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We calculate a light-induced electric current which can occur from a Bose-Einstein condensate under the
action of an external electromagnetic field with the frequency exceeding the ionization potential of the bosons,
taking a system of indirect excitons as a test bed. We show that the ionization can be accompanied by the
excitation of collective Bogoliubov modes. As a result, the current consists of two principal components:
one regular, which has a counterpart in bosonic systems in the normal phase, and the other one specific for
condensates since the photoabsorption is mediated by the emission of Bogoliubov quasiparticles. Surprisingly,
the latter component soon becomes predominant with the increase of light frequency above the ionization

potential.
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Introduction. Photoinduced transport of charged and neu-
tral particles is an active field of research in condensed
matter physics. In particular, photogalvanic and photon-drag
effects have been widely studied first in three-dimensional
metals, insulators, and semiconductors [1-4] and then in two-
dimensional (2D) electron gas [5-7], low-dimensional nanos-
tructures [8], and purely 2D materials such as graphene [9-11]
and transition-metal dichalcogenides [12].

The photon-drag effect (PDE) [13-15] is associated with
the transfer of photon momentum to the media excitations.
From the classical physics perspective, PDE is a radiation
pressure phenomenon. The research on the PDE has been
carried out in electron and hole gases in nanostructures, and
recently it has been studied in gases of neutral particles [16]
such as indirect excitons in the double quantum well (DQW)
nanostructures [17,18]. It has been demonstrated that the
spectrum of the photon-stimulated flux of excitons (or other
bosons) can reveal resonant [17] or steplike [18] behavior as a
function of the external electromagnetic (EM) field frequency.

However, the problem of the experimental verification of
these effects remains since the measurement of neutral particle
currents (fluxes) is nontrivial. Indeed, from the experimental
point of view, it would be more convenient to measure the
actual electric currents. In this Rapid Communication, we
study electric currents emerging in hybrid particle conden-
sates exposed to an external EM field. As a laboratory system
we consider indirect excitons in the condensed state [19-21],
however, our theory might also apply to exciton-polariton and
atomic condensates.

In order to reveal the existence of condensates in an
exciton-polariton system, one usually checks if there is a
transition to a macroscopically coherent state which is bench-
marked by a steep decrease of the emission linewidth with
the simultaneous increase of the emission intensity [22].
Another indirect technique is the application of an external
magnetic field which leads to the modulation of the emission
properties of the system, thus manifesting the hybridization of
the excitons and photons to form compound particles [23]. In
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this Rapid Communication, we are suggesting an alternative
method which can be utilized to examine the existence of a
condensate.

If the frequency of an external EM field exceeds the ioniza-
tion potential, the photogenerated electrons and holes appear
in the system, and they participate in the electric currents
in the direction of the momentum of light. We show that a
nonzero electric current can occur only at a finite value of the
photon momentum tracing its origin to the PDE phenomenon.
In addition to the trivial intuitive contribution, the total current
also has a specific second part which is nonzero only if the
system is in the condensate state since the corresponding pro-
cess is mediated by the emission of Bogoliubov quasiparticles
(bogolons).

Theory. Let us consider a DQW structure containing a
dipolar exciton gas (see Fig. 1). At low enough temperatures,
the condensate of excitons appears in the system at the lowest
state of internal exciton motion and with zero center-of-mass
momentum. We illuminate the system by a monochromatic
EM field with the wave vector Q under the angle of incidence
a with respect to the normal to the plane of the DQW. If
the EM field frequency exceeds the ionization potential of an
individual exciton, an unbound electron-hole pair is generated
as it is shown in Figs. 1(a) and 1(b). These carriers of charge
have a nonzero momentum, taking part in the current of
photogenerated electrons and holes which reads [10]

dp.d
j = e/(Tth — 'L'gVe)W(pev ph)%’ 6]

where e > 0, T, p, Ve n, and p,; are momentum relaxation
times, velocities, and momenta of the electron and hole,
respectively, W(p,, py) is a rate of electron-hole pair gener-
ation due to the exciton ionization, and we assume parabolic
dispersions of the electron and hole in Eq. (1). It should be
noted that, in the general case, the reverse process of electron-
hole binding and interband recombination events exist. We
consider these processes slow and thus disregard them.
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FIG. 1. System schematic. (a) Double quantum well (DQW) structure under an external EM field of light E. (b) Internal energy spectrum
of an individual exciton. The red dashed arrows show the photoionization of excitons at certain frequencies, and / is the ionization potential.

Let us introduce the relative r =r, —r, and center-
of-mass R = (m,r, + m;r,)/M coordinates, and the corre-
sponding momentum operators p = —idg and q = —id, (thus
P = m.Ve = m.p/M —q and Pr = mpvy, = mp/M + q),
where M = m, + m,, is the full exciton mass. Then the cur-
rent can be expressed via new variables,

. T — T, Th T, dpdq
1= e/ [T” <m_h * mT)q}W(p’ Dy @

The next task is to find W(p, q) which appears in Eq. (2).
A single exciton can be described by the Hamiltonian

N R

H =+ 5y T80, 3)
where ii(r) is the Coulomb interaction between the elec-
tron and hole. This Hamiltonian describes both the bound
state of the electron and hole (exciton) and the photogen-
erated electron-hole pair belonging to the continuous spec-
trum. For the excitons located in a DQW, we use u(r) =
—e?/4mege/r2 + a2, with a being the distance between the
quantum wells forming the DQW. The exciton wave func-
tion ®(R, r) and the wave function of the photogenerated
electron-hole pair W(R, r) are given by

PR, 1) = PR, (1),
U(R, 1) = PRy (1), )

where the center-of-mass momenta p,, and p,;, correspond to
exciton and electron-hole pair; ¢, (r) is the wave function of
internal exciton motion, belonging to the discrete spectrum
of the Hamiltonian (3), with n indicating the set of quantum
numbers of discrete exciton levels; ¥4(r) describes the rela-
tive motion of electron-hole pair interacting via the Coulomb
potential and having a continuous spectrum.

The exciton condensate can occur at the lowest energy of
internal motion which we indicate by n = 0. In what follows
all the energies count from this energy. The exciton ionization
by the electromagnetic field from the bound state n = 0 is
given by the Hamiltonian

V= —e/dR/dr\iﬁ(R, r, OrER, PR, r, 1)

=Y M@}, o))y, k(). )

Pen-q

where M(q) = —eEo(Zn)zfdrwt’;(r)reqﬁo(r) and e is the
polarization vector of the EM field; k is the in-plane com-
ponent of the EM wave vector with the absolute value k =
QOsina; ¢, a, X are annihilation operators of the electron-hole
pair, photon, and exciton, respectively [24]. In the presence of
the condensate, we have

Rp = /1e8(p) + upby + vpb' ()

where n. is the exciton density in the condensate and the
first term ,/n.8(p) describes the condensate fraction with
zero center-of-mass exciton momentum p,, = 0; the opera-
tors 13,,, BIT, describe the Bogoliubov quasiparticles (collective
modes of the condensate), and up, v, are the Bogoliubov
transformation coefficients (see, e.g., Ref. [25]).

Substituting Eq. (6) into Eq. (5) and assuming that at zero
temperature the occupation numbers of Bogoliubov modes are
zero, we come up with two processes of exciton ionization.
The first process is given by

Vi = Y M@S(pen — K2, yax. )

Pen-q

describing the creation of an electron-hole pair directly from
the condensate due to the decay of the exciton. A similar
process is possible in the absence of a condensate [where
instead of n. in Eq. (7) there will be the difference of the
occupation numbers of the ground and excited states]. The
corresponding probability of electron-hole pair creation can
be found from the Fermi golden rule (we put 7 = 1 in most of
places below),

W (Per, Q) = 271 | M(Q)8(Per — K)I?

The second process,

Vy=>" M@y, 8}, Oax®b, @), (©)

Pensq

is unique for the systems containing the condensate. Here, the
creation of an electron-hole pair due to the exciton decay is
accompanied by the emission of a bogolon with the dispersion
law e, = spy/1+ (p&)?, where s = /gn./M is a velocity
of the bogolon, g = e?a/(epe) [26] is the exciton-exciton
interaction constant in the condensate, and &€ = 1/(2Ms) is a
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healing length. The corresponding probability of the electron-
hole pair creation reads

W (Per, @) = 27| M(Q)*[vp,, x|
2

ch q
x 3(2;/1 o Fepa— ot 1). (10)

Equations (8) and (10) give two contributions to the electric
current defined in Eq. (2), j = ji + j2. One can easily see that
the second term (~q) under the integral in (2) gives zero, since
both the probabilities (8) and (10) depend on the absolute
value of the relative momentum ¢. Thus, we should only
consider the first term there.

To the lowest order with respect to the photon wave vector
k, the first component of the current reads

. ken.(t, —t)pn

==l = HIM@P) = gmr. (1D

where 6(x) is the Heaviside step function and the angle
averaging is defined as (A) = 02” A(p)dg/2m. The second
contribution can be found analytically in the case of linear
dispersion of the Bogoliubov quasiparticles, &, ~ sp and
vlz, ~ Ms/p, which works well in the limit p& « 1. After
some algebra, we find

. Ke( — 1)
J2 = —(27_[)2

Further progress requires knowledge of the particular form
of the wave function of relative electron and hole motion
both in the bound (excitonic) state, ¢ (r), and in the state of
continuous spectrum, q(r). We will disregard the Coulomb
interaction in the continuous part of the energy spectrum in
Eq. (3), hence 14 (r) can be approximated by the plane wave
Vq(r) = €'Y, yielding

(IM@*) = 27)*(eEo)*(I(e - Vg)do(q)I*). (13)

Being the ground-state eigenstate, ¢o(q) depends on the
absolute value of momentum q, ¢o(q) = ¢o(g). Using this
property, Eq. (13) can be further expanded in the form

(IM@) = 2n)*(eEo)*8,00(q)*(I(e - ng)1?),  (14)

where ng = q/g is a unity vector. Furthermore, to find the
ground state of the Hamiltonian, we expand the Coulomb
interaction at small r up to the second-order terms,

V2u(o=T)
Ol — 1] /0 (IM@P)gdqg. (12)

2 2 2.2
e e wnl
M(I') = — ~ K@

~ + 5
A epe12 + a? dmepea 2
2

where wj = e? /(4mepepa’). Within this approximation, we
find

as)

po(r) = %e—”/‘“z = do(q) = 22me ", (16)
T

where £ = /h/(Q2wop). Wrapping up, we find the compo-
nents of the current,

. . 5 w—1
Ji(@) = 8jokl (/M) (nL")F (a)—o)

Fi(x) = xexp(—2x)0(x), (17)

where
Jjo =2Qn) e(ty — T.)l(eEo)*(|(e - ng)|*), (18)
and
. , w—1
= Jokﬁfz( o ),
Fox) =[1 — (1 + 2x)exp(—2x)]0(x). (19)

Results and discussion. First of all, from Eqs. (17) and (19)
we note that the total current is directed along the photon
wave vector k and appears in the system if the EM field
frequency exceeds the exciton ionization potential /. Further,
from Eq. (18) it follows that the total current is nonzero if
the momentum relaxation times 7, are different for electrons
and holes. Let us note though, even in the case of zero total
current when 7, = 13, there can be nonzero current in each of
the layers of the DQW taken separately.

These times are characteristic for the material under study,
and their typical values read 10~2~10~1° s in semiconductors,
which can be estimated from the standard collision integrals
of the Boltzmann transport equations. Here, we assume that
the relaxation times of photogenerated electrons and holes
at low temperatures are determined by their scattering on
the disorder in the quantum wells, where they are localized.
Taking a detour, we would like to mention that in the presence
of excitonic BEC, the electrons and holes can, in principle,
scatter off the BEC density fluctuations (the Bogoliubov ex-
citations). An issue arises: Which processes, impurity- and
phonon-assisted scattering or bogolon-mediated relaxation
events, are predominant at the temperatures of condensa-
tion? However, this question is beyond the scope of this
work.

The spectra of components of the total current are pre-
sented in Fig. 2. To build the plots we used parameters
typical for GaAs heterostructures: € = 12.5, u = 0.058my,
a = 20 nm. Since our theory is only applicable to a dilute
exciton gas, we put n.£> = 0.1. The ionization potential is
found as I = €?/(4mepea) — hay.

The factor (|(e- nq)|2) in Eq. (18) is determined by
the polarization of the EM field. For linear polarization
when the electric field lies in the xz plane, the total cur-
rent is proportional to sina cos?a. In the case of circular
polarization of the EM field, the current is proportional
to sina(cos® a + 1).

From Egs. (17) and (19) and Fig. 2 we see that at small
frequencies 0 < w — I K wy, the first term of the current jj,
associated with the direct ionization of condensed excitons,
gives the main contribution. On the contrary, if v — 1 >
wg, the second term j, describing the exciton ionization
accompanied by the bogolon-emitted processes exceeds jj.
Indeed, if w — I > wy, the function F in Eq. (17) is damped
exponentially, whereas in Eq. (19) F,(w) — 1 (see the inset
in Fig. 2). Therefore, by measuring the spectrum of the electric
current in the system, one can judge the existence of the
condensate.

Conclusions. We have studied photoinduced electric
current which can occur in a system containing a
Bose-Einstein condensate of composite particles exposed
to an external electromagnetic field with the frequency
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FIG. 2. Components of the current in the system (in arbitrary units) (a) at the frequencies in the vicinity of the ionization potential and (b),
(c) at higher frequencies. The component j; has an asymmetric bell shape, saturating at high frequencies, and j, has a linear asymptotic. The

inset shows the special functions F;, J, (see text for details).

exceeding the ionization potential. We considered indirect
excitons as an example. We have shown that there are
two principal processes which occur in the system, one of
which is accompanied by the excitation of collective Bo-
goliubov modes in the condensate and becomes predominant
with the increase of frequency above the ionization poten-
tial. As a result, the electric current has nonmonotonous

behavior, allowing us to monitor the formation of the
condensate.
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