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We investigate theoretically the magnetoplasmon (cyclotron) resonance in a hybrid system consisting of
spatially separated two-dimensional layers of electron and dipolar exciton gases coupled via Coulomb forces.
We study the dynamics of this system under the action of a weak alternating external electromagnetic field
in the presence of a uniform magnetic field, perpendicular to the layers. We reveal that the electromagnetic
power absorption exhibits a double-resonance spectrum. We show that the first resonance is associated with the
conventional well-studied magnetoplasmon excitations of the electron gas and it has a standard Lorentzian shape,
whereas the second resonance is a peculiarity attributed to the Bose-condensed exciton gas. Further, we explicitly
demonstrate that the spectrum of the system exhibits an asymmetric Fano-type profile, where the excitonic peak
is extremely narrow in comparison with the magnetoplasmon one. We show that the shape of the resonance and
the position of the peaks depend on the magnitude of the applied magnetic field, exciton-condensate density, and
exciton-impurity scattering time. In particular, the Fano profile turns into a Lorentzian shape with decreasing
exciton-impurity scattering time and the position of the plasmon-associated resonance is mainly sensitive and
determined by the magnetic field strength, whereas the exciton-condensate peak position is determined by the
exciton-condensate density. It opens the experimental possibility to determine the latter quantity in cyclotron

resonance experiments.
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Introduction. Hybrid Bose-Fermi systems represent a test
bed for studying many-body phenomena and are a promising
platform for future applications [1]. In cold atomic gases,
recent research has been concentrated on studies devoted to the
Feshbach resonance phenomena [2-5] and aimed at tuning the
strength of the two-particle interaction between atoms, leading
to new types of phase transitions [6,7]. In the solid state,
Bose-Fermi mixtures are usually studied employing exciton
or exciton-polariton gases [8] which represent Bose-Einstein
condensates [9,10] (BECs) interacting with either electrons
and holes coexisting in the same layers or neighboring
two-dimensional layers containing electronic gases (2DEG).
In particular, it has been demonstrated that the interaction
between a 2DEG and the indirect excitons can lead to the
formation of a so-called excitonic supersolid phase [11,12].

One of the possible physical realizations of Bose-Fermi
systems is a semiconductor heterostructure, where the bosonic
subsystem is represented by excitons localized in a quantum
well (QW) or double quantum well (DQW), and fermions
are a 2DEG in a parallel QW. In the lateral (let it be
xy) plane, both the excitons and electrons can propagate
freely. Their motion, self-interaction, and exciton-electron
interactions result in the possibility for each sort of particles to
propagate along different paths which, in order, can interfere
between each other. In the case of constructive interference,
it is reasonable to assume that we can achieve enhancement
phenomena and the emergence of resonant effects. Instead,
destructive interference might result in the suppression of
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particle transport [13,14]. In this Rapid Communication we
are aiming at checking this assumption. In particular, we are
interested in the Fano resonance phenomenon which is known
to be a general type of resonance and it can be observed in
the case of path interferences [15]. The Fano resonance is
conventionally characterized by a peculiar asymmetric profile
of the spectral line. In particular, it usually consists of two
peaks and one dip. One of the peaks lies in close proximity to
the dip, manifesting the coexistence of resonant transmission
and reflection in the system.

Theory of magnetoplasmon resonance. We consider a
system which represents two parallel layers of electrons and
excitons (see Fig. 1). Electrons occupy the QW and form
a 2DEG. The excitons are considered to be rigid dipoles,
having their dipole moment oriented perpendicular to the
plane of the layers containing the DQW and moving freely
as a whole within. We assume that the exciton’s internal
degrees of freedom are not excited by the external applied
electromagnetic (EM) field or temperature, thus we consider
a zero-temperature case when the quantum effects manifest
themselves most clearly. The uniform magnetic field is directed
along the growth axis of the structure, thus it is oriented
perpendicular to the electronic and excitonic layers. We will
also assume that the magnetic field is weak and thus it cannot
affect the exciton center-of-mass motion. In contrast, it can
substantially affect the motion of electrons.

Such an external EM field, E(r,f) = (E,0,0)e’ " with
the electric field component lying in the plane of the QW, pro-
duces deviations of the electronic density from its equilibrium
value, én(r,t) = n(r,t) — ngy, where r is a vector coordinate in
the QW plane, and Kk is the in-plane wave vector. In typical
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FIG. 1. Schematic of the system. Excitons are localized in
the double quantum well (DQW) structure formed by two layers
containing electrons and holes and separated by a distance d. The
two-dimensional electron gas (2DEG) is localized in other QW
separated from the DQW by a distance a. The external applied
magnetic field is oriented perpendicular to the layers.

experimental structures used to excite two-dimensional (2D)
plasmons, such a field can be created by laminating a metallic
grating above the electron layer. We assume that the EM field
does not interact directly with the excitons. Indeed, if the
external electromagnetic field frequency w lies in the vicinity
of the plasmon frequency at a given wave vector, then the
electronic layer acts as an effective resonator amplifying the
amplitude of the induced (plasmon) field by ~ wt, times in
comparison with the amplitude of the external field, where 7,
is the electron relaxation time [16]. Nevertheless, the exciton
gas density can be influenced by the field via an interaction
with electrons, which we will show below.

The dynamics of the electron density can be described
by the continuity equation p + divj = 0, giving the relation
between the Fourier components

Snkw = __jkw’ (1)
ew

where we assume that the vector k is directed along the x axis.
Further, we use the Ohm’s law,

. 1
Jko = 0B (Eo - ;ka), (2)

where o is the xx component of the conductivity tensor in a
magnetic field, and Fy,, is the x component of the applied force,
F(r,t), which has two contributions: The first one is coming
from the electron-electron interaction and the second one is due
to the electron-exciton interaction. Using the general relation
between a force and the potential energy, F(r,7) = —VW(r,1),
we find

Fro = —ik(Uidnie + VidNiy), &)
where
27 e? 2me? —kd~_—ka
Uk = 7> Vk = (1 —€ )e (4)
ek ek

are well-known electron-electron and electron-exciton inter-
action energies, respectively, and € is the dielectric constant.
The fluctuating exciton density in the excitonic BEC, & Ny,
can be found from the dynamical equations.

The elementary excitations of the Bose-condensed sys-
tem represent Bogoliubov quasiparticles, also referred to as
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bogolons. An explicit form of the dispersion law of bogolons
depends on the model used to describe the interacting exciton
system. In the case of small exciton density, Noalzg < 1, where
ap is the Bohr radius, an appropriate theoretical model is the
Bogoliubov model of a weakly interacting Bose gas. In the
framework of this model, the dispersion law of elementary

excitations has the form g, = ,/ %(% + 2gon.). Here, n. is

the exciton density in the condensate, gy is the exciton-exciton
interacting constant which can be estimated as gy & 4me’d /e,
and M is the exciton mass. In the long-wavelength limit, % <
2gon., elementary excitations represent the sound quanta,
&x ~ sk, where s = /gon./M is their velocity.

Further, in order to find the response function of the
condensate, we use the Gross-Pitaevskii equation

f(z
i, V(r,t) = (ﬁ —u+ go|\P(r,r)|2)W<r,r>

+ W(r,1) / dr'V(r —r)én(r',1), 5)

where the last term describes the electrostatic interaction of
excitons with the fluctuating electron density. We will treat it
here as a perturbation, within the linear response approach. The
wave function of the condensed particles, W(r,t), can be split
into the stationary uniform part and the perturbed contribution,
W(r,t) = /n. + ¥(r,t). Further, the response function of the
condensate excitons, Py, can be defined as

SNiw = ProVibhie, (6)

where § Ny, = /n.(V*(r,t) + ¥ (r,t)) is a perturbation of the
condensate particle density. Then, the linearization of (5) gives
P — n.k*/M )
T wtisR—e
It should be noted that simple consideration described above
disregards the processes of exciton scattering on impurities,
developed in Refs. [17,18].
In our recent work [19], it has been demonstrated that
the exciton-impurity scattering results in a finite value of the
lifetime of the bogolons, ¢, = sk — iy, where

1 3
Vi = ;(ké) , ®)

under the assumption k& <« 1 (we neglect here broadening
caused by the exciton-exciton scattering [20]). Here, tx is the
exciton-impurity scattering time in a normal exciton gas state
and £ = 1/2Ms is the healing length.

Thus, the response function, Eq. (7), should be modified
according to the substitution § — 4.

Combining Eq. (6) together with Egs. (1)—(3) and defining
the renormalized conductivity as j, = 6, Eq yields

1
o5 + i Uro + V2, Pro]
i(wt, +1)
U bl
Yot +i)? — wit?

Ok =

C))

op =

where w, = eB/mc is the electron cyclotron frequency and
oo = €*not, /m is the static Drude conductivity of the electron
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FIG. 2. Dispersion curves of the hybrid plasmon-exciton modes
at two different values of the Bogoliubov sound velocity. The vertical
dotted line stands for k = 4.2 x 10* cm™! (see main text).

gas. Now we can find the EM power absorption as the real part
of the conductivity,

Pi» = SE{ Re 6y, (10)

It is obvious that due to the Coulomb interaction between
excitons and electrons, hybrid modes appear, describing the
joint oscillation of the exciton and electron densities. The
dispersion law of these modes can be easily determined by
the poles of the renormalized conductivity, 6,;01 = 0. In the
limit of large relaxation times, t,,7x — 00, the renormalized
conductivity poles satisfy the equation

(0~ @2 o) — B2 =0,

(11
where magnetoplasmon dispersion is given by w, =
@2 + o} and w} = 2me’nok/em is a plasmon dispersion of
the 2D electron gas, and the coupling parameter reads

mn,
Mn()

Br = wp (1 — e7*dyeka,
The solution of Eq. (11) gives the dispersion of two different
density oscillation modes,

oa = 4@} + o) £ 3y () - ) + 48,
Figure 2 demonstrates the dispersion law of these modes
calculated at two different values of the bogolon phase
velocity s.

Results and discussion. Let us investigate the properties
of the power absorption function. In the calculations we use
the following parameters: d = 1076 cm, a = 107> cm, k =
42 x 10*cm™!, and 0y = 3.2 x 107> cm/s.

Figure 3 demonstrates the power absorption spectrum
of the system with the emergence of the Fano resonance.
Increasing the velocity of the Bogoliubov excitations s, we
shift the Fano resonance in frequency. In particular, Figs. 3(a)
and 3(c) correspond to the celebrated asymmetric Fano

12)
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FIG. 3. Manifestation of the Fano resonance in the hybrid
electron-exciton system presented in Fig. 1. The power absorption
[see Eq. (10)] as a function of frequency for increasing s from (a)
to (c) for Ty = 1078 s (red solid curves) and 7y = 5 x 1071% s (blue
dashed curves). The positions of the resonances at the top and bottom
panels correspond to the values of exciton-plasmon modes taken at
k = 4.2 x 10* cm~! in Fig. 2.

profiles, whereas Fig. 3(b) corresponds to the symmetric
configuration. It should also be mentioned that the mutual
disposition of the peaks and the dip of our asymmetric
resonance is changed from Figs. 3(a) to 3(c).

Figure 4 shows the power absorption spectrum in the log
scale for a fixed value of s = 6.9 x 10° cm/s [corresponding
to Fig. 3(c)] and different values of the impurity-mediated
scattering rates. The frequency range is restricted to the high-w
region corresponding to the second peak in Fig. 3(c). It is
clearly seen that with the increase of the excitonic impurity-
mediated lifetime (which corresponds to the decrease of the
influence of the impurity-assisted scattering), the resonant
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FIG. 4. The power absorption spectrum calculated using Eq. (10)

for different values of T in the range of high wt, [s = 6.9 x 10° cm/s
is the same as in Fig. 3(c)].

peak becomes more Fano-like and we observe the emergence
of a dip in the power absorption spectrum around wt, = 29.

Figure 5 explains the dependence of the power absorption
coefficient on the magnitude of the external applied magnetic
field presented in units of w.7,. The increase of the magnetic
field (w.7.) gives a similar effect as the increase of s
(see also Fig. 2). However, it should be noticed that the
position of the magnetoplasmon resonance is determined by
the magnetic field strength, whereas the Fano-type resonance
coming from the exciton subsystem is determined by the
Bogliubov sound velocity s (compare Figs. 3 and 5). The
latter, in turn, is determined by the exciton-condensate density
since s ~ ,/n.. These dependencies can, for instance, be used
to experimentally control the spectral properties of the system
under consideration.

It is also important to mention that if it happens that the
plasmon modes are strongly damped, then their dispersion
branches turn into the electron-hole continuum. Thus, in order
to observe the predicted effect, it is crucial that the following
inequality holds, s > vp, where v is the Fermi velocity
of the electron gas. This inequality can always be satisfied
at typical exciton densities 10'°-10'> cm™2 used in modern
experimental DQW structures.
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FIG. 5. Magnetic field effect. Power absorption spectrum at s =
7 x 10° cm/s and different values of the magnetic field w.t,. Compare
the alteration of the spectra caused by the influence of the magnetic
field and the increase of the bogolon velocity (see Fig. 3).

Conclusions. We have developed a model of magnetoplas-
mon resonance in a hybrid structure consisting of interacting
electron and dipolar exciton gases. We show that the Coulomb
interaction between them results in hybridization of the density
waves of both the subsystems with the appearance of a
different double-peak dispersion. We attribute the emergence
of this hybrid mode to the cyclotron resonance effect. It
has also been shown that the power absorption spectrum
demonstrates several interesting features, in particular, the
Fano-type shape of the resonance in relatively pure samples.
We expect that these modes can be easily found experimentally
by well-developed techniques, used in the study of plasmons
in low-dimensional nanostructures.
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