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Crystal phase of indirect excitons formed by spatially separated electrons and holes in coupled quantum wells is
analyzed. The collective mode spectrum of the exciton crystal at zero and nonzero magnetic fields is found. The
spectrum consists of two optical and two acoustical modes (transverse and longitudinal in each case). We also
study changes of the dipole crystal collective excitations at the transition exciton crystal-electron-hole plasma.
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In a bilayer system with spatially separated elec-
trons and holes, the overlapping of wave functions and,
consequently, the recombination rate is suppressed and
therefore the lifetime of laser pumped electrons and
holes can be sufficient for the appearance of different
interesting quasi-equilibrium electron-hole phases [1, 2].
In particular, a superfluid phase with anomalous trans-
port and optical properties [3], quasi-Josephson phe-
nomena [4], and nonordinary behavior in strong mag-
netic fields [5, 6] can be observed (we note that there
is strong analogy and some mapping between proper-
ties of bilayer electron-hole and electron-electron sys-
tems). The essential feature of the system of interwell
excitons is the existence of parallel electric dipole mo-
ments of the excitons. Dipole-dipole repelling of the
excitons suppresses the exchange interaction of the ex-
citons and stabilizes exciton phases [2] in comparison
with the three-dimensional case [7]. Modern manufac-
turing techniques of layer structures enable obtaining
high-quality nanostructures and easily varying their pa-
rameters. In recent years, very interesting experimental
results were obtained in such bilayer electron-electron
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and electron-hole [8-13] systems. Presently, it is pos-
sible to obtain a system with spatially separated elec-
trons and holes of low densities such that the distance
between charge carriers in a layer is much greater than
the interlayer separation. In this case, formation of in-
direct excitons (dipoles) [14-20] and the appearance of
new exciton phase, the exciton crystal, becomes possi-
ble at low temperature in some intermediate region of
exciton density [2, 21, 22]. This causes the great interest
in the theoretical research of the dipole crystal collec-
tive excitations at zero and nonzero normal magnetic
fields, which can be used for experimental verification
of the exciton crystal existence by optical methods. It
is also interesting to study the behavior of the collective
excitation spectrum of a dipole crystal at the transition
into the phase of the electron-hole plasma.

We consider a double-layer two-dimensional sys-
tem. The first layer contains an electron channel with
the density of carriers /N, and the second layer contains
holes with the density Nj,. The distance between the
layersis D. We are interested the case, where N, = N,.
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At low temperatures and small concentrations of elec-
trons and holes (Ne(h)aQB <& 1, where ap is the effective
radius of indirect excitons along layers), the system is
a weakly nonideal excitonic gas of the areal density
Nege = N = Np with dipole moments d perpendic-
ular to the layers; in the ground state, d = eD and
it increases with the distance between layers. In a
spatially separated electron-hole system, contrary to
the ordinary (single-layer) electron-hole systems, the
direct dipole-dipole repulsion gives the main contribu-
tion to the total energy (in contrast with the ordinary
single-layer electron-hole system). At the same time,
van der Waals attraction between excitons and the ex-
change interaction are not essential (less than 1 % com-
pared with the contribution of the direct dipole-dipole
interaction). At low temperatures, in a certain region
of low concentrations Ney. and interlayer separations
D, the dipole-dipole repulsion leads to the formation
of an indirect exciton crystal. The small contribu-
tion of the exchange interaction in a spatially separated
electron-hole system is connected with an exponentially
small probability to tunnel through the barrier of the
dipole-dipole interaction.

We start with the exciton crystal phase. The kinetic
energy of the system is
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where M = m, + my is the exciton mass and
u = (memp)/(me + mp) is the reduced mass,

Rom = (MeTenm + MpThnm)M ™! is the coordinate of
the center of the exciton mass, and p,m = Tenm —Chnm
is the coordinate of relative motion.

The potential energy of the system consists of two
terms. The first term is the Coulomb interaction of
spatially separated electron and hole in one exciton,
which in the case where p < D can be transformed as

Hence, for small oscillation amplitudes, this term can
be approximated by the parabolic potential,

w22
vy =y Bl (3)
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For a real system of finite thickness, the quantity wq
must be found using z-dependent wave functions in

each layer.

The second term in the potential energy is the in-
terexciton interaction along layers. In the system under
consideration, the interaction of indirect excitons is the

dipole-dipole repulsion,

Uy =
- € pum P R* =3¢ (pnmR) (P R)
= 2> — (4)
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Here, R is the vector between dipoles at different cells
(a is the lattice period),

R? =[a(n —n') + (z, — z2)]* +
+la(m —m') + (Ym — ym)]* +
+2[a(n —n') + (zn — p)] X
X [a(m —m') + (Ym — ym)] cosa,  (5)

Zn (ym) are the displacements to the a- (y-) direction
of the dipole (n,m) from the equilibrium, and « is the
angle between basis vectors of an arbitrary lattice. We
consider a triangular lattice of the dipole (exciton) crys-
tal. It corresponds to a minimum of the potential en-
ergy, and the spectrum of its frequencies is stable in
the two-dimensional case, in the contrast to other con-
figurations (see, e.g., [21, 23]). Hence, a« = 7/3. The
corresponding reciprocal hexagonal lattice is presented
at Fig. 1.

In the harmonic approximation, we expand the po-
tential energy Us to the second order in displacements.
As a result, it is easy to obtain the equations of motion

2 2 2
Uepe = S PO 1 e—3p2_ (2)  for the center-of-mass coordinates z,, and yn,, and also
e\/p? + D? €D 2eD for the coordinates of relative motion ,,, vy,:
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At zero magnetic field, the variables u,,, v,,, describ- faa(k,q) =
ing optical (out-of-phase) vibrations, and z,, y,, de- o) 9 9

. o o J” —2N
scribing acoustic (in-phase) vibrations, are separated. = Z T+ 2+ NI cos (kaN) cos (qaJ),
From Eqs. (6)—(9), we therefore obtain two independent N,J=1
determinants of the second rank giving the spectrum
of collective excitations of the two-dimensional dipole
crystal. fi2(k,q) = for(k,q) =

. = NJ

We search for the normal mode in the form = Z sin (kaN)sin (ga.J),

u, = uexp[—iwt + ikan], v, = vexp[—iwt + igam]. N,J=1 (NZ+.J2 + N.J)>/2

The final equations for optical modes are
N=n-n', J=m-m.

Correspondingly, for acoustic modes, we obtain
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where Q% = 2¢?/uea®, (k,q) are the z-, y-components .y o 02 = 862D/ Med,
of wave vector k,

11(k Q)
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fulka) = 3 e g s eV eos(aed). = 3 et 1-cos (ka) cos ga)|
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The dispersion laws w(k, ¢) given by (10) and (11)
are presented in Fig. 2 (optical) and Fig. 3 (acoustical).
These dispersion laws are obtained, respectively, for the

3

where B is the magnetic field and w, = eB/mec, wy =
= eB/myc are the respective cyclotron energies of an
electron and a hole. Dispersion laws for the exciton
crystal in the magnetic field are presented in Fig. 4.
In strong magnetic fields, optical modes approach
the electron and hole cyclotron energies. Such behav-
ior occurs because the cyclotron energy of electrons
(holes) in this field is much greater than the character-
istic Coulomb interactions, and therefore the spectrum
of our system is defined by the magnetic field, while the
e — h interaction is a small perturbation. This result
agrees with [24], where the system of spatially sepa-
rated electrons and holes at strong magnetic fields was
considered. In this case, the frequencies of the acous-
tic modes decrease (see the inset in Fig. 4) because of
magnetic localization electrons and holes in the layers.
This behavior is similar to one of the acoustic mode of
the Wigner crystal (see, e.g., [25]), with the dispersion
law in the region of strong magnetic fields of the form

al/2sk3/2

We

W &~
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Wiy — iw(we — wp) W — Wiy
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g —
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W— 0
L Me
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following directions: (a) [-X, (b) ['-L, and (¢) L-X,
where I', L, and X are symmetry points in the first Bril-
loin zone. The hexagonal reciprocal lattice that corre-
sponds to the triangular lattice in coordinate space and
the symmetry directions are shown in Fig. 1. In our
calculations, the dimensionless energy units w = w/wo,
Q=Q/wy =02, Q = Q/wy = 0.01 and the dimen-
sionless wave vector units k = ka, ¢ = ga are used.
Two modes are found in each of the spectra. One of
the modes corresponds to a longitudinal (in-phase, or
out-of-phase) vibrations and the other to transverse vi-
brations. The transverse modes must undergo strong
changes at crystal melting.

In the presence of the perpendicular magnetic field,
we add the Lorentz components of acceleration and ob-
tain the system of four equations

eB 7 7
0 w— ( u
uc
B
—zwe— 0 v
c
: =0, (12)
w—wl wh x
w92,4 w? _Wiz; | L Y

where a = 2rN.e?/em, and s = 4e*/meea.

We now discuss the phase transition between the
dipole crystal and the electron-hole liquid at which
the long-range order in the electron-hole system disap-
pears. More precisely, we are interested in the change
of the mode properties under the phase transition. The
acoustic transverse mode therefore sharply disappears
when the long-range order in the electron-hole system
vanishes, and a damping transverse mode appears at
wave vectors k ~ 1/L, where L is the radius of the
short-range crystal order (see, e.g., [26]). The optical
transverse mode becomes nondispersive at small wave
vectors k. Two others modes (longitudinal optical and
acoustic ones) have the following dispersion laws at zero
magnetic field:

2we? N, pe
wgp = wg + Tk/ (14)
4 2N3/2
w2, = 1 eae i py2, (15)
eM
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Fig.1. The hexagonal reciprocal lattice. Shown are Lip qa = ka )
the I'-L, I'-X, and L-X directions. Presented coor- l
dinates of symmetry points are coefficients attached to
basis vectors of the oblique-angle coordinate system 1.0F i
1 R
This result was obtained for a continuous medium (that b
is, in the lor‘lg-wavelength limit k[ Nexe] /% < 1)_&1Lnd 0.90 05 o' 05 e S
for a small distance between the layers D < [Nex]~1/2. /o ka
The same result can be obtained by expanding in the . . . . .
small parameter k (ka < 1) and omitting the summa-
tion over the shift coordinates in expressions (10) and 11r ka=m—qa T
(11), which formally means the absence of shear mod-
ulus. As follows from formulas (14), (15), and (3), two I
optical branches go up as the distance between layers 1.0F
decreases, but the acoustic mode goes down. n
Transition from the interacting indirect excitons to c
the electron-hole plasma occurs at further increasing 0.9 . . . . .
the concentration of spatially separated electrons and 1.8 21 2.4 2.7 3.0 4a
holes [27, 28]. Characteristic values of concentration
at which such the phase transition occurs are of the Fig.2. Dispersion of the optical longitudinal and

order 10° em™2. Changes in the collective excitation

spectra have a character of principle at this transition.
Systems of the electron-hole plasma have two collective
modes (we neglect the tunnelling between layers). One
of them is optical, with the square-root dispersion law
(whl o VE), and the other is acoustic, with the linear
law (wP o k) [29, 30]. This means that the frequency
of out-of-phase oscillations at k& = 0 is equal to zero,
in contrast to the exciton phase of the system, where
out-of-phase branches start from the dipole transition
energy wg. In a perpendicular magnetic field, the hy-
brid magnitoplasma excitations are described as

2
— 1/ Pl
U.Jop +w§,

Wop = (16)
Wi = prﬂ + w? (17)
mp ac h*

We can see that such field dependences differ from those
of the dipole crystal (see Fig. 4).
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transverse modes: (a) I'-L direction, (b) I'-X, and
(¢) L-X

In summary, in this work the properties of a dipole
crystal, a new exciton phase in a two-layer elect-
ron-hole system with low densities of spatially sepa-
rated electrons and holes, are investigated. Collec-
tive modes of the two-dimensional exciton triangular
lattice at zero magnetic field are found. The spec-
trum consists of four branches: two optical (longitu-
dinal and transverse) and two acoustic (longitudinal
and transverse). The frequencies of optical modes at
zero wave vector are nonzero (in contrast to the Wigner
crystal) and the frequencies of the optical modes for
D < [Neze] /2 purely in the two-dimensional case are
wo = \/e%/enD3.

The spectra of in-phase and out-of-phase vibrations
in the normal magnetic field are also found. In strong
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Fig.4. The dipole crystal collective excitations as
0.10 J E a function of the magnetic field. ECR and HCR
are the electron and hole cyclotron energies in the
0.05 - i GaAs/AlGaAs structure. The inset shows the magneto-
' n acoustic modes in enlarged scale
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