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Acoustical and optical magnetoplasma excitations in a bilayer electron system
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The charge-density magnetoexcitations in the bilayer electron system have been studied by means of inelas-
tic light-scattering spectroscopy. Two principal magnetoplasma excitations of different symmetry, acoustical
and optical magnetoplasmons, were observed. These principal excitations couple with in-phase and out-of-
phase Bernstein modes at nonzero in-plane momentum through the many-body Coulomb interaction. Detailed
measurements of the coupled mode energies were performed and compared with theoretical calculations.
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Two-dimensional electron systerf@DES exhibit a vari-  and acoustical plasma excitations transform under an exter-
ety of physical phenomena unknown to 3D space due to theal magnetic field is discussed in the present paper.
enhanced Coulomb interaction. In a perpendicular magnetic Here, we employed resonant inelastic light scattering
field, many-body interactions become particularly relevant(ILS), one of the most powerful experimental techniques to
as the electron kinetic energy is completely quenched. Thenravel excitations in electron systems of reduced dimen-
strong Coulomb interaction drives the 2DES into new phasesionality. It is especially valuable to study out-of-phase
of matter that have been widely discussed during recerlectron-density excitationsimilar to acoustical plasmops
years: incompressible fractional quantum H&QH) liquids ~ Producing no macroscopic dipole momentum and thus for-
and the Wigner solid.When creating systems with two spa- Pidden in infrared absorption. Another important feature of
tially separated layerébilayer systeran additional degree I!_S is that it can distinguish _through the polarlzatlpn sele_c-
of freedom (pseudospin is added. Interlayer electron- 0N rules between collective charge- and spin-density
electron correlation effects are responsible for a set of FQF?XC'tat'O”SB' In the polarized geometry, incident and scat-

states, different ferromagnetic and antiferromagnetic pi‘?asest.ered photons have the same polarization vectors, therefore

The fingerprint of interlayer interaction in bilayer systems isOnly pharge-densﬁy excitations can be ob;eryed. In the de-
. . o olarized geometry, polarization vectors of incident and scat-
the spectrum of collective charge-density excitations. The

: ) . ered photons are perpendicular to one another, subsequentl
have been thoroughly studied experimentally in the absenc b petp ’ q Y

o _~only spin-density excitations contribute to the spectra.
of a magnetic field3, but hav_e not so far been addressed in Symmetrically doped AlGaAs/GaAs double quantum well
the presence of an externalfield.

g : ] o ) heterostructures were used. The GaAs quantum (@IV)

At zero field, collective charge-density excitations in theisicknesses were between 200 and 300 A and QWs were
bilayer system have been discussed in Refs. 3-7. If the di%‘eparated with an AlGaAs barrier of 25—600 A thickness.
tance between the layers is large, the Coulomb interactiofhe electron densities in the QW) and mobilities ranged
between electrons in the different layers can be neglectegom 2x 10 to 4x10 cm 2, and 1x10° to 2x10°P

and each layer supports an ordinary 2D plasma excitatiogn? V-1 s™1. The symmetric-antisymmetric energy gap
with a long-wavelengthqag— 0) dispersionn~q'/? where  (Ag,9 varied approximately from 0 to 2 meV. If not stated

q andag are the 2D(in-plang momentum and the effective otherwise, we will focus on the structure with vanishing
Bohr radius. When the distance between the layers becomes;»¢ (i.e., disregard tunnel coupling between the quantum
comparable with the plasma excitation wavelength, excitawells) with two equally occupied layers. The electron density
tions in each layer couple through the interlayer Coulombin each layer equal; ,=3.1x 10" cm™ 2, the QW and bar-
interaction. Instead of two the 2D plasmons with frequenciesier thicknesses are 280 A and 50 A. The excellent quality is
determined by the electron concentration in the individuatestified by the narrow luminescence lines of 0.3 meV. Mea-
layers, optical and acoustical plasma excitations with fresurements were performed in a cryostat with a 10-T super-
guencies depending on the physical parameters of the systezbnducting coil at 1.5 K.

(the total concentration and distribution among the layers, The ILS spectra were obtained using a Ti-sapphire laser
the interlayer distance, and the tunnel coupliamerge. The tunable above the fundamental band gap. The excitation
optical plasmon is an in-phase density fluctuation in the twgpower density was about 0.1—-1 W/enA two-fiber optical
electron layers with a long-wavelength dispersion of thesystem developed by the authors was utilized to measure ILS
form w~qY? whereas the acoustical plasmon is an out-of-spectra in a magnetic fiefiOne fiber was used for photoex-
phase density fluctuation with~ q. Both optical and acous- citation, and the other collected and conducted scattered light
tical plasmons are nofor weakly Landau damped in the out of the cryostat. The in-plane momentum was transferred
long-wavelength limif The important question how optical to the quasi-2DES via the light-scattering process. Its value
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FIG. 2. TheB-field dependence of the acoustical and optical
plasmon energies aj=12.9<10"* cm~!: experiment(dots and
theory (dashed lines The solid lines show multiples of the cyclo-
tron energy. Upper and lower insets: ILS spectr&&t0 and 7 T
(Ref. 10

Intensity

We find the dispersion relations for plasma excitations
using the lowest-order approximation in the spatial disper-
sion parametegag<<1. In this case the current-field relation
can be taken from the Newtonian equations of motion for
electrons in the electric field of the plasma waves. The qua-
X \ X sistatic approximatiorineglecting the vortex fieldssuffices,

. . . ; . i.e., one only needs to solve the Poisson equation with ap-
1 2 3 4 5 propriate boundary conditions. Lafr) be the displacement
Raman Shift (meV) vector of the 2D plasma; then the nonequilibrium part of the

areal electron densityN is given by the relationN

= —Ndivu, whereN is the equilibrium concentration. From
the equations of motion one easily finds for the Fourier com-
ponents,

FIG. 1. ILS spectra aB=0 and in-plane momentg=3.2
x 10%,7.8x 10%,12.9x10* cm™? for polarized (|) and depolarized
(L) configurations. Both QWs are equally populatéd, ,=3.1
X 10 cm™2. The QW and barrier thicknesses are 280 A and 50 A.
The inset shows the dispersion relation for acoustical and optical
plasmons: experimertitots, theory with and without the dielectric ~
screening effectdashed and solid lingsThe bottom inset shows N(q)= ¢q(zo)
the sample structure.

ePN
m* w2’

was controlled by the arrangement of the fibers relative tdVith ¢q the electrostatic potential in the plane z, (see the
the sample surface. The scattered light was dispersed in dj2gram in Fig. lande the frequency of the plasma oscil-
T-64000 triple spectrograph and recorded by a chargel-""t'ons- The solution of the Poisson equation takgs the form
i R . : = az — g(a+d+L—2)

coupled device camera. Spectra in polarized and depolarizefa(zZ<0)=Ce" and ¢¢(z>a+d+L)=De - In
configurations in zero field were recorded using a cryostatne region 6<z<a+d+L one obtains
with an optical window.

Making use of the ILS selection rules and the known dis- pg=Ae Nz alpgekizrasd i perkzy pek?
persions for acoustical and optical plasmons, we identified
their resonances at zero fie{ffigs. 1 and 2 Both optical ~The coefficients fromA to F are found from the matching
and acoustical plasmofAP and OP resonances are ob- conditions at the interfaces=0,a,a+d,a+d+L. The char-
served only in polarized configurations of the incident andacteristic 6<6 determinant can be easily reduced to>a4
scattered photons. The AP resonance is narrower and mogse. In our casé is actually a macroscopic lengtof the
pronounced than the OP plasmon, a phenomenon first notexder of 1 mm; for qL>1 the problem can be simplified
in Ref. 4. It allows for an accurate measurement of the AHurther resulting in the quadratic equation,
dispersion in the whole range of experimentally accessible

in-plane momentay-(0.2—1.4)<10° cm ™. Itis nearly lin- ) )\ ,+x(\ e 29@+d 4 )\ g=203_ pg=20(a+d)) _g=2ad—(
ear and agrees well with the dispersion relation obtained )
from classical electrodynamics for AP excitations in two

Coulomb coupled charged layers. Here, we denote
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! ! FIG. 4. Fan chart of the charge-density mode energies: experi-
A f ment(large open circleésand RPA theorysmall solid circles The
energy of the cyclotron spin waveCSW) is shown as open tri-
W angles. The solid lines depict multiples of the cyclotron energy.

(in our structuresi~1000 A), so one has to take this effect

into account when analyzing long-wavelength spectra, for
FIG. 3. The ILS spectra at the anticrossing between the acousti@xamp_le’ f_ar-lnf_rgred absorption spectra. )

plasmon and Bernstein mode witi= 2. The spectra are shown for Having identified the ILS resonances for acoustical and

B=1T (bottom to 1.8 T(top) in 0.1-T steps. The dashed lines are OPtical plasmons at zero field, we studied their energies as a
guides to the eye. function of a perpendiculaB field in Fig. 2—4. The entire

B-field range covered is cut into two parts and these are
2 discussed separately: the regime where the APs and OPs
w . . . .
Np=1- €=, 2) resonate WIFh _Bernstelrj mode(sqllectwe charge-density
O magnetoexcitations having energias.,n=2 at qlg—0,
wherew.=eB/m*c andlg=y7%c/eB are the cyclotron fre-
— €.—1 3) qguency and the magnetic lengtAnd the regime where the
€,+1’ influence of Bernstein modg8M) on both principal plas-
mons can be neglected. In the latter, the energies of the prin-
- 2mwe’qN, , cipal plasmons are monotonically increasing function®of
T (4)  field, slowly converging to the cyclotron enerdgig. 2).

m They can be obtained in our theory by introducing the Lo-
where €,~12.86 is the background dielectric constant inrenz force in the Newtonian equations of motion. The Fou-
GaAs,e andm* are the electron charge and effective massrier components for the nonequilibrium pattbecomes
respectively. Having incorporated the dielectric screening

Raman Shift (meV)

from the image charges at the semiconductor-vacuum bound- _ eN
ary, the above formula generalizes the theory by Vitlina and N(q) = ¢4(20) -
Chaplik? In the limit a—, Eq. (1) reduces to the familiar (0" —wg)m
result: . . .
Equation(1) remains the same with
2 e’q 2 2
()= ———(N3+Ny) (02— wd)
€,.M )\1’2:1_6&:—-

2

W12
11 4NN, _2qd o o o s
> 5\ 1™ m(l—e ){» (]  Thus, for both principal excitations one finde3= w3
1re + w2, which properly covers th8—0 limit. Here, wg and
where the— (+) sign refers to acousticdoptical) plas- g are the frequencies of acoustical and optical plasmons at
mons, andd is an effective distance between the layers, &field B and atB=0, respectively. As at zero field, the lower-
variable parameter including the nonlocality of the electron(uppery lying magnetoplasma mode is an out-of-phéise
wave functions in the double QW structure. Note that everphase charge-density fluctuation. Using the effective inter-
though the limita—o is never achieved in a real bilayer layer distance extracted from ti&=0 data, we obtain the
system, the corrections to the plasmon energies due to th&field dependencies for the optical and acoustical plasmon
dielectric screening are relatively small at the studied in-energies in Fig. 2.
plane momentdFig. 1). They become significant afas1 Our model correctly describes the energies of the princi-

X
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pal magnetoplasma excitations. Unexplained, however, is thory. This is surprising since for single-layer systems the an-
complex anticrossing behavior close to the resonance beicrossings between magnetoplasmon and Bernstein modes
tween principal optical and acoustical magnetoplasmons angre reproduced by RPA simulatiohsThe strong energy
Bernstein modesFigs. 3 and 4 This effect well known for  downshift of one of the coupled modes observed here is still
3D and 2D systems is often referred to as the incompressot understoodFig. 4). We verified that a similar downshift
ibility or nonlocality of the interacting electron system, and occurs for bilayer systems with increased or decreased tunnel

is governed by the electron Fermi velocity and the in-planecoupling. We conclude that it is related to the intralayer and
momentum of excitation$. Here, we account for these ef- interlayer Coulomb interaction, but not to the tunnel cou-

fects within a random-phase approximati®PA). For two-  pling.

component magnetoplasma in the bilayer system without An interesting result follows from the anticrossing pic-
tunnel coupling, the collective modes are given by the zerogyre: there exist two Bernstein modes of different symmetry
of the generalized dielectric tensef with the layer indices  for every n In Fig. 4, a Bernstein mode with=2 couples

1) :1’216ij(qr_w):5ij_vij(q)Hjj(qiw): Vij(q) are the in-  \ith the AP (BMp), but does not couple with the OP. In-
tralayer and interlayer Coulomb matrix elements calculateqt,tead, another Bernstein mode also with2 couples with
using envelope wave functions"obtained from self-consistenf,e op (BM), but in turn does not couple with the AP.
solutions of the Poisson and Sctioger equations. The ex- 1h,5 experimentally the Bernstein modes can be classified
plicit expression for the irreducible polarizabilit;;(q,©) 45 in-phase and out-of-phase modes by their interaction with

in a magnetic fieldthe bare bubble diagrans given in Ref. e ops or APs, respectively. Far from the anticrossing the
12. In the long-wavelength approximation,(qly),” which v Bernstein modes are degenerate.
implies neglecting transitions withn>2, one obtains the

theoretical curves in Fig. 4. The theory describes fairly well We acknowledge financial support from the Max-Planck
the anticrossing between the acoustical magnetoplasmon amaeid Humboldt Research Award, Russian Fund of Fundamen-
a Bernstein mode wittn=2 (BM,). The decription of the tal Research, the German Ministry of Science and Education
anticrossing for the optical magnetoplasmon is less satisfaéBMBF) and the German Science Foundati@¥G).
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