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Exciton-polaritons are mixed light-matter quasiparticles. We have developed a statistical model
describing stochastic exciton-photon transitions within a condensate of exciton polaritons. We show
that the exciton-photon correlator depends on the rate of incoherent exciton-photon transformations
in the condensate. We discuss implications of this effect for the quantum statistics of photons
emitted by polariton lasers.

A pulse of light entering a crystal in the vicinity of the exciton resonance excites combined light-matter
waves, as it was discovered by Pekar in 1957'. Quantization of these waves yields mixed light-matter
quasiparticles, currently known as exciton-polaritons. A classical theory developed by Hopfield in
1960s describes this process characterizing crystals by modified dielectric functions having resonant
features®. The quantum theory developed by Agranovich® considers a polariton as a chain of virtual
emission-absorption acts: a photon is absorbed creating an exciton, then an exciton recombines emitting
a photon, etc. It is usually assumed that neither emission nor absorption of photons by excitons does
take place in reality: photons entering a crystal are immediately transformed into exciton-photon qua-
siparticles which may be detected as excitons or as photons with certain probabilities given by so-called
Hopfield coefficients. It is impossible to know a priori if an exciton-polariton would collapse to exciton
or a photon state in each particular measurement. Meanwhile, excitons in quantum confined potentials
may be characterized by radiative lifetimes describing their spontaneous recombination with emission of
photons*. This picture is referred to as a weak coupling regime, where the emission and absorption acts
take place in reality, and notion of exciton-polaritons is of no much use.

The crossover between weak-coupling and strong-coupling regimes is illustrated in Fig. 1. It is man-
ifested by the appearance of two distinct exciton-polariton resonances in the reflectivity or transmission
spectra which are split in energy. The transition from weak- to strong-coupling is routinely described
assuming the coherent exciton-light coupling combined with phenomenologically introduced broaden-
ings of exciton and photon modes’. However, this approach fails to account for stochastic absorption and
emission of photons by excitons, that are clearly dominant in the weak-coupling regime, e.g. for a single
exciton resonance coupled to a continuum of photon modes®. There is no reason to expect that stochastic
exciton-photon conversions disappear abruptly at the weak-strong coupling crossover.

The interpretation of exciton-polaritons as superposition light-matter quantum states is essential
for understanding of the phenomenon of polariton lasing’. In polariton lasers, stimulated scattering of
exciton-polaritons in semiconductor microcavities® leads to macroscopic population of a single quantum
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Figure 1. (Color online) The schematic of photon-exciton interaction in the weak coupling (upper
panel) and strong coupling (lower panel) regimes. While in the weak coupling regime real absorption
and emission of photons by excitons takes place, the strong coupling is characterised by appearance of a
superposition exciton-photon state.

state, which forms a condensate (or Bose-Einstein condensate®!?) of exciton-polaritons. A polariton con-
densate spontaneously emits the monochromatic and coherent light, which constitutes the polariton
lasing effect”!!. Polariton lasers have been experimentally realized in various semiconductor systems!*-!*
and operate up to room temperature'®”. From the point of view of the quantum theory'8, spontaneous
emission of each individual photon does not collapse the many-body wave-function of the polariton
condensate, which opens room for studying the internal structure of this mixed-light matter many-body
state by measuring the statistics of emitted photons'®-2!. It is yet unclear if stochastic emission and
absorption of photons by excitons plays any role in the strong coupling regime, but it seems highly
likely that stochastic processes are important in the vicinity of weak-strong coupling transition and at the
onset of polariton lasing. The coexistence of weak and strong coupling in semiconductor microcavities
has been experimentally observed by Lagoudakis et al.?2.

Here we present the model of exciton-polariton system describing both coherent and stochastic trans-
formations of excitons and photons. Coherent processes are characterized by the Rabi frequency (2, i.e.,
the splitting of upper and lower exciton-polariton eigenmodes, while the acts of stochastic conversion
happen with a characteristic time 7,.. The exciton-photon conversion rate constitutes an important sup-
plementary characteristic of the system. In order to reveal the role of this rate in the noise spectra of
photoluminescence and photocurrent generated by exciton-polaritons, one can place a condensate of
exciton-polaritons in a biased semiconductor microcavity structure?’, where polaritons can decay as
excitons by electron and hole tunneling through the barriers or as photons by photon tunneling through
dielectric mirrors of the microcavity thus contributing to the photoluminescence signal. We quantita-
tively analyze the correlations between the noises in exciton and photon decay channels as functions of
the stochastic exciton-photon and photon-exciton conversion rate z,.'. We discuss the potential impact
of the stochastic processes on the second order coherence in the emission of polariton lasers and com-
pare the results of our statistical model with the experimental data by Kasprzak et al.*.

Basic equations

The strong exciton-photon coupling regime in microcavities manifests itself in the appearance of a Rabi
doublet composed by lower (LP) and upper polariton (UP) branches. The lower |LP) and upper |UP)
single-polariton states can be represented as

|LP) = Cx|X) - CC|C), |UP) = CC|X) + Cx|c)’ (1)
where |X) and |C) denote the exciton and cavity quantum states, respectively. The Hopfield coeflicients

1/2
are givenby C_ = 27121 + A/4Q% + A*)  with A being the detuning between the bare photon

and exciton mode®. In the following we shall restrict ourselves to the simplest A =0 case.
The system of exciton-polaritons is described by the density matrix p, which evolves according to the
equation
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Here we assume that exciton-polaritons are excited at t= 0 and only decay processes are present at t > 0.
The decay processes under consideration are described by four Lindblad terms with j=x, ¢, xc, cx.

At ooa ot o2 . T . .
Denoting by &' () and b (b) the creation (annihilation) operators for excitons and photons, respectively,
we describe the escape (annihilation) of an exciton with the operator A, = a and the characteristic
life-time 7,, the escape of a photon is described with A, = b and the life-time 7. The two processes of

conversion are present: the exciton-to-photon conversion with A, = IQT& and the photon-to-exciton
conversion with A_ = a'b, both having the same characteristic conversion time 7,.. We note that the
stochastic conversion appears, in particular, if one considers the scattering of exciton and photons with
some reservoir modes, in particular, with acoustical phonons. The conversion terms can be derived from

the interaction Hamiltonian like ﬁ[im x ¥y ( A+ Al (P + ;Z) after averaging over the reservoir oper-

ators 7, and ?,t within the Born-Markov approximation. Finally, the equation for the density matrix is
completed by the term describing the coherent exciton-photon coupling with

f, = Q(&Tb n b*&). )

Before we proceed further, let us emphasize the limitations of the chosen model. First, it neglects
the possible supplementary gain due to the stimulated relaxation of exciton-polaritons from an inco-
herent reservoir. The role of reservoir has been carefully discussed in the literature, e.g., by Wouters
and Carusotto®. It is crucial for polariton lasers operating in the cw regime under non-resonant optical
pumping. In this work we would like to consider a polariton condensate resonantly excited by a laser
pulse. The reservoir in this case would not form. Second, we shall assume that the internal exciton-photon
correlations in our condensate directly affect the output signal of the device under study (the photolumi-
nescence, photocurrent or Kerr angle signals, in particular). We realise that this is not always the case,
as has been pointed out by Cuiti and Carusotto®. We discuss the methods of experimental observation
of exciton-photon correlations below.

Stochastic exciton-photon conversion makes evolution of p to be quite complex, as it can be seen from
the Glauber-Sudarshan representation of Eq. (2). Expanding of p on the basis of coherent states |x, y),
where x and y are 2D vectors such that afx, y) = (x; + ix,)[x, y) and b|x, y) = (y, + iy,) [x, y), one

can obtain
p= dex dzyp(x7 Y, t) |X7 Y) (X7 Y‘7 (4)
op 1 1 o 1 ~2 A2
o _ 1 g . (v, ac —(c D).
ot 2rx( o XpE 2rc< y y>p+ P 4z, T2 )P (5)

Here operator
f?:[xxVy}+[yxVx] (6)
describes the Rabi oscillation in the system, while

D=(x-V,) - (y- V) (7)

governs the stochastic mixing between exciton and photon subsystems.

The above equations describe the exciton-polariton system, which was excited at t=0 and evolves
freely afterwards. This is the most convenient set-up to study the effects of stochastic conversion between
excitons and photons. We note that in the presence of cw pumping that results in formation of an inco-
herent exciton reservoir®, the density matrix equation (2) is modified by adding the gain term with
Ag = 4" and 1/7,= W, where W is the exciton harvest rate from the reservoir to the exciton-photon
system. This would lead to the term —%W (V, - x)p+ iWA .p in the rhs of the Fokker-Planck
equation (5).

The effect of conversion can be analyzed in the limiting case 7,, 7.>> 7,,, where the first two terms in
the right-hand-side of (5) can be omitted. The remaining Fokker-Planck equation conserves the average
number  of  particles N = f d’x d%y (x2 + yz) p(x,y,t), having in  mind  that
Cx? + éyz = Dx?+ @yz = 0. Moreover, any function p(x?>+ y?) represents a time-independent solu-
tion. The system evolves to reach the state that corresponds to the equidistribution of exciton and pho-
tons, what also implies the equidistribution between upper and lower polariton branches.
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The operators C and D obey the following useful relations: C(x-y) =0, @Z(X cy) = —4(x - y).
These relations can be used to obtain the time-dependence of the total energy of the system
E(t) =20 f d*x d* (x-y)p(x,y, t), which decays exponentially to zero, which corresponds to the
bare exciton (photon) energy in our notation, E(f)  exp(- /1), with

1 1]1 1 1
— ===+ =+ —.
TE 2 Tx Te Txe (8)

We note that for finite 7, . the average number of particles also decays exponentially, N(f) < exp(- t/7y),
but on a different time scale

11 [ 1,1 ]

- = =4 =
TN 2\ 7, T, )
The stochastic conversion only transforms excitons to photons and vice versa and, therefore, does not
affect the evolution of the total number of particles in the system. On the other hand, the conversion
process does not conserve the energy and modify the energy evolution. As a result, the presence of sto-
chastic conversion changes the energy per particle E/N, which is otherwise time-independent for 7,., =0
In what follows, several correlators of interest will be defined by the diagonal elements of the density
matrix P(n,, ny, t) in the basis of exciton and photon number states, which describe the probabilities

to have n, excitons and #, photons in the system. The dynamics of P(n,, n, t) is found from (2) to be

W = [+ DO+ L) = P ()]
[y + DP (ng, my + 1) = myP (ng, m)]
+Txc [( )nbp(na+1’nb_ 1) _na(nb+ I)P(nmnb)]
+ Txc [(nb + )nup (nu -1 ny + 1) - (nu + l)an (nm nh)]’ (10)

where the sum of the diagonal elements is normalized to unity 32, , P (n,, n,, t) = 1.

Results and Discussion
The quantities of interest to be analyzed in the remaining part of this Report include the exciton-photon
correlator

(na(£)ny (1))
{na (1)) (ny (1)) (11)
the exciton and photon second-order coherence
{na ()" — n,(t)) {ny ()" — m, (1))
{na(1))® {n, (1)) (12)

and the generalized exciton-photon correlator expressed through the previous three correlators

g.(t)=

g, (1) = . 8, ()=

2

gxc _ (nu(t) nb(t) )2 )
8282 (na(t)z - na(t)> (nb(t)2 - nb(t)) (13)

The latter correlator is convenient since G,.= 1 for a polariton condensate formed at the low-polariton
branch independently of the statistics of particles within the condensate. To prove this statement, we
express the exciton and photon operators through the polaritons operators corresponding to the lower
and the upper branches, ¢, = (a — b)/~/2 and &, = (a + b)//2, respectively. Assuming that the
upper polariton branch is empty, we obtain

<&TlA7Tab>2
(@)

G = = :1

- (@T2a2)<2”22> (cl”el) (e1%er)

Gult) =

(14)

As we discussed above, the stochastic exciton-photon conversion leads to the mixing of lower and
upper polariton branches, and this is indicated by deviation of G,, from unity. We consider coherent and
Fock states of polaritons at the lower polariton branch as initial states of our system. The initial diagonal
elements of the density matrix for the coherent state can be described by the product of two Poisson
distributions

SCIENTIFIC REPORTS | 5:12020 | DOI: 10.1038/srep12020 4



www.nature.com/scientificreports/

1.4
P R
z
5 1.0 ]
-
<
© 08 y ]
ol xc
S T U
Qo6 \ T
0.4 ]
XC
02 I I I I
0.0 02 0.4 0.6 0.8 1.0
t/1,,

Figure 2. (Color online) The time evolution of the correlators G, (f) (black), g..(t) (blue) and
£.(t) =2,(t) (red). There is initially N(0) = 10 lower-branch polaritons in the coherent (solid lines) and and
the Fock (dashed lines) states (see text). Infinite lifetimes of excitons and photons 7, = 7.= e are assumed.

P(”a’ My, O) =

’ (15)
while for the Fock state they are given by

|
P(ng, ny, 0) = LN%’
2N n,lny) (16)
where N is the average number of the lower-branch polaritons at t=0.

Figure 2 shows the time evolution of the correlators G, (1), g..(t), £,.(1), and g,.(?), calculated assuming
infinite exciton and photon lifetimes. As expected for the initial coherent state, g,.(0) = £,,(0) = £,.(0) =
G,.(0)=1. The subsequent change of all considered correlators is substantial and experimentally verifi-
able. On the time scale of 7, the correlators approach their saturation values,

S T 3 (17a)
4
g2x’ ch - g’ (17b)
1
o ™y (17¢)

These saturations values (17a-c) are quasiclassical and can be obtained using the equidistribution of
particles, i.e., using the density matrix (4) with the kernel p depending on x*+ y? only. There are quan-
tum corrections to the expressions (17a—c) where the kernel p(x, y) is a non-positive and singular func-
tion. Consider, e.g., the evolution of the initial Fock state of N polaritons in the simplest case of infinite
exciton and photon lifetimes. The stochastic mixing process equalizes the probabilities of all possible
combinations of n, and n, such as n,+ n,= N. Namely,

L s
N+1 n,+n,,N* (18)

As a result, for t— oo we have (n,,) =N/2, (nib) = N (2N + 1)/6, {n,n,) = N(N-1)/6, so that the
factor (1-N!) appears in the right-hand-sides of the expressions (17a,b).

In Fig. 3 we demonstrate the behaviour of several diagonal elements P(n,, n,, t) of the density matrix
as functions of time for the initial coherent distribution (15) and realistic exciton and photon lifetimes.
In the panel (a) we account for the finite stochastic exciton-photon conversion time, while in the panel
(b) the stochastic conversion is neglected. In the absence of stochastic processes there is an asymme-
try in the behaviour of the density matrix elements P(n,, n,, t) corresponding to the same number of
polaritons N= n,+ n,, which is caused by the difference of exciton and photon lifetimes. The stochastic
process affects noticeably this behavior, as it is seen in Fig. 3(a). Due to the transformations of photons

P(nua nb,t—>oo) =
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Figure 3. (Color online) Showing evolution of some diagonal elements P(n,, n,, t), as well as evolution
of the average number of particles N and the energy per particle on insets. The panel (a) corresponds to
the finite time of the exciton-photon conversion 7,.= 5 ps, while the behavior in the absence of stochastic
conversion is shown in the panel (b) The polariton condensate is initially in the coherent state with N= 10.
The life-times of excitons and photons are 7,=40ps and 7,= 10 ps.

to excitons and vice versa, the density matrix elements P(n,, n,, t) ~ P(n,, n,, t) if t> 7,.. The insets in
Figs 3(a,b) show the calculated energy per particle. As expected, this energy exponentially tends to zero
on the timescale of 7, [inset in Fig. 3(a)], while it is constant in the absence of the stochastic mixing
[inset in Fig. 3(b)).

This analysis evidences a set of fingerprints of the stochastic processes which distinguish them from
the conventional exciton or photon decay: the energy of the condensate blue-shifts with time, its broad-
ening increases, the correlators g,. and G,, go below 1.

It is seen that the pronounced variations of the quantum coherence, exciton-photon correlators and
the energy-per-particle with time may be observed if 7,. < 7,, 7. How short can be the exciton-photon
conversion time T, in realistic structures? Clearly, in the strong coupling regime one requires 7, > Q%
otherwise the polariton Rabi-oscillations*’-*! would not be observed in time-resolved optical spectros-
copy experiments. Most likely, 7,. should be of the order of the decoherence time of Rabi oscillations
(typically, 3-10ps), which can still be short compared to the polariton lifetime. The most direct way to
prove the existence of stochastic exciton-photon conversions in polariton condensates would be through
the measurement of the generalized exciton-photon correlator (13). Deviation of this correlator from 1
would be a signature of the stochastic process described here. However, the experimental detection of
correlations between photocurrent and photoluminescence is a challenging task. A simpler experiment
would consist in simultaneous measurements of the noise in Kerr rotation angle of a linearly polarized
probe pulse and the noise in the photoluminescence of a polariton condensate excited by a circularly
polarized pump pulse. Indeed, the Kerr rotation angle is proportional to the exciton fraction of the
polariton condensate®, while the photoluminescence signal is proportional to its photonic fraction. In
this purely optical experiment one should make sure that the intracavity exciton-photon correlations of
the condensate are directly traduced to the correlations between the linearly polarised Kerr and circularly
polarised photoluminescence signal which may not be the case e.g. in the ultra-strong coupling regime®.

Note, that the stochastic exciton-photon conversion might be responsible for the increase of the sec-
ond order coherence function g,(0) above the polariton lasing threshold in the experiments of Kasprzak
et al.?*. The experimental g,(0) increases even beyond the predicted by our model limit of 4/3. This may
be a consequence of other mechanisms of decoherence, e.g. polariton-polariton scattering and interac-
tion with bi-excitons.
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Conclusions

In this Report we have specifically considered an initial coherent state of the polariton condensate excited
by a laser pulse, which is the most likely experimental scenario, and only confronted it to the exotic Fock
state limit. Our theory can be easily extended to any other statistics of the initial state (e.g., the thermal
statistics). Our goal is to show that the stochastic conversion of excitons into photons and vice versa
should have strong influence upon the quantum optical properties of exciton-polariton condensates.
The crucial parameter of the model is the exciton-photon conversion time 7,.. We expect it to be of the
same order of magnitude as exciton and photon lifetimes 7,, 7, at the onset of the weak couplig regime.
T, — oo limit is likely to be realised in the ultra-strong coupling regime. We expect that new experiments
will shed light on the behaviour of exciton-photon correlators introduced in this work and improve our
understanding of a unique light-matter superposition state: condensate of exciton-polaritons.
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