fig. 5.14. Fig. 5.14a presents area around a mono-
layer flake deposited on top of a dielectric DBR obtained under a standard
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5 um

Fig. 5.14 | Imaging of WSe, flake. (a) Image from an optical microscope
of the exfoliated WSe; flakes deposited on top of a DBR with the
monolayer region marked by dashed white line. (b) Image (pseu-
docolor scale of monochromatic image) of the same flake placed
inside a dielectric microcavity.

optical microscope. The monolayer area marked by a dashed white line is
surrounded by thicker flakes. The same area can be found when the flakes
are in the center of the cavity, as shown in the real space image taken in the
experimental setup Fig. 5.14b. In this case the visibility of the flakes is redu-
ced and the observation of the flake is more difficult. Based on such preview
area, the actual monolayer cannot be directly observed, but its position can
be found based on the relative orientation from the edges of the thicker fla-
kes. To enhance contrast of the image it is beneficiary to use illumination
outside the stopband region of the DBR. Fig. 5.14b illustrates the flake with
the illumination by a broadband LED. The LED light was transmitted thro-
ugh 532nm laser clean-up filter, but optical shortpass or longpass filters
blocking the stopband region could be also used.

In overall, the results in Fig. 5.13 shows that the proposed design of two
dielectric DBRs placed in the holder inside the cryostat allows for the re-
alization of the cavity with the width below 1 um. The use of piezoelectric
chip allows for the tunability of the cavity mode and high aperture of the
holder allows for collecting angle-resolved spectra in +20 deg range.

5.3 Multilayer flakes on DBRs

After the operation of an empty cavity described in the previous section,
this section concentrates on the characterization of optical properties of thin
WSe, flakes, outside of the cavity.
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Fig. 5.15 | Thin WSe, flakes on DBR. Image from optical microscope of the
sample with exfoliated WSe, flakes deposited on top of a DBR.
(a) Image of the whole sample. (b) Close-up on the area conta-
ining 1 to 6 monolayer thin fakes.

5.3.1 Samples with WSe, deposited on DBRs

Fig.5.15 presents image from optical microscope of the sample in which
WSe, was deposited directly on the surface of the DBR. Fig.5.15a covers
whole area of the DBR with size of around 7x7 mm. At this scale mostly
visible are only thick WSe, flakes remaining after the exfoliation and the
transfer process. Thin flakes prepared for optical measurements were in-
tentionally transferred at the center of the mirror, and the close-up on this
fragment of the sample is presented in Fig. 5.15b showing flakes with thick-
nesses ranging from single monolayer to 6 ML. Regions between flakes of
different thicknesses is marked by dashed lines. Thicknesses of the 1 to 4
ML flakes was confirmed by AFM measurement.

Preparation of the sample with encapsulated WSe, flakes was significan-
tly more complex as it required multiple consecutive flake transfers. Fig. 5.16
presents microscopic image after the first preparation step which was the
transfer of \/2-thick hBN flakes onto the DBR. Image shows mostly two
big hBN flakes. To confirm desirable thickness of the hBN multiple height
scans across different parts (marked with colored squares) of the flakes we-



5.3 Samples with WSe, deposited on DBRs 133

250
200
150
100
50
[
T T T T T

() 300
Flake 1 Flake 1 Flake 2 Flake 2 Flake 2 Flake 2
250 ¢ Position 1 Position 1 Position 1 Position 2 Position 3 Position 4
T 200F ~ - - o T S ST
=
4+
c 150}
i) £ E 3
9] o «Q <
T 100} o 3 =
] © )
50
fewae * . - === == == =
0

o
N
~
o
©
-
o
-
N
-
'S
-
o F
-
©
n
o
N
N
n
=
n
(2]

Distance (um)

Fig. 5.16 | hBN layers on DBR. (a) Image of the sample with hBN flakes
after transfer on DBR. (b) Thickness profiles measured by AFM
at different parts of the hBN flakes. (c) Thickness profiles across
different parts of the hBN layers.

re performed, as is shown in Fig. 5.16b. Line profiles across those scans are
resented in Fig. 5.16¢, showing flat areas with thickesses between 181 nm to
190 nm.

Image from the optical microscope of the fully finished sample, after
transfer of WSe, flakes and covering hBN, is shown in Fig.5.17. Fig.5.17b
presents close-up for the region interesting for the optical measurements.
Presented area contains flakes with thicknesses from 1 to 4 monolayers which
are encapsulated in hBN. Edges of the thinner covering hBN are marked
with black dotted line. Additionally, there are two flakes—monolayer mar-
ked as "1|hBN" and a fragment of a bilayer "2|hBN"—which are deposited
on hBN, but without the covering layer.
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Fig. 5.17 | Thin WSe, flakes encapsulated in hBN deposited on DBR. Ima-
ge from optical microscope of the sample with exfoliated WSe,
flakes deposited on top of a DBR. (a) Image of the whole sample.
(b) Close-up on the area containing 1 to 4 monolayer thin fakes.

Exfoliation and transfer of WSe, and hBN flakes and AFM measure-
ments were performed by Dr Karol Nogajewski, and DBRs were grown in
VIGO by Dr Janusz Kubrak.

5.3.2 Optical characterization of WSe, flakes on DBR

The characteristic optical spectra of the sample with WSe, deposited directly
on hBN are shown in Fig. 5.18. Measurements comprised of photolumine-
scence spectra excited nonresonantly with 514 nm continuous wave green
laser and reflectance contrast of broadband light from a halogen lamp, both
performed with sample inside a cryostat at the temperature of 5 K.

For monolayer (1 ML) the photoluminescence spectra is dominated by
spectrally broad emission band with energy around 1.7 eV. This band con-
sists of multiple transition of so-called localized exciton states. Line corre-
sponding to neutral exciton transition in the monolayer lays at the higher
energy slope of this band and is shown in the inset, at the energy of 1.75 V.
Assignment of this line to an exciton transition in a direct bandgap semicon-
ductor is consistent with reflectance contrast measurement. At the energy of
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Fig. 5.18 | Multilayer WSe, flakes deposited on dielectric DBR. Photo-
luminescence (color lines) and reflectance contrast (gray lines)
spectra of thin layer WSe, flakes (1-6 ML). Reflectance measure-
ments were fitted with transfer matrix model (color lines). Me-
asured at 5K.

this energy peak in the emission spectra there is an reflectance contrast ne-
gative peak. This spectral feature corresponds to absorption of the incident
light and optical creation of excitons.

For the WSe, bilayer (2ML) the emission sifts to lower energy at aro-
und 1.57 eV, and becomes much weaker, as signal shown in Fig. 5.18 is mul-
tiplied 20 x. This emission can be associated with lowest energy, optically in-
direct transitions between I" and ) points in the Brillouin zone [203]. As for
the monolayer, the emission signal consists of series of multiple lines. Com-
paring emission with reflectance contrast spectrum for bilayer, as expected
from optically indirect transition no absorption associated with this emis-
sion band can be observed. Reflectance contrast spectrum consists of single
line at 1.73 eV, much closer to the exciton energy for monolayer. This line
corresponds to absorption of excitons at K points in the Brioullin zone. As
this transition is optically direct, photoabsorption is efficient leading to pro-
nounced reflectance contrast signal. But as it is not the lowest energy trans-
ition, the emission line from this state was not observed. Additionally there
is a significant increase in the linewidth between the mono- and bi-layer, as
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Fig. 5.19 | Multilayer WSe, flakes encapsulated in hBN deposited on die-
lectric DBR. Photoluminescence (color lines) and reflectance
contrast (gray lines) spectra of thin layer WSe, flakes (1-4 ML).
Reflectance measurements were fitted with transfer matrix model
(color lines). Measured at 5K.

observed earlier by other authors [203].

Considering thicker trilayer (3 ML), the emission spectrum follows the
trend between mono- and bi-layer. Emission band shifts to even smaller
energies at approx 1.42 eV. Emission intensity is extremely weak and spec-
trum shown in Fig. 5.18 is multiplied 5000 x. But reflectance contrast spec-
trum still contains an absorption negative peak at the energy of 1.72eV. The
absorption line is broad and slightly asymmetric. The fine structure of K
excitons in TMDCs what can be explained by hybridization of multiple in-
terlayer and extralayer exciton complexes in multilayer TMDCs [153, 208].
Here, the splitting is comparable with the linewidth, so this fine structure
is hard to analyze in details.

For thicker flakes from 4 ML to 6 ML only reflectance contrast was me-
asured, as even lower emission emission intensity was reported [203]. Re-
flectance spectra for all of this flakes are very similar consisting of two deeps
at 1.71 eV with energy splitting significantly smaller than their individual li-
newidths.

The same measurements were also conducted on the sample containing
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hBN encapsulated flakes, with experimental results plotted in Fig. 5.19.

Starting from the encapsulated monolayer emission spectrum is still do-
minated by band of so-called localized exciton transitions with the center
energy of around 1.65 eV. hBN encapsulations clearly shows that this emis-
sion band consists of multiple, spectrally narrow lines. At the higher energy
side exciton emission line can be clearly observed at the energy of 1.71 eV.
Energy shift of 40 meV between monolayer WSe, excitons is attributed to the
change in dielectric environment around the flake. As expected from direct
optical transition, the emission line is accompanied with absorption visi-
ble as reflection contrast deep. Apart from this transition additional weaker
and spectrally narrower deep in RC spectra can be observed at the energy
of 1.84 eV, which corresponds to 2s excited exciton state.

For encapsulated bilayer (2 ML) emission spectrum consists of spectral-
ly broad band with lower energy at around 1.53 eV, which is not accom-
panied by any absorption signal at the reflectance contrast spectrum. Only
absorption occurs at the energy slightly redshifted from the excitonic trans-
ition in the monolayer. As for unencapsulated flakes there is a significant
linewidth increase between mono- and bi-layer. For bilayer the excited exci-
ton state is visible at the RC spectrum at the energy of 1.81 eV, closer in ener-
gy to the ground state than in monolayer. This line is also spectrally broader.

Following the trilayer (3 ML), the measured emission spectrum is simi-
lar to the combined mono- and bi-layer signal, what is probably caused by
spatial proximity of those layers. As shown in Fig.5.17 trilayer region is in
direct contact with a bilayer fragment and in close neighborhood with the
encapsulated monolayer. Emission spectrum was collected close to the cen-
ter of the trilayer region, but as both mono- and bi-layers are characterized
by significantly higher emission intensity, the collected signal is domina-
ted by their response. Clear trilayer signal measured for nonencapsulated
flake was possible thanks to significantly higher distance (above 150 um)
between trilayer and closer bilayer (Fig.5.15). Trilayer response can be still
differentiated by RC spectrum. Main exciton transition energy is still very
close to the bilayer one, but the excited exciton state energy (1.77 eV) comes
visibly closer to the main transition.

For the tetralayer there was no attempt to measure the emission spec-
trum. RC is dominated by a deep close to those for bi- and tri-layer. This
line is slightly more asymmetric at the lower energy side, and at the high
energy slope the excited exciton transition appears with energy of 1.76 eV.

To summarize, the encapsulation of WSe, flakes in hBN results in signifi-
cant reduction in spectral linewidth, and for investigated flakes allowed for
the observation of excited states of excitons at the cost of overall decrease of
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the emission intensity. Only for the direct bandgap monolayer the excitonic
transition is visible in both emission and relectance spectrum. For thicker
WSe, layers with transition to indirect bandgap semiconductor emission in-
tensity significantly drops and the emission from K points excitons was not

observed.

Nevertheless excitons at K points in the Brillouin zone can be still

created optically which was observed at reflectance contrast spectra.

5.3.3 Reflectance spectra model

encapsulated in hBN deposited on SiO,
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Fig. 5.20 | Multilayer WSe, excitons properties based on transfer matrix

model. (a) Energy, (b) oscillator strength and (c) linewidth of
excitons in WSe, multilayers encapsulated in hBN obtained by
fitting of transfer matrix model. (d-f) Corresponding results for
multilayer WSe, flakes deposited directly on DBR.
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Tab. 5.1 | RC fitting parameters for WSe, deposited on the DBR encapsu-
lated in hBN with modeled exciton-photon coupling strength in
dielectric cavity (abbrev. model) compared with the values obta-
ined experimentally (abbrev. exp.).

Eis (V)  fis (V?) 15 (meV) FEo, (eV)  fos (eV?) 25 (meV)

1ML 1.7128 1.23 7.2 1.8426 0.065 4.8
2ML  1.7059 1.30 20.0 1.8122 0.090 20.8
3ML 1.7055 1.07 16.7 1.7713 0.068 15.2
4ML 1.7036 1.03 19.5 1.7632 0.072 19.4

Tab. 5.2 | RC fitting parameters for WSe, deposited on the DBR with mode-
led exciton-photon coupling strength in dielectric cavity (abbrev.
model) compared with the values obtained experimentally (ab-
brev. exp).

Ei () Jis (V9 7 (meV) QP (meV) 05 (meV)

1ML  1.7532 1.63 13.8 194 23.9

2ML  1.7258 1.45 31.4 20.8 23.2

3ML 1.7103 0.72 28.5 29.1 30.2
1.7257 0.54 24.5

4ML 1.7026 0.52 24.2 31.3 37.5
1.7196 0.54 28.5

5ML  1.7002 0.47 235 33.6 36.8
1.7182 0.59 35.4

6 ML  1.7041 0.37 20.3 33.2 40.7
1.7228 0.55 38.6

Reflectance spectra were further analyzed using transfer matrix method.
It was assumed that thin WSe, flakes can be simulated by a layer with die-
lectric function given by [209]:

i
EWsey (E) =0 — Z JoE e ok (5.1)
where F; is energy and +; linewidth of given i transition. Thickness of each
layer was assumed to be a multiply of thickness of the monolayer equal to
0.65nm [206]. Parameter f; acts as oscillator strength per layer thickness of
given optical transition. As the background, the dielectric constant e = 16

was used [209].

For encapsulated flakes i goes over the main and excited state transition.
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For flakes placed directly on SiO, starting from trilayer it was assumed that
spectrum consists of two lines.

Calculating reflectance contrast between the bare DBR and the structure
with WSe, flakes allows to fit parameters of Eq. (5.1) to the experimental
data. Fitted parameters are plotted in Fig. 5.20 and collected in 5.2 for flakes
without and in Fig. 5.1 for flakes with hBN encapsulation.

For encapsulated flakes the main exciton energy remains almost con-
stant with varying thickness Fig. 5.20a, with the highest change between the
monolayer (1.713eV) and the bilayer (1.706 V). Excited exciton state ener-
gy changes significantly decreasing from 1.843 eV for monolayer to 1.763 eV
for the tetralayer.

Oscillator strength per layer thickness (Fig.5.20b) remains similar be-
tween all encapsulated flakes with value of around 1.15 (eV)? for the main
excitonic transition, and significantly lower of around 0.07 (eV)? for the 2s
state.

Linewidths follow the same trend for ground and excited exciton state
(Fig.5.20c). Lowest spectral width is observed for the monolayer (7.2 meV
for 1s state). For bilayer linewidth increases almost three times to 20 meV,
and stays similar for tri- and tetra-layer (16.7 meV and 19.5 meV correspon-
dingly).

For flakes deposited directly on top of the DBR exciton energy change
with layer thickness (Fig.5.20d) is more visible and changes from 1.753 eV
to 1.726 €V from the monolayer to the bilayer.

Oscillator strength is hard to directly compare between mono-, bi-layer
with thicker flakes as for them reflectance deep was simulated with two
transitions instead one for thinner flakes.

Linewidths follow the same trend as for unencapsulated flakes, but are
significantly higher starting form 13.8 meV for the monolayer.

The same analysis was applied to the reflectance results of mono- and
bi-layer WSe, which were deposited on hBN, but without covering layer.
Fig.5.21 presents photoluminescence and reflectance contrast spectra of tho-
se flakes. The overall shape of the spectrum resembles more the fully en-
capsulated flakes than those deposited on SiO,. Photoluminescence spectra
of the monolayer shows multiple sharp lines in monolayer luminescence.
Reflectance spectra contain spectrally narrow absorption deeps, but only
for the ground exciton state with no experimental evidence of excited exci-
ton states. Obtained fitting parameters, presented in Fig. 5.3, are close to the
fully encapsulated flakes in terms of transition linewidth and the oscillator
strength. Exciton resonance energy for those flakes lays in between energy
of fully encapsulated flakes and those deposited directly on dielectric mir-
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Tab. 5.3 | Fitting parameters for WSe, deposited on hBN with modeled co-
upling strength in dielectric cavity compared with the values ob-
tained experimentally.

Eis (eV)  fis (eV?) 715 (meV) Qodel (meV) Q7L (meV)

1ML  1.7366 1.10 7.6 21.7 24.5
2ML  1.7132 1.03 20.5 27.6
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Fig. 5.21 | Multilayer WSe, flakes deposited on hBN without full encapsu-
lation. Photoluminescence (red) and reflectance contrast (gray)
spectra of (a) monolayer and (b) bilayer WSe,. Reflectance me-
asurements were fitted with transfer matrix model (blue lines).
Measured at 5K.

5.4 Exciton-polaritons

5.4.1 Tunable dielectric cavity with WSe, multilayer flakes

To investigate the coupling of excitons with cavity photons, a microcavity
was formed by approaching the dielectric DBR to the second DBR conta-
ining WSe, flakes. Full planar cavity structure was cooled down in a cry-
ostat to approx. 5K and the spacing between the DBRs forming the cavity
was controlled by external voltage applied to piezoelectric chip. Results of
angle-resolved reflectance spectra for the encapsulated WSe, flakes of dif-
ferent thicknesses are shown in Fig. 5.22.

For all 1 to 4 ML flakes two anticrossing modes are clearly visible which
confirms achievement of the strong coupling regime in which the eigensta-



142 Exciton-polaritons

Energy (eV)
aoueod|eY

-15 0 15  -15 0 15  -15 0 15  -15 0 15
Angle (deg) Angle (deg) Angle (deg) Angle (deg)

Fig. 5.22 | Strong coupling regime in multilayer WSe,. Angle-resolved re-
flectance spectra from tunable dielectric microcavity containing
WSe,: (a) monolayer, (b) bilayer, (c) trilayer and (d) tetralayer
encapsulated in hBN. Measured at the temperature of 5 K.

tes of the systems are coupled exciton-photon states: lower and upper pola-
ritons. Results with the highest visibility were obtained for the monolayer
flake

(Fig.5.22a) with the spectrally narrowest lines. For thicker flakes the li-
newidth of the cavity modes increases and especially upper polariton is
more pronounced at more negative exciton-photon detuning presented in
Fig.5.22b—d.

Modes observed in the reflectance were fitted with dispersion relation of
exciton-polaritons given by coupled oscillator model (1.2). Energy of exci-
tonic transition in the given flake are marked by purple horizontal dashed
line, and were taken from previous fitting to RC measurements summari-
zed in Fig.5.1. Results of the fitting providing lower (LP) and upper (UP)
polariton branches are marked in Fig. 5.22 by white dashed line. Fitting pa-
rameters were: energy and effective mass of photonic mode (marked by gray
dashed line for bare cavity mode), and exciton—-photon coupling strength (2.

To estimate the distance between the DBRs forming the cavity a reflec-
tance measurements in wider spectral range were performed. Spectra were
collected near the WSe, flakes, at the hBN layer. Fig.5.23a—c presents ob-
tained results at three different electric biases applied to the piezoelectric
chip. Without external voltage (Fig.5.23a) two cavity modes are visible. As
the one observed at the longest wavelengths is close to the edge of the stop-
pband region of the DBRs it is visibly broader. With applied voltage both of
the modes shift towards shorter wavelengths (higher energies). Experimen-
tal spectra are compared with the simulations by Berreman matrix method
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Fig. 5.23 | Reflectance of tunable microcavity with hBN flake. Measured
normal incidence reflectance from the cavity with hBN flake at
(a)0V, (b)90V and (c) 150V applied to piezolectric chip with
corresponding transfer matrix simulations at different distances
between the DBRs. (d) Comparison between experimental (po-
ints) energy and linewidth of the cavity mode versus applied
electric bias with simulated (solid lines results at different spa-
cing between the DBRs.

performed for such spacing between the DBRs to obtain the best match with
the experiment. At 0V this distance is equal to 290 nm and decreases with
voltage to 170 nm at the highest 150 V electric bias. Simulations well recre-
ate all main features of the experimental results. Energy of cavity modes
and their spacing is the most sensitive to the cavity width, but simulations
well recreate also both edges of the stopband region, and the narrowing of
the cavity mode with longer wavelength with increasing voltage. Spectra
in Fig.5.23a—c were collected by a fiber-coupled spectrometer with broad
spectral range, but limited spectral resolution.

Precise tunability of the cavity is shown in Fig.5.23d presenting evolu-
tion of the energy of the cavity mode spectrally closer to WSe, excitonic reso-
nance with applied electric bias. In this case external voltage allows to obtain
tunability of 120 meV. Fitting energy of this single mode to the experimen-
tal results allows for extraction of the precise distance between the mirrors,
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and as is shown in upper axis it varies in 170-330 nm. Simulations (blue li-
ne) reproduce also observed in the experimental data spectral broadening
of the mode as it approaches the short-wavelength edge of the photonic
stopband (Fig.5.23c) with increasing voltage (decreasing spacing). Expe-
rimental linewidth below 100V are almost constant and equal to approx.
5meV, compared with 4 meV in simulations.

Such broadening can be explained as a result of and variation in the
thicknesses of individual layers as well as the whole DBR structure. In the
experiment the diameter of the incident white light spot is on the order of
5 um, so collected spectra represents an average over such area.

Purple line in Fig. 5.23d shows mean value of the simulations in which
distance between the mirrors is described by a normal (Gaussian) distribu-
tion with standard deviation of 0 = 1nm, which very well matches to the
experimental data.

Tunable cavity allows for crossing with the cavity mode energy through
the excitonic resonances in WSe, flakes. Especially at zero exciton-photon
detuning the energy splitting between the upper and the lower polariton
branches is the smallest and equal to the coupling strength ().

Normal incidence reflectance spectra for increasing voltage at piezoelec-
tric chip for 1 ML to 4 ML flakes are shown in Fig. 5.24a—d. For all the flakes
the cavity mode energy crosses with the excitonic resonance resulting in a
clear anticrossing behavior between two polaritonic branches. With incre-
asing WSe, thickness the coupling strength, given by the smallest energy
difference between the two branches, also increases. The fitting of the ener-
gy position of the modes provides experimental determination of Rabi ener-
gy which changes from 24.5meV for 1 ML, 30.5 meV for 2 ML, 35.0meV for
3ML to 36.1 meV for 4 ML.

Experimental results in Fig. 5.24a—d are in a good agreement with Ber-
reman matrix simulations presented in Fig. 5.24e-h. It is worth noting that
this simulations do not include any parameters extracted form experiment
in strong coupling regime, apart form the estimation of the cavity width in
Fig. 5.23.

The values of the coupling strength obtained in simulations can be extrac-
ted from theoretical reflectance spectra in the same way as in the experiment
by fitting energy positions of both polariton branches and finding their mi-
nimal distance. The values from both experiment and simulations are col-
lected in Fig.5.26a. The Rabi energy clearly increases with the number of
monolayers. Simulations are in a good agreement with measurements but
slightly underestimate experimental values.

Following coupling strength expected form strong coupling from N atoms



5.4 Tunable dielectric cavity with WSe, multilayer flakes 145

1.80 1.0

0.8

<175 06
T
>

S 0.4

GC) 1.70 F
- 0.2
0.0

Energy (eV) Energy (eV)

Energy (eV)

1.65
2

1.80

1.75

1.70

300 280

1.65 L
0 20 40 60 80 320 260 240
() 3 ML (g) 3 ML
1.75F -
J
1.70

340

1.65
20 520 300 260 260
(h) 4 ML
1.75 : E
1.70

1.65 F

40

60

80
Voltage (V)

/

100 120 320 300 280

Gap thickness (nm)

260

Fig. 5.24 | Strong coupling regime in multilayer WSe, in tunable microca-

coupled to cavity field [210]:

Q(N): \/NQD

vity. Normal incidence reflectance spectra from dielectric tuned
by external voltage containing WSe, flakes: (a) monolayer, (b)
bilayer, (c) trilayer and (d) tetralayer. Measured at the tempera-
ture of 5K. (e-h) Corresponding transfer matrix simulations for
varying distance between the DBRs forming the cavity.

(5.2)

similar behavior was predicted for a planar microcavity incorporating a qu-
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antum well [211]:

Q= \/MO — (7 =% /4, (5.3)

where Iy is the exciton radiative time [212], proportional to oscillator strength
per unit area plays a role of a number of available resonators and additional
term includes corrections due to spectral linewidths mismatch between the
cavity mode . and the excitonic transition .

More specifically, for a WS, monolayer in an tunable open cavity C. Flat-
ten et al. [201] derived an equation for Rabi energy as:

0 =2y/wd — (v = 7)* /4, (54)

where d is the thickness of the monolayer. Parameter w is proportional to
the exciton oscillator strength per layer thickness and at the same time de-

pends on such cavity parameters as effective cavity thickness and effective
refractive index of the cavity.

The same experiment and analysis was also performed on another sam-
ple containing WSe, flakes deposited directly on the dielectric DBR. Obta-
ined normal incidence reflectance for tuning the cavity mode across excito-
nic resonances in WSe, flakes are presented in Fig. 5.25.

In this case the distance between the mirrors was much higher as fo-
ur consecutive cavity modes were observed over the whole photonic stop-
band region, which based on simulations, corresponds to the cavity width
at the order of 3 pm. For both experiment and simulations for all investi-
gated flakes with thicknesses varying between 1 ML and 6 ML reflectance
spectra consists of two branches exhibiting clear anticrossing behavior. The
clearest anticrossing is observable for the monolayer flake (Fig.5.25a), whe-
re two anticrossing branches are simultaneously clearly distinguishable in
115-130V range. For the thicker layers (Fig.5.25b—f) for increasing volta-
ge the lower polariton branch disappears and the upper polariton branch
emerges at higher energy. All those observations are consistent with the
transfer matrix method simulations presented in (Fig.5.25g-1), with clear
transition for the monolayer and significant increase of the polariton modes
linewidth around zero detuning for thicker layers.

Obtained Rabi energies, which are summarized in Fig.5.26b, confirm
the same trend as for encapsulated flakes. Rabi energy increases with the
number of monolayers, but slower than can be expected from stacking of
multiple isolated monolayers (square root projection). As before the expe-
rimentally observed coupling strength is better recreated with the transfer
matrix simulations (red crosses) although it slightly but consistently unde-
restimates the value of the Rabbi splitting.
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Fig. 5.25 | Strong coupling regime in multilayer WSe, in tunable microca-
vity. Normal incidence reflectance spectra from dielectric tuned
by external voltage containing WSe, flakes: (a) monolayer, (b) bi-
layer, (c) trilayer and (d) tetralayer, (e) pentalayer, (f) heksalayer.
Measured at the temperature of 5K. (g-1) Corresponding trans-
fer matrix simulations for varying distance between the DBRs for-
ming the cavity.
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Fig. 5.26 | Rabi splitting. Dependence of Rabbi splitting on thickness of
WSe, layers extracted from experiment and transfer matrix me-
thod. (a) WSe, flakes encapsulated in hBN, (b) Wse, flakes de-
posited directly onto DBR

The tunability range in the experiment shown in Fig. 5.24 was insuffi-
cient to observe crossing between the cavity mode and the 2s excited state
in the monolayer WSe, at 1.84 eV.

Coupling with the higher Rydyberg states is of interests as due to the-
ir higher Bohr radius and higher values of expected optical nonlinearities
[213]. Coupling between the excitons in excited states and the cavity mode
was observed earlier in GaAs-based cavities [214], especially under external
magnetic field, and for cavities with inorganic perovskites [215].

To investigate potential coupling with such excited state another experi-
ment focused at this spectral range was performed with results summarized
in Fig.5.27. Fig.5.27a presents normal incidence reflectance spectra obta-
ined for increasing voltage applied to the piezoelectric chip, which shows
crossing of the cavity mode with the energy of the excited state of hBN en-
capsulated monolayer, extracted from the measurements without top DBR
in Fig.5.1 (marked with dashed lines).

For both: normal incidence reflectance spectra as a function of volta-
ge applied to the piezoelectric stage (Fig.5.27a) and angle resolved spectra
(Fig.5.27b,c) there is no experimental evidence of coupling between the 2s
excited state and the cavity mode. Neither clear anticrossing behavior nor
resonance broadening is observable at the crossing of photonic and excito-
nic resonances.

For fabricated structure the oscillator strength of 2s exciton resonance
appeared to be insufficient to achieve strong coupling regime, as can be
shown in simulations. Fig. 5.27d presents simulated reflectance spectra per-
formed for increasing value of 2s exciton oscillator strength. For high oscil-
lator strength strong coupling regime is evinced by the appearance of two
modes corresponding to the lower and the upper polariton. With decre-
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Fig. 5.27 | Potential coupling with 2s exciton excited state. (a) Normal in-
cidence reflectance for tuning of the cavity mode across the ener-
gy of 2s exciton state in encapsulated WSe, monolayer. Angle-
resolved reflectance spectra corresponding to (b) 75V, (c) 100V
form panel (a). (d) simulated normal incidence reflectance for in-
creasing value of 2s exciton oscillator strength. (e) Comparison of
experimental, and simulated normal incidence reflectance.

asing oscillator strength energy the splitting between those branches decre-
ases and especially at vanishing oscillator strength single uncoupled cavity
mode can be observed. At 2s exciton oscillator strength for encapsulated
monolayer extracted from fitting the reflectance spectra which is equal to
fas = 0.065 eV? and marked by a dashed vertical line in Fig.5.27d, and cor-
responding reflectance spectrum in Fig.5.27e (blue line). For those para-
meters simulated splitting is smaller than the linewidths and it cannot be
resolved in the experimental spectrum (gray dots).

Thus in the investigated cavity the strong coupling regime between the
cavity mode and the 2s excited state of the WSe, monolayer was not achie-
ved, which is consistent with the theoretical predictions. Strong coupling
conditions were reported in the literature in Ref. [216] in which in order to
enhance the coupling condition three independent WSe, monolayers sepa-
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rated by hBN layers were placed at the antinodes of the electric field of the
cavity resulting in Rabi splitting of 7.7 meV.

5.5 Valley polarized exciton-polaritons

As it was demonstrated in Sec. 5.4.1, due to the indirect bandgap of investi-
gated multilayer flakes, the optically direct excitonic transition was not vi-
sible in the photoluminescence and the investigation of the strong coupling
was concentrated on the reflectance measurements. This is not the case for
monolayer WSe,, where both photoluminescence and reflectance spectra
can be traced.

Fig.5.28a—e presents angle-resolved reflectance spectra from the cavity
with monolayer WSe; at different voltages applied to the piezoelectric stage.
Each spectra clearly show two strongly coupled lower and upper polariton
branches. Exciton-polariton dispersion relations were fitted to each spectra
and are shown in white dashed lines with resulting bare cavity and exciton
energies marked with gray dashed lines.

For monolayer WSe, the same dispersion relations can be observed in
emission. Fig. 5.28f—j presents the photoluminescence spectra corresponding
to the same electric biases applied to the piezoelectric stage. The sample was
excited non-resonantly with a continuous wave green laser with emission
wavelength of 532nm (2.33eV) and mean excitation power of 50 uW. For
the highest negative exciton-photon detuning in Fig. 5.28f the highest emis-
sion intensity is located at the bottom of the lower polariton branch fitted to
the reflectance measurement. Emission intensity from the upper polariton
branch is much weaker, but it can be observed when the emission intensi-
ty is rescaled for the energies exceeding the uncoupled exciton energy. For
Fig.5.28f with scaling factor of 182x the upper polariton branch is clear-
ly visible in emission and follows exactly the dispersion relation fitted to
the reflectance measurement. Analogous results can be obtained for higher
piezo voltages, witch increase the value of exciton-photon detuning, as pre-
sented in Fig. 5.28g—j. As the cavity mode approaches the exciton resonance,
the overall emission intensity decreases. The highest emission intensity is
observed at the bottom of the lower polariton branch.

In order to observe the effects of valley polarization in the cavity with
monolayer WSe,, the emission intensity was detected independently in o™
and o~ polarizations and the sample was excited with laser beam polarized:
ot, 0~ and linearly along horizontal,  axis. At first, the same nonresonant
green laser beam 532nm (2.33eV) was used. Collected photoluminescen-
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Fig. 5.28 | Reflectance and photoluminescence from monolayer WSe,
exciton-polaritons. Angle resolved (a—e) reflectance and (f-)
photoluminescence spectra form tunable dielectric cavity conta-
ining WSe, monolayer at different voltages applied to piezolectric
stage. White dashed lines mark fitted exciton polariton dispersion
relations. Measured at the temperature of 5 K.

ce spectra obtained at different voltages applied to the piezoelectric stage
are plotted in Fig. 5.29a-1. In Fig. 5.29a for negative exciton-photon detuning
emission comes mostly from the lowest energy of the lower polariton mode
at around 1.70 eV with less intense signal from upper polariton at around
1.75¢€V. In Fig. 5.29a the sample is excited with o polarized light with sli-
ghtly stronger co-polarized emission (red line) than for the circular polari-
zation with the opposite helicity (blue line). This slight imbalance suggests
that even for this highly nonresonant excitation at least partially the angular
momentum of the incident beam is preserved through orbital momentum
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Fig. 5.29 | Valley polarization in WSe, exciton-polaritons. (a)—(1) Photo-
luminescence spectra detected in ot (red lines) and o~ (blue li-
nes) polarizations for: %, 0~ and linearly polarized excitation at
532nm (2.33€eV) at different voltages applied t the piezoelectric
stage. (m) Degree of circular polarization of the total emitted li-
ghtintensity at different voltages excited with o+, o~ and linearly
polarized laser beam.

of WSe, excitons in final exciton-polariton state as o polarized excitation
beam creates more charge carriers in the K valley than in the —K one.

To check the reproducibility of this effect, at the same conditions, when
the polarization of the excitation beam is changed to the linear, emission in-
tensity detected in both circular polarizations is almost the same, as shown
in Fig. 5.29%. In this case linearly polarized excitation beam equally excites
carriers in both K 'and —K valleys, and the resulting emission shows no de-
gree of circular polarization.

For the final check, at the same voltage the polarization of the excitation
beam is changed to o, carriers in —K valley are excited more efficiently
which results in slightly stronger o~ polarized emission Fig. 5.29i.

As the overall observed effect of valley polarization is quite small, the
same experiment was repeated at different cavity widths controlled by pie-
zo voltage, as shown in Fig. 5.29a-1. For each realization observed emission
light intensity is higher in co-circularly polarized light and the degree of
curricular polarization of the emitted light is smallest for linearly polarized
excitation. Those results are summarized in Fig. 5.29m which presents the
degree of circular polarization of the total emitted light. As the degree of
circular polarization of the emitted light clearly depends on the excitation



Valley polarized exciton-polaritons

153

polarization, no evident dependence on the cavity detuning (voltage) is ob-
served.
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Fig. 5.30 | Valley polarization in WSe, exciton-polaritons. (a) Angle-

reolved reflectance spectrum at negative detuning of o

—83 meV. Angle-resolved photoluminescence spectrum for quasi-
resonant excitation: detection in o™ and o~ polarizations with
corresponding degree of circular polarization (DOCP) for (b-d)
o™, (e—g) linear, and (h-j) o~ excitation polarization. Measured
at the temperature of 5K.

Second, to achieve stronger valley polarization similar experiment was

repeated with quasi-resonant excitation, with laser light wavelength closer

in energy to the excitonic transition. In this configuration for optical exci-
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tation we used continuous wave tunable Ti:sapphire laser set to 709.3nm
(1.748eV), close to the energy of exciton in monolayer WSe,. Starting from
highly negative exciton-photon detuning § = —83meV angle-resolved re-
flectance spectra was measured in order to prove operation in strong co-
upling regime shown by anticrossing behavior between the polariton mo-
des Fig.5.30a. As the excitation laser energy is set quasi-resonantly with
the exciton energy, photoluminescence signal is collected only for lower
polariton branch. For o polarized excitation beam angle-resolved photo-
luminescence spectra detected in ot and ¢~ polarizations are plotted in
Fig.5.30b,c. In those spectra, the signal follows dispersion relations obse-
rved in reflectance, with higher intensity in co-polarized detection with the
excitation beam (Fig. 5.30b). To compare emission intensity detected in both
circular polarizations Fig. 5.30d presents the degree of circular polarization
calculated from spectra Fig. 5.30b—c. The obtained degree of circular polari-
zation is positive along the dispersion relation, but it is the highest at emis-
sion energies of around 1.72eV and 1.67 eV, with a minimum in between
around 1.685¢€V.

For linearly polarized excitation beam (Fig. 5.30e-g), consistent with ear-
lier highly nonresonant excitation, emission intensity detected in both cir-
cular polarizations is almost the same (Fig. 5.30e-g) resulting in vanishing
DOCP in Fig.5.30g.

As expected for o~ polarized excitation beam the results resemble those
obtained for opposite helicity of the incident light, but with stronger emis-
sion intensity in o~ polarization resulting in negative DOCP. Similarly, like
for ot excitation, DOCP approaches zero as emitted photon energy is close
to 1.685eV.

To investigate how the observed valley polarization changes with exciton-
photon detuning analogous measurements were repeated at different vol-
tages applied to the piezoelectric stage which controls exciton-photon de-
tuning §. Fig.5.31a-d presents angle-resolved photoluminescence spectra
measured for increasing piezo voltage between 15V and 60V (correspon-
ding to the detunings in the —68 meV to —26 meV ). The emitted light follows
exciton-polariton dispersion relations fitted from the corresponding reflec-
tance spectra. The spectrally narrow feature in the emission intensity at the
energy of 1.715 eV we attribute to the phonon assisted scattering of the inci-
dent laser light as the energy energy of phonon in monolayer WSe, is equal
to 31.2meV [217]. To analyze the overall emission intensity, the sum of the
signals detected in o+ and o~ polarizations along the dispersion relation for
all of the investigated detunings are plotted in Fig.5.31e. For the three hi-
ghest detunings the emission intensity is the highest at the normal direction,
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Fig. 5.31 | Valley polarization in WSe, exciton-polaritons at different de-
tunings. (a)—(d) Angle-resolved photoluminescence detected in
ot for the same polarization of the incident pump at different
voltages applied to the piezoelectric stage. (e) Total emission in-
tensity as a function of the emission angle fitted with Gaussian
relation. (f) Exciton-polariton dispersion relations at different
exciton-photon detunings. (g) Angle-resolved DOCP spectra at
different detunings for o™ polarized quasiresonant excitation.

with Gaussian-like dependence on the emission angle. For the two most
negative detunings a deviation from this behavior can be observed. Fitting
Gaussian relation to emission intensity dependence on the emission angle
show significant discrepancy at normal incidence for the —68 meV detuning
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(blue shaded region), and for the —86 meV detuning the highest discrepan-
cy can be observed slightly below +10 deg of the emission angle (purple
shaded region). Those discrepancies can be easier understood when plot-
ting observed exciton-polariton dispersion relations at different detunings
in a single graph, like in Fig. 5.31f. Those region corresponding to the de-
viations of the observed light emission and the Gaussian relation coincide
with the region in which the dispersion relations crosses the resonance at
around 1.68 eV, which is marked in Fig. 5.31f with a shaded line. Such beha-
vior suggest existence of some additional resonant recombination channel
which decreases total emission, but which does not have to influence the
spin coherence of the system.

Energy difference from exciton (meV)

-80 -70 -60 -50 -40 -30 -20 -10 0

0'4_"""'"|'|"|'|"|'§|:"|'|"|'0|+"|'|"|'!"_
. 03} Wz"*,- excitation -
S L ) : : 4
E [ o...;‘-:‘b:u,. —
2 xio ]
a P
g Linear P
S excitation ]
£ h
ks
2 -0.2 0o e 5=—55 meV/| =
o] W
3 ':":ng_‘ - . 5=-68 meV| T

-0.3 N oo o |e5=—83meV| ]

& exmtat‘on T b
el b b L b i
1670 1680 1690 1700 1710 1720 1730 1740 1750 1760
Energy (meV)

Fig. 5.32 | Energy dependence of valley polarization in WSe, exciton-
polaritons. Degree of circular polarization as a function of emit-
ted photon energy for o, ¢~ and linearly polarized quasireso-
nant excitation.

DOCP spectra corresponding to Fig.5.31a—d are plotted in Fig.5.31g—j.
For the highest detuning the emitted light is in significant degree co-polarized
with excitation beam resulting in high positive DOCP. As the detuning be-
comes more negative, the highest values of the DOCP can be observed at
high emission angles, with almost vanishing DOCP at normal emission an-
gle for the most negative detuning —68 meV (Fig.5.31g).

The easiest way to combine all results on valley polarization of the emit-
ted light is to plot observed DOCP as a function of the emitted photon ener-
gy, as shown in Fig. 5.31. The plot combines data collected for all five inve-
stigated exciton-photon detunings at three excitation polarizations.

For the linearly polarized excitation beam observed DOCP of the emit-
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Fig. 5.33 | Polariton emission intensity (a) Emission intensity depending
on the emission energy. Boltzmann distribution fits are marked
with black lines with temperatures equal to: 171K, 100K, 72K,
64K, and 35K, from the most negative detuning. (b) Difference
between Boltzmann fit and the observed experimentally emission
intensity.

ted light remains close to zero regardless on the detuning.

For the circularly polarized excitation, the observed polaritons DOCP is
nonzero and depends on the energy of the emitted photons. Dependence on
the energy is similar for both circularly polarized excitation polarizations,
but the sign of the observed DOCP depends on the helicity of the pump. The
highest retention of the incident polarization (highest module of DOCP) is
observed at around 1.72 eV, corresponding to the energy 35 meV below the
excitonic transition in the investigated monolayer WSe,.

This maximum coincides in energy with the trion (charged exciton) re-
sonance visible in the photoluminescence spectra, marked with dashed oran-
ge line.

Such an observation is also consistent with reported in the literature
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time-resolved photouminescence studies of bare WSe, monolayers, showing
much slower valley depolarization time for charged excitons [218]. In the
time-probe experiments for the neutral exciton the valley polarization de-
cay time for monolayer WSe, was reported to be equal to 6 ps [219], which
is comparable with the valley polarization time of intervalley trion of 4 ps
with energy 28 meV below the neutral exciton [220]. However, in the same
work for the intravalley trion located 35 meV below the excitonic transition
the valley polarization time was observed to be significantly longer than
25 ps, which by resonant scattering may enhance depolarization time of the
polariton state thus increase the value of the observed DOCP.

An analogous relative high value of the DOCP at the energy of trions
was also observed in a similar system incorporating MoSe, monolayers in-
side a tunable microcavity cavity in Ref. [176].

For lower energies of the emitted photons the DOCP decreases reaching
a local minimum at the energy of around 1.68 meV (70 meV below the exci-
tonic resonance).

Based on the experiments reported in the literature with the detection
set in-plane of a monolayer flake [221], coupling with surface plasmons
[222] or brightening with magnetic field applied in Voight configuration
[223], the dark exciton resonance can be observed at energy between 40 meV
and 46 meV below the excitonic resonance. Independent studies of mono-
layer WSe, subjected to high magnetic field in Voigth configuration report
emergence in the photoluminescence spectra of two lines corresponding to
dark exciton states at the energies 47meV and 61 meV below the neutral
exciton line [224].

To summarize, the decrease in the valley polarization observed at abo-
ut 1.687eV can be attributed to resonant scattering between the photon-
coupled polarized bright excitons and other excitonic transitions such as
the dark trion state[223] or some localized states. At this resonance we ob-
serve the decrease of the total emission intensity, shown in Fig.5.31, which
is expected for such a scattering mechanism. The phonon-assisted processes
cannot be also excluded [217]. Fig.5.33 illustrates the total emission inten-
sity extracted from dispersion curves. The Maxwell-Boltzmann (MB) di-
stribution was fitted to the intensity—energy relationship. The occupancy of
polariton modes is expected to follow the MB relationship only if the rela-
xation along a lower polariton branch with acoustic phonons is active and
no additional channel that could lead to the loss (resonant scattering) or
increase (LO phonon assisted transitions) of particles is present. We do not
observe any bottleneck effect, which supports the statement that the relaxa-
tion with acoustic phonons is efficient and the polariton gas can be therma-
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lized. We observe that the polariton gas can easily relax to the bottom of the
dispersion curve for detuning —26 meV and —55 meV, as the polariton po-
pulation follows the MB relationship very well. If polaritons encounter any
of the possible resonant channels (detunings —42 meV, —68 meV, —83 meV),
the system cannot be easily described by MB distribution. The highest de-
viation from the expected population is observed in the energy range from
1.675¢eV 1.678 ¢V, where the increase of the DOCP is also observed. The ef-
fective temperature of polariton gas extracted from fitting MB to the pola-
riton population depends on detuning. The temperature is the highest for
large negative detunings where the polariton lifetime is the shortest (ap-
prox. 0.4 ps) and polaritons contain a low exciton fraction which results in
long relaxation times. The polariton lifetime is generally much shorter than
the relaxation time towards the ground state by phonon interaction.
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Fig. 5.34 | Angular dependence of valley polarization. Observed DOCP of
the emitted light at different exciton-photon detunings as a func-
tion of the emission angle. Data obtained for o polarized quasi-
resonant excitation.

It is also important to mention, that in the obtained results no evident
dependence on the emission angle was observed. In the literature, the chan-
ge of the degree of circular polarization was assigned as an effect of TE-
TM splitting arising for emitted photons with increasing wave vector e.g.
in Ref. [175]. In our case we plot DOCP of the polaritons excited with o™
polarized beam as a function of the emission angle like in Fig. 5.34, where
DOCP undoubtedly changes with the emission angle. Nevertheless there is
no clear dependence on the emission angle between measurements at dif-
ferent detunings, which due to quasiresonant excitation all remain in the
significantly negative regime. This is in contrast with the Fig.5.32 in which
points obtained at the same emission energy show similar values of DOCP
regardless on the exciton-photon detunig. Such behavior suggests that the
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DOCP observed in this work is rather an effect of wave-vector independent
processes.

5.6 Exciton-polaritons with TMDCs thin layers: sum-
mary

In summary, this chapter presented possibility to control over the spin sate
of the cavity photons through strong coupling with valley polarized exci-
tons in WSe, monolayer.

At first, based on transfer matrix simulations we proposed a realistic die-
lectric approach to construct a tunable microcavity, which can incorporate
WSe, monolayers and operate at a liquid helium temperatures.

Second, the designed structure was successfully used to demonstrate
strong coupling regime with clear anticrossing behavior between lower and
upper polariton branches. Additionally strong coupling regime was achie-
ved not only for monolayer WSe,, but also for thicker up to 6 ML flakes
which were not earlier investigated towards coupling with microcavity field
due to their indirect bandgap.

Third, the results in the strong coupling condition were in a good agre-
ement with theoretical predictions based on the transfer matrix method.
What is especially important, the analysis of the reflectance spectra of thin
WSe, flakes deposited on dielectric flakes allowed for the extraction of opti-
cal properties of excitonic transition in this material. Obtained properties
were then used to predict exciton-photon coupling strengths in fully assem-
bled microcavities, which showed good agreement with the experimental
results.

At the end we showed that spin of the exciton polaritons in monolayer
WSe, were controlled with the polarization of the excitation laser beam due
to valley polarization in TMDCs. Using tunable microcavity we showed that
the maximum valley polarization of the exciton polaritons can be observed
at the energies close to the trion resonance in the monolayer WSe,.



Chapter 6

LC microcavities with 2D
perovskite and nonzero Berry
curvature

Results described in a manuscript currently under review:

[225] K.Lempicka-Mirek, M. Krél et al., Electrically tunable Berry curvature
and strong light-matter coupling in birefringent perovskite microca-
vities at room temperature. arXiv:2203.05289 (2022).
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In the previous chapter it was described how an excitonic transition wi-
thin a material can be strongly coupled to a cavity mode resonance to form
a mixed light-matter state. Especially that as a result of such mixing spin
properties of the exciton can be passed to the final coupled state. In the case
of investigated single WSe, flakes coupling strength was enough to obta-
in strong coupling condition but only at low temperatures. Within the sa-
me system operating at room temperature the decreasing exciton oscillator
strength and increasing linewidth did not allowed for observation of the
strong coupling regime in the investigated system.

In this chapter another material system exhibiting robust excitonic trans-
ition at room temperature will be used to demonstrate strong coupling re-
gime in microcavities filled with liquid crystal. In addition by introducing
diagonal-antidiagonal splitting by nonparallel rubbing layers allowed for
engineering of nontrivial topology of the photonic modes exhibiting locally
nonzero Berry curvature.

The first section (Sec. 6.1) of this chapter will be devoted to a brief sum-
mary of optical properties of lead halide perovskites based on review papers
[226] and especially their applications in polaritonics [227, 228].

The second section (Sec. 6.2) presents experimental results on lumine-
scence of 2D perovskite at room temperature combined with its refractive
index extracted from the ellipsometry.

In the third section (Sec. 6.3) this refractive index will be used in Ber-
reman matrix simulations to demonstrate possibility of strong light-matter
coupling in the system of liquid crystal microcavity incorporating 2D pero-
vskite. Such simulations will be compared with experimental angle-resolved
photoluminescence spectra.

The final section (Sec. 6.4) will be devoted to similar system of LC mi-
crocavity with 2D perovskite in which due to intentional twisted nematic
orientation of the LC resulting polariton bands show locally nonzero Berry
curvature. Analytical model will be compared with Berreman matrix simu-
lations and experimental results demonstrating tunability of the polaritonic
Berry curvature with applied external electric field.

6.1 2D organic-inorganic perovskites

Metal halide perovskites combine multiple extraordinary properties which
make them uniquely suitable for both light emitting and harvesting applica-
tions. Their strong and broadband absorption [229] accompanied by long
carrier propagation length [230] makes them especially promising mate-
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rial for photovoltaics. Their ease of preparation at room temperature with
wet chemistry methods is possible thanks to their specific resilience against
influence of the defects [231]. Some factors of their outstanding efficiency
can be explained by polaronic effects in a soft, prone to deformation lattice
[232].

On the other hand perovskies show also multiple additional characteri-
stics desired for photoemitting applications [233]. Depending on the com-
position the emission spectra can be tuned over the visible range retaining
narrow emission linewidts below 45 nm [234], which is especially valuable
for color display technology.

Perovskite light emitting diodes can be obtained by printing [235], ope-
rate on flexible substrates [236] and in state of the art devices reach high
peak external quantum efficiency exceeding 20% [237].

Despite remarkable achievements in the laboratory environment before
widespread commercialization of the perovskites based photovoltaic some
significant issues like limited long term stability and production scalability
[238].

LABX, M)
2D Ruddlesden-Popper layered perovskites 3D perovskite
Fig. 6.1 | Perovskite crystallographic structure. (a) 3D perovskite

crystallographic structure with general formula ABX3. (b)
2D Ruddlesden-Popper layered perovskite with general formula
LoA,—1B,X3,41 for increasing number n, which for n — oo is
equivalent to 3D perovskite structure.

Bulk 3D perovskites have a general formula ABX3 and a scheme of cry-
stallographic structure of those materials is shown in Fig. 6.1a. For lead ha-
lide perovskites B stands for Pb?" ion and X is a halide. A stands for cation,
which for inorganic perovskites could be a metallic ion such as Cs** or for
so called hybrid perovskites small to mid-size organic ion such as e.g. me-
tyloamonium CHgNng of formamidinium NHQCHNH; The crystallogra-
phic structure consists of octahedral [BXg]*™ with A cation surrounded by
4 octahedra. The 3D perovskite structure is stable only for specific propor-
tions of A, B, X ionic effective radii, which can be compared using empirical
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Goldschmidt tolerance factor.

Especially when the cation is a bigger organic ion more stable crystal-
lographic form are are 2D Ruddlesden—Popper layered hybrid perovskites,
schematically shown in Fig. 6.1b. They have general formula Ly A,,_1B,, X3,,41,
where n is an integer. The structure consists of n layers of octahedral, sepa-
rated by the organic cations L. In the limit of n — oo the structure is equ-
ivalent to 3D perovskite. Contrary, for small n such Ruddlesden—Popper pe-
rovskite phases consists of stack of alternating high dielectric constant inor-
ganic perovskite layers separated by lower dielectric constant organic layers,
which can be viewed as an assembly of 3D perovskites quantum wells.

Specifically investigated in this work perovskites based on lead iodine
and phenyloetyloamonium iodine C¢HsCoH4NHsI crystallizes in a 2D Rud-
dlesden-Popper phase with n = 1 with chemical formula
(CeH5CoH4NH3), Pbly.

One of the biggest advantages of perovskites is the ability to engineer
the optical bandgap, e.g. in CsPbX3 change of the halide X allow to chan-
ge the emission wavelength in whole visible range spanning 400-700 nm
[234], which can be additionally tuned by quantum confinement in 2D pha-
ses [239].

Thin perovskite layers are easy to obtain by spin-coating technique in
which stoichiometric solution of the lead halide and salt is spin-coated on
the surface of the substrate and high quality perovskite grows during eva-
poration of the solvent.

Different other techniques can be used to obtain perovskites in various
forms. Nanoplatlets or naocrystals can be obtained using wet chemistry me-
thods [240]. Hybrid 2D perovskite nanoplatlets can be also obtained using
vapour-phase van der Waals epitaxy [241]. Moreover 2D perovskite crystals
can be exfoliated up to the monolayer limit, with the interlayer spacing of
1.6nm [242].

The question of a value of exciton binding energy in bulk 3D perovskites
is a subject of still ongoing scientific debate, with different methods leading
to contradictory results [228]. However in 2D perovskites thanks to signifi-
cant quantum confinement reported values exceeding 400 meV assures they
stability at room temperature [243].

The first demonstration of strong coupling regime between a perovskite
exciton and a cavity mode was using so-called distributed feedback micro-
cavities, with observed coupling strength exceeding 100 meV at room tem-
perature [244] followed a decade later with 200 meV Rabi splitting observed
in a planar metalic-dielectric microcavity [245]. In both of those cases hy-
brid phenylethylammonium lead iodide was used.
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The next milestone in a form or polariton lasing at room temperature
was demonstrated using inorganic CsPbCl3 grown by a vapour-phase syn-
thesis [246] followed by analogous behavior in CsPbCl3 [247]. Such non-
equilibrium polariton condensates exhibit quantization effects in polariton
lattices [248, 247] can propagate over macroscopic distances up to 60 pm
[249], allows for construction of ultrafast switches [250] and undergo para-
metric scattering [251]. High optical nonlinearity of the perovskites in opti-
cal cavity were successfully used to construct an optical parametric oscilla-
tor (OPO) [252]. High crystallographic quality of perovskites obtained in
this way is evidenced in the linear regime in HV splitting of the modes when
such perovskites are placed inside a cavity, what allowed for observation of
exceptional points [43]. Recent advancements allowed for observation of
electrically pumped polariton emission [253].

At the same time hybrid perovskites with inorganic cations are also cha-
racterized with high exciton oscillator strength that allows for observation
of their strong coupling even with Bragg modes of the cavity [254]. They
simultaneously can show sufficient crystallographic quality to observe ca-
vity effects within bare monocrystal [255], and polarization splitting of the
polariton modes, proving their optical birefringence [37, 38]. Thus altho-
ugh high optical nonlinearities at ambient conditions [256], the regime of
polariton condensation was up to now obtained only at low temperatures
[257].

6.2 Optical properties of 2D PEPI perovskite

All of the experimentally investigated perovskites within this study were
synthesized by Karolina Lempicka-Mirek who perfected the preparation
process based on initial experience of Adam Wincukiewicz.
Thin layers of polycrystalline 2D PEPI perovskites were prepared using
spin-coating method directly on the surface of dielectric mirrors.
Following reaction:

2 C¢H5CyHyNH;I + Pbl, — (CHsCoH4NH3), Pbly, (6.1)

phenethylammonium iodide PEAI (C¢H5CoH4NH3I) was mixed with lead
iodide (Pbly) in stoichiometric amount 2:1 in mole and dissolved in N,N-
dimethylformamide (DMF) with concentration of 10%. Prepared solution
was stirred for several hours. The solvent containing PEAI and Pbl, was
then spin-coated on a dielectric mirror with speed of about 3000 rpm for
30s. After the spin coating the substrate is placed on a hot plate with the
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temperature of 100 °C for about 60s. A polycrystalline 2D perovskite layer
is obtained upon solvent evaporation. To avoid exposition on air and mo-
isture the whole procedure was performed inside a glove box under inert
gas atmosphere.

For the investigated perovskite, for which broad area homogeneous lay-
ers can be obtained via spin coating method the refractive index can be ob-
tained by the ellipsometric measurement.
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Fig. 6.2 | Dielectric function of PEPI perovskite. Obtained by ellipsometric
measurement real and imaginary part of the dielectric function of
thin polycrystalline PEPI layer. Results are fitted with Lorenzian
model (solid lines).

Fig. 6.2 presents modeled dielectric function of PEPI perovskite based
on the ellipsometric measurement performed and further on analyzed by
dr. Tomasz Stefaniuk. Results of the analysis separated into real (¢') and
imaginary part (") of the dielectric function ¢(E) are marked by circles in
Fig. 6.2. The real part of the dielectric function exhibit characteristic disper-
sion shape at around 2.4 eV, which coincides with a peak in the absorption
of the perovskite visible in the imaginary part of e(£).

The excitonic resonance in PEPI can be also observable in photolumine-
scence. PEPI exhibit very intense green light emission when excited nonre-
sonantly with blue laser. Fig. 6.2 green solid line marks photoluminescen-
ce spectrum obtained for illumination of PEPI layer spin coated on top of
Si0,/TiO, DBR with 405 nm (3.06 V) continuous wave laser at 250 nW me-
an power. The emission spectra consists of a single peak at 2.37 eV. The peak
is slightly asymmetric as its higher energy slope overlaps with the high ab-
sorption of the perovskite.

Similarly to the approach presented for the WSe, flakes [in Eq. (5.1) ] the
dielectric function of the material with excitonic resonance can be described
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by the Lorentz model:

fe

/ < M
e(E)=¢€(F)+i"(E) = e — B2 57— B

(6.2)

Fitting of Eq. (6.2) to the ellipsometric results gives very good agreement
between the experimental data and the model with fitting parameters: ¢y =
3.536, f = 0.708 eV2, e = 34.9meV and E,, = 2.3928 eV (518.15nm). The
fitted model is marked in Fig. 6.2 by solid blue and red lines.

Comparing fitted parameters with values obtained for WSe, monolay-
ers shows lower exciton oscillator strength (f ~ 0.7eV? for the perovskite
with f ~ 1eV? for WSe, layers). This is not a significantly obstacle to obtain
the strong coupling regime, as the thickness of the perovskite layer at the
order of 50 nm is significantly thicker than thin TMDC flakes (0.65nm for
the monolayer). Additionally as expected form the material investigated at
room temperature the linewidth is significantly higher with ., = 34.9 meV
for the 2D perovskite.
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Fig. 6.3 | Dielectric function of PEPI perovskite. Obtained by ellipsometric
measurement real and imaginary part of the dielectric function in
ordinary and extraordinary (z) directions.

It is important to note that results of ellipsometric measurements pre-
sented in Fig. 6.2 were obtained with assumption that the perovskite lay-
er is optically isotropic. This can be expected from polycrystalline material
obtained by a spin coating technique. The more precise analysis especially
based on comparison of results obtained for PEPI layer deposited on silicon
wafer with specially selected interference SiO, layer and PEPI deposited on
transparent fused silica substrate allowed to show anisotropy of the 2D pe-
rovskite in the growth z direction perpendicular to the substrate plane. Such
results of the dielectric function are shown in Fig. 6.3. Observed optical ani-
sotropy confirms that despite the polycrystalline form of the spin coated
perovskite material 2D character of the layers is preserved.

As the observed anisotropy of the perovskite layer is in direction per-
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pendicular to the substrate plane, its contribution to the simulations in the
structure of LC cavity is not significant. For further analysis optical proper-
ties based on Fig. 6.2 will be used, as they are much better described by the

Lorentz model.

6.3 Strong coupling regime in LC cavity
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Fig. 6.4 | LC cavity with perovskite. Scheme of a optical cavity filled with
liquid crystal incorporating 2D PEPI perovskite.

For known dielectric function of the perovskite the Berreman matrix me-
thod can be used to simulate optical properties of the cavity filled with LC
and incorporating perovskite layer. Initial simulations were performed for
thin 20 nm layer of the perovskite placed directly on top of one of the DBRs
finished with lower refractive index material (5iO,).

Fig. 6.5 presents angle resolved reflectance spectra simulated by Berre-

man method for cavity with extraordinary direction of LC along x axis (ho-

rizontal, H direction), corresponding to the experiment without external

voltage.

Calculations were performed for precisely selected thicknesses of LC re-
sulting in zero energy detuning between the excitonic transition in the pero-
vskie (Ee; = 2.3928 €V from fitting dielectric function with Lorentz model)
and the photonic mode at normal incidence. Energy of the photonic mode
in absence of the coupling with the excitonic transition can be obtained by
replacing the perovskite layer with artificial layer characterized by dielectric
constant €. This corresponds with the Lorentz model with exciton oscilla-

tor strength f = 0. Such approach introduces thus an form of inactive cavi-

ty without coupling with the exciton. Simulated angle-resolved reflectance

spectra for increasing thicknesses of the cavity are plotted in Fig. 6.5a—e. On
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Fig. 6.5 | Strong coupling regime in LC microcavity with 2D perovskite.
Simulated angle-resolved reflectance spectra. (a)—(e) Inactive pe-
rovskite layer with increasing thicknesses of LC layer selected to
obtain zero exciton-photon detuning. Active perovskite layer: (f)—
(j) for horizontally (H) polarized incident light, (k)—(o) for verti-
cally (V) polarized incident light.

each of the panels the left hand side corresponds to simulations with ho-
rizontally (H) polarized light and the right hand side to the vertical (V)
linear polarization of the incident light. To obtain the same energy of the
cavity mode resonance for both those polarizations the thickness of the LC
layer is different for different polarizations.

For the thinnest \o/2n cavity (Fig.6.5a) the dispersion relation in both
polarizations is similar. As the thickness of the LC layer increases difference
between both linear polarizations can be observed in the effective mass of
the modes, lower for the H polarized light which corresponds to the higher
effective refractive index of the LC layer (Fig. 6.5b). As the thickness of the
cavity increases further to around 1 pm in Fig. 6.5¢, subsequent cavity mo-
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des start to appear in the investigated spectral range. For around 1.6 um ca-
vity thickness three subsequent cavity modes are observable in both linear
polarizations in Fig. 6.5d. The energy spread between the modes is different
for both polarizations. As effective refractive index for H polarized modes
is higher, the energy separation for H polarized modes is lower than for V
polarization at comparable cavity widths.

Using thicknesses of the LC layers corresponding to zero exciton-photon
detunings shown in Fig. 6.5b the same parameter can be used with proper
perovskite layer taking into account the excitonic transition.

Starting from horizontally polarized mode with the thinnest LC layer
thickness allowing to obtain zero exciton-photon detuning in Fig. 6.5f, the
simulated spectrum clearly realizes strong coupling regime. The spectrum
contains two anticrossing branches of lower and upper polariton with cha-
racteristic anticrossing behavior. For thicker cavity Fig. 6.5g the dispersion
relation also consists of only two anticrossing polariton branches, but with
lower energy separation than for the thinnest case. The energy distance be-
tween the lower and upper polariton modes decreases further as the cavity
width approaches 1 um in Fig. 6.5h, which also show additional photonic
modes within investigated spectral range, but without evident influence on
two modes closest to the exciton. In Fig. 6.5i,j for 1.6 um and 1.9 um cavi-
ty width the dispersion relation significantly changes. As the observation
angle increases the excitonic transition couples not only with the photonic
mode at zero exciton-photon detuning but also with the one with lower mo-
de number. As dispersion of this lower energy mode approaches the exci-
ton energy for high observation angle also revealing strong coupling regime
with additional anticrossing behavior.

Depending on the cavity width number of the cavity photonic modes
which couple with the exciton changes. In order to obtain consistent de-
scription of the coupling strength with the LC layer thickness the first ana-
lysis will be based on 2x2 coupled oscillator Hamiltonian:

. Erx QH/V/2>
Hypy = . (6.3)
v <9H/V/2 B (k)

For the investigated results the energy of the excitonic transition is known
from the dielectric function (E., = 2.3928 eV). Additionally the dispersion
relation of the bare cavity mode EX; (k) can be extracted form the corre-
sponding spectra for inactive perovskite layer Fig. 6.5a—e. The only para-
meter left in Eq. (6.3) is exciton-photon coupling strength y. As the 2x2
model given by Eq. (6.3) takes into account only single cavity mode (espe-
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cially resonant with the excitonic transition at normal incidence) fitting of
the coupling strength can be restricted to only k = 0 case as the influence
of the subsequent cavity mode appears only at high incidence angles.

The green dashed lines in Fig. 6.5f presents such approach in which exci-
ton coupling strength 2y is determined based solely on the energy of the
modes at normal incidence and then is plotted for all investigated detection
angles based on the dispersion relation of the bare cavity mode (marked
with white dotted lines) taken from Fig. 6.5a. Obtained exciton-polariton
dispersion relations at 5 = 121.9meV are perfect match with simulated
reflectance spectra in Fig. 6.5f. In Fig. 6.5g the coupling strength decreases to
89.1 meV with a great agreement between the model and simulated reflec-
tance spectra. The disagreement between those two approaches appears in
Fig. 6.5h for 1 um cavity width. At the high observation angles the energies
of the lower polariton branch in simulated reflectance is higher than predic-
tion of the 2x2 model, which still provides great description of the polariton
modes at normal incidence at coupling strength of 57.5 meV. The same situ-
ation continues for thicker cavities (Fig. 6.5i,j) with very good agreement at
k = 0, for which this model concentrates, and clear deviations when addi-
tional cavity modes approaches at high incidence angles. At 1.6 um (1.9 um)
fitted coupling strength is equal to 44.0 meV (40.4meV).

The same analysis can be performed for the simulations at vertical po-
larization of the incident light in Fig. 6.5k—o. Qualitatively simulated reflec-
tance spectra at this polarization are similar to those for perpendicular hori-
zontal polarization. For the lowest cavity widths (Fig. 6.5k,1) the reflectance
spectra it the investigated energy range shows only two anticrossing lower
and upper polariton branches. In wider cavities (Fig.6.5m-o0) the influen-
ce of the subsequent cavity modes emerges resulting in more complicated
dispersion relations of the polaritonic modes.

As previously determination of the coupling strength can be at first limi-
ted to 2x2 model concentrating on the energies at the vicinity of the normal
incidence conditions. As like before the dispersion of the cavity mode is
taken directly from the simulations of corresponding cavity with inactive
perovskite layer. For the thinnest cavity in Fig. 6.5m such approach gives a
great agreement in whole range of the investigated incidence angles with
coupling strength Qv = 123.5meV. For the 0.5 um in Fig. 6.51 thick cavity
the influence of the subsequent cavity modes is already observable in the
divergence between the 2x2 model and the reflectance spectra. This discre-
pancies appear earlier than for the results for horizontally polarized light.
This is contrary to the prediction than for higher effective refractive index
the energy separation between the modes should be smaller, thus the sho-
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uld earlier affect the dispersion relation. As visible in Fig. 6.5 another effect
plays more significant role. Different effective refractive indexes affect al-
so the effective mass of the cavity modes. As for the vertically polarized
light the effective mass is significantly higher, the subsequent cavity mo-
des earlier affect the dispersion of the polaritonic modes. Nevertheless for
(y = 95.1 meV the model very well describes energy of the polaritonic mo-
des at normal incidence. For the wider cavities Fig. 6.5m-o the discrepan-
cies between the simplest 2x2 model and the simulated reflectance spectra
become more significant, but both are in a good agreement regarding the
energies at normal incidence with coupling strengths: 69.5meV at 1.1 um,
58.6 meV at 1.6 um and 53.6 meV at 2.0 um cavity width.
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Fig. 6.6 | Strong coupling regime in LC microcavity with 2D perovskite.
Exciton-photon coupling strength dependence on the cavity length
for cavity modes with horizontal and vertical linear polarization.

The coupling strengths obtained in the same approach for any width
of the cavity resulting in zero exciton photon detuning in 0-2 um range are
plotted in Fig. 6.6. As expected the exciton-photon coupling strength decre-
ases for cavity modes with horizontal and vertical polarization. At the thin-
nest possible cavity (approx. 100 nm depending on the polarization) the co-
upling strength for both polarizations is similar, and at the order of 130 meV,
which is significantly higher than the exciton linewidth of ., = 34.9meV.
With the increasing cavity width the coupling strength decreases. Especially
it decreases significantly faster for horizontal light polarization, which cor-
responds to the higher, extraordinary refractive index. E.g. at 1.12 um (when
perpendicularly polarized modes are closest to degeneracy at common ca-
vity width) coupling strength in vertical polarization of )y = 69.5meV
where for the horizontal polarization 2y = 54.0 meV, as for a fixed physical
width the cavity optical widths vary significantly depending of the effective
refractive index associated with a given polarization of the light.

Approach described above can be used to compare the coupling strength
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for increasing thicknesses of the LC layer, but this simple 2x2 model is not
enough to describe coupling with the subsequent cavity modes which cle-
arly can be observed for the ticker LC layer widths. In order to describe
theoretically observed dispersion relations multiple cavity modes have to
be incorporated within the model.
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Fig. 6.7 | Strong coupling regime in LC microcavity with 2D perovskite.
Simulated angle-resolved reflectance spectra: (a) for inactive pero-
vskite layer observed in vertical polarization, (b) with active pero-
vskite layer in vertical polarization. (c)—-(d) corresponding spectra
simulated for horizontally polarized light.

Simulated reflectance spectra for 2 um thick LC cavity incorporating ar-
tificial inactive perovskite layer in vertically polarized light is presented in
Fig. 6.7a. Apart form the cavity mode resonant with the energy of the exci-
ton in 2D PEPI perovskite multiple additional cavity modes are observable
within the investigated spectral range. Especially at around 30 deg observa-
tion angle second cavity mode with lower mode number becomes resonant
with the exciton energy and at 50 deg mode with mode number smaller
than two also approaches in energy. Those cavity resonances also could be
incorporated within the coupled oscillator model in a form of 4 x4 matrix:

Eex  Qvny/2 Qv /2 Qve)/2

- ove/2 ERPK) 0 0
QV(Q)/Q 0 Eg” (k) 0
V(3

o2 00 B

It assumes that each of the subsequent cavity modes E;/}Ei) (k) fori =123
couples independently with the excitonic resonance Erx with the coupling
strength (v ;). Results of such model fitted were fitted to the simulated
angle-resolved spectra for corresponding cavity incorporating perovskite
layer with active excitonic resonance presented in Fig. 6.7b. During the fit-
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ting procedure dispersion relations of the bare cavity resonances were ta-
ken directly from simulations with inactive perovskite layer in Fig. 6.7a, and
plotted in Fig. 6.7b with white dashed lines. Results of the fits—marked with
the purple dashed lines—perfectly follow simulated decrease of the reflec-
tance in the spectra. Here the only fiting parameters are coupling strength
which were equal to: Qy ;) = 60.1 meV, Qy(3) = 62.0meV, Qy(3) = 54.6 meV
where resonance V' (3) is the closest to the excitonic transition at normal in-
cidence.

The same approach can be employed for the perpendicular light polari-
zation. Simulated angle-resolved reflectance map with inactive perovskite
layer is presented in Fig.6.7c. the cavity width is set to 1.88 um to obtain
degeneracy of the cavity mode with the excitonic transition energy. With
analogous 4 x4 model in matrix form:

Fex  Quuy/2  Que)/2  Qua)/2

- lesm2 BV 0 0
Qp(2)/2 0 Ep,” (k) 0
H

Qys)/2 0 0 Ep? (k)

the fitted dispersion relations follow the simulated reflectance spectra in
Fig.6.7d. Obtained coupling strengths: Q1) = 50.6 meV Q) = 48.9meV
Qn(3) = 44.0meV are as shown previously for the simplest 2x2 model smal-
ler in horizontal polarization, as the corresponding effective refractive index
is higher.

Presented here analysis of the cavity modes in LC samples based on si-
mulated reflectance spectra can be compared with experimental results. In
order to investigate strong coupling regime at room temperature we stu-
died LC cavity incorporating PEPI layer. The perovskite was spin coated
to form approx. 50 nm thick polycrystalline layer on the top of a dielectric
mirror with ITO electrode beneath. The optical cavity was formed between
the second dielectric DBR with the space between filled with highly bire-
fringent nematic liquid crystal. To ensure homogeneity of the LC before the
final assembly the perovskite layer as well as the surface of the second DBR
was covered with a polymer layer, which after structurization allowed for
proper orientation of the LC.

Fig.6.8a presents experimental results of angle-resolved photolumi-
nescence spectra from such cavity. The spectra was collected upon non-
resonant excitation with continuous wave laser with 405nm wavelength
(3.06 eV). The excitation power was set to 30 uW and in order to limit photo-
degradation of the perovskite the excitation laser was passing through me-
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Fig. 6.8 | Strong coupling regime in LC microcavity with 2D perovskite.
(a) Experimental angle-resolved photoluminescence spectra from
LC cavity incorporating PEPI layer detected in vertical polariza-
tion. (b) Corresponding reflectance spectra calculated by Berre-
man matrix model. (¢) Photoluminescence spectra detected in li-
near horizontal polarization. (d) Corresponding reflectance spec-
tra from Berreman matrix method.

chanical chopper set to 600 Hz frequency. The experiment was performed
without external bias applied to the ITO electrodes.

The emission spectra in Fig. 6.8a contains two main branches with non-
parabolic dispersion relations. The strongest emission comes from the hi-
ghest energy branch with resonance at normal incidence at around 2.32 eV.
As the energy of this mode approaches 2.4 eV the dispersion relation flat-
tens. Similarly for the lower energy branch for the highest observation an-
gles an anticrossing behavior is visible. At the observation angles above
30 deg and low energies below 2.15 eV traces of weak emission coming from
the third mode is barely visible.

Analogous dispersion relation can be also obtained in Berreman ma-
trix simulations. Fig. 6.8b presents results of the calculations for a structure
consisting of two DBRs made of 5 pairs of SIO,/TiO, layers centred for ma-
ximum reflectance at 530 nm separated by 120nm of the PEPI perovskite
and 1195 nm of LC. The thickness of the perovskite as well as this of LC was
chosen to obtain the best match between experimentally observed disper-
sion relation and the simulations. Overall a good agreement between the
two was achieved.

Two main branches, as well as third lower in the energy exhibit similar
behavior in experimental results and simulations. Visibility of each branch
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cannot be compared as in the experimental photoluminescence the occu-
pation of each band depends on the emission properties of the perovskite
whereas simulations show depth of the given mode in reflectance measu-
rement. Additionally in the simulations a fourth mode at around 2.42 eV
appears, which is not observed in the experiment probably due to high ab-
sorption of the perovskite at this spectral range.

To fit the experimental results with exciton-polariton dispersion rela-
tions the firs step was to determine energy of bare cavity modes. Based on
the simulations similar could be performed with inactive perovskite layer
lacking the excitonic contribution to the dielectric function. Within such ap-

proach inactive cavity exhibit cavity modes resonances at E;/}Eé) = 2.149eV
and Epy) = 2.364 V.

Those energies was used to fit the experimental dispersion relations with
3x3 coupled oscillator model in matrix form:

Ery Qva)/2 Qv(2)/2
~ V(1 2
iy = [ v /2 Epw + s 0 . (6.6)
\%
Qy(9)/2 0 Ey + oy

Results of the fitting are plotted in Fig. 6.8a with purple dashed lines obta-
ined with coupling strengths Q1) = 78.3 meV and Qy(3) = 108.7meV with
corresponding dispersions of bare cavity and excitonic modes with white
lines. Here in order to obtain reasonable agreement with the experimen-
tal results both: effective masses of the bare cavity modes and perovskite
exciton resonance energy were treated as fitting parameters. Overall fitted
curves follow the emission signal quite well. The biggest discrepancy can be
observed when comparing the highest polariton mode around 2.42 eV with
reflectance simulations (as it is completely invisible in experimental emis-
sion). The curvature in the coupled oscillator model is visibly much steeper
than is expected from the Berreman matrix simulations.

With the same approach to experimental results obtained for horizontal
polarization of detected light was performed. Detected angle-resolved pho-
toluminescence spectra for the same position on the sample is presented
in Fig. 6.8c. Here the lowest energy branch is almost parabolic. However for
the mode with higher energy at high emission angles the dispersion relation
flattens with characteristic anticrossing behavior. Weak emission signal can
be also observed from the next mode at around 2.37 V. Energy dispersion
of this mode is hard to evaluate as it starts to overlap with high absorption
range of the perovskite.
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All features of the bands visible in experiment can be also observed in
simulated reflectance spectra in Fig. 6.8d. To obtain agreement the LC lay-
er of total thickness of 1195nm determined in vertical polarization here is
divided into three regions: where only the middle one with 855nm thick-
ness assumes optical anisotropy of the LC. based on parameters from the
simulations once again allows to determine energy of the bare cavity mo-
des with calculations using artificial inactive perovskite. Here for fitting of
experimental dispersion relations we use 3 subsequent photonic cavity mo-

des with energies: Egl(lé) = 2.091¢eV, Eg(j) = 2.265¢€V, ngj) = 2.451eV
incorporated into 4 x4 coupled oscillator model:
Epx Qpy(1y/2 Qpy(2)/2 Qy(3)/2
|2 B gy 0 0
=1 0y 2 0 Epo) + gon 0 (©7)
Qui(3)/2 0 0 Epd + szg

When fixing the energy of the excitonic resonance at the same value as alre-
ady determined for the perpendicular light polarization resulting coupling
strength are equal to: Qy() = 67.2meV, Qyy) = 88.4meV and Qy(3) =
94.4meV. As previously fitted dispersion relations very well describe di-
spersion relations observed in the emission from the cavity. Once again the
only visible inconsistency can be observed when comparing the coupled
oscillator model with significantly lower effective mass for the highest ener-
gy mode according to the Berreman matrix simulations.

In summary according to the Berreman matrix simulations based on die-
lectric function of PEPI perovskite it is possible to achieve strong coupling
regime between exciton in the perovskite and the photonic modes in a mi-
crocavity filled with liquid crystal. For thin PEPI layer dispersion of exciton
polaritons in the system is well described with coupled oscillator model.
This predictions were tested experimentally. Observation of light emitted
from the cavity showed nonparabolic dispersion of the modes within the
cavity. Observed emission modes dependence on the observation angle was
recreated in the Berreman method and described using coupled oscillator
model with extracted coupling strengths at the order of 100 meV.
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6.4 Engineering of nontrivial band geometry in LC ca-
vities

The concept of a geometric phase: a phase shift dependent solely on the
geometry of the path along which the system evolves spans over different
areas of physics [258]. Phenomena such as the Aharonov-Bohm effect; Han-
nay angle; Pancharatnam, Zak phases can be interpreted as manifestations
of different geometric phases [259].

One of the most general forms of a geometric phase is the so-called Ber-
ry phase. Originally conceived by Michael Berry, who discovered a gauge-
invariant phase factor that arises when parameters of a Hamiltonian that
describe a quantum system are adiabatically cycled around a closed path
[260]. Later, analogous phase factor was extended to the case when the qu-
antum system itself is cycled along a closed loop, rather than the parameters
of a Hamiltonian [261].

For cyclic evolutions in parameter space, the accumulated Berry phase
can be derived as an integral over the Berry curvature enclosed within the
loop, similarly as the Aharonov-Bohm phase depends on magnetic flux.

Berry curvature directly influences the motion of the particles [262].

The Berry curvature also plays a crucial role in the topological classi-
fication of the materials. The integral of the Berry curvature over a whole
band or Brillouin zone defines a topological invariant known as the Chern
number [263].

In planar microcavity systems it has been predicted that for honeycomb
lattice of micropillars in the presence of TE-TM spin orbit coupling and
Zeeman splitting lead to photonic analogue of topological insulator with
bands characterized by 42 Chern numbers [264]. This predictions have be-
en demonstrated in experiment showing unidirectional transport in the ed-
ge states [32].

In spatially homogeneous cavities combined effects of the Zeeman ef-
fect, TE-TM and HV (XY) splitting, lead to two valleys in momentum space
characterized with nonzero Berry curvature demonstrated by polarization
of the bands [39, 38] as well as measurement of the resulting anomalous
Hall drift [39]. Similarly, in the presence of optical activity, a nonzero Berry
curvature can be observed without an external magnetic field [34, 38].

In this section, we demonstrate polaritonic bands exhibiting locally non-
zero Berry curvature which can be tuned by external voltage within a sys-
tem of LC cavity incorporating 2D perovskie.

Engineering of polaritonic band dispersion exhibiting locally nonzero
Berry curvature will start form a remainder about dispersion of the cavity
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modes around (N + 1,N) resonance of the cavity modes within a cavity
filled with liquid crystal. As described in Sec. 2.2.4 in this regime two closest
cavity mode resonances can be described by the effective 2 x2 Hamiltonian:

21.2
h2k?2

1
) o0 + §AEHV6QC + (0K + %k;)&x — 2aky 6.
(6.8)

2my 2my,

LI\ ‘ ‘ ‘ ‘ e
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Fig. 6.9 | Cavity modes dispersion in analytical model. (a,b) Dispersion
at Rashba-Dresselhauss resonance (that is, AFpy = § = 0). (¢,d)
Tunability of the LC system allows for detuning from R-D resonan-
ce by adding AFpy > 0 leading to two degeneracy points along
k.. (e,f) With additional splitting ¢ the degeneracy along k, is li-
fted. Polarization of the modes is marked by color: red (blue) for
circular % (¢7) and green (purple) for linear along horizontal
(vertical) direction.

The schematic dispersion relation resulting from Eq. (6.8) for zero HV
detuning AFEny are plotted in Fig. 6.9a, where S3 parameter of the given
bands is marked with a pseudocolor scale. Looking at the degeneracies be-
tween the bands is easier when the energy of each mode is subtracted by
their men (F), as shown in Fig. 6.9b, where single degeneracy pointatk = 0
is clearly visible. The cross sections along k, = 0 and k, = 0 for those di-
spersion relations (absolute energy as well as energy difference) is plotted
in Fig. 6.9g,h, where color of the line marks S; or S3 polarization compo-
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nent. Along the direction of the £, wave vector, the dispersion relation is do-
minated by the Rashba-Dresselhaus (RD) spin orbit coupling term 2ak, 6,
resulting in circularly polarized modes crossing at k = 0. Along the perpen-
dicular wave vector direction (k) the RD term vanishes and the cocentric
parabolic dispersion relations are split due to §,k26,. As §, < 0 mode with
horizontal polarization has a lower energy than the vertically polarized one.

The ability to steer the LC director within the cavity by applying an
external electric field allows for precise control over HV detuning A Epy.
When the HV detuning is positive, the dispersion relation exhibits two de-
generacy points with characteristic Dirac cone-like dispersion relations aro-
und them (Fig. 6.9¢,ij). Along k, (Fig. 6.91) the bands never cross but exhibit
a smooth change in their circular polarization helicity when passing thro-
ugh k, = 0. Along k, (Fig.6.9j) the modes are strictly H/V polarized and

cross when kPP = \/%.
x

We can trace the polarization state while encircling one of the Dirac
points. Fig. 6.9c presents polarization state of the bands separated into S3
(red/blue) and S; (green/purple) Stokes vector components. Starting at
position 1. in momentum space at high positive k, polarization state of the
lower energy branch is horizontal, as S; component is positive and S3 va-
nishes. At position 2. for high positive k, the polarization state changes to
o~ . Moving further to the vicinity of k = 0 at position 3. The polarization
state returns to linear, but this time vertical, corresponding to the negative
Sy parameter. At position 4. for high negative &, goes to circular ™. Mo-
ving to the end from 4. to 1. which finishes the whole loop around the Dirac
point in momentum space, the polarization state performed a full rotation
around the meridian of the Poincaré sphere, which is an evidence that those
Dirac points carry a topological charge.

It is important to point out the differences in properties of the Dirac po-
ints visible in (N +1,N) from those reported already in the literature. In dia-
bolical points observed in systems with TE-TM splitting and relatively small
birefringence/XY splitting, as reported in [36, 37, 40], while encircling the
DP polarization state exhibits full rotation within S;—5>. As a result, when
additional splitting is provided in the remaining S3 direction, the energy
gap within the DP emerges, leading to a band structure exhibiting a nonze-
ro Berry curvature. To obtain such a splitting in circular polarizations, one
can apply an external magnetic field [39, 38] or use a medium exhibiting
optical activity [34].

Here, as the polarization state rotates within the $;-S3 plane, thus to
open the energy gap at the Dirac points it is sufficient to introduce additio-
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nal splitting distinguishing diagonal (D) and antidiagonal (A) polarized
states. Such a splitting can be introduced e.g. by additional birefringent lay-
er within the cavity oriented along diagonal direction. It can be included in
the analytical model by diagonal-antidiagonal splitting AEpa:

. R2k2 R2k2
Hrppa = | Eo + AT — oo+
2myg 2my,

1 .1 ) X X
+ 5 ABvG, + 5 AEDAGy + (0ok2 + 6yk)) 60 — 20kyG..  (6.9)

Predictions of this model are plotted as the energy subtracted by (E) in
Fig. 6.9e with S3 polarization of the modes marked with a pseudocolor sca-
le. Here, the dispersion relation consists of two valleys in momentum space
resulting from opening the energy gap at the position of the Dirac cones.
At k, = 0. Changes can be observed in perpendicular wave vector direc-
tion, shown in Fig. 6.91. At the momentum position of the crossings without
diagonal-antidiagonal splitting, now the modes anticross with continuous
change of the polarization of the bands from horizontal to vertical or vice
versa. Based on the polarization state given by the full Stokes vector S Ber-
ry curvature along the dispersion can be calculated, with results plotted in
pseudocolor scale in Fig. 6.9f. As expected from system with time reversal
symmetry—which requires that the integral over the whole band (equal to
Chern number) to be equal to zero—valleys exhibit opposite values of the
Berry curvature. Additionally, for the given valley lower and upper bran-
ches are characterized with opposite Berry curvature.

A straightforward approach to engineering such additional diagonal-
antidiagonal splitting inside a cavity is to add an additional layer with ani-
sotropy axis parallel to the cavity plane, but rotated by 45 degrees around z
axis from the director of the LC layer. Such an approach was tested theore-
tically using the Berreman method, but fabrication of such scheme turned
out to be challenging.

Similarly, an earlier theoretical proposal investigating Berry curvature in
a system of coupled cavities filled with liquid crystal [265] turned out to be
complex to fabricate in practice, as it requires suspending a very thin DBR
in between two differently oriented LC regions.

Another easier-to-make proposition that was tested in the experiment of
the introduction of diagonal-antidiagonal splitting A Ep, in a realistic sys-
tem was to use the twisted nematic configuration of the LC layer. In all of the
LC cavities described previously, the nematic liquid crystal was oriented by
parallel orienting layers, which distinguished the direction along the same
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Fig. 6.10 | Nematic and twisted nematic LC configurations. (a)-(b) Ne-
matic configuration at two different projections. (c)—(d) Twisted
nematic configuration with 45 deg disorientation at two different
projections.

x axis. As a result, in perfectly ordered LC all molecules are oriented in the
same plane, with the long molecules oriented along the x axis, as shown
in Fig. 6.10a-b presenting the same structure observed from two different
perspectives.

Contrary to the twisted nematic configuration proposed here, the orien-
ting layers are not aligned, but rotated one versus the other by 45 degrees
around the z axis, as shown in Fig. 6.10c—d. The molecules of the liquid cry-
stal closest to the orientation layers are expected to be oriented parallel to
the rubbing orientation. As a result, within the cavity director orientation is
expected to follow a rotation around the z axis while moving through the
cavity between the first and the second DBR surface.
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Fig. 6.11 | Voltage tuning in twisted nematic cavities. (a)—(e) Simulated
normal incidence reflectance spectra for increasing the ratio of the
twist distance [ to the total width of the cavity L. (e) Calculated
energy splitting in (N + 1,N) regime for increasing [/ L ratio.
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To test if such twisted nematic can introduce additional splitting into
(N +1,N) resonance Berreman matrix simulations were performed. The LC
region of the cavity was separated into three regions, as shown in Fig. 6.10c—
d. At both interfaces with the DBRs LC director close to the surfaces of the
mirrors is oriented parallel to the corresponding orienting layer. With in-
creasing distance from these interfaces, the LC director rotates around the
z axis with 22.5 deg rotation at the distance /. Within the remaining central
part of the cavity with thickness L — 2/ it is assumed that the LC director is
homogeneous. Separation of the LC into such three layers was required in
order to influence the value of the splitting obtained through simulations.

Under an external electric field, it is assumed that LC molecules would
undergo additional rotation 6 towards the z axis. Fig. 6.11 presents theoreti-
cal investigations of such a voltage tuning of a twisted nematic cell for incre-
asing distance [ for a fixed total cavity length of L = 1362 nm. When distance
[ = 0nm the cavity the investigated structure constitutes a typical LC cavity
with homogeneous LC orientation, thus simulated reflectance at normal in-
cidence shows crossings when modes of the same parity [ (N +2,N) regime
at around 20 deg] or of the opposite parity [(N + 1,N) regime at around
45 deg] approach each other with rotation of the LC director.

In a proper twisted nematic configuration in which reconfiguration, ana-
logous simulations show the emergence of additional splitting resulting in
anti-crossing behavior in the (N + 1,IV) regime. Starting from the simula-
tions in which the reorientation of the LC director occurs at small length
when [ = 68nm (which corresponds to the ratio to the total cavity length
[/L = 0.05) presented in Fig. 6.11b reflectance spectrum at normal inciden-
ce clearly shows anticrossing behavior between the modes in the cavity at
a voltage induced reorientation of around 45 deg. For increasing the twist
distance [ the value of the splitting visibly increases, as shown in reflectance
spectra in Fig. 6.11c,d.

The energy splitting between the modes in (N + 1,N) extracted from
the simulations is presented in Fig. 6.11e, showing increasing of the split-
ting with /L distance ratio. For [/L = 0.1 ratio splitting reaches 20 meV
and increases to approximately 30 meV at [/L = 0.2. The observed increase
of the splitting is non-monotonic, but this can be expected from the cavity
in which strength of the effects will be affected by how the twist distance
corresponds to subsequent nodes and antinodes of electric field inside the
cavity.

Interestingly, the simulations presented in Fig. 6.11 shows no energy split-
ting in the (N +2,N) regime (corresponding to LC rotation angles of around
20 deg) where modes cross. Such behavior differs from the situation where
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a single additional birefringent layer with optical axis at diagonal direction
is introduced into the cavity, but those observations are outside of the scope
of this work.

Most importantly the results presented in Fig.6.11 shows that using a
twisted nematic LC configuration allows generating the desired splitting
around the Rashba-Dresselhaus regime in the LC cavity. Additional angle-
resoled simulations were performed to test the applicability of Hamiltonian
Eq. (6.9) were performed for twist distance I = 68nm (//L = 0.05).
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Fig. 6.12 | Voltage tuning in twisted nematic cavities simulated by Berre-
man method. (a)—(c) Reflectance spectra with incident light with
k, wave vector component at given LC rotation angles 6. (d)—(f)
Reflectance spectra with incident light with &, wave vector com-
ponent at given LC rotation angles 6. (g)—(k) Reflectance spec-
tra for increasing the rotation angles of LC molecules 6 at given
wave vector values. (1) Minimum energy distance between the
cavity modes at given wave vector extracted from Berreman ma-
trix simulations and compared with predictions of Hamiltonian
Eq. (6.9).

Fig. 6.12a—f presents angle-resolved reflectance spectra along the k, and
k. wave vector directions for molecules rotation angles below and under
the (N + 1,N) resonance. Along k, direction (Fig.6.12a—c) the dispersion
relation resembles the Rashba-Dresselhaus dispersion relation, but with ad-



Engineering of nontrivial band geometry in LC cavities 185

ditional splitting preventing resonance of the modes at normal incidence,
clearly visible in the cross section for increasing the rotation angle of mole-
cules at normal incidence Fig. 6.12g. Analogous cross section at higher va-
lues of incident light wave vector in y—z plane: k, = 3.7 um™! in Fig. 6.12h
and k, = 6.9 um~! in Fig. 6.12i shows increasing with wave vector higher
energy separation between the modes as Rashba-Dresselhaus term adds to
splitting introduced by twisted nematic LC configuration.

Similarly for the perpendicular wave vector direction k, (Fig.6.12j-k)
the dispersion relations resembling two parabola never cross at the presen-
ted angle-resolved spectra. Plotting reflectance spectra for increasing the
rotation angle of molecules at given k, wave vector shows a similar sepa-
ration between the modes, roughly independent on the wave vector in z—z
plane.

Fig. 6.12] presents plot of a minimum energy splitting between the cavi-
ty modes under varying rotation angles (like Fig. 6.12g-k) at a given wave
vector. These values can be compared with predictions described by Hamil-
tonian Eq. (6.9), for which the energy difference between the cavity modes
is equal to:

2
AE = \/1602k2 + (20,k2 + 26,k2 + AFpy ) + AE2,. 6.10)
Y T Y™ty DA

Here rotation of LC molecules corresponding to external electric bias allows
for tunability of HV splitting A Fyy in wide energy range from negative to
positive and for a given wave vector the minimum energy difference betwe-
en the band with respect to A Eyy can be found. In particular, when k, = 0
is minimal at A By = —23,k2) energy difference

AFmin (ky = 0) = |AEpa], (6.11)

therefore, the minimal energy difference is independent of the k, value. In
the perpendicular wave vector direction when &, = 0 minimal energy split-
ting occurs when A Eyy = —26,k7 and is equal to:

ABpin (ks = 0) = /1602k2 + AER, . (6.12)

Predictions of Eqs (6.11-6.12) can be compared with the results extracted
from the Berreman matrix simulations in Fig. 6.121. For a = 3.5meVum™!,
AFEpp = 14.1meV analytical minimal energy difference is in very good
agreement with the simulated reflectance spectra. Along the &, wave vector

direction the minimum energy splitting between the modes is almost con-
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stant according to the results of the Berreman method simulations, which
is consistent with a constant value | Epa| predicted by the analytical model
in Eq. (6.11). Along k, the energy difference which for high wave vectors
tends asymptotically to linear dependence on k, and at k, = 0 is finite is
well captured by theoretical Eq. (6.12) formula.

To test the validity of theoretical predictions, two similar samples with
twisted nematic configurations with 30 deg and 45 deg desorientation of the
rubbing layers were prepared. The experimental results will be compared
with another LC cavity with a homogeneous LC structure operated in the
(N +1,N) regime.
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Fig. 6.13 | Rashba-Dresselhaus SOC regime in LC cavity incorporating
2D perovskite. Angle-resolved photoluminescence maps at in-
creasing voltage applied to the structure: (a) 6.3V, (b) 6.65V, (c)
7.1V. (d) Emission at normal angle as a function of the applied
voltage.

Fig. 6.13a—c presents angle-resolved photoluminescence spectra for in-
creasing voltage applied to the cavity with homogeneous LC orientation.
As previously, spectra were collected with nonresonant continuous wave
excitation with a laser source at 405 nm wavelength. Spectra were collec-
ted with detection in diagonal linear polarization, in which both circularly
polarized bands characteristic for Rashba-Dresselhaus SOC regime are equ-
ally visible. Emission spectra were collected in the voltage range spanning
from below (Fig. 6.13a) to above (Fig. 6.13b) Rashba-Dresselhaus modes re-
sonance. For this sample, the exact resonance of (N + 1,N) modes occurred
at 6.65 V, at which angle-resolved photoluminescence spectra shows charac-
teristic for the Rashba-Dresselhaus Hamiltonian dispersion relation consi-
sting of two off centered parabolas, here additionally affected by coupling
with the excitonic resonance in the perovskite layer. Corresponding emis-
sion spectra collected at normal incidence for increasing voltage applied to
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the cavity (Fig. 6.13d). This image clearly shows how the horizontally pola-
rized mode for increasing the electrical bias crosses the stationary, vertically
polarized mode, as was observed for the cavities with homogeneous orien-
tation of the LC.
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Fig. 6.14 | Rashba-Dresselhaus SOC regime in LC cavity incorporating 2D
perovskite with twisted nematic configuration. Angle-resolved
photoluminescence maps at increasing voltage applied to the
structure: (a) 3.9V, (b) 4.2V, (c) 45V. (d) Luminescence at nor-
mal angle as a function of applied voltage. (e)—(f) Degree of cir-

cular polarization corresponding to panels (a)—(c).

A similar photoluminescence experiment was performed on the sample
with a twisted nematic LC configuration with 30 deg desorientation of the
ordering layers. Angle-resolved photoluminescence spectra for increasing
voltages are shown in Fig. 6.14a—c with a series at normal incidence presen-
ted in Fig.6.14d. At low voltages around 2.5V, first crossing of the modes
occurs. In this regime corresponding to the (/N +2,V) resonance no anticros-
sing between the modes is observed in the experiment, which is consistent
with the Berreman matrix simulations of the twisted nematic structure, pre-
sented earlier in Fig. 6.11. At higher voltages another mode approaches, this
time exhibiting clear anticrossing behavior around 4.2 V, which was expec-
ted to emerge for twisted nematic structures. This range corresponds to the
(N + 1,N) regime. Although the influence of the Rashba-Dresselhaus SOC
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term is not evident in the angle-resolved spectra within this voltage range
(Fig. 6.14a—c) it can be observed by analyzing the degree of circular polari-
zation of the emitted light. Spectra Fig. 6.14a—c present sum of the emission
intensities measured independently with the detection of o+ and o~ pola-
rized light. Such polarization-resolved data can be used to plot the S3 para-
meter of the emitted light, as shown in Fig. 6.14e—g. Here the presence of the
RD SOC term is evident, as for lower energy polariton branch polarization
state changes from o to o~ looking from the negative, to positive emission
angles as is characteristic for Rashba-Dresselhaus Hamiltonian. For the up-
per energy branch, exactly opposite helicities are observed. On the basis of
those observations, a desired configuration of the polaritonic bands was ob-
served in a LC cavity incorporating 2D perovskite in which, for the non-zero
Rashba-Dresselhaus term, additional splitting of the modes is introduced
through the twisted nematic configuration of the LC.
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Fig. 6.15 | Rashba-Dresselhaus SOC regime in LC cavity incorporating 2D
perovskite with twisted nematic configuration. Angle-resolved
transmission maps at increasing voltage applied to the structure:
(a) 3.9V, (b) 4.1V, (c) 4.3 V. (d) Transmission at normal angle as
a function of applied voltage. (e)—(f) Degree of circular polariza-
tion corresponding to panels (a)—(c).

As presented above, the polarization-resolved photoluminescence expe-
riment can be used to determine polarization of the polaritonic bands in
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a cavity with perovskite. Unfortunately, photostability of the perovskite
was insufficient to fully examine the two-dimensional dispersion relation
of the cavity in all three Stokes parameters. Fortunately, dispersion and
polarization of the bands can also be determined based on polarization-
resolved transmittance measurement, for which we did not observe any si-
gnificant degradation of the signal in time required to collect even multiple
polarization-resolved tomographies.

In transmission configuration, we used a spectrally broad LED source. It
is focused on the sample with another microscope objective (50 x magnifica-
tionat NA = 0.6), with transmitted light collected by the same optical setup
as in the reflection configuration consisting of NA = 0.75 microscope objec-
tive and a set of lenses projecting the Fourier plane on the entrance of the
spectrometer. In polarization-resolved experiments to test eigenstates of the
cavity, incident light is set to desired polarization by a set of linear polarizer
and half- and quarter-wave plate on rotatory stages and total transmitted
light intensity collected by the spectrometer.

Measurements corresponding to Fig. 6.14, but performed in transmis-
sion configuration, are presented in Fig.6.15. Angle-resolved spectra in
Fig. 6.15a—c and normal incidence voltage tuning in Fig.6.15d shows qu-
alitatively the same behavior as photoluminescence result in Fig.6.14. In
the (N + 2,N) regime the modes crosses each other with applied voltage
and in the (N + 1,N) regime an anticrossing behavior is observed. Com-
pared with photoluminescence, transmission measurement was performed
for lower photon energies because of the higher transmittance of the sample
away from the absorption range of the perovskite and spectral characteri-
stic of the illuminated light source. As previously the influence of Rashba-
Dresselhauss SOC term is better visible in the polarization resolved photo-
luminescence spectra (Fig. 6.15e—g). As in transmission experiment we re-
solve polarizations rather at the incidence side contrary to the detection side
in photoluminescence configuration; the S3 parameter is reversed between
those two approaches as in the (N + 1,N) regime the cavity acts as a half-
wave plate which switches the helicity of circularly polarized light.

To test the emergence of non-zero Berry curvature in the liquid crystal
cavity with twisted nematic layer full polarization-resolved tomography in
momentum space was performed on the sample with 45 deg disorientation.
Applied external voltage with 3.8V amplitude resulted in slightly positive
HYV detuning. The energy positions of the modes extracted from the experi-
mental results are plotted in Fig. 6.16a. Independent illumination with H, V,
D, A, o and o~ . Especially detection in o* polarizations allowed for deter-
mination of S3 parameter, which marked in Fig. 6.16a by pseudocolor scale
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Fig. 6.16 | Band energy in LC cavity with twisted nematic LC layer. Di-
spersion of polaritonic modes obtained by (a) experiment and
(b) Berreman matrix simulations. The pseudocolor scale deno-
tes the S3 component. (d) Measured polariton bands subtracted
from their mean energy with corresponding to (c) experimental
results, (d) Berreman matrix simulations and (e) solutions of the
analytical model.

proves operation around the Rashba-Dresslehaus regime.

The experimental results were recreated with the Berreman method for
the structure of the total cavity width L = 1362nm. At the LC/DBR interfa-
ces otical axis of the LC layer was desoriented by 45 deg, with the LC mole-
cules twist width of [ = 68 nm. Within the twist region the optical axis direc-
tion was smootly rotated by 22.5 deg to obtain central region of 1226 nm of
LC with optical axis pointing in = direction (compare with Fig. 6.10c,d). To
introduce the effect of the applied external electric field, all dielectric ten-
sors of the LC layers were additionally rotated by 42.5 deg towards the z
axis. The dispersion relation of the photonic modes is plotted in Fig. 6.16b,
with corresponding S3 parameters of a given band marked with a pseudo-
color scale.

For easier visualization of the gapped Dirac cones in the band struc-
ture, the energy of the modes was subtracted by their mean value (E) for
experimental and Berreman matrix simulated results in Fig. 6.16¢,d and the
energy difference between the modes AE in Fig. 6.17a,b. Especially the lat-
ter approach in the simulated data shows two symmetric distinct minima of
the energy difference between the modes corresponding to desired gapped
Dirac cones. The same behavior can be also seen at the experimental data
but close to the limit set by the limited numerical aperture of the microsco-
pic objectives used in the experiment.

However, both of these results show that the position of the energy dif-
ference minima does not lie strictly at the k, = 0 line, as was expected from
the analysis of Eq. (6.9) plotted in Fig. 6.9, but are rotated slightly clockwise
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Fig. 6.17 | Energy difference between the modes in: (a) experimental tomo-
graphy, (b) Berreman matrix simulations and (c) model given by
Hamiltonian Eq. (6.13). Cross sections through energy dispersion
in Berreman matrix simulations (points) and model Eq. (6.13)
along (d) £y, (e) k; = ky and (f) k, wave vector directions.

in momentum space. To recreate this behavior in the analytical model, Dr.
Helgi Sigurdsson proposed to add additional 20,,k,k,G, term to the Ha-
miltonian Eq. (6.13). Such terms appear in the Hamiltonian corresponding
to the (N +2,N) regime [Eq. (2.41)], and can appear in this case due to the
limited symmetry of the system caused by the presence of twisted nematic
layers. Physically 4, combined with the Hamiltonian for (N 4 1,N) acts as
an extended TE-TM splitting term, for which §, = 6., = —d,,.

With this additional term, total Hamiltonian reads as:

Hrppa = (Eo +

2my + 2my,

h2k? h2/-c2)

oo+

1 1

+ (623 + Oyk)6 + 200y kakyGy.

(6.13)

It can be fitted directly to the Berreman matrix simulations with parame-

ters: £ = 2.0997eV, AEyy =

13.3meV, AEsp = —14.9meV, m, = 1.27 x

10~°me, my, = 1.38 x 10~°m,, 6, = —0.32meVum?, §, = —0.53 meVum?,
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82y = 0.35meVum?, o = —2.13 x 1073 eéVum to obtain a very good agre-
ement. Fig.6.16e presents energies of the photonic modes subtracted by
their mean value and Fig. 6.17c energy difference between the modes ob-
tained from the analytical model Eq. (6.13) after the fitting. The model with
a perfect agreement describes the energy splitting and the position of the
gapped Dirac cones in the momentum space. The fitted curves can also be
compared with the Berreman matrix simulations plotted in Fig. 6.17d—f for
different wave vector directions.
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Fig. 6.18 | (a)—(d) Experimental polarization and resulting Berry curvature
of the lower energy band compared with the corresponding re-
sults of (e)—(f) the Berreman matrix simulations and (i)—(1) ana-
lytical two-level model.

The presence of the energy difference minima between the bands is a
strong indication of the nontrivial band geometry, but a direct demonstra-
tion of the non-zero Berry curvature polarization state of the bands has to be
analyzed. Fig. 6.18a—c presents polarization state of the lower energy branch
extracted from the tomography measurement.

At first energy position of two bands was determined for each wave vec-
tor by fitting two Gaussian profiles to the total transmission intensity obta-
ined by the sum of intensities detected for horizontally and vertically po-
larized incident light. Based on the transmitted intensities of the H, V, D,
A, ot and o~ polarized incident beam at those energy positions, the eigen-
polarization of the modes can be calculated following Stokes parameters
definition.
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The experimentally determined polarization state in Fig. 6.18a—c are in
agreement with the results of the Berreman matrix simulations (Fig. 6.18e—
g) and eigenvectors of Hamiltonian Eq. (6.13) and all follows the predic-
tions of Eq. (6.9) described in Fig. 6.9.

For the lower energy branch along the k, wave vector direction, the po-
larization state switches from ot to o~ when crossing through &, = 0 due
to the Rashba-Dresselhaus SOC term. As HV detuning is positive, at nor-
mal incidence the mode is vertically polarized, which changes to horizontal
polarization for high k, values. At the positions in momentum space where
both the S; and S, parameters are zero, S» has its maximum, which is the
result of diagonal-antidiagonal splitting AFEpa of negative value. Based on
this polarization state in momentum space described by Stokes parameters
S; the Stokes vector can be mapped into the spherical coordinate system by
two angles:

O(k) = arccos S3(k) , (6.14)
and 50(K)
U(k) = arctan 2. 6.15
(k) = arctan A (6.15)
Based on them, the Berry curvature can be derived as [25]:
1.
B. = 3 sin® (95,00, ¥ — 9,00, V), (6.16)

which is plotted for the experimental, Berreman matrix, and analytical re-
sults in Fig. 6.18d,h,1. All approaches lead to the dipole of the Berry curva-
ture B, located in proximity to the k, = 0 line in the momentum space. It is
concentrated around the regions corresponding to the minimum energy dif-
ference between the modes. The sign of the Berry curvature at each gapped
Dirac cone is the opposite, as is expected from a time-reversal symmetric
system. Overall, the Chern number of the band, which is given by integral
of the Berry curvature over the whole band (or Brillouin zone for periodic
systems) is equal to zero, but locally the band topology is nontrivial with
nonzero Berry curvature.

Following the analytical model Eq. (6.13) it is expected that the Berry
curvature of the second, upper energy branch will be the exact opposite
of the lower energy branch. As both eigenvectors of any Hermitian matrix,
such as the one given by Eq. (6.13), have to be orthogonal to each other, it
corresponds to orthogonal polarization of the bands. This is the case when
plotting the polarization state and the Berry curvature of the higher energy
branch from the analytical model, as shown in Fig. 6.18i-1.
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Contrary to these predictions, both experimental results (Fig.6.19a—d)
and Berreman matrix simulations (Fig. 6.19e-f) shows deviations from sim-
ple othogonality to their counterparts for the lower energy branch. For exam-
ple S3 parameter losses its mirror antisymmetry versus the k, = 0 plane, S
significantly more resembles a quadrupole, and the S; forms a positive stri-
pe along the antidiagonal wave vector directions. All those features can be
observed in both experimental and simulated data. As a result also the Ber-
ry curvature is affected. For Berreman matrix simulations, the calculated
Berry curvature at Fig. 6.19h in the first approximation is of the opposite
sign to the lower energy branch, but is more elongated and centered at hi-
gher wave vectors values. As a result for the experimental data with limited
numerical aperture, this Berry curvature dipole is not observed.

Although some discrepancies between the analytical model given by
Eq. (6.13) and the experimental results can be observed, overall the mo-
del correctly captures the general polarization of the bands and the emer-
gence of non-zero Berry curvature in the form of a dipole oriented close to
k, = 0. Given the simplicity of the 2x2 model Eq. (6.13) considering only
two coupling cavity modes, it is expected that the influence of the rest of
the photonic resonances in the multimode cavity will affect the polariza-
tion state. Additionally, non-Hermitian contributions are also of interest in
birefringent microcavities [41, 122]. Much of the discrepancies are captu-
red by Berreman-method simulations, which provide exact solution of the
Maxwell equations, but here it is only considered numerically.

Fig. 6.18 clearly demonstrate the possibility to obtain a nonzero Berry cu-
rvature in the photonic system. A significant advantage of the LC platform
used in this case is the ease of tunability of the liquid crystal with an electric
field. Especially, changing the voltage allows for control over the position of
the Berry curvature extrema in momentum space.

Fig. 6.20a—e presents calculated with the analytical model dispersion re-
lation (E — (F)) in which the Berry curvature is overlayed on the bands
with a pseudocolor scale. Calculations are performed for the same para-
meters as presented in Fig.6.17 but with diagonal-antidiagonal detuning
AEpa = 18.9meV (equal to experimental realization described later). Be-
tween the panels, the HV detuning is changed in —10 meV to 20 meV range,
as it is a parameter that is easily controlled in the experiment by the ampli-
tude of the external voltage.

Starting from the negative HV detunings the bands are energy-separated
with negligible Berry curvature. At zero HV detuning due to d,,k.k, term,
already two gapped Dirac cones emerge initially with a weak concentration
of the Berry curvature. At higher positive HV detunings (Fig. 6.20d—e) cle-
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Fig. 6.19 | (a)—-(d) Experimental polarization and resulting Berry curvature
of the upper energy band compared with the corresponding re-
sults of (e)—(f) the Berreman matrix simulations and (i)—(1) ana-
lytical two-level model.

arly two distinct valleys in momentum space exhibiting nonzero Berry cu-
rvature are formed. Importantly, with increasing HV detuning the distance
in momentum space between the Berry curvature extrema increases.

To discuss potential of LC cavities in control over photonic Berry curva-
ture it is valuable to discuss also influence of diagonal-antidiagonal split-
ting on photonic modes dispersion, even if it is not adjustable during the
experiment. Fig. 6.20f—j presents band structure calculated for increasing
diagonal-antidiagonal splitting at fixed positive value of HV detuning of
AEpy = 10meV. As diagonal-antidiagonal splitting provides minimal ener-
gy spacing between the bands (when neglecting .., term contribution), for
small detunings it leads to a sharp energy change of the bands. This can
be observed in Fig. 6.20f calculated for AEpy, = 2meV. Two valleys in the
momentum space are formed with a small energy gap at each valley and
a sharp dependence on the wave vector, which also leads to a very strong
localization of the calculated Berry curvature. As the diagonal-antidiagonal
splitting increases in Fig. 6.20g-h, the energy separation between the bands
increases, the dispersion relation smooths and the Berry curvature spans
over larger area in the momentum space (mind that the colorscale is adju-
sted for each panel individually).

Overall, the calculated momentum position and the maximum value of
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Fig. 6.20 | Electrical tuning of polariton Berry curvature. Calculated di-
spersion of cavity modes (energies subtracted by their mean)
with B. marked by a pseudocolor scale from the analytical
model for (a)—(e) increasing HV detuning AEny at AEpy =
18.9meV, (f)-(g) increasing DA detuning Apa at AEpy =
10meV, (k) Resulting maximum value of B, and B, center of
mass position in reciprocal space for varying H-V detuning cal-
culated for AEpp = 18.9meV. (1) Berry curvature center of mass
position for varying HV detuning at different DA detunings.

the Berry curvature for varying HV detuning is plotted in Fig. 6.20k, 1. The
momentum position of the Berry curvature extrema in this plot is determi-
ned in terms of its center of mass. For high diagonal-antidiagonal splitting
(red line for 30 meV) the minimum energy separation between the modes is
relatively high, which leads to formation of the gapped Dirac cones at high
wave vector, which is only slightly affected by additional HV splitting. Thus,
the momentum position of the Berry curvature extrema is not constant, but
also does not vary much with HV detuning. Similarly, the maximum va-
lue of the Berry curvature (Fig. 6.201) increases with the HV detuning, but
the dependence is not particularly strong. For lower diagonal-antidiagonal
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splitting, Berry curvature is more localized in the momentum space, the ef-
fect of tuning with external voltage is significantly more pronounced for
lower diagonal-antidiagonal splittings.
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Fig. 6.21 | (a) Calculated energy of the photonic modes at normal incidence
for increasing HV detuning (gray lines) compared with experi-
mental results for varying voltage applied to the LC cavity (circ-
les). (b) Extracted HV detuning as a function of the applied vol-
tage.

Experimental confirmation of theoretical predictions of the voltage con-
trollable Berry curvature was performed on the sample with 30 deg deorien-
tation between the direction of the ordering layers. Seven polarization reso-
lved tomographies were collected at different voltages varying in 3.88 V to
4.88 V. Based on the comparison between the measured energy positions of
the modes at normal incidence plotted by dots in Fig. 6.21 with the theoreti-
cal response to the HV detuning plotted by gray line diagonal-antidiagonal
splitting and value of HV detuning can be determined at each voltage. For
the measured tomographies, two were performed at negative detunings,
with the lowest value of —15.6 meV and the remaining four for positive de-
tuning rising up to 29.9meV. When the values of the extracted HV detu-
nings are plotted as a function of the applied voltage, in this limited range
the dependence is approximately linear, as shown in Fig. 6.21b

The Berry curvature for the lower energy branch extracted from the po-
larization resolved transmission experiment are plotted in Fig. 6.22a—f, and
are compared with the corresponding results of the analytical model in
Fig. 6.22g-1. For the negative detuning (Fig. 6.22a,g) the Berry curvature in
both the experiment and simulations is very low. At the first measured po-
sitive HV detuning AEpy = 9.3 meV, corresponding to 4.38V, in both the
experiment (Fig. 6.22c) and model (Fig. 6.22h) a clear dipole of the Berry
curvature emerges. In experiment it is almost perfectly aligned along the
ky, = 0 line, whereas for the model the dipole is slightly rotated counterc-
lockwise. With increasing voltage applied to the cavity Fig. 6.22c—f the mo-
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Fig. 6.22 | Electrically tunable photonic Berry curvature. (a)—(f) Berry cu-
rvature distribution for lower energy mode with increasing vol-
tage applied to the LC cavity extracted from the polarization re-
solved transmission measurement. Gray circles mark the experi-
mental region limited by the numerical aperture of the objectives.
(h)—(n) Calculated Berry curvature for HV detunings correspon-
ding to the experimental results.

mentum position of the poles of the Berry curvature dipole increases along
the k, direction. The effect is easier to observe in corresponding simulations
Fig. 6.22i-1, as the experiment positions of the Berry curvature extrema is
close to the limits defined by the numerical aperture of the microscopic ob-
jectives, marked with gray circles.

Theoretically calculated dependence of the position of the Berry curva-
ture poles in momentum space and their peak values is plotted in Fig. 6.22m.
As for the previously discussed results in Fig. 6.20 both maximum Berry cu-
rvature value is expected to increase with the HV detuning, especially the
increase should be faster when crossing the zero detuning value. Simulta-
neously, the momentum position of the Berry curvature poles is calculated
to achieve minimum value at slightly negative detuning of around —5 meV
and increase with rising detuning. All of these trends can also be observed
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in the experimental results plotted in Fig. 6.22n. The maximum value of the
Berry curvature, marked with circles, clearly increases with the applied vol-
tage. The effect is lost at the last two points marked with dashed lines, which
were obtained for the highest applied electric biases. As suggested by simu-
lations, as the Berry curvature extrema leave the observed in the experi-
ment momentum rangge, it is not easy to estimate peak value. Similarly, also
obtained from the experiment momentum position of the Berry curvature
extrema follows the theoretical prediction.

6.5 Perovskites in LC microcavities: summary

In summary, 2D organic-inorganic PEPI perovskite was investigated expe-
rimentally towards the observation of a strong coupling regime between
excitonic resonance in the perovskite with photonic modes of the cavity fil-
led with liquid crystal. Observed in photoluminescence dispersion relation
of the cavity modes was fitted with the coupled oscillator model to extract
coupling strengths at the order of 100 meV, depending on the polarization
of the cavity mode. The results were in a good agreement with numerical
simulations of the whole cavity structure utilizing a dielectric function of
the perovskite layer obtained by ellipsometry.

In addition, a scheme of desoriented orientation layers that results in a
twisted nematic configuration of the liquid crystal was proposed to break
diagonal-antidiagonal symmetry of the structure to obtain locally nonze-
ro Berry curvature at the cavity bands. These predictions were confirmed
experimentally, in which the ability to tune the LC cavity with external vol-
tage was used to change the position of the Berry curvature poles in mo-
mentum space.






Chapter 7

Summary

This thesis was devoted to various polarization-dependent phenomena that
arise in planar microcavities, and here we summarize the most important
results described in the following chapters.

In chapter 2, we showed the rich physics of the cavities filled with a bire-
fringent liquid crystal. Performed theoretical simulations of the dispersion
relations and polarization of the photonic modes in such resonators sho-
wed a variety of different regimes arising from the possibility to tune the
optical anisotropy direction in such a system. The most striking effect was
emergence of the Rashba-Dresselhaus spin orbit coupling term when two
modes of different parity were brought close to the resonance. Apart from
that we show significant difference between the regime when two modes
of the same parity, but different or the same mode numbers are spectrally
tuned close to each other, which was essential for results described in the
two following chapters.

In chapter 3, we investigate spatial polarization textures arising when
polarized incident light is transmitted through photonic modes of LC ca-
vities. For the case closest to isotropic cavity we showed theoretically that
with changing the pumping beam polarization from linear to circular the
already known meron-antimeron polarization lattice evolves into a novel
second order meron polarization texture. In the former case we were able
to observe experimentally using polarization resolved tomography measu-
rement in the real space. Most importantly we demonstrated in numerical
simulations and the experiment that by tuning the optical anisotropy direc-
tion of the liquid crystal layer, close to the resonance of two modes of the
same parity but different mode numbers, it is possible to reverse the topo-
logical charge of the spatial polarization texture and observe second order
antimeron.
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In chapter 4 we investigate almost the same conditions in LC microcavi-
ty, for which the dispersion relation of the cavity modes exhibits four dia-
bolical points. With paying closer attention to the polarization dependent
losses in the system requiring non-Hermicity corrections to the model tho-
se four points in the momentum space evolve into eight exceptional points
where real and imaginary parts of the eigenvalues spectrum coalesce. Im-
portantly, tunability of the liquid crystal cavity can be used to control the
non-Hermicity degree, which affects the momentum positions of the excep-
tional points. Especially for high non-Hermicity degree the exceptional po-
ints issued from different diabolical points in the momentum space met and
annihilate. This is the first demonstration of such multi-valley process in
which singularity points in the reciprocal space are completely removed
from the system staying in the non-Hermitian regime.

In chapter 5 we switch to optically isotropic cavities used for the observa-
tion of the strong coupling regime between the photonic modes and excitons
in thin flakes of transition metal dichalcogenides, namely tungsten diseleni-
de WSe,. We discuss the design of an open dielectric cavity where the elec-
tromagnetic field is confined between two independent DBRs with the di-
stance between them controlled by a piezoelectric element. We demonstrate
a strong coupling regime between the cavity mode and WSe, excitons using
flakes with thicknesses varying between 1 and 4 monolayers at liquid he-
lium temperature. The experimental results were confirmed by simulations
based on reflectance spectra of the bare flakes. Additionally, we used cha-
racteristic for monolayer transition metal dichalcogenides spin-valley loc-
king to obtain circularly polarized emission from the polariton state under
quasi-resonant excitation.

Finally chapter 6 we combine liquid crystal microcavities with a strong
coupling regime by incorporating a layer of two-dimensional perovskite wi-
thin the resonator. We analyze theoretically the dispersion relation of the ca-
vity incorporating such materials, demonstrate it experimentally based on
angle-resolved photoluminescence measurements and show tunability up
to the Rashba-Dresselhaus spin-orbit coupling regime. Moreover, we used
twisted nematic orientation of the liquid crystal layer in order to lift the de-
generacy at the diabolical points in momentum space close to the Rashba-
Dresselhaus resonance in order to demonstrate polarization of the photonic
bands corresponding to the nonzero Berry curvature, which we can further
tune by an external voltage applied to the sample.

We believe that this work demonstrates a large number of fascinating
physical effects arising from the mixing of polarization dependent photo-
nic band structure in newly rediscovered system of cavities filled with liquid
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crystals. As the system is still in its infancy, we hope that this initial research
can show available possibilities and act as a foundation for further develop-
ment of the system aiming towards optically nonlinear behavior, potential
landscape engineering or quantum effects.
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