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Superfluidity and collective properties of excitonic polaritons in gapped graphene in a microcavity
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We predict the formation and superfluidity of polaritons in an optical microcavity formed by excitons in gapped
graphene embedded there and microcavity photons. The Rabi splitting related to the creation of an exciton in a
graphene layer in the presence of the band gap is obtained. It is demonstrated that the Rabi splitting decreases
when the energy gap increases, while the larger value of the dielectric constant of the microcavity gives a smaller
value for the Rabi splitting. The analysis of collective excitations as well as the sound velocity is presented. We
show that the superfluid density n; and temperature of the Kosterlitz-Thouless phase transition 7, are decreasing

functions of the energy gap.
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I. INTRODUCTION

To date, theoretical and experimental studies have been
devoted to Bose coherent effects of two-dimensional (2D)
excitonic polaritons in a quantum well embedded in a semi-
conductor microcavity.'* To obtain polaritons, two mirrors are
placed opposite each other in order to form a microcavity, and
quantum wells are embedded within the cavity at the antinodes
of the confined optical mode. The resonant exciton-photon
interaction results in the Rabi splitting of the excitation
spectrum. Two polariton branches appear in the spectrum due
to the resonant exciton-photon coupling. The lower polariton
branch of the spectrum has a minimum at zero momentum.
The effective mass of the lower polariton is extremely small.
These lower polaritons form a 2D weakly interacting Bose
gas. The extremely light mass of these bosonic quasiparticles
at experimentally achievable excitonic densities results in
a relatively high critical temperature for superfluidity. The
critical temperature is relatively high because the 2D thermal
de Broglie wavelength is inversely proportional to the mass of
the quasiparticle, and this wavelength becomes comparable to
the distance between the bosons.

Recently there have been many experimental and the-
oretical studies devoted to graphene, known for unusual
properties in its band structure.”>® Due to the absence of a gap
between the conduction and valence bands in graphene, the
screening effects result in the absence of excitonic excitations
in graphene. To date, we have achieved different ways to obtain
a gap in graphene. For example, the gap in graphene structures
can be formed due to a magnetic field, doping, an electric field
in biased graphene, and finite size quantization in graphene
nanoribbons. A gap in the electron spectrum in graphene can
be opened by applying a magnetic field, which results in the
formation of magnetoexcitons.” Excitons in graphene can be
also formed due to a gap opening in the electron and hole
spectra in the graphene layer by doping.® There have been a
number of papers devoted to the excitonic effects in different
graphene-based structures. Significant excitonic effects related
to strong electron-hole correlations were observed in graphene
by measuring its optical conductivity in a broad spectral
range.” The observed excitonic resonance was explained
within a phenomenological model as a Fano interference of
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a strongly coupled excitonic state and a band continuum.’ The
electron-hole pair condensation in the two graphene layers has
been studied in Refs. 10-14. The possibility of formation of
edge-state excitons in graphene nanoribbons is caused by the
appearance of the gap in the electron energy spectrum due to
the finite-size quantization. A first-principles calculation of the
optical properties of armchair-edged graphene nanoribbons,
taking into consideration many-electron and excitonic effects,
was presented in Ref. 15. Yang et al.'® studied the optical
properties of zigzag-edged graphene nanoribbons with the spin
interaction. It was found that optical response was dominated
by magnetic edge-state-derived excitons with large binding
energy. First-principles calculations of many-electron effects
on the optical response of graphene, bilayer graphene, and
graphite were performed in Ref. 17. It was found that resonant
excitons were formed in these two-dimensional semimetals.
The other mechanism of electronic excitations in graphene
can be achieved in biased graphene, where the energy band
gap is formed by an applied electric field. A continuously
tunable band gap of up to 250 meV was generated in biased
bilayer graphene.'® It was shown that the optical response of
this system is dominated by bound excitons."’

According to Ref. 20 a tunable gap in graphene can
be induced and controlled by hydrogenation. The excitons
in gapped graphene can be created by laser pumping. The
superfluidity of quasi-two-dimensional dipole excitons in
double-layer graphene in the presence of band gaps was
proposed recently in Ref. 21.

The Bose-Einstein condensation (BEC) of magnetoex-
citonic polaritons formed by magnetoexcitons in graphene
embedded in a semiconductor microcavity in a high magnetic
field in a planar harmonic potential trap was studied in Ref. 22.
However, the superfluidity of magnetoexcitonic polaritons in
graphene in this case is absent, since the superfluidity is caused
by the sound spectrum of Bose collective excitations due to the
exciton-exciton interaction, which is negligible in graphene in
a high magnetic field, in analogy to 2D magnetoexcitons in a
quantum well.”

In this paper we consider the direct 2D excitons formed
in a single graphene layer in the presence of the band gap
and predict the superfluidity of polaritons formed by these
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excitons and microcavity photons, when the graphene layer
is embedded into an optical microcavity. We obtained the
corresponding superfluid density and temperature for the
Kosterlitz-Thouless phase transition due to the superfluidity
of microcavity polaritons.

The paper is organized in the following way. In Sec. II
we present the Hamiltonian of excitons in a graphene layer
embedded in an optical microcavity. In Sec. III we obtain
the excitonic Hamiltonian, which is the sum of the Hamilto-
nian of noninteracting excitons in gapped graphene and the
Hamiltonian that describes the exciton-exciton interaction.
The Hamiltonian of photons in a semiconductor microcavity
is given in Sec. IV. In Sec. V the Hamiltonian of the harmonic
exciton-photon coupling in gapped graphene is derived and
the corresponding Rabi splitting is obtained. The study of the
condensation of a gas of microcavity polaritons, the density of
the superfluid component, as well as the Kosterlitz-Thouless
temperature are presented in Sec. VI. Finally, the discussion
of the results and the conclusions follow in Sec. VII.

II. HAMILTONIAN OF GAPPED GRAPHENE EXCITONS
IN A MICROCAVITY

The total Hamiltonian ﬁmt of the system of 2D excitons in
gapped graphene embedded in an optical microcavity and 2D
microcavity photons can be written as

I:Itol = ﬁex + I:Iph + ﬁex—phy (1)

where H., is the Hamiltonian of excitons in graphene in the
presence of the gap, Hyy, is the Hamiltonian of the microcavity
photons, and Hex_ph is the Hamiltonian for the exciton-photon
interaction.

The Hamiltonian of 2D excitons in the graphene in the
presence of a gap is given by

He = HY + Hexeex, 2

where A is the Hamiltonian of noninteracting 2D excitons in
gapped graphene and H,, . is the Hamiltonian of the exciton-
exciton interaction.

The Hamiltonian of noninteracting excitons in gapped
graphene I:Ie()?) is given by

AL =" e(P)bhby. 3)
P

where EI, and 131: are the excitonic creation and annihilation
operators obeying Bose commutation relations and €. (P) is
the energy dispersion of a single exciton in a graphene layer.

The Hamiltonian of the exciton-exciton interaction I:Iex_ex
in graphene in the presence of a gap is given by

Ao = Z Uqbb. o op_ brbp. @)
PP/

where A is the macroscopic quantization area and Uq is
the Fourier transform of the exciton-exciton pair repulsion
potential.
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The Hamiltonian of photons in a semiconductor microcav-
ity is given by?*

Aoy =Y epn(P)apdp. )
P

where &I, and dp are photonic creation and annihilation Bose
operators, and €, (P) is the cavity photon energy dispersion.

Following Ref. 25 the Hamiltonian of the harmonic exciton-
photon coupling can be written as

Aepn =12 Y ajbp + He., ©6)
P

where the exciton-photon coupling energy is represented by
the Rabi splitting 7 2g.

Let us present the detailed consideration and analysis of
each term in Eq. (1): first, the excitonc Hamiltonian ﬁex
that describes the formation of excitons in gapped graphene;
second, the Hamiltonian I:Iph that describes the microcavity
photons; and last, the Hamiltonian I:Iex_phresponsible for the
exciton-photon coupling within the microcavity.

III. EXCITONIC HAMILTONIAN

In this section we present the excitonic Hamiltonian He,
that consists from two terms: the Hamiltonian that describes
the formation of the gas of noninteracting excitons in gapped
graphene and the Hamiltonian responsible for the exciton-
exciton interaction that we assume is strong enough to be
neglected.

A. An exciton in a graphene layer in the presence of the gap

The Hamiltonian of 2D excitons in gapped graphene is
given by Eq. (2). As the first step let us analyze the Hamiltonian
of noninteracting excitons HY. As follows from Eq. (3),
this Hamiltonian is determined by the energy-momentum
dispersion of noninteracting excitons €.x(P). Therefore, we
need to find out the energy-momentum dispersion €q(P) of
the electron and hole that are bound in a gapped graphene
layer via an electromagnetic attraction by solving a two-body
problem.

We consider an electron and a hole located in a single
graphene sheet, assume that they form an exciton, and
introduce the gap parameter §. The gap parameter § is the
consequence of adatoms on the graphene sheets (e.g, by
hydrogen, oxygen or other noncarbon atoms®) which create
a one-particle potential.

We use the coordinate vectors of the electron and the hole r;
and r;, respectively. Each honeycomb lattice is characterized
by the coordinates (r;,1) on sublattice A and (r;,2) on
sublattice B. Then wave function, describing two particles
in the same graphene sheet, reads W (ry,s;;r2,s;2). This wave
function can also be understood as a four-component spinor,
where the spinor components refer to the four possible values
of the sublattice indices s1,57:

¢aa(l'1,l'2)
W(ry,s13r2,82) = zzbgi’:g . (7

Ppp(r1,12)
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The Hamiltonian that describes the interacting electron and
hole with a broken sublattice symmetry can be written as

V(r) d> d, 0
A =25+ V(@) 0 d
H = 2 , (8
d 0 2B+VE) ®)
0 d] d V()

where V(r) is the electron-hole electromagnetic interaction
that depends on r = |r; — r2|. In Eq. (8), d; = hvp(—id,; —
dy). dl =hvp(—id,, +9y,), where 8 =d/dx;, 9, =
9/dy;, j =1,2, x and y are components of the vectors r;
and ry, and vy = +/3at /(2h) is the Fermi velocity of electrons
in graphene, where a = 2.46 A is a lattice constant and
the value of the overlap integral between the nearest carbon
atoms is ¢ ~ 2.71 V. In Eq. (8) we take into account the
renormalization of the electron-hole distance in the electron-
hole Coulomb attraction due to the non-locality of electron
and hole wave function, assuming the following model for
the electron-hole attraction: V (r) = —e?/[4meoe(r® + r&)l/ 2,
where g9 = 8.85 x 10712 C2/(Nm?), e is the electron charge,
& = 2.5 is the dielectric constant of graphene, and ry is the
renormalization parameter which will be estimated below. It
should be mentioned that the main contribution to the polariton
mass is the cavity photon mass rather than exciton mass, and,
therefore, we use our model to estimate the exciton mass
roughly by the order of magnitude. Assuming r < ry, we
expand V(r) in a Taylor series as V(r) = —V, + yr?, where
Vo = €*/(dmeeor) and y = € /(8megery).

Now we have to solve the eigenvalue problem for the
Hamiltonian (8) HW = €W and find the energy of the exciton
€. The eigenfunction depends on the coordinates of both
particles, namely (r;,r;). To separate the relative motion of
the electron and hole we use the following ansatz for the wave
function:

V;R,r) = PRy (r), ©)

where P is momentum, and following Ref. 21 for a generalized
center-of-mass coordinate R and relative coordinate r we have

R=oar+8r, r=r —n (10)
with the parameters
€—26 €+ 2§
= , = 11
* 2¢ p 2¢ (an

that have been found from the condition of separation of the
relative motion of the electron-hole pair and the motion of
the center of mass. The procedure given in Ref. 21 can be
applied to the eigenvalue problem (H + Vp)¥ = (e + Vo)W
when we assume that both relative and center-of-mass kinetic
energies, as well as the harmonic term in the potential energy
V(r)+ Vo = yr?, are small in comparison to the gap energy
2§. Starting from the wave function (9) and using the same
procedure that we developed in Ref. 21, we obtain for the
spinor component ¢,, the equation
( WP o 2GRV
2¢ (€2 —45?)

) ¢aa = (6 + VO)d’aa- (12)
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The last equation can be rewritten in more convenient form,
(=FV} 4+ 1) paa = Fodaa- (13)
where F is given by
2+ Vo)(hvr)?

=— 14
(e + Vp)? — 482 (14
and Fy is given by
(vp P)?
Fo=€e+Vyg— ——. 15
0 07 e + Vo) (1>

Equation (13) describes a two-dimensional isotropic harmonic
oscillator, whose solutions are given by the condition

Fo 4
— =2N_ | =, 16
7 ,/J,,_. (16)

with N =2n;+n,+1 and quantum numbers n; =
0,1,2,3,...and n, =0,+1,+2,£3,..., £n,. Below we
will focus subsequently on the analysis of the ground state of
the exciton corresponding to N = 1. At N = 1 from Eq. (16),
by keeping the second-order terms with respect to P, we obtain

€t — [48% + (vp P)*1€? — 8C€ 4+ 48*(vp P> =0,  (17)

where €’ = € + Vp and C = y(ivp)>.

Assuming C < e(e? — 48%), we solve Eq. (17) for €, then
expand € up to the second order in P (i.e. for vy P < §) and
the first order in C and obtain for the electron-hole dispersion

€(P) =28 + €x(P), (18)
where the exciton dispersion presented in Eq. (3) is given by
Pr= Vot &+ (19)
€x(P) = — -+ —.
¢ T8 T oM
In Eq. (19) M is the effective exciton mass given by
28*
Cuy

The exciton effective mass M increases when the gap
parameter § increases. Note that, if N > 1, at small momenta
P the exciton energy spectrum at the same quantum number N
increases with the increase of the gap §. However, the exciton
energy spectrum at the same gap energy § decreases with the
increase of the quantum number N.

The exciton radius can be obtained from the wave function
of the 2D harmonic oscillator and reads p = 2~'/2[F(e)/y]"/*.
In the dilute system when the majority of particles are in a
condensate, we substitute € at zero momentum: €(P = 0).

The electron-hole recombination produces a photon with
energy E,n = hw equal, by energy conservation, to the exci-
ton excitation energy 28 4 €(0). Then the renormalization
parameter ry can be found from the condition fiw = 2§ +
€ex(0), where e (P) is given by Eq. (19). This condition leads
to the following equation for r(:

26%(28 — hw)ry — 2D8*rg + D(hvg)* = 0, (1)

where D = e? /(4w eye). For dipolar excitons in GaAs/AlGaAs
coupled quantum wells, the energy of the recombination peak
is hw = 1.61 eV.?” We expect similar photon energies in
graphene; its exact value depends on the graphene dielectric
environment and substrate properties though.

235404-3
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FIG. 1. (Color online) The dependence of the parameter ry on the
gap energy §.

The parameter r( is obtained as a result of a numerical
solution of Eq. (21) for each value of the gap energy. The
results of calculations are presented in Fig. 1. According to
Fig. 1, the parameter ry decreases when the gap energy §
increases.

B. Exciton-exciton interaction

Here we analyze the Hamiltonian (4) of the exciton-exciton
interaction Hcx in graphene in the presence of the gap,
which contributes to the exciton Hamiltonian H., given by
Eq. (2). As discussed in Refs. 28 and 29 for a dilute exciton
gas, the excitons can be treated as bosons with a repulsive
contact interaction. For small wave vectors ¢ < p~!, the value
of Uq which is related to exciton-exciton repulsion can be
approximated as

3e?p
Ua=U= 2mepe 22)

This approximation for the exciton-exciton repulsion is ap-
plicable because resonantly excited excitons have very small
wave vectors.”> Another reason for the validity of this approx-
imation is that the exciton gas is assumed to be very dilute
and the average distance between excitons ry 3> p, which
implies the characteristic wave number g ~ r;! < p~1. A
much smaller contribution to the exciton-exciton interaction
is also given by band-filling saturation effects,®® which are
neglected here. To demonstrate the dependence of U on the
gap energy, we calculate U for each value of p that is by itself
the function of the parameter ry obtained from Eq. (21). The
result of the numerical calculations presented in Fig. 2 shows
that U decreases when the gap energy § increases.

IV. MICROCAVITY PHOTONS

The Hamiltonian of photons in a semiconductor micro-
cavity is determined by the cavity photon energy dispersion
€pn(P). According to Ref. 24 this dispersion is defined
as €n(P) = (¢//ea)V P2 +1’m2L; %, where ecy is the
dielectric constant of the cavity, ¢ is the speed of light in
vacuum, and L, is the length of the microcavity.

Embedding graphene in an optical microcavity can lead to
the formation of polaritons when the excitons couple to the
cavity photons. In such cases the microcavity consists of two
mirrors parallel to each other and a graphene sheet placed
in between. Then the photons are confined in the direction

PHYSICAL REVIEW B 86, 235404 (2012)

FIG. 2. (Color online) The dependence of U on the gap energy §.

perpendicular to the mirrors, but move freely in the two
directions parallel to the mirrors. The length of the microcavity
is chosen as

I - hmce
28— Vo+ C/82) o

with the resonance condition that the photonic and excitonic
branches are equal at P =0, i.e., for €(0) = € (0). This
resonance condition can be achieved either by controlling the
gap energy 6 or by choosing the appropriate length L, of the
microcavity.

(23)

V. EXCITON-PHOTON INTERACTION

The Hamiltonian of the harmonic exciton-photon coupling,
Eq. (6), contributes to the total Hamiltonian (1) of the system.
In this Hamiltonian the exciton-photon coupling energy is
represented by the Rabi splitting 22 . Neglecting anharmonic
terms for the exciton-photon coupling, the Rabi splitting Qg
can be estimated quasiclassically as

Q| = |(f | Hintli)1, (24)

where Hiy is the Hamiltonian of the electron-photon interac-
tion. The initial state |i) corresponds to the valence band filled
by electrons and the empty conduction band, while the final
state | f) corresponds to one hole in the valence band and one
electron in the conduction band. In Eq. (24) the initial |i) and
final | f) electron states are defined as

1_[ A(v) 10]0)e,

) = bili). (25)

InEq. (25),¢ A(v) 'is the Fermi creation operator of the electron in
the valence band with the wave vector q, |0). denotes the wave
function of the vacuum in the conduction band, ]_[ (”)T|O)

corresponds to the completely filled valence band, and bf] is the
exciton creation operator with the electron in the conduction
band ¢ and the hole in the valence band v. Following Ref. 31,

by and 133 for this case are defined as

AT A(0) r A(C)Jr A(v)
‘1 - Z Cq-qCq > b Z (26)
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where éffﬁ and ¢ are the Fermi creation and annihilation

operators of the electron in the conduction band with the
the wave vector . The eigenfunctions and eigenenergies of
an electron in graphene in the presence of a gap are given
in Appendix A. For graphene the electron-photon interaction
Hamiltonian is determined as

A Vre
Hiyy = —vpeo - Ao = 2 -Epno, 27)

2Rl =

€Vvf ®
g/dx/dy [IﬂcﬁEc(X,y)O' ‘Ephowv,EL(x’y)]‘ =

PHYSICAL REVIEW B 86, 235404 (2012)

where ¢ = (0y,0,) are Pauli matrices, Ao is the electro-
magnetic vector potential of a single cavity photon, and
Eppo = [hw/(280€cay W)H1Y/2 is the magnitude of electric field
corresponding to a single cavity photon with frequency w
within the microcavity volume W.

Substituting Egs. (26), (A3), and (A4) into (25) and using
the electron-photon interaction Hie (27), we finally obtain
from Eq. (24)

evp (82— E? hvrp(gx +iqy)
L= |E
2iwV  E2 [ ””O"< 5—E

hvp(gx —iqy)
S+ E

. —hvrp(gx +iCIy) hvrp(gy _iQy)
E . 28
i Ph‘”( 5_E S+E (28)
After simplification of Eq. (28) we obtain
ehv?
|hQR| - ﬁ\/(qx EphOx + quphOy)282 + (quphOx —qx EphOy)2E2~ (29)
) —

Assuming for simplicity an electric field corresponding to a
single cavity photon mode is directed along the x axis, we
obtain

evr h Y q;5° +q§E2
n<2el = / 2W gpEcav® lq] '
52 +h2U12vq2 0€cav q

(30
In the limit ¢ — 0, when w = 2§/h, we obtain from Eq. (30)

1
hQr|l=h _ 31
[297] vre,| Weotesd 31

where W = LS is the volume of a system with the area S.
When L. is obtained from the condition of the resonance of
the exciton, and the corresponding photon mode is presented
by Eq. (23), we obtain for the Rabi splitting

2 — Vos~! +Cs3
hQg| = hpe 00+ . (32)
2mweghc/ecayS

FIG. 3. (Color online) The dependence of the Rabi splitting |22 |
on the gap energy & for microcavities with the different dielectric
constants &gy .

According to Eq. (32), Rabi splitting depends on the gap
energy 4, the area of the microcavity S, and the dielectric
constant of the microcavity &.,. The microcavity can be
formed in different types of semiconductors. By using a
different semiconductor for the Bragg mirrors used to confine
the photon in the microcavity, there are possibilities to further
increase the Rabi splitting. In our calculations we considered
the microcavities that were fabricated for the experimental
studies of microcavity polaritons.>>*> The results of the
calculations of the dependence of Rabi splitting on the
gap energy 8§ for the microcavities with different dielectric
constants are presented in Fig. 3. In the calculations according
to the experiment presented in Ref. 43 we used the value
S = 10 wm? for the area of the microcavity. The analysis of the
results in Fig. 3 shows that Rabi splitting decreases when the
gap energy ¢ increases, while for the same gap energy the larger
value of the microcavity dielectric constant there corresponds
to a smaller value of the Rabi splitting. Therefore, we can
conclude that a proper choice of the semiconductor materials
for Bragg mirrors for the fabrication of the microcavity is very
important, and allows achieving a larger value for the Rabi
splitting for the same gap energy.

VI. SUPERFLUIDITY OF MICROCAVITY POLARITONS

We can diagonalize the linear part of the total Hamiltonian
H,.; [without the second term on the right-hand side of Eq. (2)]
by applying the unitary transformations,” and as the result
obtain (see Appendix B)

Hy=) " Ecp(P)ylp + ) Evp(Plipie.  (33)
P P

where ZAI,, Ip and ﬁI,, iip are the Bose creation and annihilation
operators for the lower and upper polaritons, respectively.
The corresponding energy spectra E;p(P) and Eyp(P) of
the lower and upper polaritons are given by Eq. (B3).

235404-5



BERMAN, KEZERASHVILI, AND ZIEGLER

The substitution of the polaritonic representation of the
excitonic and photonic operators (B1) into the total
Hamiltonian (1), gives the Hamiltonian of the lower
polaritons:>

A A 1 - N oA A
Ho= ) Ep(Pllple+ 52 3 Weralp. ol olele.
P PP q
(34)

where the effective polariton-polariton interaction W is given
by
Wep.q = UXpiqXp Xp—_qXp, (35)

with U = 3e?p/(2mepe) defined in Sec. I B.

At small momenta o = 1/2[M~! + (¢//ecay) Lo /R 1 P?/
[hQ2r| < 1, the single-particle lower polariton spectrum ob-
tained from Eq. (B3), in linear order with respect to the small
parameter «, is
1 p?
hmL, hQ2r| + T (36)

Ecav p

Erp(P)~

where M, is the effective mass of polariton given by

cL, !
ﬁ . 37

If we take into account only the lower polaritons corre-
sponding to the lower energy at P = 0 and measure energy
relative to the lower polariton energy (c/\/ﬁ)hnL;1 —
|h2g| the resulting effective Hamiltonian for polaritons has
the form

. P2 +
Heffzzm i fp + e“ S0 b fele.  (38)
PP .q

M, =2 <M1 +

where U, O _ 1U =3ep /(8mepe), since at small momenta
|Xp|* ~ |CP|2 ~1/2.

In the dilute limit (np? < 1, where n is the 2D polariton
density), at zero temperature Bose-Einstein condensation of
polaritons appears in the system, since the Hamiltonian
of microcavity polaritons (38) corresponds to the weakly
interacting Bose gas. The Bogoliubov approximation for the
dilute weakly interacting Bose gas of polaritons results in the
sound spectrum of collective excitations at low momenta:**+
e(P) = cg P with the sound velocity cg = (Ueffn/M,,)l/2 =
(3e2pn/(8n808Mp))1/2.

The dilute polaritons constructed by excitons in gapped
graphene embedded in the optical microcavity and microcavity
photons form a 2D weakly interacting gas of bosons with
pair short-range repulsion. So the superfluid-normal phase
transition in this system is the Kosterlitz-Thouless transition,*®
and the temperature of this transition 7, in a two-dimensional
microcavity polariton system is determined by the equation

2
T — h nX(TC)’ (39)
2kpM,
where ny(T) is the superfluid density of the polariton system
in a microcavity as a function of temperature 7', and kg is
Boltzmann constant. We obtain the superfluid density as n; =
n — n, by determining the density of the normal component
n, when we follow the procedure* as a linear response of the
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FIG. 4. (Color online) The dependence of the Kosterlitz-Thouless
transition temperature 7, on the gap energy & for the different
polariton densities for a GaAs microcavity.

total momentum with respect to the external velocity:

3¢(3) sk T3

2mh? M

where s = 4 is the spin degeneracy factor.
Substituting Eq. (40) for the density n, of the superfluid

component into Eq. (39), we obtain an equation for the

Kosterlitz-Thouless transition temperature 7,. The solution of
this equation is

1+ 32 (M kBTO 41
27\ aiPn
13

2 (MO o
27 ]Thz 21/3’

where TC0 is the temperature at which the superfluid density
vanishes in the mean-field approximation [i.e., nS(TCO) =0],

70 _ 1 (#h*nciM, ' @)
© kg U 6s2(3) '

The analysis of Eq. (41) shows that the Kosterlitz-Thouless
transition temperature 7, depends on the polariton density, the
gap energy, as well as on the properties of the microcavity.
Figures 4 and 5 represent the results of the calculations for the
Kosterlitz-Thouless transition temperature 7, as a function of
the gap energy § at the different fixed polariton densities n.

(40)

ng =n —

1/3

T. =

FIG. 5. (Color online) The dependence of the Kosterlitz-Thouless
transition temperature 7. on the gap energy & for the different
polariton densities for a CuBr microcavity.
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FIG. 6. (Color online) The dependence of the Kosterlitz-Thouless
transition temperature 7, on the gap energy § for microcavities with
the different dielectric constants &4y

We consider the graphene layer that is embedded in the GaAs
and CuBr microcavities with the dielectric constants &,y = 13
and &q,y = 5.7, respectively. According to Figs. 4 and 5, at
the same polariton density n, T, decreases when § increases,
and at the same gap energy § the transition temperature 7,
increases when the polariton density n increases. A proper
choice of the semiconductor materials for fabrication of
the microcavities is important to achieve a high Kosterlitz-
Thouless transition temperature. We consider the graphene
layer embedded in the different microcavities and calculate
the Kosterlitz-Thouless transition temperature 7, as a function
of the gap energy using different dielectric constants &g,y
for microcavities that were fabricated for the observation of
polaritons experimentally.’>~*? The results of calculations for
the polariton density n = 9 x 10'° cm~? presented in Fig. 6
show that the Kosterlitz-Thouless transition temperature 7 is
higher for the microcavity fabricated with the material that has
smaller dielectric constant.

VII. DISCUSSION

According to Eq. (37), the effective polariton mass M,
is mostly determined by the size of the microcavity, which
depends on the gap energy & according to Eq. (23) when
the exciton and microcavity photon branches of the spectrum
are in resonance at zero momentum. The gap dependence of
the sound velocity is caused by the gap dependence of the
exciton-exciton interaction described in Sec. III B. According
to Figs. 4-6 we conclude that Kosterlitz-Thouless temperature
T, and, therefore, according to Eq. (39) superfluid density
ng, are decreasing functions of the gap energy § in graphene
and increasing functions of the polariton density n, while
the Kosterlitz-Thouless transition temperature is higher for
the microcavity fabricated with the material that has smaller
dielectric constant.

The superfluidity and BEC of polaritons formed by
quantum-well excitons and microcavity photons have been
discussed widely. The comparison shows that the advantage
of observing the superfluidity and BEC of polaritons formed
by the gapped graphene excitons and microcavity photons is
related to the fact that in this system the superfluidity and BEC
of polaritons can be controlled by the gap.

In conclusion, we propose the superfluidity of 2D ex-
citon polaritons formed by gapped graphene excitons and

PHYSICAL REVIEW B 86, 235404 (2012)

microcavity photons, when the gapped graphene layer is
embedded in an optical microcavity. We conclude that the Rabi
splitting decreases when gap energy § increases, while for the
same gap energy the larger value of the dielectric constant of
the microcavity gives a smaller value for the Rabi splitting.
We show that the Kosterlitz-Thouless temperature and the
superfluid density increases with the rise of the polariton
density and decreases with the rise of the gap energy due to §
dependence of the sound velocity of collective excitations,
while 7, is higher for the microcavity fabricated with the
material that has smaller dielectric constant &.,,. Thus, the
Kosterlitz-Thouless temperature and the superfluid density
could be controlled by n, 8, and e¢ay.
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APPENDIX A:THE EIGENFUNCTIONS AND
EIGENENERGIES OF AN ELECTRON IN GRAPHENE IN
THE PRESENCE OF A GAP

We consider two fermions and ignore their interaction [i.e.,
V(r) = 0]. The electrons in the conduction band, described by
the spinor wave function ¥.g(x,y), and the holes in the valence
band, described by the spinor wave function Vg (x,y), are
solutions of the eigenvalue equations

H_sYep = EVep, HsVop = —E'Vp (A1)
of the Dirac-Weyl Hamiltonian
8 hvp(dy —idy)
Hy = | hvp(dy +1i0y) ) (A2)
In the presence of a gap 24, these solutions are
8 — E expli(qex + q,y]) (2L
Ver(x.y) =/ 2 ’ ),
2E VL<Ly 1
(A3)
§ + E expli(qex + qyy)] hvp(ga—iqy)
Yoe(x,y) =/ P o SrE ,
2FE VL<Ly 1
(A4)

where E = /8% + hzv%q2 is the energy of the electron or the
hole, and L, and L, are the 2D microcavity dimensions. This
allows us to construct the four components of the spinor in
Eq. (7) from the solutions of Eq. (A1) as

Gjr(ri,r2) = Ve j)Ye () (j =a,b;k =a,b),
(AS)
which solves the eigenvalue equation for two noninteracting
particles with the Hamiltonian H in Eq. (8) when V(r) =

0: HoV¥ = (E — E")W¥, where H, is the Hamiltonian of two
noninteracting particles.
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APPENDIX B: THE REPRESENTATION OF POLARITON OPERATORS FOR THE HAMILTONIAN OF THE
EXCITON-PHOTON SYSTEM IN A MICROCAVITY

We express the exciton and microcavity photon operators in terms of polariton operators. The exciton and photon operators are

defined as®

bp = Xplp — Cpiip,

where /p and fip are lower and upper polariton Bose operators, respectively, X » and Cp are

hQ2g

o ELp(P) = en(P)\]7"”
Xp= 14—t )|, Cp=—|14 (00T
’ [ +(ELP(P)—€ph(P)>} ’ [ +< h<2g >]

and the energy dispersion of the lower and upper polaritons are

Gph(P) + 6eX(P)

Erpjup(P)= 5

ap = Cplp + X piip, B1)
(B2)

1
F 5\/[Eph(P) — €x(P))? + 41 Qg% (B3)

We note that |Xp|?> and |Cp|> =1 — |Xp|? represent the exciton and cavity photon fractions in the lower polariton,

correspondingly.
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