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Drag effects in a system of electrons and microcavity polaritons
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The theory of the drag effects in the system of spatially separated electrons and excitons in coupled quantum
wells (QWs) embedded in an optical microcavity is developed. It is shown that at low temperature an electron
current induces the polariton flow, therefore, a transport of photons along the cavity. However, the electron
current dragged by the polariton flow is strongly suppressed below polariton superfluid transition temperature
and hence, the strong suppression of the induced electron current indicates the superfluidity of polaritons.
Therefore, the transport properties of polaritons can be investigated by measuring the current or voltage in the
electron subsystem. At high temperatures, we study the exciton-electron drag effects. At high-temperatures
regime, from one hand, the existence of the electric current in an electron QW induces the exciton flow in the
other QW, from the other hand, the electron current in one QW induces the exciton flow in the other QW via
the drag of excitons by the electrons. The drag coefficients for the polariton-electron systems are calculated and
analyzed. We discuss the possible experimental observation of the drag effects in the system of electrons and
microcavity polaritons, that also allow to observe the cavity polaritons superfluidity.
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I. INTRODUCTION

The study of the drag effects in a two-layer system of
electrons and holes, and electrons and excitons has long his-
tory. The drag effects in a two-layer system of spatially sepa-
rated electrons and holes were predicted theoretically, and
their influence on phase transitions to a superfluid excitonic
phase investigated in Ref. 1. Later, Pogrebinskii in Ref. 2
discussed the drag of electrons by electrons in a
semiconductor-insulator-semiconductor structure. Price pro-
posed a practical method for observing the drag effect in
heterostructures.® Subsequently, the drag effect was explored
in a number of theoretical and experimental studies,*~'3
where various physical realizations of the drag effect were
discussed in one-dimensional, two-dimensional (2D), and
three-dimensional systems. The prediction was that for two
conducting layers separated by an insulator there will be a
drag of carriers in one film due to the direct Coulomb inter-
action with the carriers in the other film.

A theory of transresistivity coefficients, which relate elec-
tric fields in one layer to currents flowing in the opposite
layer, for the case of an electron-hole double-layer system
with a superfluid electron-hole condensate was presented in
Ref. 12. Such electron-hole system can be realized in GaAs/
AlGaAs coupled quantum wells (CQWs). The measurement
of these transport coefficients could provide an unambiguous
experimental indication of the existence of the condensate.
When no condensate is present, the transresistivity is typi-
cally several orders of magnitude smaller than the isolated
layer resistivity. According to Ref. 12, the transresistivity
jumps to a value comparable to the isolated layer resistivity
as soon as the condensate forms, it continues to increase with
decreasing temperature 7, and it diverges as 7— 0. Employ-
ing diagrammatic perturbation theory, the charge Coulomb
drag resistivity and spin Coulomb drag resistivity were cal-
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culated in the presence of Rashba spin-orbit coupling in Ref.
14.

For the past decade, there was great amount of various
interesting experiments on drag effects performed in the dif-
ferent groups. The measurements in a perpendicular mag-
netic field of the frictional drag between two closely spaced,
but electrically isolated, two-dimensional electron gases
were presented by Pepper’s group.!> The drag measurements
on dilute double-layer two-dimensional hole systems have
been performed in Tsui’s group.'® The formation of the su-
perfluid exciton Bose condensate at low temperatures has
been experimentally studied by performing magnetotransport
and drag measurements on a quasi-Corbino two-dimensional
electron bilayer at a total filling factor of 1 by von Klitzing’s
group.'” Electron-hole bilayers are expected to make a tran-
sition from a pair of weakly coupled two-dimensional sys-
tems to a strongly coupled exciton system as the barrier be-
tween the layers is reduced. The recent measurements done
by Lilly’s group'® for Coulomb drag in the exciton regime in
electron-hole bilayers demonstrated that there is an increase
in the drag resistance as the temperature is reduced when a
current is driven in the electron layer and voltage measured
in the hole layer. These results indicate the onset of strong
coupling possibly due to exciton formation or phenomena
related to exciton condensation.

The kinetic properties of a two-layer system of electrons
and excitons at temperatures above the temperature 7, of the
Kosterlitz-Thouless transition,!® at which there is no local
condensate or superfluidity in the exciton system, were con-
sidered in Ref. 20. The kinetic properties of a two-layer sys-
tem of electrons and excitons at temperatures below the tem-
perature 7. under conditions allowing the existence of a Bose
condensate of excitons have been studied in Ref. 21. The
corresponding calculations have been performed for two-
dimensional systems of spatially separated electrons and ex-
citons. The effect of spatially separated electron-exciton drag
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in a double-layer system was studied in the Debye-Hiickel
approximation taking into account screening of the interlayer
electron-exciton interaction.??

Recently Bose coherent effects of 2D excitonic polaritons
in a quantum well embedded in a optical microcavity have
been the subject of theoretical and experimental studies.>*~>
To obtain polaritons, two mirrors placed opposite each other
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 split-
ting of the excitation spectrum. Two polariton branches ap-
pear in the spectrum due to the resonant exciton-photon cou-
pling. The lower polariton branch of the spectrum has a
minimum at zero momentum. The effective mass of the
lower polariton is extremely small, and lies in the range
1075-107* of the free electron mass. 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, of 100 K or even
higher, because the 2D thermal de Broglie wavelength is
inversely proportional to the mass of the quasiparticle.

While at finite temperatures there is no true Bose-Einstein
condensation (BEC) in any infinite untrapped 2D system, a
true 2D BEC quantum phase transition can be obtained in the
presence of a confining potential.”?” The essential experi-
mental progress was achieved in experimental studies of ex-
citon polaritons in the system of a QW embedded in optical
microcavity.?8-30 Recently, the polaritons in a harmonic po-
tential trap have been studied experimentally in a GaAs/
AlAs quantum well embedded in a GaAs/AlGaAs
microcavity.3! In this trap, the exciton energy is shifted using
a stress-induced band gap. In this system, evidence for the
BEC of polaritons in a quantum well has been observed.?>33
The theory of the BEC and superfluidity of excitonic polari-
tons in a quantum well in a parabolic trap has been devel-
oped in Ref. 34. The Bose condensation of polaritons is
caused by their bosonic character.>3*33 The BEC and super-
fluidity of cavity polaritons in a QW without a trap were
considered in Refs. 36—40.

The investigation of the kinetic properties of a system of
spatially separated polaritons and electrons based on drag
effects can provide additional information regarding the
phase state of the polariton subsystem and phase transitions
in it. The phase state of the polariton subsystem can be ana-
lyzed by performing a simple study of the response of the
electron subsystem. In other words, the transport properties
of polaritons and their changes upon phase transitions can be
investigated by measuring the current or voltage in the elec-
tron subsystem. Another property of systems of spatially
separated interacting quasiparticles is the possibility of con-
trolling the motion of the quasiparticles of one subsystem by
altering the parameters of state of the quasiparticles in the
other subsystem (for example, controlling the motion of elec-
trons using a flow of polaritons). While the drag effect in
various electron-hole systems were considered in many in-
teresting papers cited above, we are lacked of such research
for a polariton-electron system. The drag effect in the
polariton-electron system embedded in an optical microcav-
ity was predicted just recently.*! In this paper, we develop
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the theory of the drag effects in the system of spatially sepa-
rated electrons and excitons in coupled quantum wells em-
bedded in an optical microcavity.

The paper is organized in the following way. In Sec. II,
we present the interaction Hamiltonian between the spatially
separated polaritons and electrons. In Sec. III, we study
transport relaxation time of the quasiparticle excitations and
polaritons. In Sec. IV, we calculate the drag coefficients cor-
responding to the drag of the quasiparticles in the polariton
subsystem by the electron current and the drag of the elec-
trons by the quasiparticles in the polariton subsystem. The
study of the drag effects in the exciton-electron system at
high temperatures is presented in Sec. V. In Sec. VI, we
propose the experiments to observe the drag effects. Finally,
the discussion of the results and conclusions follow in Sec.
VII.

II. INTERACTION OF POLARITONS WITH ELECTRONS

We consider two neighboring quantum wells embedded in
an optical microcavity: the first QW is occupied by 2D elec-
tron gas (2DEG) and the second QW is occupied by the
excitons created by the laser pumping.

At low temperature kzT <%y, where %), is Rabi split-
ting, and kg is Boltzmann constant, and at the resonance of
excitons with cavity photons, the excitons are entangled with
the cavity photons and form the exciton polaritons. Here we
omit weak effects of direct nonresonant interaction of pho-
tons with 2D electron gas which will be considered else-
where. By focusing laser pumping in some region of the
cavity the gradient of excitons and exciton polaritons densi-
ties can be generated. These gradients induce the polariton
and exciton flows, and in a turn the normal component of
moving excitons drags the electrons in the neighboring QW
due to the electron-exciton interaction. So the electric current
would be generated by the flow of the normal component of
exciton polaritons.

In another scenario by applying electric voltage in the
QW with 2DEG the electronic current is induced, and this
current drags the normal component of excitons in the neigh-
boring QW. The excitons are entangled with the cavity pho-
tons. So the cavity photons can be also dragged and, thus,
controlled by the electric voltage. Besides, possible applica-
tions of the control of photons and (or) excitons by the
exciton-electron drag can be used for study of the properties
and phases in the polariton and exciton system, particularly,
the superfluidity of the system.

From the other hand, at high temperature, kzT =%, the
polariton states are occupied mainly far from the polariton
resonance, and in these states exciton-photon entanglement
is negligible. Thus, at high temperatures only the exciton-
electron drag is essential, and the exciton flow can induce the
electron current as well as the electron current can produce
the exciton flow. The various drag effects in an optical mi-
crocavity considered in this paper are schematically shown
in Fig. 1.

We consider the system of two parallel quantum wells
embedded into a semiconductor microcavity. One quantum
well is filled by two-dimensional exciton polaritons formed
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FIG. 1. The schematic for the drag effects in the CQWs embed-
ded in an optical microcavity. (a) The quasiparticles in the cavity
polariton subsystem are dragged by the electron current at low tem-
peratures. (b) The electrons are dragged by the flow of the quasi-
particles in the cavity polariton subsystem at low temperatures. (c)
The excitons are dragged by the electron current at the high tem-
peratures. (d) The electrons are dragged by the exciton flow at high
temperatures.

by direct excitons and microcavity photons. We assume that
the exciton system is dilute and weakly interacting system,
satisfying to the following condition nexa(2)< 1, where n,, is
the 2D exciton density, ay=€h?/(2uye?) is the 2D exciton
Bohr radius, wo=m.m,/(m,+m;) is the reduced exciton
mass, m, and my, are effective masses of an electron and a
hole, respectively, € is the dielectric constant in a quantum
well, and e is the charge of an electron. The condition
nexa%< 1 holds for the excitons at the exciton densities up to
n,,~ 102 cm2, since in GaAs/GaAsAl quantum well the
exciton Bohr radius is in the order of ao~10-50 A. It is
obvious to conclude that the system of polaritons is also
weakly interacting system since the system of excitons,
forming the polaritons, is dilute. The other quantum well
parallel to the quantum well with excitons is filled by the
2DEG. The polariton-electron drag effects are caused by the
polariton-electron interaction.

Let us mention that the second QW filled by the 2DEG
can also possess excitons, because the excitonic population
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can be driven by the microcavity photons. Therefore, in this
system of the coupled QWs embedded in an optical micro-
cavity, the formation of polaritons, whose exciton compo-
nents are shared on both the QWs, can occur. However, we
do not consider the excitons formation in the QW filled by
the 2DEG since we suggest constructing this 2DEG QW so
that the excitons in this QW are not in the resonance with the
microcavity photons and the excitons in the other, “exci-
tonic” QW. This can be achieved by the fact that the two
QWs embedded in an optical microcavity are assumed to
have different chemical compositions or different widths.
The potential energy of the pair attraction between the
exciton and electron placed in two parallel quantum wells

with the spatial separation D is given by?*?!
21 ezag
W(r,D)=— ——F55, 1
(r.D) 32 (r? + D?)? )

where r is the distance between the exciton and electron
along the plane. The 2D Fourier image of W(r,D) is
217T€2a(3) q

— - KilgD/t), )

Wiq.D) =~ 32 € hD

where K,(¢D) is the modified Bessel function of the second
kind.

In a many-particle system of excitons and electrons the
bare pair interaction W(g,D) should be replaced by the ef-
fective interaction W,;(q,D) corresponding to the exciton-
electron interaction screened by the electron-electron inter-
actions in 2DEG. In the system of dilute excitons in one
quantum well and 2DEG in the other quantum well
W,s(q.D) is given by?!

__ WD)
1-TL(q)V.(q)’

where V,(q)=2me*h/(eq) is the 2D Fourier image of the pair
electron-electron Coulomb attraction, and I1,(g) is the 2D
polarization function for electrons. We consider the limit of
the very dense 2DEG, when the following condition is valid:
ne,a§> 1, where n,; is the 2D density of the electrons and
a,=e€h?/(2m,e?) is the 2D electron Bohr radius. In the limit
of very dense 2DEG in the Thomas-Fermi approximation
I,(q) is I,(g)=m,/(7h?*),** and, therefore, II,(q)V,(q)
= (aeq/ h)_l .

At low exciton density, nexa%< 1, the term of the Hamil-

W.dq.D) = (3)

tonian H,, ., corresponding to the exciton-electron interac-
tion has the form?!

> W i([p1 — pi
P1-P2PP)

at At a4
el ,D)ap;cpécpzap], 4)

1
A
where d; and a, are the exciton Bose creation and annihila-
tion operators, respectively, é; and ¢, are the electron Fermi
creation and annihilation operators, respectively, and A is the
macroscopic quantization area of the system. Below for the
derivation of the drag coefficients we need the Hamiltonian
of the exciton-electron interaction in the representation of the
operators of the quasiparticles in the polariton subsystem.
The details for the derivation of the Hamiltonian of the
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exciton-electron interaction in the representation of the qua-
siparticle operators are presented in Appendix A.

III. TRANSPORT RELAXATION TIME OF THE
QUASIPARTICLE EXCITATIONS AND POLARITONS

In order to calculate polariton-electron and exciton-
electron drag coefficients we use the kinetic equations in
Sec. IV, which include the transport relaxation time 7;(p) of
the quasiparticle excitations corresponding to the scattering
on the impurities enters. In this section, we obtain the trans-
port relaxation time to the scattering of the quasiparticles on
the impurities. The Hamiltonian of elastic interactions of ex-
citons with impurities is given by

~ 1 A
Hl = ZE V(p,p’)a;;apr, (5)
p.p’

where V(p,p’) is is the matrix element for the interactions of
an exciton with impurities. Replacing the exciton operators
by the polariton operators according to Eq. (Al) and the
polariton operators by the operators for quasiparticle excita-
tions defined by Eq. (A10), and keeping only the terms
which satisfy the requirement of elastic collisions, we obtain

~ 1 PN
H, = XE V(p.p")o(p.p")bjby:. (6)
pp’

Using Hamiltonian (6) and applying Fermi’s golden rule, we
obtain for the reciprocal of the transport relaxation time 7,(p)

1 — 2_77 ’ |2 _ ’
=2 [ V0t Pl () -2,
o dZ ’
X1 = cosl R s )
Substituting Egs. (A10) and (A12) into Eq. (7), we get
)= 2P0, ®

where 7,(p) is the polariton relaxation time in the normal
phase given by

1 2
o j V(p,p XX, leop) - eolp')]
4
o s 2 1
><{1—cos[<p,p'>]}(2f7;’)2. 9)

Hence, we obtain 7,(p)=7,(p)/ X;, where 7,(p) is the exciton
relaxation time in the normal phase given by

1 j— 2iT |2 e —& 12
Tn(P) - fL f |V(p’p )| 5[ ex(p) ex(p )]
o d2 ’
X1 = cosl R s (10)

where g,,(p) is the energy spectrum of the excitons. In the
case of excitations with a small momentum, where &y(p)
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< u, the dispersion law of the excitations has an acoustic
form: g,(p)=cyp, and from Eq. (8) we have 7(p)
=[p/(Mc,)]7,(p). Therefore, in the presence of the superflu-
idity the relaxation time of polariton excitations 7,(p) can be
obtained from the exciton normal-phase relaxation time 7,(p)
as 7 (p)=[X4pp/ (M c,)]7,(p). Without the superfluidity, at
J(pl,p{)=Xp]Xp]/ we have Tl(p)=Xf,7',,(p). The exciton nor-
mal phase relaxation time 7,(p) can be approximated by its
average value 7,=(7,(p)), which can be obtained from the
exciton mobility u,,=e7,/M. The exciton mobility i, is
presented in Figs. 1 and 2 in Ref. 43.

IV. DRAG COEFFICIENTS

We introduce the drag coefficients A, and A, for electrons
in the 2DEG dragged by the moving polaritons and exitons,
respectively. For the case when the electric field is applied to
the system of electrons in the QW we introduce the drag
coefficients vy, and 1,,, respectively, for polaritons and exci-
tons dragged by the electron current. In the two-layer system
there are a current of electrons and flow of polaritons or
excitons. The flow of polaritons or excitons is i;=n;v;, where
n; and v; are density and average velocity, and the index i is
defined as i=ex for excitons and i=p for polaritons. The
electron current j=—en,;v,;, where n,; is the density and v,; is
the average velocity of electrons in the electron layer. These
currents can be expressed in terms of the density gradient
Vn; in the polariton or exciton subsystem, drag coefficients
\; and v;, and external electric field E applied to the 2DEG
by the following matrix expression:

)= ) ()
= ' , (11)
J )\i ene[De E

where D; is the polariton or exciton diffusion coefficient and
D, is the mobility coefficient of the electrons. Only normal
component in the polariton subsystem is dragged by the elec-
tron current while the superfluid component is not dragged.
Thus, the appearance of the polariton superfluidity can be
detected by the electron-polariton drag effect.

A. Drag of the polariton quasiparticles by the electron current

Let us find the drag coefficient v, by following the pro-
cedure applied in Ref. 21 for the derivation of the drag co-
efficient related to the drag of the quasiparticles in the polar-
iton subsystem by the electrons. We obtain the drag
coefficient v, from the expansion of the polariton flow i, in
the first order with respect to E. The expression for the po-
lariton flow i, is given by

. 1 5d2P1
lp=—EJp1n(Pl)W, (12)

where p; is the polariton momentum, s=4 is the degeneracy
factor for polaritons, and n(p,) is the distribution function of
the quasiparticle excitations in the polariton subsystem
which can be found using kinetic equations. The kinetic
equations for distribution function of the quasiparticles are
represented in Appendix B.
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Using the distribution function of the quasiparticles from
Appendix B, we obtain the polariton flow i, in the first order
with respect to external electric field E, and find the drag
coefficient v,. As a result, we obtain for y,:

_1 € f Sdzq W2 ( D)
"= ot MomkgT) @t T

" J“ D(q, &)W (q, )
o sinh[&(2ksT)]

dé, (13)

where

(I~)(q, &) =J o (p1.|pr + ap{nolei(py +aD)]—nole (p) ]

X [Tp(lpl +q|)(p+q) - (ppi]de(py)
sd2p1
(2h)?

2 dny(e1)
- 2] [dpean ™

- 81(‘[’1 +‘I‘) +¢]

[81(|Pl

&1=p

+q)) - &,(p)]7,de1(p1) — &Py + q) + Elede,

___suT, explu/(ksT)] P
22T {explu/ (g T)] - 1120

(14)

and

V(q.9) = f {folea(lpa + aD] - foleap) I}

X[ (P2 + a))(p2 + @) — 72(p2)p2]
2d2p2
(2mh)?

X dea(py) — ex(|p2+q) + £]
[e2(Ip2+a])

_ome J [afo(sg]
7Tﬁ2 d de, ey=€p

- &)(p) 178 e2(py) — £2(Ip2 + q]) + Elde,

m,7m
=——&. 15
4 ﬁszqu ( )

Assuming the system to be close to the equilibrium and con-
sidering Vu,,(r) to be very small, we put s,,(r)=0 in Eqs.
(13)-(15).

Let us mention that the typical interwell distances used in
the drag experiment in Ref. 4 are 17.5 and 22.5 nm. The
interwell distances used in the experiment in Ref. 18 are 20
and 30 nm. In our calculations we used the same interwell
distances that used in the drag experiments,*!® namely, 17.5,
20, 22.5, and 30 nm. Figures 2 and 3 present results of cal-
culations for the drag coefficient ,. The drag coefficient v,
as a function of temperature 7" and interwell separation D is
shown in Fig. 2. The drag coefficient y, as a function of
temperature 7" and polariton density n, is presented in Fig. 3.
We can conclude that the drag coefficient vy, exponentially
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FIG. 2. (Color online) The drag coefficient 7y, in V=157l in the
system of superfluid microcavity polaritons and electrons as a func-
tion of temperature 7 in kelvin and interwell separation D in nan-
ometer. The polariton density n,,:lOlO cm™2. We used the param-
eters for the GaAs/GaAsAl quantum wells: m,=0.07mgy, m,
=0.15my, M=0.24m, and e=13.

decreases with the exciton density n, exponentially increases
with the temperature T and decreases with the interwell sepa-
ration D.

Let us mention that in the GaAs quantum wells used in
Ref. 33 the Rabi splitting is 13 meV (~150 K). Since the
derivation v, resulting in Eq. (13) implies low temperatures
kpT < and kzT<hiQg, we can apply Eq. (13) for the tem-
peratures below ~20 K.

Note that Eq. (13) was obtained by using the regular Bo-
goliubov approximation for the weakly interacting Bose gas
with no dissipation. If the exciton-polaritons have a finite
lifetime in the cavity, the Bogoliubov dispersion is modified
at small wave vectors.** This modification should affect the
drag. However, we consider the small relative deviation from

FIG. 3. (Color online) The drag coefficient y,, in V-~ s7!in the
system of superfluid microcavity polaritons and electrons as a func-
tion of temperature 7 in K and polariton density 7, in m~2. The
interwell separation D=20 nm. We used the parameters for the
GaAs/GaAsAl quantum wells:  m,=0.07my, m,=0.15my, M
=0.24m, and e=13.
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the threshold pumping intensity, when the pumping main-
tains the exact balance of amplification and losses. Accord-
ing to Eq. (6) in Ref. 44, at small relative deviation from the
threshold pumping intensity, the spectrum of collective exci-
tations in the system of exciton polaritons corresponds to the
regular Bogoliubov approximation. We assume that the leak-
age of the photons from the microcavity is very small, and
the system can be considered in the quasiequilibrium.

B. Drag of the electrons by the flow of polariton quasiparticles

Let us find the drag coefficient A, related to the drag of
the electrons by the quasiparticles in the polariton subsystem.
We obtain the drag coefficient A, from the expansion of the
electron current j in the first order with respect to anp,
where n,, is the density of quasiparticles contributing to the
normal component of the polariton subsystem. The expres-
sion for the electron current j is given by

PHYSICAL REVIEW B 82, 125307 (2010)

g>(p,) in Eq. (B4) by solving the kinetic equations Egs. (B2)
and (B3).

Substituting Eq. (B7) into Eq. (B6), we expand the kinetic
Egs. (B2) and (B3) in the first order with respect to Vu,,, we
find the functions g; and g,. Therefore, we can obtain the

electron current j in the first order with respect to Vn,,, and
find the drag coefficient )\p. As a result, we obtain )\p,
il 2] | o
P 2% Mo ksT\ 9, (277h)2 Werla
* ®(q,H)V(q,
Xf .(ng) (4.9 dé. (17)
o sinh’[&/(2kpT)]

where ®(q, &) and W(q, &) are given by Egs. (14) and (15),
correspondingly.
Applying for the density of the quasiparticles n,,

=—— | pofpr))——=. (16) 1 sd”
J 2 (2%)2 nyp = P g
_ . exp{le1(p1) — py, (1) (kpT)} - 1 (277h)
where p, is the electron momentum. and f(p,) is the electron
distribution function represented by Eq. (B4). We can find ~ we obtain (dn,,)/ (du,,),
|
(&nzg) =J d ( 1 ) sd*p,
otp) 0~ ) Ol o\ expllen®r) = g OV s}~ 1) 20
_ LJ exple (p)/(kgT)]  sd’p;  skgT [* e'xdx (19)
kgTJ) {exple,(p))/(ksT)] - 1}2 (27Tﬁ)2

where we use &,(p;)=c,p, and x=cp,/kgT for the small
momenta. The integral in the right-hand side of Eq. (19)
diverges at p—0. Therefore, we have (dn,,)/(du,,) — =,
which results in \,=0 according to Eq. (17). This result
comes from the assumption that for the very dilute Bose gas
of polaritons we took into account only the sound region of
the collective excitation spectrum at small momenta, and ne-
glect almost not occupied regions with the quadratic spec-
trum at large momenta and crossover dependence of the
spectrum at the intermediate momenta. Our approximation
results in suppressed \,. Therefore, in the presence of the
superfluidity of polaritons, the polaritons moving due to their
density gradient almost do not drag electrons and there is
suppressed electron current induced by the polaritons.
Hence, the suppression of the dragged electric current in the
electron QW can indicate the superfluidity of the polaritons.

V. DRAG EFFECTS IN THE EXCITON-ELECTRON
SYSTEM AT HIGH TEMPERATURES

For high temperature, kzT= A}, the majority of polari-
tons occupy the upper polariton branch, where the upper po-
lariton mass is very close to the mass of exciton M,,. So at

2ah*ct )y (e =1)%

high temperature the polaritons are replaced by the gas of
excitons.?

Without the superfluidity in the definitions of the drag
coefficients presented by Eq. (11) it should be substituted the
exciton density n,, instead of the quasiparticle density n,
exciton mass M,, instead of polariton mass M,, and the
chemical potential of excitons w,, instead of the chemical
potential of the quasiparticles w,, The drag coefficients v,
for the exciton system without the superfluidity can be ob-
tained from Egs. (13)—(15) by substituting o(p;,p;)=1,
sl(pg) =p1/(2M,,), and no(p1)]= (eXP{[sl(pl)
- ,u,ex (r)]/(kgT)]}=1)"" is the Bose-Einstein distribution
function of the excitons at the equilibrium, where ng is the
chemical potential of the excitons in the equilibrium deter-
mined by the polariton density #,,,

. f 1 sd*p,
“ ) explle(p) - w2V kgT)} = 1 (2h)*

From Eq. (20), we obtain the ,u(o)
2rh?
_")} e1)

sM ,.kgT

(20)

,u.e)C =kgT log[ 1- exp(

We get from Eq. (20),
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(,8,.N) *%

FIG. 4. (Color online) The drag coefficient 7,,, in V™' s~! in the
system of spatially separated excitons and electrons without super-
fluidity as a function of temperature 7 in kelvin and exciton density
n,, in m~2. The interwell separation is D=20 nm. We used the
parameters for the GaAs/GaAsAl quantum wells: m,=0.07m, m,,
=0.15my, M=0.24m, and e=13.

SMekaT< /*Lex(r) )
= B _exp| P2 ). 22
Mex == ) 2 e5p [ ks T 22)
From Eq. (22) we find,

M, sM.,, 27h’n
— = S| 1—expl————||. (23)
Opeex) |y, =p® 27h sM . kgT

The coefficient \,, for the high-temperature range is given
by

on
)\ex — ex
O ey

o

! K e sd’q
o | 28M mkpT) (27h)?
Hox=Hox

Xf’ P(q,)¥(q.9) dé. (24)

o sinh?[&(2ksT)]

where ®(q, £) and ¥(q, &) are defined by the the substituting
ex excitonic parameters described above to Egs. (14) and
(15), correspondingly.

The results of the calculations of the drag coefficients at
high temperature are presented in Figs. 4—6. The drag coef-
ficient ,, as a function of temperature and exciton density is
shown in Fig. 4 while the drag coefficient v,, as a function of
temperature and interwell separation is shown in Fig. 5. The
drag coefficient \,, at the high-temperature range for elec-
trons dragged by moving excitons as a function of tempera-
ture and interwell separation is presented in Fig. 6. Based on
the results of calculations we can conclude that the drag co-
efficients v,, and \,, decrease with the exciton density, in-
crease with the temperature and decrease with the interwell
separation.

VI. PROPOSED EXPERIMENTS

We propose the following experiments relevant to
electron-polariton and electron-exciton drag effect. Let the
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FIG. 5. (Color online) The drag coefficient 7y,,, in V™' s7! in the
system of spatially separated excitons and electrons without super-
fluidity as a function of temperature 7 in kelvin and interwell sepa-
ration D in nanometer. The exciton density n,,=10'" cm™2. We
used the parameters for the GaAs/GaAsAl quantum wells: m,
=0.07mgy, my,=0.15my, M =0.24m,, and e=13.

screen with two diaphragms covers the quantum well embed-
ded into a semiconductor microcavity. The laser pumping
through one diaphragm generates excitons forming the po-
laritons by coupling to the cavity photons. At low tempera-
ture regime, the absence of the electron current will indicate
the superfluidity phase of the polaritons, while at high tem-
perature regime the existence of the electron current will
indicate the drag of electrons by the moving excitons. There-
fore, the drag coefficient \,, allows to estimate the dragged
electron current. When the electron current is induced by the
external electric field applied to the electron QW, the photo-
luminescence spectrum can be measured in the other dia-
phragm. At low temperature, the difference between the pho-
toluminescence spectrum of polaritons decay with the
electric field applied to the electrons and without the electric

15017.5 oW

FIG. 6. (Color online) The drag coefficient \,,, in A m? in the
system of spatially separated excitons and electrons without super-
fluidity as a function of temperature 7 in kelvin and interwell sepa-
ration D in nanometer. The exciton density n,,=10'0 cm™2. We
used the parameters for the GaAs/GaAsAl quantum wells: m,
=0.07mg, my,=0.15my, M=0.24m,, and e=13.
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field will indicates that the polaritons moved to the other
place of the QW due to the drag by the electron current. The
photoluminescence spectrum in the other diaphragm without
the electric field is caused only by the diffusion of the po-
laritons. Only the normal component of the polariton sub-
system will move to the other diaphragm, while the super-
fluid component is not affected by the electrons. It seems like
electrons move the photons that coupled with excitons. At
high temperature regime the photoluminescence spectrum of
the electron-hole recombination indicates that the excitons
moved to the other place of the QW due to the drag by the
electron current.

The other suggested experiment is based on the observa-
tion of the angular distribution of the photons escaping the
optical microcavity. At low-temperature regime, we propose
to create the uniform distribution of polaritons by the laser
pumping within the microcavity. Therefore, Vn,=0 and there
is no polariton flow. In the absence of polariton flow the
average angle of the photons escaping the optical microcav-
ity and the perpendicular to the microcavity is a=0 because
the angular distribution is symmetrical.>> Let us induce the
electron current by applying the electric field E and analyze
the photon angular distribution in the presence of the non-
zero current of polaritons along the quantum well parallel to
the cavity dragged by the electron current due to the drag
effect. If Vn,=0 the polariton flow is i,=7,E, and according
to the definition of polariton flow we have v,=vy,E/n,.
Therefore, we can obtain the average component of the po-
lariton momentum in the direction parallel to the Bragg mir-
rors of the microcavity: py=M,v,=M,y,E/n,. Since the per-
pendicular to the Bragg mirrors component of the polariton
momentum is given by p, =fim/L:> we obtain for the av-
erage tangent of the angle between the path of the escaping
photon and the perpendicular to the microcavity,

DI M L-E
tan a= LL = Ypmes (25)
P fimn,,

Note that only normal component of the polariton subsystem
will contribute to the drag coefficient 7y, and therefore to
tan_«. There will be two peaks of the escaping photons: one
at tan a# 0 corresponds to the moving (dragged) normal
component, and the other one at tan a=0 corresponds to the
superfluid component. Note that the analysis of the angular
distributions of the photons escaping the optical microcavity
has been used in the experiments.>**’ The manifestation of
polariton drag effect through the change in the angular dis-
tribution of the photons escaping the optical microcavity is
shown in Fig. 7. Only quasiparticles in polariton system are
dragged by electrons.

Let us make estimations of the parameters for the drag
effects. At the temperature T=4 K the experiment3>33 shows
that the polariton lifetime 7=10 ps, and the polariton diffu-
sion path is /=20 um. The corresponding average polariton
velocity is vp=l/ 7=2X%10° m/s. Since E=n,v,/ v, we can
estimate the electric field £ corresponding to such drag ef-
fect. For n,=10'" cm™ and T=4 K for the interwell sepa-
ration D=17.5 nmy,=2.64X10' V=!s7!, the correspond-
ing electric field is E=3.8X 10° V/m which corresponds to
the applied voltage V=3.8 X 10~ V at the size of the system
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YFo)

I

Peak induced by BEC of
polaritons

Contribution of noncondensate
polaritons and quasiparticles
of polariton system

A F(H)

\4

FIG. 7. Proposed experiment: the manifestation of polariton
drag effect through change in the angular distribution of the photons
escaping the optical microcavity. (a) The angular distribution of the
photons escaping the optical microcavity without drag. (b) The an-
gular distribution of the photons escaping the optical microcavity in
the presence of the drag effect. Redistribution of the contribution of
noncondensate polaritons.

d=1 um. Using M,=7 X 107 X m,, the length of the micro-
cavity Lc=2 um,*** and the estimated y, and E in Eq.
(25), we obtain for the average tangent of the angle «:
tan =0.385 and tan™'(tan a)=21°.

VII. DISCUSSION AND CONCLUSIONS

Let us mention that we calculated the drag coefficients as
the linear responses of the equilibrium system, and, there-
fore, our formulas for the drag coefficients are expressed in
terms of the parameters of the system at the equilibrium.

The other approximation used in our approach is that we
considered the polariton-electron drag only due to exciton-
electron interaction, neglecting the contribution coming from
the cavity photon-electron interaction. There are several pro-
cesses caused by the photon-electron interaction. The mag-
nitude of the direct cavity photon-electron static scattering
processes are the second order with respect to the fine-
structure constant, and, therefore, their contributions are
much smaller than the contribution caused by the exciton-
electron interaction. The frequency of the plasmon excita-
tions in 2DEG are proportional to k"2, where k is the wave
vector, and the characteristic k is by the order of magnitude
of 2m,e*/(fi%€) due to the screening.*? Therefore, the char-
acteristic frequencies corresponding to the plasmon excita-
tions in 2DEG are in terahertz range, while the characteristic
frequencies of the cavity photons are in the optical range by
the magnitude of 10'> Hz. Thus the plasmon excitations in
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2DEG are not in the resonance with the cavity photons while
we consider polaritons formed by the excitons and cavity
photons in the resonance. The electron intersubband transi-
tions corresponding to the transitions between the different
levels of the quantization in the QW are also not in the reso-
nance with the cavity photons because the characteristic
width of the QW d managing the frequency of these inter-
subband transitions is much smaller than the size of micro-
cavity L managing the frequency of the cavity photons. The
frequencies of the electron interband transitions in the semi-
conductor corresponding to the range in the continuous elec-
tron spectrum, where there is no discrete levels, also cannot
be in the resonance with the microcavity photons. The
screening of the microcavity photon spectrum by the 2DEG
causes shift in the spectrum of microcavity photons, and
therefore, the frequencies corresponding to the exciton-
photon resonance related to the formation of the polariton are
shifted. However, the formalism and procedure for the cal-
culation of the polariton-electron drag coefficients will be the
same as presented in this paper. The rigorous analysis of the
electron-microcavity photon drag effects is the very interest-
ing direction for the future research.

We can conclude that for systems of spatially separated
interacting quasiparticles is the possibility of controlling the
motion of the quasiparticles of one subsystem by altering the
parameters of state of the quasiparticles in the other sub-
system, for example, controlling the flow of polaritons or
exciton using a current of electrons. At low temperatures, the
electron current dragged by the polariton flow is strongly
suppressed and hence, the absence of the electron current
indicates the superfluidity of polaritons. However, the polar-
iton flow can be dragged by the electrons, and, therefore,
there is a transport of photons along the microcavity, which
decreases with rise of the superfluid component and can be
observed through the change in angular distribution of pho-
tons discussed above. At high temperatures, from one hand,
the existence of the electric current in the electron QW indi-
cates the exciton flow in the other QW, and from the other
hand, the electron current in one QW induces the exciton
flow in the other QW via the drag of excitons by the elec-
trons. The obtained drag coefficients allow calculate the cor-
responding currents. According to our calculations, the low-
temperature drag coefficient 7y, and the high-temperature
drag coefficients 7y,, and \,, decrease with the exciton den-
sity, increase with the temperature and decrease with the in-
terwell separation. The suggested experiments allow to ob-
serve the analyzed drag effects. We suggested the experiment
for the observation of the distributions of the angles « be-
tween the path of the photons escaping the microcavity and
the perpendicular to the Bragg mirrors. The average tangent
of the angle tan « between the path of the escaping photon
and the perpendicular to the micocavity is proportional to the
drag coefficient 7, and the electric field E applied to the
electrons.
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APPENDIX A: THE QUASIPARTICLE OPERATORS
REPRESENTATION FOR THE HAMILTONIAN
OF THE EXCITON-ELECTRON INTERACTION

Let us express the exciton operators in terms of polariton

operators. The exciton and photon operators are defined as*’

dp=X,l, = C Wy, dp=Cply+ X, W, (A1)

where ip and w,, are lower and upper polariton Bose opera-
tors, respectively, X, and C, are

X {1 |: hQR :|}—l/2
o B P e |

_{1+[qu—swwq}*”

Cor=
P 7 Qg

(A2)

and the energy spectra of the low/upper polaritons are

8ph(p) + Sex(p)

erpup(p) = 2

I%ﬂqﬂm—SAMP+4M%V'(A$

Equation (A3) implies a splitting between the upper and
lower states of polaritons at p=0 of 2%4{)g, known as the
Rabi splitting. Let us also mention that |X,|* and |C,|[*=1
—|X,|* represent the exciton and cavity photon fractions in
the lower polariton.
In Eq. (A3), &,.(p) is the energy dispersion of a single
exciton in a quantum well given by
gex(p) = Eband - Ebinding + 50(17) P (A4)
where Ej,,; is the band gap energy, Ep,ging=poe”/ (fi%€) is
the binding energy of a 2D exciton, and &y(p)=p*/(2M,,),
where M,.=m,+m;, is the mass of an exciton. The cavity
photon spectrum is given by
en(p) = (c/ANp” + W LE. (AS)
In Eq. (A5), c is the speed of light, L¢ is the length of the
cavity, n= e is the effective refractive index. We assume the
length of microcavity has the following form:

fhe

LC = — .
(Epana = Epinding)

(A6)

So the photonic and excitonic branches start at the resonance
at p=0. This means that &,,(p)=¢,,(p) at p=0 if L satisfies
to Eq. (A6).

At small momenta a=1/2(M,!+(c/@)Lc/hm)p?/ [h ]
< 1, the single-particle lower polariton spectrum obtained by
substitution of Eq. (A4) into Eq. (A3), in linear order with
respect to the small parameters «, is
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¢ vy, 1 . cLc P
~—hal. - |hQ +—2+—(M‘+—> 2o
80([7) ﬁ . C | R| 4r 4 ex ﬁh’ﬂ P ZMP
(A7)

where M, is the effective mass of polariton given by

-1
1 CLC
Mp=2(Mex+%) . (AR)
Substituting Eq. (A1) into Eq. (4), and taking into account
only the lower polaritons corresponding to the lower energy,
we obtain the Hamiltonian I;Qx_el expressed in terms of the
lower polariton operators,

~ 1
Hex—el=Z 2 Weff(|pl _pi
P1.P2.P|.P)

Iy,

7T AT 4
,D)Xp])(p;lpl,cpécp2

(A9)

Now let us consider the the two-layer polariton-electron sys-
tem in the presence of the polariton superfluidity at kzT
<#hQg. At temperatures about the Rabi splitting kT =7y,
the upper polaritons states become filled, and the lower po-
laritons systems is replaced by the system of the upper po-
laritons, which are primarily excitons.

In the presence of the superfluidity, we can obtain the
Hamiltonian for the interaction of of quasiparticle excitations
in a system of spatially separated polaritons and electrons by
using the Bogoliubov unitary transformations,*®

b= uyby+ 0,5

[L=u,b

+ A
Lp lp=ubp+vyb

—p>

_ 24172 _
u,,—(l—Fp) s v,=Fu,

F,=[e/(p) - &p)ln, & (p)=[&(p) - u’1"?,

&p) =2o(p) + ., (A10)

where l;ip and l;_p are the creation and annihilation operators
of the quasiparticle excitations, &;(p) is the energy spectrum
of the quasiparticle excitations in the polariton subsystem,
and u=M pcf is the polariton chemical potential in the Bo-
goliubov approximation, cs=(U£(}}np/Mp)”2 is the sound
velocity in the polariton system, n, is the 2D density of po-
laritons, Uiof):SezaO/ (2€) is the Fourier image of the

polariton-polariton interaction.>* Substituting lAfp and Z_p
from Eq. (A10) into Eq. (4), we obtain

A 1

Hex—el = Z E
P1-P2P|P)

’ LT At A 7
Wd|p1 = pi 7D)U(P1,P1)bpicpécp2bp]’
(A11)

where o(p;,p]) in the presence of the superfluidity at T
<T. is given by
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a(prpy) = (up 1y +v, 0,0Xp Xpr (A12)
and o(p,, p[):Xp]Xp]/ at 7> T, without the superfluidity. Let

us mention that at small momenta a<1 we have |X,|*
=~|C,[*=1/2.

APPENDIX B: THE KINETIC EQUATIONS
FOR DISTRIBUTION FUNCTION OF THE
QUASIPARTICLES

The distribution function of the quasiparticle excitations
in the polariton subsystem n(p;) is represented in a form

n(py) = no(py) + no(p)L1 +no(p1)]1gi1(p1), (B1)

where ny(py)=(exp{ley(py) — gy (0] (kT = 1) is the
Bose-Einstein distribution function of the quasiparticles in
the polariton subsystem at the equilibrium, g;(p,) is the con-
tribution to the quasiparticle distribution function corre-
sponding to the nonequilibrium correction due to the gradi-
ent of the quasiparticle chemical potential u,,(r) determined
by the external conditions, kj is the Boltzmann constant. We
can find g,(p,) by solving the Kinetic equations,

19_”. de,(p) _@_ de1(p)

dr  Jp ap  or =I;(n) +15(n.f),  (B2)
d d
a—f‘.v+;f.p212(f‘)+121(f’n), (B3)
r &p

where I; and I, are the collision integrals of the quasiparti-
cles in the polariton subsystems and electrons with the im-
purities, I, and I,; are the collision integrals of the quasipar-
ticles with the electrons, and f(p,) is the electron distribution
function represented in a form

f(p2) = fo(p2) + fo(P)[1 = fo(p2)1g2(pa). (B4)

where f(p,)=(exp{[e,(p,)—£r]/(kzgT)}+1)~" is the Fermi-
Dirac electron distribution function in the equilibrium, 7 is
the temperature, &y is the electron Fermi energy, &,(p,)
=p5/(2m,) is the electron energy spectrum, g,(p,) is the con-
tribution to the electron distribution function corresponding
to the nonequilibrium correction due to the external electric
field E.
We apply the 7 approximation for I,(n) and I,(f),

I,(n) =[ny(py) —n(p) V7 (py),

L(f) =[fo(p2) = f(p2) )/ 72(p2).

where 7,(p;) and 7,(p,) are the relaxation times of the qua-
siparticles excitations in the polariton subsystem and elec-
trons, respectively. According to Ref. 47, 7,(p,) =7, can be
approximated by the relaxation time at the Fermi surface,
which can be determined from the electron mobility i,
=eT/m,. In a quantum well GaAs/AlGaAs p, is presented
in Fig. 2 in Ref. 47.

Since the collision integral I, is only a perturbation with
respect to /;, we neglect it and assume /;,=0. The collision
integral I,; has the form?!

(B5)
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11(g2.81) = 2f w(p1.P2:P1- PP + no(p)) 1fo(p2)

X[1+ fo(p)]lg1(pD) + £2(P3) — £1(P1)
- 2(p2)]dlei(py) + &2(p2) — &4(p)
sd’p ved’p)

Qmh)? Qwh)>

- &5(py)] (B6)

where s is the level degeneracy (equal to 4 for excitons in
GaAs quantum wells), w(p;,p,;p;,P,) is the probability of a
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collision between a quasiparticle from the polariton sub-
system and an electron, which can be obtained in the Born
approximation as

%, (B7)

! ! 27T !
w(p1,P2;P1:Ps) = 7|Weff(61’D)<T(P1,P1)

where q=p;—p;=p>—P;.

Substituting Eq. (B7) into Eq. (B6), and expanding the
kinetic Egs. (B2) and (B3) in the first order with respect to
V gy we find the functions g and g,.
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