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Ground-state and spectral signatures of cavity exciton-polariton condensates
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We propose a projector-based renormalization framework to study exciton-polariton Bose-Einstein conden-
sation in a microcavity matter-light system. Treating Coulomb interaction and electron-hole/photon coupling
effects on an equal footing, we analyze the ground-state properties of the exciton-polariton model according to
the detuning and the excitation density. We demonstrate that the condensate by its nature shows a crossover from an
excitonic insulator (of Bose-Einstein, respectively, BCS type) to a polariton and finally photonic condensed state
as the excitation density increases at large detuning. If the detuning is weak, polariton or photonic phases dominate.
While in both cases a notable renormalization of the quasiparticle band structure occurs that strongly affects
the coherent part of the excitonic luminescence, the incoherent wave-vector-resolved luminescence spectrum

develops a flat bottom only for small detuning.
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I. INTRODUCTION

For several decades, there has been a considerable research
effort to find Bose-Einstein condensation (BEC) in a solid-state
system [1,2]. That excitons in semiconductors might condense
into a macroscopic phase-coherent ground state was theoreti-
cally proposed about 50 years ago [3,4]. Experimentally, this
has proved challenging, mainly because excitons are normally
formed by optical excitations, and a cold degenerate Bose gas
of sufficiently high density needs to be prepared on a shorter
time scale than the excitons can decay in Ref. [5]. At high
densities, however, very efficient exciton-exciton annihilation
processes set in whose rates scale with the square of the exciton
density. As a result, to date, all attempts to create a dense gas
of excitons in a bulk crystal, e.g., in Cu, O, or in a potential trap
did not demonstrate conclusively excitonic BEC (for a recent
review, see, e.g. Ref. [6]).

Different from optically created exciton condensates, the
exciton insulator (EI) constitutes a quantum condensed state
in equilibrium [7-9]. In this case, at low temperatures,
electronic correlations can cause an anomaly at the semimetal-
semiconductor transition that triggers an excitonic instability
where the conventional ground state of the crystal becomes
unstable with respect to the spontaneous formation of ex-
citons. Depending on from which side of the semimetal-
semiconductor transition the EI is approached, the EI typifies
either as a BCS condensate of loosely bound electron-hole
pairs or as a Bose-Einstein condensate of preformed tightly
bound excitons [10,11]. Although there are some EI materials
under debate [12—-14], again we have no positive experimental
proof of such an excitonic condensate.

In contrast, polaritons in semiconductor microcavities have
been observed to exhibit BEC [15,16]. These experiments
have been performed in the low-density regime; the polaritons
are nonetheless not ideal (noninteracting) bosons. Besides,
the polariton system is neither conservative nor in thermal
equilibrium with the phonon (heat) bath. Even so, semicon-
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ductor exciton polaritons constitute a promising system to
explore the physics of Bose gases, but in a stronger interaction
regime [17]. Thereby, the excitonic (bound electron-hole pair)
“matter” component and the strongly confined (photon-field)
“light” component should be preferably treated on an equal
footing. Likewise, the cases of low- and high-excitation
densities should be described in a consistent scheme. Thereby
the relationship between a polariton BEC, polariton, and
photon lasing has to be clarified [18,19]. Here, a natural way is
to analyze the luminescence spectrum of the system [20-22].

In this work, we investigate a many-body Hamiltonian
describing a coupled electron-hole/photon system in a micro-
cavity. In addition to the lattice periodic potential, the electrons
and holes experience a Coulomb interaction and a coupling
to the light field. In the past, mean-field theories have been
used to study the limits of low-excitation densities [23] and
high-excitation densities [24] separately. An extension to the
medium-density regime has been addressed more recently
by use of a variational (mean-field) treatment [18]. Here,
we employ a projector-based renormalization method (PRM)
[25-27] that allows to incorporate fluctuation processes be-
yond mean field in the entire excitation density range and
treats the Coulomb interaction on an equal footing with the
light-matter coupling. Moreover, depending on the bare band
structure (semiconducting or semimetallic) and the detuning,
we can address the formation of (BEC- or BCS-type) exci-
tonic (insulator) phases, polariton and photonic condensates.
Assuming that the polariton lifetime is longer than the
thermalization time, we will first analyze the ground-state
properties of the microcavity polariton system [18,28]. Since
the PRM permits the calculation of spectral properties as well,
in a second step, we will evaluate the excitonic luminescence.
The paper is organized as follows. In Sec. II, we will introduce
the exciton-polariton model and present its mean-field solution
to set the stage for the more elaborate PRM treatment outlined
in Sec. III. Details of the PRM calculation can be found in the
Appendixes. The numerical results are discussed in Sec. IV.
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Here, in particular, the behavior of the excitonic/photonic order
parameters will be diagramed, just as the particle/photon ex-
citation densities. Moreover, the luminescence spectra will be
presented, both wave-vector resolved and integrated. Section V
contains a brief summary and our main conclusions.

II. EXCITON-POLARITON MODEL

In the following, we study a model Hamiltonian for a polari-
ton system in a semiconductor microcavity, which is in thermal
equilibrium. Although experiments are usually performed
away from equilibrium, there are reasons also to study the
stationary state of a closed microcavity polariton system which
appears to be well described by its ground state [ 18]. On the one
hand, the quality of microcavity fabrication and of mirrors will
improve, so that the experimental situation becomes closer to
thermal equilibrium. On the other hand, thermal equilibrium
may be considered as the limiting case of a nonequilibrium
situation. This is the case when the decay rates for the loss of
cavity photons and of fermions, for instance due to phonons or
impurities, into external bath variables become small [28,29].

A model which is commonly used to describe such a
microcavity polariton system is based on the Hamiltonian [18]

H =Ha + th + Hel—ph + Heleel- (D

The first term 7, considers spinless free conduction electrons
and valence holes with creation and annihilation operators

e pd:

He = Z sﬁelek + Z sﬁhihk , 2)
K k

D
E 4D —
— —2thosk,- + % =Y )

where symmetric tight-binding dispersions &}, = sﬁ for the
respective excitation energies were assumed. In Eq. (3), ¢
denotes the particle transfer amplitude, E, gives the minimum
distance (gap) between the bare electron and hole bands, and
D is the dimension of the hypercubic lattice. Note that a
semimetallic setting occurs when E, < 0.

The second term H,, is the free-photon Hamiltonian with

photon creation (annihilation) operators w; (Wq):

Hon = ) _ 0q¥i vy, )
q

wq =,/(cq)* + w2 — . 5)

Here, wq is the photonic excitation energy with a zero-point
cavity frequency w,., and c is the speed of light in the
microcavity.

The last two terms in Hamiltonian (1) are a local (attractive)
Coulomb interaction between electrons and holes and a local
interaction between the electron-hole system and photons with
coupling constant g:

U
Horat = = 2 ol 6)
k
8 T T
Heiph = ——= Y _lef h' ¥y + Hel, (7
VN
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FIG. 1. Microcavity exciton-polariton model (1) studied in this
work. Panel (a) represents the light-matter interaction processes
taken into account. Panel (b) gives the band structure and relevant
energy scales for a semiconducting situation. In panels (c) and (d), a
semimetal with E, < 0 (overlapping bands) is realized which might
exhibit an excitonic instability that transforms the systems into an
excitonic insulator [26].

where densities for electrons and holes have been introduced
of = Yk i @, and pfl = Y\ bl By . In principle, ad-
ditional electron-electron and hole-hole Coulomb interactions
might have been taken into account in Eq. (6). However,
they only lead to mere shifts in the one-particle dispersions
g, and eﬁ since spinless electrons and holes as well as a
wave-vector-independent Coulomb coupling U are considered
in model (1).

Note that in Egs. (3) and (5) a chemical potential ;. was
included to ensure that the total number of excitations

1 , ,
Nexe = D Ugly + 5 D (exer + ) ®)
q k

is fixed. Clearly, Ney. is conserved for Hamiltonian H.

Apparently, the influence of H_.pn becomes most important
when the excitation energy of a particle-hole pair roughly
agrees with a photon excitation. Therefore, for later interpre-
tation of this effect one best introduces the so-called detuning
parameter [18]

d=w.—E,. ®
Figure 1 illustrates the model under consideration.

Let us proceed by separating the mean-field approximation
from model (1). Introducing the normal ordering for the
operator expressions in Heyel and Hejph:

: ng(1+kek1th(2—khk2 :

. . hoo T .
= eLJrkek]erkhkz — Skﬁo(l’lil : hLthz : +nk2 Dey e )

Bk ke (i ac T s 0x  Hdy el e ). (10)
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Hamiltonian (1) is rewritten as

H =Ho+ H, (12)

(o) s efhl . (1)

with
= Z éf(eltek + Z éﬁhlhk + Z waﬁglﬁq
K k q

+A (efhly +He) + (VNTy) +He),  (13)
k

Hi = - f2< ehach Wy +He)

- Z e i i, - (14)

ki kok

Additional constants have been neglected. In H) the electronic
excitation energies have acquired Hartree shifts

ae e U h
& =& — I Ngs (15)
q
U
g = ¢ff — ~ > ong. (16)
q
with
ng = (efey), ni = (hih). A7)

The last two contributions in H, are additional fields with
prefactors which will act below as order parameters for the
exciton-polariton condensate:

:_;;_ ¥o) ——de, (18)
-5 Xk:dk, (19)
de = (elh! ) = (h_,e,) = dp. (20)

Note that Hamiltonian H = Hy + H;, with Hy and H; given
by Egs. (13) and (14), is still exact. The mean-field approx-
imation is obtained by completely neglecting the fluctuation
part H;, i.e., Hmr = Ho. However, in the following we are
mostly interested in the influence of fluctuation contributions
to the physical behavior of an exciton-polariton condensate.
Therefore, Hamiltonian 7{; has to be taken into account.

Expression (13) for Hy can be further simplified since
the terms oclpg and g can be eliminated by defining new
displaced photon operators

fr

Wq=0

wT

8,0 - 2

Then,
Z 8kekek + Z AhhThk + Z wq\IJT\IJ
q

+AD (el +He) (22)
k
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and

Hy = — fZ[ el acht Wy s +Hel

Y Z ek1+kek1 k» Kk, © (23)
1k2k

where the shift from Eq. (21) cancels in the first normal order
product term of H;. Moreover, the electronic part of Hy can
be diagonalized by means of a Bogoliubov transformation
(compare Appendix A).

III. INFLUENCE OF FLUCTUATION PROCESSES

In mean-field treatment fluctuation processes from H, are
completely neglected. In the following, we apply the projective
renormalization method [25] (PRM) in order to evaluate
the order parameters, the electron and photon densities, and
the response functions A(k,w) and B(q,w) of the exciton
polarization and the cavity photon mode, respectively, for
the case that H; is included. The technical details of this
calculation are shifted to Appendix B. The general concept
of the PRM is as follows: the presence of the interaction H;
usually prevents a straightforward solution of the Hamiltonian
‘H = Ho + H;. However, by integrating out the interaction
‘H 1, the Hamiltonian can be transformed into a diagonal (or at
least quasidiagonal) form by applying a sequence of small
unitary transformations to . Denoting for a moment the
corresponding generator of the whole sequence by X = — X,
it is shown in Appendix B how one arrives at an effective
Hamiltonian H = eXHe X, which has the same operator
structure as Hamiltonian H, from Eq. (22):

= &ele,+ Y athih + Y og Ui
k k q
+ > Alefh!, +He). (24)
k

Here, Wy is defined by W = yd + (VNI /@q=0)5q0 and
8¢, @q, and Ay are parameters which are renormalized in
the elimination process. They have to be determined self-
consistently by taking into account contributions to infinite
order in the interaction ;. The PRM ensures a well-controlled
disentanglement of higher-order interaction terms within the
elimination procedure.

‘We would like to emphasize that the renormalized quantities
Ax just as T' in W play the role of exciton-polariton order
parameters for the full system (1). Thereby, both types of
interactions contribute. In particular, both Hei.pn and Hey.el
make contributions to Ay, where their mutual influence in the
formation of a condensate will be of interest. On the other hand,
the shift ~T" in W, alone leads to a polarization of the photonic
subsystem. In case the detuning parameter d [Eq. (9)] is small,
the tendency for the formation of a photonic condensate is
expected to be enhanced. In contrast, for large d the photonic
contribution to A should be small, at least for a not too large
excitation density neye = # (Nexe)-

The PRM also allows to evaluate expectation values (A),
formed with the full Hamiltonian . Thereby, one uses the
property of unitary invariance of operator expressions under
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a trace. Employing the same unitary transformation to A as
before to the Hamiltonian, one finds (A) = (A)z, where the
expectation value on the right-hand side is now formed with
H, and A = eX Ae X. Just as H, before also Hamiltonian
7 can be transformed into a diagonal form by a Bogoliubov
transformation. Therefore, any expectation value, formed with
H, can be evaluated.

As a first example, let us consider the response function
for the excitonic polarization A(k,w), which is defined by the

following linear response:

1 [ .
Alk.w) = - f ([bi(1).bl1_) €' dt, (25)

o]

with respect to an external k- and w-dependent field. Here, bl
is the excitonic creation operator
, 1 .
bi=—Y el ', (26)
75 Tkl
Applying the unitary invariance of operator expressions under
a trace, A(K,w) is rewritten as

o0
Ak,w) = i/ ([b(0). b))z €™ dt, 27
27 J_o
where the expectation value is now formed with 7{ instead of
with H. Correspondingly, El(j) are the transformed electron
operators, Bl(j) =eX bg)e_x , and the time dependence in
Eq. (27) is governed by 7{ as well. Explicit expressions for both
coherent and incoherent contributions to A(K,w) are derived
in Appendix B.

We note that A(K,w) is not a positive-definite spectral
function. However, A(k,®) divided by o has a positive sign
for all w, i.e., A(K,w)/® > 0. The quantity A(K,w) has the
advantage that it fulfills a simple sum rule

o0 1
/_ Ak, w)do = ; [1—(ng +ni)] @8

o0

(independent of k), which will be used in the following to
check the outcome of the numerics.

As asecond example, we will evaluate the response function
of the cavity photon mode, which is sometimes called just
luminescence function

oo
B(q,w) = zi/ ([Yq(0),9]1-) € dr. (29)
T oo

Applying the unitary transformation it can be written as

1 x - )
Bq.w) = 5 / W@ T )5 e@dr, (30)

where &; is the fully transformed photon mode. B(q,w) will
be evaluated in Appendix B as well. Note that B(q,w) obeys
the sumrule [°° B(q,w)dow = 1.

IV. NUMERICAL RESULTS

In the numerical evaluation of the various physical quanti-
ties from Sec. III one has to solve the set of renormalization
equations (B12)-(B17) self-consistently together with the
expressions (B50)-(B52) and (B59) for the expectation values.
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FIG. 2. Chemical potential u (a), density of excitons ny (b), and
density of photons 7, (¢), as a function of the total excitation density
for various detunings d. Model parameters are U = 2, g = 0.2, and
w. = 0.5.

Starting with some chosen initial values for ni,nﬁ,ng , and

A = I' = 0", the renormalization equations are integrated in
small steps AX until at & = 0 the Hamiltonian is completely
renormalized. Then, the expectation values can be recalculated
and the renormalization process is restarted again. Conver-
gence is achieved if all quantities are determined within some
relative error of, for instance, less than 107>, To simplify the
numerics, we consider a one-dimensional setting hereafter, and
limit the number of lattice sites to N = 160. Nevertheless, the
results presented in the framework of the PRM approximation
should also give a qualitative account of what happens in a
higher-dimensional microcavity polariton system.

A. Ground-state properties

Assuming a quasiequilibrium situation, the ground state of
the system can be determined for a fixed excitation density 71¢xc
at zero temperature in dependence on the model parameters,
i.e., according to the detuning d, the electron-hole Coulomb
attraction U, and the light-matter coupling strength g. Here and
in what follows, all energies are given in units of the particle
transfer amplitude ¢ and the wave vectors in units of the lattice
constant a. For the explicit evaluation one best introduces a
dimensionless speed of light ¢ using hw,/t = [¢*(q/7)* +
(haw,/1)*1V/? — (hu/t) where ¢ = (hmr/at)c. Taking ¢ = 80
and typical values for a >~ 5 Aandt~2eV oneis led to a
value of ¢ ~ 0.4 ¢y for the speed of light of the microcavity,
which is about half the speed of light ¢ in vacuum. However, as
we have noticed, most of the physical properties only slightly
depend on the actual value of c.

Figure 2 shows how the chemical potential, the partial
densities of carriers and photons vary as the total number
(density) of excitations changes at w, = 0.5, for detunings
ranging from d =3.5 (E;, =-3) to d =-0.5 (E, =1).
Recall negative (positive) values of E, lead to a semimetallic
(semiconducting) bare band structure. As a matter of course,
the chemical potential increases as the number of excitations
increases [see Fig. 2(a)]. The weak variation at small ne. is
an effect of the van Hove singularity of the one-dimensional
(1D) density of states, while the almost constant y at large rnexc
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1.5

FIG. 3. Chemical potential v as a function of the excitation
density ny at fixed values of E, = 1 and —3. Dashed lines mark the
results for w, = 0.5 [cf. Fig. 2(a)]; solid lines with symbols give the
new data for w. = 4.5, where d = 3.5 and 7.5 result for £, = 1 and
—3, respectively. The interaction parameters are U = 2 and g = 0.2.

can be traced back to conduction electron phase-space filling:
If o reaches w,, any further excitation (that minimizes the
ground-state energy) will be photonic. The partial excitation
densities of carriers and photons shown in Figs. 2(b) and 2(c),
respectively, corroborate this scenario. We see that for large
detuning the excitations in the low-density regime are basically
electron-hole excitations. Thereby, the electrons and holes
form an electron-hole plasma at weak-to-moderate values
of U, or might bound into excitons in the strong-coupling
regime. Increasing n., above a certain threshold value
a sharp onset of photon excitations takes place, signaling
laserlike behavior [18]. The electron-hole plasma, respectively,
excitonic domain appearing at low density shrinks as the
detuning becomes smaller and finally a very gradual (but
still opposing) variation of nc, and npy is observed as nexc
increases. Obviously, now the quasiparticle excitations are a
mixture of excitons and photons, i.e., they can be viewed as
polaritons.

This scenario is corroborated by Fig. 3, which compares
the variation of p with ney for small (w, = 0.5) and large
(w. = 4.5) values of the cavity frequency when the gap
parameter E, is kept fixed. For E, = —3, yielding a large
detuning in both low-w. and high-w, cases, the (continuous)
U(nexc) dependence is almost the same until @ intersects the
photon energy. As becomes clear from Fig. 2(a) for w. = 0.5
no photon excitations are involved in the small 7. regime
below this intersection, which is also true for w, = 4.5. Due
to the same E, and thus the same dispersion &f = &]! for both
cases the curves p as a function ney. should be the same as
long as p is smaller than w. = 0.5. If the cavity frequency is
(much) larger than the width of the bare band structure, we
observe a jump at n. = 1. Here, all available electrons and
holes are bound into excitons, i.e., any further excitation is
purely photonic by their nature.

In order to analyze how Coulomb and light-matter inter-
actions operate together establishing a quantum condensed
state, we have separately determined the two (excitonic and
photonic) contributions to the order parameter A on the right-
hand side of Eq. (18): Ax = —% wdand Ay, = —\/Lﬁ(iﬂo)-
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FIG. 4. Excitonic (Ax) and photonic (Ap,) order parameters as a
function of the excitation density 7., at large (upper panel) and small
(lower panel) detuning d. Different phases refer to the predominant
nature of the condensate. Parameters are U = 2, g = 0.2, and w. =
0.5. The dashed lines give the corresponding results in the mean-field
approximation (see Appendix A), which naturally overestimates the
tendency towards the formation of condensed phases.

The results are shown in Fig. 4. For large detuning (upper
panel), an excitonic condensate is formed at low densities (note
that the photonic order parameter vanishes). For the U value
U = 2 considered here it typifies a BEC of preformed electron-
hole pairs. As the excitation density increases, phase-space
(Pauli-blocking) effects become more and more important (see
following) and the condensate becomes BCS type, but still the
light component is negligible. Increasing the density further
photonic effects came into play. As a result, the condensate
turns from excitonic to polaritonic. At even higher excitation
densities, the excitonic component saturates, whereas the
photonic order parameter continues its increase. This classifies
a photonic condensate. For smaller detuning but fixed w,,
both excitonic and photonic order parameters are intimately
connected in the whole low-to-intermediate excitation density
regime, indicating a polariton BEC, which again gives way to
photonic BEC at very large nx.. Of course, by their nature, all
these transitions are crossovers.

Figures 5 and 6 give the wave-vector-resolved intensity of
the electron-hole pair order-parameter function dy [Eq. (B49)]
and the photon density (w; ¥y [Eq. (B54)], respectively. For
large detuning d = 3.5, Fig. 5 indicates how the maximum
of the pairing amplitude di is continuously shifted from
k=0 at nee < 1 to larger values of k as ne 1S raised,
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FIG. 5. Intensity plot of the electron-hole-pairing amplitude dy in
the momentum-density plane at different detuning d, forU = 2, g =
0.2, and w. = 0.5.
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which reveals finite density (Pauli-blocking) effects. Above a
“critical” density nex. =~ 0.66 (cf. also Fig. 3), where u >~ w,,
the photon field comes into play (cf. Fig. 6 left upper panel).
Simultaneously, the renormalization of the band structure
due to the Coulomb interaction (see following) leads to
a high intensity of dk at large momenta (|k| > 7 /2). For
small detuning d = —0.5, the light-matter coupling affects the
behavior of di from the very beginning (11exc — 0), yielding
a strong polariton signature around £ = 0 which broadens at
higher excitation densities. Clearly, the intensity of the photon
field is always peaked around ¢ = 0 and comes up at larger
excitation density the larger the detuning is (see Fig. 6).

1.5 , 2
1.5
1
L)
kS 1
c
0.5
0.5
0 0

0.01

-0.01 qgc 0.01

FIG. 6. Intensity plot of the photon density (w(;l//q) in the
momentum-density plane at different detuning d, for U =2, g =
0.2, . =0.5,and T = 0.01.
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FIG. 7. Quasiparticle energies (B30) for large (upper panel) and
small (lower panel) detuning at ne. = 0.2, where, U =2, g = 0.2,
and o, = 0.5. Filled (open) symbols mark the valence (conduction)
band with chemical potentials u, = —p/2 (e = p/2).

Starting from the bare band structure (3), it will be interest-
ing to look how the quasiparticle bands (B30) evolve, which
are renormalized on account of Coulomb and light-matter
interaction effects. Figure 7 gives Eli’z for nexe = 0.2. For large
detuning (d = 3.5, E, = —3), the bare bands interpenetrate
[cf. Fig. 1(c)]. Here, basically all excitations are excitons
(formed by the electrons and holes in the central part of
the Brillouin zone). For small detuning (d = —0.5, E, = 1),
the (bare) semiconductor band structure [cf. Fig. 1(b)] is
preserved. Again, excitonic bound states occur but not as many
as for d = 3.5; instead, more photonic states contribute to 7¢xc.

Figure 8 shows the renormalized “band structure” for
different excitation densities; here valence and conduction
bands were shifted by —u,, respectively, —u.. Of course, at
nexe = 0.001 the dispersions are barely changed from those of
the bare bands. However, in order to realize such a very small
excitation densities at d = 3.5, E, = —3, i.e., for strongly
overlapping bare bands, a large negative value of u arises
[cf. Fig. 2(a)]. Increasing n.x, the location of the gap is
shifted from k& = O (as was the case for ne. = 0.001) to a
finite k& value. We find a band structure as for a BCS-type
exciton insulator state [26] [cf. Fig. 1(d)]. For nee = 0.5, a
complete backfolding of the bands (doubling of the Brillouin
zone) takes place. For this effect, the attractive Coulomb
interaction between electrons and holes is responsible. The
situation significantly changes at small detuning. Here, always
a semiconductor band structure is observed, although the
particle-photon coupling leads to a flattening of the top of
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FIG. 8. Renormalized band structure (B30) for large (upper
panel) and small (lower panel) detuning at various 7. Note that now
the energies of the valence bands (filled symbols) and conduction
bands (open symbols) are measured from p, and p., respectively.
Again, U =2, g = 0.2, and . = 0.5.

the valence band, respectively, bottom of the conduction band.
As a result, the bandwidth of both bands shrinks and the gap
broadens. This clearly can be attributed to the hybridization
between electronic and photonic degrees of freedom in the
course of polariton formation.

Let us now discuss the ground-state properties in depen-
dence on the Coulomb and light-matter interaction strengths.
Figure 9 gives the variation of Ax and Ay, with U. For large
detuning and small excitation density, electron-hole pairing
starts above a certain Coulomb interaction threshold with
states involved that are close to the Fermi momenta. We
find almost no photonic contribution in this case. Hence, the
coherent state classifies as an excitonic condensate. At larger
excitation density polaritons are formed for small values of U
(note that for U = 0 the condensate is completely triggered
by the photons). Increasing U, the ground state becomes
dominated by Coulomb correlations again, and we obtain an
ordered state of tightly bound excitons (reminiscent of the
excitonic insulator phase). At small detuning, the polariton
BEC features finite excitonic and photonic order parameters,
where the former (latter) is enhanced (suppressed) as U
rises at fixed g, indicating a crossover from an excitonic
to a photonic dominated ground-state wave function. The
g dependence of the order parameters displayed in Fig. 10
demonstrates that both pairings Ay and Ap, are always
strengthened by increasing the light-matter coupling for both
large and small detunings. In contrast, for decreasing g — 0
only Ay, vanishes, whereas Ay stays finite for large detuning
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FIG. 9. Excitonic (blue lines) and photonic (red lines) order
parameters as a function of U for the case of large detuning, d = 3.5
(left), and small detuning d = —0.5 (right), where g = 0.2 and
w. =0.5.

but approaches zero for small detuning because we are in the
polaritonregimeand U = 2 < U... Moreover, a slow saturation
of Ay at large values of g is observed.

B. Spectral properties

The luminescence of the microcavity exciton-polariton
system is first characterized by the intensity plots of A(k,w);
see Figs. 11 and 12 at w. = 0.5, for the cases of large and small
detuning, respectively. Here, w and k denote the energy and
momentum transfer. The left panels display the (dominant)
coherent contributions (C4), resulting from electron-hole pair
annihilation and creation processes inside and in-between the
fully renormalized quasiparticle bands Ell(’z [cf. Eq. (B30)
and Figs. 7 and 8] without any additional photons involved.
The less intense incoherent parts (C5) include higher-order
exciton and photon contributions. Special attention deserves

FIG. 10. Excitonic (blue lines) and photonic (red lines) order
parameters as functions of g for the cases of large detuning d = 3.5
(left) and small detuning d = —0.5 (right), where U = 2 and v, =
0.5 (note that U = 2 roughly equates the critical value for exciton
formation at g = 0).
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FIG. 11. Intensity plot of the excitonic polarization A(k,w) for
Nexe = 0.2 (upper panels) and ne. = 0.5 (lower panels) at large
detuning d = 3.5. Again, U =2, g = 0.2, and o, = 0.5. Here, the
left panels refer to the coherent part A°"(k,w), the right panels give
the incoherent contribution A™(k,w).

the significant flattening of the excitonic response at small
momentum transfer for small detuning, which is caused by a
strong light-matter interaction and indicates the formation of
an exciton-polariton condensate [6].

If the cavity frequency and the detuning are very large, a
coherent signal for the excitonic polarization is obtained for
negative w only. Figure 13 displays A(k,w) for w. = 4.5 and
d =7.5 at large excitation density ne. = 1.5. We see that
all available electrons and holes are paired into excitons, and
the photonic excitations [not directly probed by A(k,w)] are
energetically separated (cf. Fig. 3).

06 4 0.1

) 0.08

04 0.06

30 0.04
0.2

) 0.02

0 0

4105 kB: 05 1 002

06 4 0.1

. \ / 0.08

04 0.06

30 0.04
0.2

) 0.02

0 0

05 0 05 1 “1 05 Lo 05 1 002

FIG. 12. Intensity plot of the excitonic polarization A(k,w) for
Nexe = 0.2 (upper panels) and ne. = 0.5 (lower panels) at small
detuning d = —0.5. Other parameters and notations as in Fig. 11.
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-12

Nexc=1.5  incoherent

169
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-0.5 k?lc 0.5

FIG. 13. Intensity plot of the excitonic polarization A(k,w) for
Nexe = 1.5, where U = 2 and g = 0.2. Now, . = 4.5 and E, = -3,
resulting in a detuning d = 7.5.

The total intensity of the excitonic polarization is given by
1 2
I@)=+ ij |SAI” Ak, ), 31D

where the prefactor |S(k)|? is proportional to the exciton-
photon interaction strength. For convenience will be set
|S(k)|> = g%. The quantity /(w) is shown in Figs. 14 and 15
for w, = 0.5 and 4.5, respectively for different excitation
densities. Starting in Fig. 14 with small ne., we observe a

0.01 ; : : ‘ , ‘ ,
0.004 , : .
O)
F 4 e)
L 1 o) |
. )
2 o - )
= ,_——7’("—> M 5
0.005+ L/ excitonic gap i ; Q _
~ 1 7 R
NI f
- s | | / -
0.004 5 L \ g -
§ [ ® &7 oA
= =
- T, 3
0
» — o n,=0.001 |
d=3.5 0 nexczo'2
-0.005 _- A neXC=0_5 |
I ) | )
-8 4 8

FIG. 14. Total excitonic intensity /(w) for large detuning (d =
3.5, upper panel) and small detuning (d = —0.5, lower panel) at
Various Aeye, Where U = 2, g = 0.2, and w. = 0.5.
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-0.0041- :

-0.008_—
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FIG. 15. Total excitonic intensity I(w) for ne. = 0.5 and 1.5
at w. = 4.5. Model parameters are U =2, g = 0.2, and E, = -3
(d=1.5).

distinctly asymmetric line shape (with respect to @ — —w).
The gap around @ = 0 is an evidence for the formation of an
exciton-polariton condensate, particularly for small detuning
(see Fig. 14). For w. = 4.5 (Fig. 15), excitonic and photonic
excitations are well separated and the excitonic polarization
intensity acquires a symmetric line shape. Note that I(w)
fulfills the sum rule (28).

Finally, we also consider the luminescence spectral function
B(q,®). The results for small and large detunings are shown
in Figs. 16 and 17. In both cases, the coherent parts of the
spectrum are dominant and follow the renormalized photon
excitation wq, whereas the incoherent excitations are of minor
importance. Note that because of the steep increase with q
of the photonic dispersion wq [Eq. (5)], Figs. 16 and 17
focus on the small-q interval around q = 0. As anticipated
from Appendix B, the onsets of the incoherent excitations of

B

-4

0.0008
0.0006
0.0004
0.0002
0

Nexc=0-2

coherent ~ .
Neyo=0.2  incoherent -0.0002

-8

8 1.5 8

4 4
\/ 1

i \/ o

-4

Nexc=0-5  coherent

qgt 0.01

FIG. 16. Intensity plot of the luminescence spectral function
B(q,w) for ne. = 0.2 (upper panels) and ne. = 0.5 (lower panels)
at small detuning d = —0.5. Other parameters and notations as in
Fig. 12.

incoherent

Nexo=0.5
0 -8

-0.01 qu 0.01
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FIG. 17. Intensity plot of the luminescence function B(q,w) for
the same parameters as in Fig. 13.

B(q,w) correspond to those of the coherent parts of A(k,w).
However, due to the restricted q range in Figs. 16 and 17, this
equivalence is hardly seen except in the dark blue horizontal
regions of low intensities in the right panels of Fig. 16 and the
left panels of Fig. 10. Moreover, the spectral weights of the
coherent excitations of B(q,) in Figs. 16 and 17 are almost
independent of q. However, there seems to be a contradiction
to the outcome in Fig. 6. There, for a small w. = 0.5, an
intensity plot of the photon density (w;lﬁ(ﬁ in momentum
space is shown, revealing a strongly peaked intensity around
q = 0 only. This apparent contradiction can easily be resolved
by help of the dissipation-fluctuation theorem:

o0

Wive) = / do

—00

B(q,w)
P —1°

(32)

Exploiting the fact that the coherent part of B(q,®) is dominant
B(q,®) ~ |Z4|* 8(w — @q) (|Z4|* & 1), one finds
Jf ~ 15 |2 1

(Wqu) ~ |Zq| eﬁd’q——l. (33)
Obviously, for small temperatures (large ) wave vectors
around q = 0 contribute most since @q is smallest there: This
is particularly true for the case of Fig. 6, where a small
zero-point cavity frequency w, = 0.5 was used. When we
calculate the expectation value W;lﬂﬁ for a large photon
frequency w, = 4.5 (and d = 7.5), the intensity of the photon
density is smeared out, of course, in momentum space (not
shown).

V. CONCLUSIONS

To summarize, we have adapted the PRM (projective
renormalization method) to investigate an exciton-polarition
microcavity model with regard to the formation of Bose-
Einstein condensates. Thereby, correlation and fluctuation
effects were included. The PRM allows to derive analytical
expressions for the excitonic and photonic (BEC) order
parameters, the partial excitation densities of excitons and
photons, the fully renormalized quasiparticle band structure,
and the luminescence spectrum in the whole parameter regime
of detuning, excitation density, Coulomb interaction, and
light-matter coupling. The nature of the condensate changes
from an exciton to a polariton and finally to a photon dominated
ground state when the density of excitations grows. For large
detuning, the exciton condensate shows a crossover from a
BEC- to a BCS-type pairing, mainly because of Fermi-surface
and Pauli-blocking effects. In this regime, also a clear onset
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density is observed for the photonic fraction, when the total
excitation is increased. At the same time, the carrier density
saturates. For small detuning, a strong mixture of electron and
photon degrees of freedom takes place, right from starting
to increase the excitation density. In this regime, pronounced
polariton signatures can be found. The photonic (laserlike)
behavior shows a smooth onset and dominates the physics
at very large excitation densities. In this way, our more
elaborated PRM approach confirms the exciton-polariton-
photon crossover scenario obtained in the framework of a
variational (mean-field) treatment [18]. The luminescence
and excitonic polarization spectra presented for the different
parameter regimes support this behavior of the microcavity
system as well. To analyze the influence of a trap potential [6]
on the excitonic luminescence would be a worthwhile goal of
forthcoming studies. Equally interesting would be to extend
the PRM scheme to the study of exciton-polariton systems in
nonequilibrium, e.g., with a focus on the description of lasing.

Note that this study for the luminescence spectrum differs
from those in literature on microcavity polaritons since there
the exciton degrees of freedom are often described by local
two-level systems (see for instance Refs. [29,30]). Instead, in
this study a coherent set of conduction electrons and valence
holes for the exciton degrees of freedom is considered which
has strong influence on the excitonic polarization A(k,w),
though rather little influence on the luminescence function
B(q,w). On the other hand, in this study, the contributions of
Goldstone modes to the spectra were neglected. In principle,
they should show up since the continuous gauge symmetry
U@)YHU (o) = H with U(a) = exp(—iaNey) is violated
in the condensed phase. Then, in a linearized equation of
motion method, a coupled set of equations for the pho-
tonic variables v/q,¥_q and for the particle-hole excitations
fefsqh i) {hokex—q}. el qe—x}. and {h}, i} (for all k)
would have to be solved. Such a study is left for the future.
For now, one might speculate that the influence of Goldstone
modes on the spectra is of minor importance since their
respective coupling strengths in A(k,w) and B(q,w) are of
higher order in the interaction parameter g.
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APPENDIX A: MEAN-FIELD APPROXIMATION

The mean-field approximation is obtained by neglecting the
fluctuation part H; in Eq. (12), i.e., the Hamiltonian reduces
to

Hyr = Y éiele, + > athih + Y 0w,
k k q

+ A (efhly +He). (A1)
k
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Here, &y, él’;,A, and \Ilj, are given by Egs. (15), (17), (19),
and (22). The electronic part of Hy is easily diagonalized.
By introducing

Cli = &el + meh_y, (A2)
Cly = —mel + &h_y, (A3)
with (&, nk real)

» . 86 +§h

£ = _[1 + sgn(3f + &) kW "}, (A4)
k

ae 1 ph
= —[1 — sgn(8 + s.’:)s“;:"], (AS)
Wy = \/(éf( +el)’ +41AP, (A6)

one arrives at
1 ~f 2 ~1
Hme = Z ECpCi + Z Ei CoCo + qu\ygxyq,
Kk Kk q

(A7)

with

& — &) W
kK +sen(3) + éﬁ)Tk

The diagonal form (A7) allows to evaluate all physical
quantities in mean-field approximation. For instance,

Ell('2 = (A8)

(ng) = &> £ (Ex) + Inil* £ (ER). (A9)
(nt)=1—Im*f(Ep) — &P f(ER).  (A10)
A
di = sgn(Ey — E¢)(f(Ey) — f (Eﬁ))wk’ (A11)
NT
(Vq=0) = —f , (A12)
a)q:O
: NT?
(Uq¥q) = p(wg) + — (A13)
q=0

where p(wq) is the bosonic distribution function. Note that the
phase factor sgn(E,, — E})inEq. (A11) is found by comparing
the exact expression for d; = (elthlk) with the perturbative

result of dj to lowest order in the coupling term A Zk(elihik +
H.c.) of (Al). Equations (A9)-(A13) lead to the mean-field
expressions for the order parameters A = —(g/~/N) (o) —
(U/N)) ydx and T = —(g/N) ), dx, whereas the total
density ne is given by

1 I? 1 e
Roe = 3 Zq: plwg) + @ + N Xk: |:1 — sgn(&f + &)

ae ah
&+ &
x -k k

[(ED - £(ED)] | (A14)
It describes a mean-field condensate of coupled photons and
exciton polarization, where the term I'*/w;_, = (0)>/N is
the density of photons in the condensate. The luminescence

075138-10



GROUND-STATE AND SPECTRAL SIGNATURES OF ...

functions, defined in Egs. (25) and (29), become

A, w) = % Z

x (|&rpmpl [ £ (E ) (Ek+p)] (@ Eliﬂ) + El)
+mepp [ £ (Ep) = f(Eiyp)]8(0 — Eiyp + Ey)
+1Erpbpl[ £ (Ep) = f(Eiip)|8(0 = Egyp + Ey)

+ |77k+p€p|2[f(E ) — f(Ek+p)]5( Ek+p + Ep)) (ALS)
and

B(q.0) = 8(w — wy). (A16)

Note the formal similarity of result (A15) to the coherent
part AN(k,w) of the PRM expression (C4) for A(k,w) in
Appendix C. For the cavity photon spectral function B(q,w),
the mean-field result reduces to a sole § function, whereas all
contributions from fluctuations in the PRM result (C19) are of
course missing.

APPENDIX B: PROJECTOR-BASED RENORMALIZATION
METHOD: GENERAL CONCEPTS

In this Appendix, we show how the complete Hamiltonian
‘H can be solved by means of the PRM. So far, the PRM was
successfully applied to a number of different models. Promi-
nent examples are the one-dimensional Holstein model [31],
the Edwards model [32], or the extended Falicov-Kimball
model [26]. The starting point is always a decomposition of the
many-particle Hamiltonian A into an “unperturbed” part Hy
and into a “perturbation” H;, where the unperturbed part H, is
solvable [compare Eqgs. (22) and (23)]. The perturbation H; is
responsible for transitions between the eigenstates of H with
nonvanishing transition energies | E; — Ej'|. Here, Ejj and E{}
denote the energies of H, between which the transitions take
place. The basic idea of the PRM method is to integrate
out the interaction H; by a sequence of discrete unitary
transformations [25]. Thereby, the PRM procedure starts from
the largest transition energy of the original Hamiltonian H),
which will be called A, and proceeds in small steps AX to lower
values of the transition energy A. Every step is performed by
means of a small unitary transformation, where all excitations
between A and A — AA are eliminated:

Hy—ns = X0 H,, e*XJ“AA. (BD)
Here, the operator X; a) = _X,T\, Ay 18 the generator of the
unitary transformation. Note that for sufficiently small AA,
the evaluation of transformation (B1) can be restricted to low
orders in H; which usually limits the validity of the approach
to values of H; of the same magnitude as those of Hy. After
each step, the unperturbed part as well as the perturbation part
of the Hamiltonian become renormalized and thus depend on
the cutoff A. One arrives at a renormalized Hamiltonian H; =
Ho.» + Hi., where H;, now only accounts for transitions
with energies smaller than A. Proceeding the renormalization
stepwise up to zero transition energy A = 0 all transitions with
energies different from zero have been integrated out. Thus,
one finally arrives at a renormalized Hamiltonian H, —y, which
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is diagonal (or at least quasidiagonal) since all transitions from
‘H with nonzero energies have been used up.

1. Hamiltonian H,

Let us assume that all transitions with energies larger than
X have already been integrated out. An appropriate ansatz for
the transformed Hamiltonian H, reads as H, = Ho, + Hi.x
with

i ho ot
Ho.n = E i’slg(,)\ekek + § ey chy
k X

+ > Aralefhl +He) + Y wga W), g, (B2)
k p

H])L——— P,\[e I’l \I’)L +HC]
«/ﬁ% k+q q,

U ,
-5 > P el erhl ot 1 |- (B3)

kikoks

Clearly, all parameters of Hj ; now depend on the cutoff A,
and Ay, has acquired an additional momentum dependence.
Moreover, we have introduced a A-dependent photon operator

VNT,

Wq=0,1

vl =i+ 8q,0-- (B4)
which is a slight generalization of the former definition (21).
Finally, the quantity P, in Eq. (B3) is a generalized projector,
which projects on all transitions with energies smaller than A
(with respect to Hy ;). Note that the coupling strength g of
‘H, ; remains A independent, which is a consequence of the
present restriction to renormalization contributions up to order
g2 and U>.

Next, P, has to be applied to the operators in H; ;, which
requires the decomposition of the operators in the squared
brackets into dynamical eigenmodes of H, ;. As long as one is
only interested in renormalization equations up to linear order
in the order parameters, one finds

g B
Hiy = _ﬁ Z(@kq’)‘[: elTH-th—k\IJ 5 - +H.c.]

kq

U b
N Z Ok koks,n - eklekzhL3hk1+k3—kz 1, (BY)
kikok3

where we have introduced two ® functions

Okqs = O(2 ), (B

e h
— [ekrqi + etk

Okikoksr = O(A — |&f 5 €l ket |)-

B7)

e h
- 8k2,)\. + 8k3$A -

They restrict transitions to excitation energies smaller than
A. Next, one constructs the generator X, A, of the unitary
transformation (B1). According to Ref. [25], the lowest order
for X, a is given by

Q)L AAHI As

B8
LO)\ (B8)

X a0 =
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where Lg; is the Liouville operator of the unperturbed
Hamiltonian Hy ;. It is defined by Lo ;.4 = [Ho,.,.A] for
any operator quantity A, and Qj_a; = 1 — P,_ay is the
complement projector to P;_a;, i.e., Q;_a, projects on all
transitions with energies larger than A — AX. With Egs. (BS)
and (B2) one finds

Xy = > Axq(h AR ef T Wg 1 —Hee]

VN
U " .
_ N Z By koks (A, AR) ¢ ellq ekzh]l(3hk,+k3—k2 :
kikok3
(B9)
with the definitions
Og, (1 — Okg—an)
Aggh, A0 = —+ ., (B10)
Cktqr T €k — @gi
Okksks, i (1 — Oryloksy,n—An
Bklkzk}()"vA)") = - 2: ( A 2 3h ) (B]])
Ekpn T Ckn T Ekyn T Bk +ka—ka A

Here, the products of the two ® functions in Agq(A,AM) and
By k,ks (A, AL) assure that only excitations between A and
A — AA are eliminated by the unitary transformation (B1).
In principle, the Liouville operator Ly, in X; A, (and the

J

., 2
Eka-ar = kT N Z Agr—qt. AN (ng +nli) +
q
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projector P, in H; ;) should have been defined with the full
unperturbed Hamiltonian H ; of Eq. (B2) and not by leaving
out the term oAy ;. However, its inclusion would only give
rise to smaller higher-order corrections to Ak, and is not
important.

2. Renormalization equations
The A dependence of the parameters of H, is found from
transformation (B1). For small enough width AX of the
transformation steps, an expansion of (B1) in g and U can
be limited to O(g?) and O(U?) terms. One obtains

Hi—nn = Hoy +Pr_aanHis + [ Xo anHiad

- %[XA,AAaQA—AAHl,A] + (B12)
where Eq. (B8) has been used. Renormalization contributions
to H;._a; arise from the last two commutators which have to
be evaluated explicitly. The result must be compared with
the generic forms (B2) and (BS) of H; (with A replaced
by A — AA) when it is written in terms of the original
A-independent variables el, th(, and wg. This leads to the
following renormalization equations for the parameters of
H()’)LZ

k)

U2
N7 2 Bk, G AR (1 = 20, ) (i, — iy,

ki ko

U2
+ 2 > Bukikkoda O AD)[ng, (1= npt ) + g (1= ny, )], (B13)
Kik:
h h 282 v e Uz h e e
Ega—n) = €k T N Z Aq,—k()"A’\)("q + nq—k) + N2 Z Bk]»kl+k2—k,k2()\"A)\')(1 - 2”k2)(”k1 - nk1+k2—k)
q Kiks
U2
5 2 Bk AR, (1= ) + i (1= i, . (B14)
kik,
and
2g2 e h
O j—an = O T W Z Ak g, AN (ng g +nly = 1), (B15)
Fyosn == w— ZAOq@ AR o) (n + 1" — 1), (B16)
A =A —UZZ[ KRG AL + T (L AL (26, — 1)d v Dok oL A
kA—Ax = Bk N2 k1k2 —x( kkz,—kl( WAVS) ( g, — ky — N2 kk1+k2+kk *,
kik, kikz
+ ke, an](2ng, — )dy, + Z MRk gL An (1 — ng, — "y )i,
Kik
Y h e
-~ Z Big,—k(A AR A5 (1 — "y —nf ). (B17)

k;

The quantities nj, and n are the occupation numbers for electrons and holes from Eq. (17), and di was defined in Eq. (20).

Following, we shall also use the photonic occupation number 1

e, = (0] 0w, ) = (Wl W, ;) —

(Wl 0P

QA

2) = (0Visv,) = (B18)
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which is independent of A. In Eq. (B17), we have also defined

F‘;/I‘EEE(A,AK) = 5[ Biioi, (1. AL) Ok

+ By ok (A, AL) Oxigr 2] (B19)

For the numerical solution of the renormalization equations,
the initial parameter values are those of the original model H
A =A):

g A =Ckr  Exa = Eks Wk A = Wk (B20)
and
g U
An=A=——=(Y)— =Y d,  (B2])
VN N -
g
Pa=T=-% de, (B22)

with (o) =07, dy = (elhT_k) = 0. Suppose the expectation
values in Egs. (B13)—(B17) would already be known, the renor-
malization equations can be integrated between A = A and 0.
In this way, we obtain the fully renormalized Hamiltonian

H 1= H,—0 = Ho =0, as was already stated in Eq. (24):
= ele, + Y ethihic+ Y Aulefh') +He)
k K k

+ Y U, (B23)

q
The tilde symbols denote the fully renormalized quantities
at A = 0 as before. All excitations from H; ; with nonzero
energies have been eliminated. They give rise to the
renormalization of H) ;.

Finally, the electronic part of 7{ will be diagonalized by a
Bogoliubov transformation in close analogy to Appendix A.
Defining again new linear combinations

Cl. = &el + meh_y, (B24)

clo=—nel +&h_, (B25)

(with ny, &k assumed to be real), where now the renormalized
one-particles energies &, and éﬁ enter the prefactors & and 7,

1 e 4 ~h
&= [1 +sgn(at + 30 % 8“}, (B26)
1 e L E
Th% =5 |:1 — sgn(ek + 5ﬁ)kaki|, (B27)
_ e =h\2 AL |2
Wi = (5 + 20)° + 41 Ak, (B28)
one finds
A=Y ECHLCu+ Y EChCy+d ag¥¥,,
k k q
(B29)
with
S B & m Wk
ES = + sgn(&f + &) = (B30)
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Here, the electronic quasiparticle energies EE’Z) and the

quasiparticle modes C ﬁ()CéL) are renormalized quantities as
well. The quadratic form of Eq. (B29) allows to compute any
expectation value formed with 7{. Finally, we note that the
diagonalization (B24) runs along the same lines as the former
Bogoliubov transformation of expression (22) for H, except
that the renormalized quantities have to be replaced by the
unrenormalized ones.

3. Expectation values

Also, expectation values (A), formed with the full H, can be
evaluated in the framework of the PRM. As already stated in
Sec. III, they are found by exploiting the unitary invariance
of operator expressions below a trace, (A) = (A(X))y, =
(A)ﬂ, where A(A) = ¢X* Ae=X* and A = A(L = 0). X, is the
generator for the unitary transformation between cutoff A and
X. To find the expectation values of Eqs. (B13)—-(B17), one
best starts from an appropriate ansatz for the single-fermion
operators

- 1
elt()\) = xk,,\e]T( + ﬁ Zl‘qu,q,x/’liq : \Illifq,k :
q
1 P
o D ke e Bk e, (B31)

ki k>

1
R =yl + —= Y g xaeq W,
VN %

1
+ N Zﬂklkz,k—kﬁ—kz,k : €|T(lek2h|t_kl+k2 : (B32)
kiks
(where : \IJIL 5 = wli :), and for the photon operator
1 s
T(L) = Ty N A
Vi) = 2y + ij Vgkr ¢ Cppghly . (B33)

where again the operator structures of (B31)-(B33) were
taken over from a small-X; expansion. In analogy to the
renormalization equations for the parameters of H,, one
derives the following set of renormalization equations for the
A-dependent coefficients Te—qqi Mg ki Vkgr Ok koks 2o and
Brikoks

Ik—qqi—nn = leqqr T 8%k Ak—q q(r-A%), (B34)

Ug kr—nr = Ug ki — 8VkrAq kX, AL), (B35)

Vkqi— AL = Vkq, — &2k 1 Akq(A,AL), (B36)

Ok kky A~ A% = Okkks.x — Ui Bigki, (A, AL), (B37)
Brika k—ki+ky, A — AL

= Briky k—ki+k2.i — UYk i Bigks k—k +k, (A, AL).  (B38)

Using the anticommutation relations for fermion operators and
the commutation relations for boson operators (as for instance

075138-13



VAN-NHAM PHAN, KLAUS W. BECKER, AND HOLGER FEHSKE

[el(k),ek(k)h = 1, valid for any A), one arrives at
1
sl =1 - N Z Ie_q.q.l” (_g.x + 1)
q
1
o m Z ’aklkkz')‘|2[nﬁ1+kz—k(l - l’lﬁz)
Kk,
- nﬁz)]’
1
al> =1- N Z g I (n
q
1
N2 Z |'Bklk2ﬂk—k1+kzqk|2[nli1 (1 - niz)

kiky

— nf, (M 10k (B39)

a T+ gx)

- )],

1
N Z |qu,x|2(1 —n"y - n§+q). (B41)
q

+ (1 - nﬁ—kl'ﬁ-kz (nf(z (B40)

2
|zKal” =1

Equations (B34)—(B38) together with the new set (B39)—
(B41), taken at A — A — AX, represent a complete set of
renormalization equations for all A-dependent coefficients in
Eqgs. (B31)-(B33). They combine the parameter values at A
with those at A — AA. Their initial values at A = A are

(XA, Yn2ka) =1, (B42)

{fkq, A+ tKkg, A » Ukg, A+ Ok Kk s Bk, } = 0. (B43)

By integrating the full set of renormalization equations
between A and A = 0, one is led to the fully renormalized
one-particle operators

St o 1 .
elt = xkeli + ﬁ Ztqu’qh*q : wli—q :
q

1 -
o D Tk | e Bk e, (B44)
klkz

bl = $hl + Zuq Ky VL

+ N ZB’klkLk—klﬂ*kz : eltlekzhlt—kl-&-kz :, (B45)
ki k>
3 1

Th =2+ —= Okqielahlq.  (B46)

NG

Again, tilde symbols denote the fully renormalized quantities.

With Eqs. (B44)—-(B46) the expectation values ny, nﬁ, dx, and

n;f can be evaluated. Thus, for the fermionic quantities one

obtains up to order O(gﬁ) and O(Ulf)

¢4 — an aql? (1 — 7" )ﬁ

= ||

Z @ 2, 7, (1

kik;

nk1+k2 K, (B4D
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g Zluq k| )

+ m Z | Bk ko ks |2ﬁﬁ17k1 i, (1=7,),
kik,

=19l
(B48)

Al
dx = xyelehl)n Nz E e,k kK -+ B Ko ke ki +ko Tl
kik

(1= iy i) et h g ) (B49)

On the right-hand sides the expectation values, formed with
‘H, can easily be evaluated:

iy = & f(Ey) + mf (ER), (B50)
iy = 1 —ni f(Ey) — & f(Eg), (B51)

Al 1 72 1 2 Ak
(exhl )y = sgn(Ey — EY) [ f(Ey) — f(EQ)] " (B52)

where f(E) is the Fermi function. The prefactors & and 7y are

the coefficients from the Bogoliubov transformation (B24).

Finally, the bosonic expectation value ng is given by

nld = (OYlovy) = (Wlvg) — (WD (Wg)dg=0.  (B53)
where from (B46)
, 1
Wava) = 12" Wiydn + D Il i . (B54)
k
(W) = 2 (B55)

Note that in <1/f§) a smaller contribution from (B46) has been
neglected. Thus,

nd = 2P (Pl n

1
- 2~k o~
+ = Z |Uqk| "7 kg
N4

— (W Wen)

(B56)

where the expectation values on the right-hand side are formed
with H. With Eq. (B4) they become

: ; VNT . NT?
(quqﬁ[ = <\Ijq\pq>7:[ - ~ <\Ilq + \Ijq>7:[8q,0 + ,,_28](,0
Wq 2
B NI?
= p(@q) + —5-8q.0 (B57)
@y
and

ﬂ}gw __VYNT

Wi = [(wgm— = 8q0. (BS8)
q

@q
where we have used (\Il )7 = 0, and p(&q) is the bosonic dis-
tribution function. Inserting Eqs. (B57) and (B58) into (B56),
one finally arrives at

ny = |Z,1° p(@y) + (B59)

1
~ 12~h =~e
N E :|qu| n_xMkyq
k
and similarly

iy = SVidVa)n = p(@y). (B60)
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Obviously, the electronic order parameter dx and the photonic
order parameter Ax are intimately related. Due to (B49)
and (B52), dx is proportional to Ay, so that both order
parameters are mutually dependent.

Note that in Sec. IV the numerical outcome of ny and
nft will turn out to be the same. The reason for this is the
assumed symmetric dispersions for the electron and hole
bands in Eq. (2), ¢f = 8&. As a consequence, also the original
Hamiltonian (1) shows a certain symmetry: Replacing all
electron operators e](:) by hole operators hfj ) and vice versa,
Hamiltonian (1) remains the same, except of the sign of the

PHYSICAL REVIEW B 93, 075138 (2016)

prefactor g, i.e.,

H{e), 1Py, 6,0) = HARPY, (e,

—g.U). (B6])

A closer inspection shows that the former ansatz (B31) for

ej(()\) can be transformed to the ansatz (B32) for hli()»). The
same is true for the corresponding renormalization equations of
the prefactors in Eqs. (B44) and (B45). Note that the property
ng = nlﬁ would no longer be valid in case different dispersions
&y # € are used. However, also for the latter case the above

renormalization equations remain valid.

J
APPENDIX C: LUMINESCENCE FUNCTIONS

Let us first evaluate the response function for the excitonic polarization (25) which reads as after the unitary invariance has
been employed

1> .
A(k,w):Z/ ([Br(t).B1] )7 € dt. (C1)

The expectation value is formed with the fully renormalized Hamiltonian 7{. The quantity l;lt is the transformed exciton creation
operator

IJL «/_ Z ek+p —p’ (€2)

where the unitary transformation has been applied separately to the two one-particle operators é]t and ﬁlt Inserting Eqs. (B44)

and (B45) into expressions (C1) and (C2), one obtains for A(k,w)
Ak, w) = ANk, 0) + AM(Kk,w), (C3)

where the two parts will henceforth be denoted as coherent and incoherent. The coherent part is given by

1 - - -
ANk, w) = N Z |J?k+pf—p|2{|§k+pflp|2[f(El) f(EII«er)]‘S(w - Ell<+p + Ell))
p

F(ERp)]8(0 — Eyp + Ep) + lacnbp [ £ (Ep) — f(Eiyp)]8(0 — Exyp + Ep)
(B )00 — ERop + D)} ()
1)

+ |7)k+p77p|2[f(E;) -
+ |77k+p‘§>:p|2[f(Eg) -

It follows from the dominant contributions ocxkek and o ykhT in Eqs (B44) and (B45). In addition, the one-particle operators e,
and hf( have to be expressed by the dynamical eigenvectors Ck , which lead to the appearance of the Bogoliubov coefficients
&k and ny in Eq. (C4). ‘

The incoherent part A™(k,w) of the response function (C1) reads as to order O(gz) and O(U?)

A" (k,w) = MP8[w — d(K)] — — Z My 8[0 — Ep(k)] + 43 Z M w8l — Exi ()]
i,pk;
1 3,0 3,i
+ ﬁ Z Hpélkz,ka[a) - Eplélkz(k)]’ (C5)
i,pk]kz
with
Eyk) =&, +&", (Co)
EZ () = &") — &+ dipis (C7)
Epie,(K) = B — g, + B, (C8)
Epic ) = &%) — By s p +  + B (C9)

Epaio 0 = 8%y, — 8, + B, + E (C10)

075138-15



VAN-NHAM PHAN, KLAUS W. BECKER, AND HOLGER FEHSKE PHYSICAL REVIEW B 93, 075138 (2016)

and
0 ~ ~ ~ > o~ ~
M= > Ficep I linphik, 4 (1 — 71" ). (C11)
pki
1 ~
1 S - = 5 - ~ ~h
k) = 2xk+py7kﬁ Z [xk1+kﬁk+p,k1+kfpnleq+k - y*klo‘kﬂ,kﬁkfl’(] - ’Lkl)](l — A, — ”*p)
ki
=
+ N_ Z 2xk+py POk Kk +k, p,3k+p ky,—k—p+ky— klnk2(1 - n—k—p+kz—k1)
Kiko
~ ~ ~ 5 ~h \~
+ 2xk1+ky7k1ak+p,k1+k,fp.8k+p,kz+kﬁp(1 - ’Lp)”ﬁﬁk
— ¥t @k p ks 4p—pitpiok—pb (1 — ") (1 — A" )
- 3 3 e e ~h
- Xk+pxk2+k,3k,,k+p._kl+kﬁkl,k2+k,—k2+kni2+kﬂk+p}(1 — flysp — n_p), (C12)
2,1 S h ~h
5« = |y plktp-k;, kl} [” K (1 - ) i pk, (” kK p)] (C13)
22 |= ~ 2r ~ U [~ ~
5k = |xk+p”klp| [nli-i—p(l - ”§+k1) -y (";+k1 - "Lp)]’ (C14)
- 2 . . .
PklkZ |y pOk; kipks| — yfpykzakl,k+p,k2ak1,7kz+k,7p)
~ho\(sh = ~h ~h ~e =
x[(1- )(1 —-n p)(nk1+k2—k—p - ”—kl) + nkz(l - nkl-‘rkz—k—p)(l Ny, T ”—p)]’ (C15)
32 - 5 2 . ~
pk ks k = (|xk+p/3k1k2,*13*k1+kz - xk+pxk1ﬁklkZ,*P*kl+k2ﬂk+P.k27*P*k1+kz)
~e o ~ - - ~ - =
X[ i e (Tl — i) ik (1= 7 ) (1= iy — % )] (C16)

Again, all expectation values on the right-hand sides are formed with the renormalized Hamiltonian . Note that for simplicity
A" (p,w) was calculated without use of the Bogoliubov transformation (B24). The reason for this approximation results from
the fact that A™(p,w) turns out to be quite small compared to the coherent part of A(k,w). Moreover, the additional sums in

Eq. (C11) tend to cover the influence of Ay in Wy [compare Eq. (B28)].
Finally, we consider the response function for the cavity photon mode

I [~ . - :
B(q.0) = E/ ([Fq(0), 0l €t (C17)
where &; is again the fully renormalized quantity. According to (B46) we have
Wl = ZaVd + T LicTak t el o (C18)
Using Eqgs. (24) and (B29), one easily finds
1 - - . -
B(q,0) = [Z48(0 — Dg) + Z Bl {1 amP[f (Ex) — f(Exiqg)]8(@ — Exyq + Ev)
+ |'7k+q”k|2[f(El) f(Eﬁ+q)]8(w k+q +E ) + |€k+q§k|2[f(E~ ) - f(EliJrq)]‘S(w Ek+q + El%)
FinalPLF(ED) = £ g)8(0 — By + ED)). 19

Note that, apart from the first § function and the prefactor under the sum, the result for B(q,w) resembles that of the coherent

contribution A°"(k,w) of the excitonic polarization.
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