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The ground state of a microcavity polariton Bose-Einstein condensate is determined by considering

experimentally tunable parameters such as excitation density and detuning. During a change in the ground

state of Bose-Einstein condensate from excitonic to photonic, which occurs as the excitation density is

increased, the origin of the binding force of electron-hole pairs changes from Coulomb to photon-

mediated interactions. The change in the origin gives rise to the strongly bound pairs with a small radius,

like Frenkel excitons, in the photonic regime. The phase diagram obtained provides valuable information

that can be used to build theoretical models for each regime.
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Microcavity polaritons—photoexcited electrons and
holes strongly coupled with photons in a microcavity—
have been observed to exhibit Bose-Einstein condensation
(BEC) [1,2]. Because of the light-matter coupling, the
polariton has an extremely small mass about 10�4 times
the free-electron mass; the small mass results in a high
critical temperature and low critical density. BEC can be
realized even at room temperature [3], which is remarkable
considering that it had been difficult to realize BEC in
exciton systems for a long time [4]. Microcavity polaritons
are dissipative particles due to the short lifetime of photons
and inelastic scattering of excitons. Therefore, the polar-
iton BEC is in a nonequilibrium stationary state with a
balance between pumping and losses [5,6]. However, the
polariton BEC has many similarities with thermal equilib-
rium BEC [7]. It shows several evidences for the super-
fluidity: the Goldstone mode [8], the quantized vortices [9],
and the Landau critical velocity [10].

Such a stationary state appears to be well described by
the ground state of a closed microcavity polariton system,
when the polariton lifetime is longer than the thermaliza-
tion time [5,11]. In this Letter, assuming such a situation,
we determine the ground state with a fixed excitation
density at absolute zero as a function of experimentally
variable parameters: excitation density, detuning [12], and
ultraviolet cutoff determined by the lattice constant. In past
studies, mean-field theories have been used to discuss the
two limits—low excitation density [13,14] and high exci-
tation density [15]—by considering two different models.
These theories are complementary [16], but their relation is
somewhat ambiguous. We investigate the intermediate
density region as well, where the electron-hole (e-h)
wave function of the relative motion becomes important.
We show that the ground state energy and wave function
gradually change from those of excitons to photons as the
excitation density increases. It is also shown that the e-h
wave function narrows as the photonic fraction increases,
which is accompanied by a change in the binding force
from Coulombic force to photon-mediated force.

We consider polaritons in a two-dimensional (2D) quan-
tum well embedded in a microcavity [1]. The polari-
ton systems are described by the Hamiltonian H ¼ Hel þ
Hel-el þHph þHel-ph [15] given by

Hel ¼
X
k

"eðkÞayk ak þ "hðkÞbkbyk ; (1)

Hel-el ¼
X
q

Uq:�q��q:; (2)

Hph ¼
X
k

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where "e;hðkÞ [ ¼ @
2k2=2me;h þ ðEg ��Þ=2] and

Uq [¼ð�e2=��SqÞ] are the electronic dispersion in an

effective mass approximation and the Coulomb interac-
tion, respectively. Further, ak, bk, and c k are the annihila-
tion operators of the conduction and valence electrons and
photons with momentum k, respectively. Fourier transform

of the density operator given by �q ¼
P

kðaykþqak �
bk�qb

y
k Þ. The zero-point frequency of the cavity photons

is !c, and detuning is defined as d ¼ ð@!c � EgÞ="0,
where "0 is the three-dimensional (3D) exciton Rydberg.

The light-matter coupling constant is given by g ¼
dcv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�@!c=�

�SLcav

p
, where S and Lcav are the 2D area

of the quantum well and the effective cavity length [17].
The momentum dependence of the dipole coupling is
neglected here. Instead, a momentum cutoff kc is intro-
duced so as to restrict the electronic states contributing to
the polariton formation to jkj< kc. It is smaller than or
roughly equal to the inverse of lattice spacing (e.g., 60=a0
for a GaAs-based microcavity, with a0 being the exciton
Bohr radius). Considering the coherent state of polariza-
tions and photons, the mean-field ground state of a polar-
iton condensate is given by
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j�i ¼ eð�c
y
0
��c 0Þ

Y
k

ðei�kuk þ vka
y
k bkÞjvaci; (5)

where jvaci denotes the vacuum state with no conduction
electrons, no valence holes, and no excited photons.
Variational wave functions of this type have been used
successfully in degenerate fermionic atoms with
Feshbach resonance [18,19], being in a close analogy
with the polaritons. Since we keep u2k þ v2

k ¼ 1, the

phase-space filling effect of fermions is automatically in-
corporated. The variational parameters �, �k, uk, and vk

are determined by the minimization of the total energy
Eð¼ hH þ�NexiÞ for fixed excitation number Nex, which

is given by the expression
P

khc y
k c k þ ðayk ak þ bkb

y
k Þ=2i.

In the coherent state, all the e-h pairs are found to have the
same phase: �k ¼ 0 [13]. After angular integration, the
mean-field energy per excitation " (¼E=Nex) and the total
excitation density �ex (¼Nex=S) are given by
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where � ¼ ka0, �c ¼ kca0, Q�1;�2
¼ 2�1�2

�ð�1þ�2ÞK1ð 4�1�2

ð�1þ�2Þ2Þ
with K1ðzÞ being the complete elliptic integral of the first

kind, Rs is the mean separation, ~� (¼�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�a20=S

q
) is the

normalized photon field, and ~g (¼g
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S=�a20"

2
0

q
) is a di-

mensionless coupling constant. It is difficult to determine
an infinite number of variational parameters; hence, we use
an interpolating wave function for the excitonic constituent
[20] in this 2D polariton case:

ukvk

u2k � v2
k
¼ � sgn½ð�=2Þ2 � X�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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(8)

This form of the wave function is chosen so as to guarantee
correct result for three limiting cases: (i) exciton BEC

(~�2 � a20=R
2
s , � � 1, X ¼ �1, 	 ¼ 1)—the low-density

limit with negligible photonic fraction, (ii) e-h BCS [~�2 �
a20=R

2
s , � � 1, X ¼ ðkFa0=2Þ2, 	 ¼ 1]—the high-density

limit with negligible photonic fraction, (iii) photonic BEC

(~�2 ! a20=R
2
s , 	 ¼ 0, �=

ffiffiffiffiffiffiffijXjp
is finite while � ¼ 1,

X ¼ �1)—photon-dominated regime with small exci-
tonic fraction. Our task is to determine four parameters:
� , X, 	, and �.

Figure 1 shows the mean-field energy per excitation
plotted as a function of Rs for various detuning parameters
d; however, all the curves have the same parameters,
kca0 ¼ 30 and ~g ¼ 1 (corresponds to the vacuum Rabi
splitting, twice the 2D exciton Rydberg for resonant case

d ¼ �4, which will be accessible in distributed quantum
wells [21]). We see the curves approach that of an e-h
system (dashed) and the energy saturates to the 1s-exciton
level in 2D semiconductors,�4"0, in the low-density limit,
except for the strong coupling situation jd� ð�4Þj �
OðgÞ. This means that, at low density and large d, pumped
energy is spent for carrier excitation, not for the generation
of cavity photons; however, for the strong coupling situ-
ation with small detuning, excitations of cavity mode
contribute even at the low-density limit. In the high-density
region, the curves approach slightly below the photon level
d. The energy shift from "="0 ¼ �4 to "="0 ¼ d indicates
the polariton condensation crossovers from excitonic to
photonic ones with an increase in the excitation density.
The energy saturation at high density is explained by
fermionic phase-space filling of carriers and Bose statistics
of the cavity photons: The number of e-h pairs increases
until the conduction electron band is filled up to the photon
level, and thereafter, photonic excitations replace those of
e-h pairs to minimize the total energy. The photonic char-
acter is observed above a density (Rs < R�

s) where the
curves move away from the dashed curve. The crossover
is directly seen in Fig. 2 where the photonic fraction in the
condensate is plotted as a function of Rs for the same
parameter set as Fig. 1. For Rs < R�

s , the photonic fraction
increases sharply for large d and gradually for small d, as
the excitation density increases. Since the photonic frac-
tion is already present in the low-density limit, the ground
state can be regarded as the exciton-polariton BEC for the
small d case.
In the excitonic regime where Rs > R�

s , the ground state
is classified into two kinds. If one excitation energy of e-h
systems (dashed curve in Fig. 1) is close to the single-
exciton level �4"0, the e-h pairs can be considered as the
BEC of excitons. The low-density regime (Rs * 1) is
categorized as ‘‘exciton BEC.’’ For the higher density
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FIG. 1 (color online). Energy per excitation is plotted as a
function of Rs for various detuning parameters d ¼
20; 10; 5; 0;�3 with kca0 ¼ 30, ~g ¼ 1 (solid curves). The
dashed curve is obtained for e-h systems without photons [20].
The dotted curve denotes the energy for e-h plasma "="0 ¼
2a20=R

2
s � 32a0=ð3�RsÞ.
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Rs & 1, the binding energy becomes small as density in-
creases (Fig. 1). Thus, the high-density regime is classified
as ‘‘e-h BCS’’ where e-h pairs are regarded as weakly
bound fermions like Cooper pairs of BCS superconductiv-
ity. In the high-density limit of the BCS regime (Rs & 0:4),
electrons and holes are almost unbound since the curves
are very close to that of e-h plasma (dotted curve in Fig. 1).
Since R�

s varies, d determines the regimes the polariton
system passes through—exciton BEC and e-h BCS—be-
fore the ground state becomes photonlike.

Figure 3 shows the phase diagram obtained here, which
contains four phases: adding to two excitonic phases, ex-
citon BEC and e-h BCS, the phase diagram contains
‘‘polariton BEC’’ phase and ‘‘photonic BEC’’ phase.
Although, we observe large coherent polarization and co-
herent photons in the latter two phases, we classified them
as follows: excitations of carriers and cavity photons both
make a major contribution to the condensate in polariton

BEC phase, on the other hand, photonic excitations domi-
nate over the carrier excitation in photonic BEC phase. All
changes among different phases are crossovers whose
boundaries are determined under certain conditions [22].
Clearly, it depends on the detuning parameter how the
condensate evolves from low-density to high-density re-
gime. For large detuning, the system experiences four
types of ground states from or to exciton BEC, e-h BCS,
polariton BEC, and photonic BEC. For small detuning, the
ground state changes from polariton BEC to photonic
BEC. To see the character of each phase, we plot in
Fig. 4 the real space profiles of the wave function of an

e-h pair, PðrÞ ¼ ðN =SÞPkhayk bki expðikrÞ, for parameters

belonging to different phases. The normalization factorN
is chosen so that

R
dr2PðrÞ2 ¼ 1. In Fig. 4(a), plots are

obtained for large detuning d ¼ 20 with varying Rs from 3
to 0.15. The parameter values belong to the crossover
regime among exciton BEC, e-h BCS, polariton BEC,
and photonic BEC phase. Figure 4(b) is obtained for small
detuning d ¼ 0 with varying Rs from 3 to 0.15, which
corresponds to the crossover regime from polariton BEC
to photonic BEC. For both plots, two similar behaviors are
found: (1) At low density (Rs ¼ 3), the wave function is
almost the same as that of 1s exciton in 2D systems. (2) In
photonic BEC regime at high density (Rs ¼ 0:15), the
wave function is sharply peaked around r ¼ 0. The latter
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FIG. 3 (color online). Phase diagram at zero temperature is
shown in (d; Rs) space. Phase boundaries corresponding to a
crossover are shown by the dashed lines. The region where
Coulomb attraction dominates the photon-mediated interaction
in the formation of e-h pairs is shaded (pink). Other parameters
are the same as Fig. 1.

FIG. 4 (color online). Real space profiles of the e-h wave
function PðrÞ (normalized) for Rs ¼ 3; 1; 0:5; 0:15 with different
detunings: (a) d ¼ 20, (b) d ¼ 0. We set ~g ¼ 1 and kca0 ¼ 30
for both.
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FIG. 2 (color online). Photonic fraction in the condensates
plotted as a function of Rs for the same parameter set as in Fig. 1.
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character is due to the existence of the coherent photons at
the high-density regime, i.e., as seen from the form of
dipole coupling in Eq. (4), the coherent photons create
e-h pair at the same position [Pðr ¼ 0Þ]. In other words,
the coherent photon field produces an attractive delta po-
tential / 
ðrÞ for an e-h pair. The two behaviors show that
as the polariton BEC changes from excitonic to photonic,
the binding force between an e-h pair changes from
Coulomb attraction to a short-range attraction mediated
by photon. The Coulomb dominated regime is shaded in
Fig. 3. Accordingly, polaritons are composite bosons of
photons and excitons (free e-h pairs) in the shaded (un-
shaded) area of polariton BEC phase. The difference be-
tween highly and slightly detuned cases is found in the tails
of the wave function. For the highly detuned case, oscil-
lation behavior is found at high density (Rs ¼ 0:15; 0:5),
which is not seen in the slightly detuned case. The oscil-
lation is due to the formation of the Fermi surface in the
carrier distribution function, and the period is given by the
Fermi wavelength.

Finally, we comment on the strong binding of an e-h
pair, which is expected for photonic regime of the large
cutoff case. As noted above, the e-h pairing is due to
photon-mediated short-range attraction in the photonic
regime [23]. The short-range attraction causes the strongly
bound pairs with small radius which is determined by the
inverse of the cutoff momentum kc. Since the radius will be
of the same order as the lattice constant�1=kc, an e-h pair
should be recognized as a Frenkel exciton, and hence, the
description is beyond the capability of our model which
employs the effective mass approximation. This indicates
the need for other models to treat excitons with small
radius such as the Dicke model [13,14]. As well, in the
photonic regime, the main contribution to Pðr ¼ 0Þ comes

from e-h pairs hayk bki / k�2 for k � 1=a0, resulting in the
cutoff dependencies Pð0Þ / logð�cÞ in 2D systems and /
�c in 3D systems. This indicates the photon-mediated
attraction is stronger in 3D than in 2D systems.
Moreover, in experiments [24], normal lasing (kinetic
regime) is observed at high density before the system
enters the photonic BEC regime for certain reasons: carrier
heating [24] or shortening of the lifetime of polaritons in
the photonic regime [11]. However, if excitation with
quantum degeneracy were achieved up to sufficiently
high density (possible in the future), the photonic BEC
will be observed and a clear difference from lasing will be
found in the optical spectrum. We found in our calculation
that the electron distribution function feðkÞ ¼ v2

k develops

the plateau at fe � 0:5 spread over k space [13,25]. No
such feature is expected in the normal lasing, and instead, a
dip in fe at a momentum corresponding to the laser fre-
quency will be found (spectral hole burning [26]). The
characteristic emission spectrum in the photonic BEC is
also discussed in Ref. [25], which refers to the possible
observation of Mollow’s triplet.

In summary, the mean-field ground states of microcavity
polaritons are determined by a variational approach [20].
The ground state changes from excitonic to photonic as a
function of the density and the detuning. In the photonic
regime, e-h pairs are shown to be bound in a small radius
by photon-mediated delta attraction.
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