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Transport regimes for exciton polaritons in disordered microcavities

A.N. Osipov®,' I. V. Torsh,"? A. V. Yulin®,' and I. A. Shelykh*!-?
' Department of Physics, ITMO University, Saint Petersburg 197101, Russia
2Abrikosov Center for Theoretical Physics, MIPT, Dolgoprudnyi, Moscow Region 141701, Russia
3Science Institute, University of Iceland, Dunhagi 3, IS-107 Reykjavik, Iceland

® (Received 25 May 2023; revised 2 August 2023; accepted 24 August 2023; published 11 September 2023)

Light-matter coupling in a planar optical cavity substantially modifies the transport regimes in the system
in the presence of a short-range excitonic disorder. Based on a master equation for a resonantly coupled
exciton-photon system, and treating disorder scattering in the Born-Markov approximation, we demonstrate
the onset of ballistic and diffusive transport regimes in the limits of weak and strong disorder, respectively.
We show that transport parameters governing the crossover between these two regimes strongly depend on the
parameters characterizing light-matter coupling, in particular Rabi energy and detuning between excitonic and
photonic modes. The presented theory agrees with recent experimental data on transport in disordered organic

microcavities.

DOLI: 10.1103/PhysRevB.108.104202

I. INTRODUCTION

Bright excitons are bound states of electrons and holes,
which can be created optically in direct band gap materials.
These composite quasiparticles can be used for a variety of
optoelectronic applications [1-3]. There exist, however, cer-
tain obstacles, which make direct applications of excitons
problematic. In particular, being massive particles optically
created, excitons usually have small group velocity. In real-
istic samples, where disorder is always present, this leads to
very short dephasing times and, consequently, short character-
istic propagation lengths of excitons, which becomes a major
problem in such fields as photovoltaics [4,5].

Excitonic transport and the ways to enhance it were widely
studied in the literature [6—11]. An attractive option consists
of resonant coupling of an excitonic transition to a photonic
mode of an optical cavity. If the energy of this coupling ex-
ceeds all characteristic broadenings in the system, the regime
of strong light-matter coupling is established and a novel type
of quasiparticle, the exciton-polariton, is formed. Being of
hybrid nature, polaritons combine the properties of light and
matter particles forming them. In particular, from the photonic
component they inherit extremely small effective mass (about
1073 of the mass of free electrons) and macroscopically large
coherence length [12], while the presence of the excitonic
component enables the sensitivity of polaritons to external po-
tentials and, in particular, allows efficient polariton scattering
on excitonic disorder potential [13].

Recently, it has been observed that mixing with the pho-
tonic mode significantly modifies the transport properties of
polaritons at low temperatures as compared to bare excitons in
both organic [14-19] and inorganic [20,21] microcavities. In
general, in samples with high photonic fractions the ballistic
transport regime is usually established, whereas crossover to
the regime of diffusive transport occurs when the excitonic
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fraction is increased, as was recently unambiguously demon-
strated in Ref. [14].

This effect has a clear qualitative explanation. Indeed, at
low temperatures when short-range impurity scattering gives
a major contribution to the transport, it affects only the ex-
citonic part of the wave function of a polariton, while the
photonic part remains coherent. This results in experimentally
observable narrowing of a polariton’s linewidth due to the
suppression of excitonic inhomogeneous broadening [20], the
effect known as polariton motional narrowing. While the first
theoretical description of this effect was developed decades
ago [22], a microscopic theory of the crossover between
different transport regimes in real space related to it is still
lacking. The creation of such a theory is an actual task, specif-
ically in light of the recent revival of experimental activity in
this field [14,20].

In the present work we aim to fill this gap. We use
the density matrix formalism [23-26] to derive a master
equation for polaritons in microcavities in the presence of
randomly located impurities. We show that for excitons, equa-
tions describing both diffusive [8,27] and ballistic propagation
[28] can be derived from the master equation in the limits
of strong and weak disorder, respectively. For polaritons, we
use the adiabatic elimination technique [29] to get rid of the
upper polariton branch in the limit when characteristic energy
of the disorder potential is smaller then the Rabi splitting.
The analysis of the dynamics of lower polaritons allowed
us to demonstrate that the increase of the photonic fraction
enhances group velocity of the excitations and suppresses the
scattering on a short-range disorder potential, which leads
to a crossover from the diffusive to ballistic propagation
regime. Expressions for relevant quantitative characteristics
describing such a crossover, such as the polaritonic relaxation
time and diffusion coefficient [30,31], are derived. Our re-
sults contribute to the understanding of the relation between
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motional narrowing and regimes of the polariton dynamics in
real space.

II. THE MODEL

We consider a 2D planar microcavity formed by two Bragg
mirrors with a quantum well (QW) with an excitonic transi-
tion embedded in an antinode of a confined cavity mode and
brought close to the resonance with it, as shown schematically
in Fig. 1. We neglect the effects of polariton nonlinearities in
the present study; a finite lifetime is not expected to modify
the transport regimes and is neglected in our further dis-
cussion. Moreover, the lifetime of photons in high-quality
samples can be as long as hundreds of picoseconds [32].

The resonant interaction between excitons and photons
leads to the establishment of the strong-coupling regime and
formation of cavity polaritons, which will be the focus of
our attention. Initially coherent polariton wave packets with
controllable parameters can be created in the system by a
focused pulse of a coherent light. The presence of a short-
range disorder in the QW will create an effective random
scattering potential affecting the excitonic part of the polariton
wave function, and polaritons will thus gradually lose their
coherence. This will affect their real-space dynamics, which
will change from ballistic to diffusive, as we will show below.

In the linear regime, when exciton-exciton interactions can
be neglected, the dynamics of the system can be described
with the following model Hamiltonian:

H = "[e,(k)biby + ec(k)afar + hQp(biay + ajby)]
k

+ D Vi i, (1)
kk'

where by, a; are excitonic and photonic field operators,
ex(k), e.(k) are the dispersions of bare excitons and photons,
Qg is the Rabi frequency controlling the strength of exciton-
photon interaction, and finally, Vi is the matrix element
of a short-range excitonic disorder potential. In our further
consideration we approximate the photonic dispersion by a
parabola, e.(k) = k2 /2mpy,, where m, is an effective mass
of a cavity photon, and take the excitonic dispersion flat,
&¢(k) = 8 = constant. The distance

§ = &c(0) — &x(0) (@)

is an important parameter of the system governing the per-
centage of excitonic and photonic fractions in a polariton.

For our purposes it is convenient to represent the Hamilto-
nian as a sum of the unperturbed Hamiltonian Hy describing
excitons and photons in a spatially uniform system and the
perturbation Hy accounting for the interaction of excitons
with the disorder,

H = Hy + Hy, 3)
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FIG. 1. (a) Schematic illustration of a microcavity consisting of
two Bragg mirrors and a quantum well with an excitonic transition
brought close to the resonance with a confined photonic mode.
(b) The illustration of propagation of different types of the excitations
in the system in the presence of a random short-range potential.
Bare excitons have small group velocity, experience strong scattering
on the disordered potential and, therefore, are subject to random
walks leading to the onset of the diffusive transport regime. On the
contrary, photons have very high group velocities, do not experience
any scattering on short-range potential at all, and propagate bal-
listically. Polaritons are hybrid particles for which an intermediate
transport regime is established, which becomes closer to ballistic
or diffusive depending on excitonic and photonic fractions which
can be controlled by change of a cavity detuning. (d) Dispersion
characteristics of upper (red solid line) and lower (blue solid line)
polaritons calculated for the following parameters of the system:
photonic effective mass m,;, = 0.8 x 10~5m,, Rabi energy Qg =
12.5 meV, cavity detuning 6 = —10 meV. The dashed black lines
show the dispersion of the noninteracting photons and excitons. The
hybridization is strongest at the wave vectors corresponding to the
crossing of the photonic and excitonic dispersions. Changing the de-
tuning between the resonant frequency of the cavity and the exciton
frequency AE, it is possible to control both the effective mass of the
polaritons [panel (e)] and excitonic and photonic fractions [Hopfield
coefficients; panel (g)]. Note that for a given value of the detuning,
Hopfield coefficients depend on in-plane momentum of a polariton k
[panel (£)].

where

Ho =) (e:()bbi + ec(k)ajay + hQp(byax + afbr)) (4)
k
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and
HV = Z ka/b;;,bk. (5)
kk'

The first part of the Hamiltonian Hy can be diagonalized
by moving to the polaritonic basis with use of the unitary
transformation

Crky = 04bp + a_ag, (6a)
Ck— = oqay —a_bg, (6b)

where ¢y are operators of upper and lower polaritons, and
a4 are Hopfield coefficients corresponding to excitonic and
photonic fractions in them.

As aresult one gets

Hy = Z(E+c;+ck+ + E_czick,), @)
k
where
2
E (k)= gel) — &xl) g &(k) + \/(—SC(k) g 8X(k)> + (hS2R)?
(3)

are dispersions of the polariton modes. E., o are illustrated
by panels (c)—(f) of Fig. 1.

To describe the dynamics in our system, we start from the
Liouville-von Neumann equation for the full density matrix,

dp = —%[Ho, p(6)] — %[Hv, p()], ©)

which we treat in the Born-Markov approximation [23,24].
This allows us to get the following master equation:

dp = —%[Ho, p(1)]

1 J _
—<M0ﬁ|:H‘ﬂ(t),/0 dt’[H\f(t’),p’(t)]]Mg>, 10

c

where
Mo = exp (-%H0z> (11)

and
H'(t) = M} H!,(1)M (12)
denotes the scattering Hamiltonian in the interaction picture.
The brackets ( ). denote averaging on the noncorrelated im-
purity’s position (for details see Appendix A).
Spatiotemporal dynamics of a polariton ensemble is de-

termined by a time evolution of a single-particle polariton
density matrix [23]

2n)’
A

where ¢ » = = corresponds to the upper and lower polariton
branches, A is the area of a sample, and

pee b K 1) = (cf cwp) = Tr(pey, cey). (14)

Note that p_ _(r,r,t) and p; 4 (r,r,t) correspond to the den-
sities of lower and upper polaritons in the real space, while
p—.—(k,k,t) and py 1 (k, k,t) to corresponding occupancies

p{'l,{g(rv r/’t) = /p{l,fg(kvk,vt)ei(k/r,_kr)’ (13)

in the k space. The terms p; _(k,k,t) and p_ ,(k,k,t) de-
scribe the interbranch correlations.

The dynamic equation (11) for the correlators defined in
Eq. (14) reads

’ i , , 1
81‘,0{1,52(](,]( 1) = g[Efl (k) - E{z(k )]pll,{'z(ks K, 1) — ?S
s5)

Without the last term on the right-hand side this equa-
tion describes coherent (ballistic) polariton propagation. The
diffusion of the polaritons occurs due to the scattering on the
impurities and this effect is accounted for by the second term
in Eq. (15). The detailed derivation of (15) and the expression
for the scattering term S can be found in Appendix B. It is
worth noticing that the first part of Eq. (15) without scattering
term S is an analog of the Schrédinger equation and, therefore,
Eqg. (15) can be applied not only for description of transport
effects but also for description of quantum effects.

Let us make a remark on the applicability of the perturba-
tion theory. The particle transport can be described within the
Born-Markov approximation provided that % > 11[26,30]
where (E) denotes average particle energy and 7 is the re-
laxation time defined in (30). A similar approach based on
the derivation of the equations for a 2 x 2 density matrix was
implemented in [25,26] for the problem of the polariton’s spin
dynamics.

III. EXCITON TRANSPORT

Before we analyze in detail the case of polaritons, where
the role of photonic fraction is essential, let us consider the
simpler case of bare excitons. We set the Rabi frequency to
zero, Qr = 0, and thus reduce the problem to the evolution of
a single scalar bosonic field.

The dynamic equations (15) then reduce to

a ’ _i _ ’ ’ _i
5 Pl K1) = S EK) = EGD]pk. k', 1) th, (16)

where

n 2 ’ ’
N =nzh;|uq| Lok, k', 1) — plk 4+ q,K +q,1)]

x [S(E(k) — E(k +q)) + S$(E(K) — E(K' + ¢))]}.
a7

In these formulas 7 is the impurity concentration that appears
in the scattering term after averaging with respect to random
impurity positions, U, = [ d’re™ "V (r) is a single impurity
potential’s Fourier component, and V' (r) is a single impurity’s
potential. The quantity A is the sample area defining the al-
lowed values of g. Taking the limit A — oo the summation
over ¢ can be substituted with integration )", — (2'%)2 [ d%q.
So the area A cancels out from the expression for the scattering
rate which becomes proportional to n|U, 2.

Equation (16) with the scattering term (17) well describes
two transport regimes in the limits of weak and strong disor-
der. The first one corresponds to the ballistic transport. Indeed,
for a spatially uniform system U, = 0 and then Eq. (16) is
nothing else but a well known Schrodinger equation written
for the density matrix of a pure state in k representation. In this
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regime one recovers a standard dispersion of a wave packet
corresponding to a massive quantum particle. The size of an
envelope Ar(t) given by average radius for axially symmetric
distributions with ky = 0 scales linearly with time [28],

Ar(t) = (r) =5 at. (18)

In the second limit of strong disordered potential, dephas-
ing which accompanies the impurity scattering leads to the
fast suppression of the correlations between states correspond-
ing to different k, so that nonzero elements of the matrix of
the correlators p(k, k') group around its diagonal (see Fig. 5
in Appendix C). The transport is now described by kinetic
equations of the Boltzmann type, which can be derived from
Eq. (16) by moving to the Wigner representation [31]. The
transport of excitons is purely diffusive [27] with asymptotic
for the beam width scaling as

Ar(t) =25 a0, (19)

To check that the asymptotics above are correct and to con-
sider the intermediate case of a mixed transport, we performed
the numerical simulations of two-dimensional excitonic prop-
agation for different disorder strengths characterized by the
parameter n|U|>. We took excitonic mass to be twice the
mass of a free electron and used the s-wave approximation
for the disorder scattering, taking the corresponding matrix
element to be g-independent, Uy = U. The initial distribution
of excitons was taken in the form of a coherent Gaussian
packet

K2 +k,

p(t =0)~ e | (20

with 8k, = 0.085 um~". For details about the numerical pro-
cedure see Appendix C.

The results are shown in Fig. 2. Panel (a) illustrates the time
evolution of an initially coherent wave packet as a function
of the disorder strength ./nV. One sees that the increase of
disorder slows down the propagation as expected.

An important parameter characterizing the propagation
regime is the propagation exponent, calculated as

_dIn((r)

s(t) = T 1)

For the ballistic propagation s = 1 [see Eq. (18)], while
for the diffusive s = 1/2 [see Eq. (19)]. The dynamics of
the propagation exponent is illustrated by panel (b). One can
clearly see that the increase of disorder leads to the gradual
decrease of the asymptotic value of s which corresponds to
the crossover between ballistic and diffusive regimes.

IV. LOWER POLARITON TRANSPORT

Let us now introduce the coupling between the excitonic
and photonic modes, setting 2z # 0. As was mentioned, in
this case the upper and lower polariton branches E (k) sep-
arated in energy by hQg appear (see Fig. 1). Naturally, the
transport on both of these branches strongly depends on the
corresponding photonic fraction and is thus defined by corre-
sponding Hopfield coefficients.
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FIG. 2. (a) Time evolution of an initially coherent excitonic wave
packet. Black solid line corresponds to the initial density distribution
divided by factor 5 to make the scale of the curve comparable to
typical scale of the other dependencies; color lines correspond to
the density profiles after r = 8.5 us for different disordered poten-
tial magnitudes +/nU. (b) The propagation exponent s(z) defined
by Eq. (21) as function of time calculated for different disordered
potential magnitudes /nU. The asymptotic value of this parameter
close to 1 characteristic for weak disorder indicates that the trans-
port is ballistic. On the contrary, the asymptotic value close to 1/2
characteristic for strong disorder is the signature of the purely diffu-
sive propagation. Intermediate values correspond to mixed transport
regime. The inset shows the dependence of the asymptotic value of
the propagation exponent as function of the disorder strength. The
quadratic dispersion of excitons was considered with the effective
mass m, = 2m,.

Let us notice that Eq. (15) contains both intraband correla-
tors o™t (k, k'), p~(k, k") defining the distributions of upper
and lower polaritons in real space, and cross-band correlators
o5 T (k, k'). We state the problem as an initial value problem
with both intraband correlators corresponding to the upper
polariton branch and cross-band correlators equal to zero at
t = 0. This allows us to eliminate cross-band correlations
adiabatically [29] in the limit of Qg7y > 1, where

1 _2mn 0o n_
o=l ;(S(E_(k) E_(k). (22

Indeed, putting

—p =0, (23)
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we get

__1U?

S, p )
Qr

Ev()— E-(K)

+_N

(24)

Due to the fact that E, (k) — E_(k") ~ Qg and the scattering
terms are bounded from above by 7, ! we can estimate

- P
P 0%

(25)
|

which vanishes in the limit if Qg7 > 1, which is usually sat-
isfied in realistic systems with moderate values of the disorder.
Also note that if we assume the scattering to be purely elastic,
for moderate disorders the interband scattering becomes im-
possible because the energy ranges of the upper and the lower
polaritons do not overlap.

Under these assumptions and in the s-scattering limit the
expression for the scattering term S in Eq. (15) reads for upper
and lower polaritons

§* = ngmmzpi(k,k’,r)Z[ai(k)ai(kw)a(E(k) — E(k+ ) + o (K (K + )8(E(K') — E(' + )]

q

- ngmmz D 0k +q. K + g, Do )as (ke + Qo (K oz (k' + QS (E(K) — E(k +9)) + SEK) — EK + ).
q

The problem is thus reduced to the problem of the transport of
scalar bosons with nonparabolic dispersion. In this work the
focus is on lower polaritons, but the case of upper polaritons
is fully analogous. As expected, the scattering integral contain
the values of the Hopfield coefficients o (k), defined by the
detuning between the excitonic and photonic modes § (see
Fig. 1). It worth noticing that Eq. (15) with scattering terms
(B7) could be used for studying the transport in both strong
and weak coupling regimes. However the cases of weak and
intermediate coupling are beyond the scope of this paper.

We performed the numerical simulations of the dynamics
of lower polaritons for the same initial conditions as in the pre-
vious section, creating initially a coherent excitonic Gaussian
wave packet given by Eq. (20). We focused on the dependence
of the transport regime on detuning §, varying it in the interval
[—50, —5] meV, and set the other parameters as in the paper
[20] (mp, = 0.8 x 1077 m,, Q2% = 12.5 meV).

The results are shown in Fig. 3. Panel (a) illustrates the
time evolution of an initially coherent lower polariton wave
packet as function of the detuning § for the fixed value of the
strength \/nU = 1.5 um meV. As one can see, the increase of
the negative detuning leading to the increase of the photonic
fraction in a lower polariton enhances the propagation. This
is expected, as disorder scattering is relevant for the excitonic
fraction only.

The dynamics of the propagation exponent for lower po-
laritons is illustrated by the panel (b). One can clearly see that
the increase of negative detuning § increases the asymptotic
value of s and thus corresponds to the crossover between
diffusive and ballistic regimes, as was recently reported ex-
perimentally [14,20].

We can also derive semiclassical kinetic equations for
the upper and lower polaritons, introducing the semi-quasi-
classical probability distributions with the help of Wigner
rcg)resentation [31] which could be applied under condition
)% 5 1 at timescales comparable to the relaxation time,

h

pel,r. 1) = / dreps (k n % k — g t) exp(ikr).  (27)

Assuming the scattering to be elastic so that transitions
between the upper and the lower bands are forbidden, and adi-

(26)

(

abatically eliminating cross-band correlations, one gets from
Egs. (15) and (B7)

0
o Pl )+ ve(k) - Voullor, 1) = SE(ps(k, 1, 1)),
(28)

where the scattering integrals are

2w n
gt — _ Z 72&1(1", + )i (1)U, 1?8 (Ex(k + q)
q

—Es(k))p+k,r,1) — pr(k+q,r,1)]. (29)

These kinetic equations are very similar to the kinetic
equations for excitons. The main difference is the presence
of Hopfield coefficients in the scattering amplitudes and the
difference of the effective masses of the particles (excitons
and polaritons) by several orders of magnitude. Let us remark
that kinetic equation (28) describes both ballistic and diffusive
transport regimes; however, it does not account for quantum
effects such as interference.

In the considered limit one can introduce the relaxation
times [30] for excitons and polaritons as

1
S W 30
o) ; Kk (30)

where scattering rates for the excitons and polaritons are given
by

2n n ,
Wi = — U P8(ex (k') — ex(k)), (€29)
hA
2
h
It can be easily seen that the ratio of the excitonic and
polaritonic relaxation times is

r(k) Dyk)
tEk) Dy(k)

W), = %|U|2a2(k')a2(k)8(Ep(k’)—Ep(k)). (32)

mp(k)
my(k)’

ot (k) ot (k) (33)
where D, (k), D,(k) are the excitonic and polaritonic densities
of states.

The dependencies of the relaxation times of lower and up-

per polaritons on detuning § are shown in Fig. 4. As expected,
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FIG. 3. (a) Time evolution of an initially coherent polaritonic
wave packet. The black solid line corresponds to the initial density
distribution divided by factor 2 to make the scale of the curve compa-
rable to the characteristic scales of the other curves; the blue, green,
and red lines correspond to the density profiles after r = 15 ps for
different values of the detuning 6. The magnitude of the disorder
potential is set to /nU = 1.5 um meV. (b) The propagation exponent
s(t) defined by Eq. (21) as function of time calculated for different
detunings §. The asymptotic value of this parameter close to 1 char-
acteristic for big negative detunings and photonic character of lower
polaritons indicates that the transport is ballistic. On the contrary,
the asymptotic value close to 1/2 characteristic for small negative
detunings and the presence of a substantial excitonic fraction in lower
polaritons corresponds to the diffusive propagation. Intermediate
values correspond to mixed transport regime. The inset shows the
dependence of the asymptotic value of the propagation exponent as
a function of the detuning and is characteristic of the crossover from
the ballistic to diffusive propagation in good agreement with recent
experiments [14,20].

polaritonic relaxation times exceed the excitonic relaxation
times by several orders of magnitude for realistic experimental
conditions. Naturally, the increase of photonic fraction leads
to the decrease of the relaxation time. Also we would like to
note that the kinetic equations (28) could be used to study
weak localization of polaritons [33,34].

V. CONCLUSION

In conclusion, we considered the dynamics of polaritons
in a planar microcavity with short-range excitonic disorder.
Based on the master equation for the full density matrix of
the system and treating the disorder scattering in the Born-
Markov approximation we analyzed the crossover between

108
107 LP UP
LT
Tex
10°
104
-50 25 0 25 50
S [meV]

FIG. 4. The ratios of polaritonic and excitonic relaxation times
as function of the detuning é. The blue line corresponds to the lower
and the red line to the upper polariton branches. It is seen that the
ratio varies by four order of magnitude if the detuning AE changes
from —50 meV to 50 meV. Such variation of the relaxation times is
caused by the change of the effective mass and Hopfield coefficients
for upper and lower polaritons.

ballistic and diffusive regimes of the polariton transport with
change of the strength of the scattering potential and the
detuning between excitonic and photonic modes. We also
demonstrated that semiclassical kinetic equations and re-
laxation times can be obtained for polaritons. Our results
are in good agreement with experimental data reported in
Refs. [14,20].
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APPENDIX A: TAKING THE AVERAGE ON RANDOM
IMPURITIES’ POSITIONS

We consider uncorrelated delta-functional impurities

U,
Vi = - Z{exp[—i(k — KR}, (AD)
where Uy = [ d?re*=*"V (r) is the potential Fourier com-
ponent, and A is the sample area. Factor 1/A in the above

expression appears due to the plane wave normalization
ikr . .
Yy = f/_Z in the expression for matrix component V; =

(V| V |¥). For this dependency of Vi on k, k' the averaging
can be done analytically representing the averaged term as

< Z Vkukmvkkr[cl':” yus [C;‘;Ckl’ p]]>
c

=3 <Z exp[—i(k — k")R;] exp[—i(k” — k”’)Rj]>
ij
Uk//km Ukk/
o e Ve
A2

c

[egrcr, legers P11 (A2)

104202-6



TRANSPORT REGIMES FOR EXCITON POLARITONS IN ...

PHYSICAL REVIEW B 108, 104202 (2023)

In the latter expression the inner sum can be calculated

<Z exp[—i(k — k" )R;]exp[—i(k” —k"")R ,-]>
i,j c

= Nibi—i+i"—k,0 = Nidq, +4,.0; (A3)

where N; is the impurity’s quantity. Then, finally, we obtain
the expression for the averaged term

< Z Vkukm kar[cz,, Crs [c;;ck, , p]]>
c

n & T
= 7 2 Urw—gUkisdlcpcvg, [64cisg, o1l (AD)
kK q

where n = % is the impurity concentration.

<M0|:H{,(t), / dr'[HL (), pl(;)]]Mg> =§ > UvweqUkits Y
0

¢ kK .q

APPENDIX B: DETAILED DERIVATION OF MASTER
EQUATION FOR THE POLARITONS

First the expression for H‘i (t) has to be derived. To do
this we can express the H{ (¢) using the exponent of adjoint
representation of Hy,

H‘I,(t) = exp (%HOI)HV exp (— %Hot)

— exp <%r -adHO)HV; (B1)
then we calculate the corresponding correlators,

[Ho. ek} v o] = [Eo, (k) — Eq,(k))ek) e, (B2)

From this expression it is obvious that we will have a Taylor
series for the efo1®=Ex®)  Finally using formula (A4) we
can calculate the integral and obtain the expression for the

scattering part of the master equation (11)

’
o1 - 02 - 5| - S (k)
01,02,51,52=%1

X axg (k, - q)a’m (k)a(Tz (k + q)f]zlk,izq([)[ck,;l Ck'—qs2 ) [ij;l Ck+q¢72 ) 10]] ) (B3)

where f(¢) is given by (BS).

The dynamics of the polaritonic pulses in the system can be studied by writing evolution equations for correlators
Peok, K 1) = (c;ick/i) = Tr(,ocZ{] Ck'¢,)- To do this we use the following fact,

Te([cw), Cur—gy, » [Chgy Chtagys PIIF) = Tr(p[exd chra,s [elicw =g, F1I)- (B4)

where F is an arbitrary operator. To prove this expression we need to use several times cycle permutations under the trace

operation

Tr(lep ), =gy, » [Cb, Chrag,s PIF) = Tr(lcw] cir—g, s kd, Chtag,P = PCRY, Chta g, IF)

- ¥ i i i
= Tr[(ck'slck’—qszckal Cktqq, Pt PChy Chtq o, CK 5, Ck s,

t t ot t
- ck'slck'—qszpckal Ck+q5, — Ckoy Chtqq, PCK 5, ck'—qu)F]

_ i i ; 1 ot i
— Tr[p(FCkrSle/_qXZCko_] Ck+q(’2 + CkU] Ck+q02Ck/Xle/_qs2F Cko.] Ck+‘1a2FCk’s1ck’—q52

— et i
Ck,m Ck/—qs2FCk01 Ck+‘1(72)]

= Tr(p[ckj;lck@, [ck/jl Ck'_‘lsz’ F]]) (BS)

Finally, substituting the c,,; Cp', Operator instead F and taking into account correlation relations we get the following expression
for correlators (B7) which contains four terms corresponding to S;_4:

[ij;l Ck+q0'2 ’ [Ck,I] Ck’_qsz ’ szl Cp/ Cz]] = [ij;l Ck+q(72 ’ (Ck’j:l [Ck,_q_yz ’ Cp; ]Cp’ ¢} + CP; [Ck,jl ’ CP,C2]Ck,_Qs2)]

— T T i
- [Ckm Ck+‘1t72’ (ck'ﬂCP’QCSSZv{l SP*(k'*‘I),O - cp§] Ck’_qszasl*{zsprfk’qo)]

_ t + P
- 8‘?2’{1 Spf(k,—‘l),o(ckm [Ck+‘1<72’ Ck,Sl]CI”Q + Ck,Sl [Cko'l ’ CI”{z]Ck'HIaz)

_ Il i il i
851&2817'*"’,0 (Ckﬂl [Ck+‘1(rz’ CI’(] ]Ck’—qsz + CI’Q [Ckm ’ Ck’—q‘vz]ck+q(,2)

— T il
- 8‘?2’{1 SP—(k,—q),O(CkUI Cpré'zasl*azak,—(k‘*‘q)so - Ck/S1Ck+‘1626§2*U' Sp’—k,())

- 851,(28p’7k’,0(ck; k=g, 80101 0p—terg).0 — Cp, Ch+q, 001,50k — (k' —g).0)- (B6)
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Substituting the expression (B7) to Eq. (B4) we obtain the final result (15) with S = §; + S» + S35 + S4 where S;_4 are given

by the following expressions:

Z Uk+q kUk k+q Z or - {1“0‘2 (k + CI)O‘{I (k)ao'l (k)ao'z (k + q)f]:rlkiil(t)po'] ¢} (k k t)

o1,00=%

= Zngk'_qu'_q,kf Y or ot K)o, (K = @)ct, (K = @), ()£ (00, (K, 1),

op, Uz:ﬂ:

Z Uk+q kUk’ k'+q Z 0102 é‘l ;20101 (k + ‘I)a{1 (k)aé'z (k,)aaz (k, + q)f]ffzk({:_q(t)ﬁ)m,oz (k + qa k, + q9 t)7

o1,00=%

Z Uk’ kK — Uk—qk Z ;02 Zl §2a§2(k )aoz(k, q)am (k q)“{] (k)f]jl q{]k(t)pm,az(k -q, k, -q, t)-

01,02= =+
The functions
o 1 —exp{ — $t[Es, (k) — E5, (K)]}
1O (1) = : . BS
fuir™ @) L[E,, (k) — Eqy (k)] (B8)

The particle transport can be described within the Born-
Markov approximation provided that {£) t“ > 1 where (E)
denotes the average particle energy; 7y is the relaxation time
defined in Eq. (30) [30],

£ 22
k.k'

and corresponds therefore to the energy conservation during a
scattering act.

ThS(Eq, (k) — Eq, (K), (B9)

APPENDIX C: NUMERICAL PROCEDURE
1. Numerical procedure for only excitonic problem

In the 2D microcavity the elasticity of scattering fixes the
length of the wave vector after scattering lk| = |k|. Thus we
can move from integration with respect to d?q to integration
with respect to k =k +¢. And then moving to the polar
coordinates and considering properties of § functions, the
following formulas for (17) were obtained,

Sop(k, k') = wnh|U | p(k, k', 1)[Dap (k) + Dap (k)]
—wnh|U P (I + Iy), (C1)

1 |, ok K —k+k,1)
I = P f d@k[k o } (C2)

1 k—k +k K, 1
/de,;,[k’p( L ’)}, (C3)

I/ = —
YT n)e Hlve |

where D;p (k) is a density of states. Equation (16) in this case
can be reduced to the system of ODEs with-time independent
coefficients by introducing a mesh in k, k' space (see Fig. 5).
However, if we take N points for |k| discretization and N, for 6
discretization we have a total number of N>N7 parameters for
density matrix p(k, k") and N*N; complexity of calculation
of the ODE’s system right part which makes this numerical
problem enormous. Fortunately, for the case when the initial
reversal space distribution profile has axial symmetry such
as a Gaussian profile with ky = 0 it is possible to reduce
the total number of parameters to N>N, and the total right

(B7a)

(B7b)

(B7c¢)

(B7d)

(

part calculation complexity to N2N?, which is much better.
In the axial symmetric case the density matrix has symmetry
PRk, RO, 1) = p(k, k', ), so we can for example fix
the direction of k = [|k|, 0] and reduce the number of parame-
ters. Finally, the equidistant mesh in &, k', 6, were considered.
The integrals in (C1) were approximately replaced by sums
and interpolation was used to approximate points appearing
in the integral approximations which are not contained in the
mesh. Now

plr,r 1) ~ / dkdK' dOdg ke~ s +ik'rcostd'+0)
x p(k,K',0',1)
= / dkdk' dg'kk 2 Jo(q(k, K, 6")r)p(k K, 6, 1),
(C4)

where Jy is the zero-order Bessel function, and ¢ = |k — k| =
\/ k> 4+ k2 — 2kk’ cos(9") gives us the real-space distribution.
The accurate calculation of this integral with the function os-
cillating very fast is also an ambitious task. The normalization
condition 27 [ dxxp(x,x,0) = 1 was taken.

0.1
k [um™]

FIG. 5. The pallet shows the initial p(k,, k,,0 = 0,¢ = 0) and
final p(k,, k., 8 = 0,1 = 8.5 us) k,-space distribution profiles for the
diffusive case /nU = 0.004 ueV um. In the diffusive case the profile
constricts to the line k, = k. which corresponds to field becoming
more classical. One can recall that the kinetic equation for semiclas-
sical probability distribution p(k, r, t) can be derived from the master
equation (16) using Wigner representation [31] p(k + 5,k — 5,1)
and making expansion on small «.
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2. Numerical procedure for lower-band polaritons

For the lower-band polaritons the master equation looks as follows:

S = mgw D ol K D)l (K)o (k + @)8(E (k) — E(k + @) + o (K)o (k' + @)S(E(K') — E(K' + )]}
q

- 71751%|U|2 > plk+q.K + g, Da)ak + q)ak k' + q)8(Ek) — E(k +q)) + S(EK) — E(K' +¢))].  (C5)
q

The resulting equation is similar to (C1) with inclusion of Hopfield coefficients «. The numerical procedure stays the same.
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