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Coupled two-layer plasmon modes induced in a single quantum well by in-plane magnetic fields

Shun-Jen Cheng and Rolf R. Gerhardts
Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstraße 1, D-70569 Stuttgart, Germany

~Received 31 August 2001; revised manuscript received 25 October 2001; published 4 February 2002!

We present a complete investigation of the collective excitations in quantum wells subject to in-plane
magnetic fieldsB, based on the random phase approximation and self-consistently calculated ground states in
the Hartree approximation. We find that, for a symmetric quantum well of widthw, high in-planeB fields
( l B!w) can, besides the usual optical intrasubband plasmons~OP’s!, give rise to an additional branch of
undamped acoustic plasmons~AP’s!, which does not exist in a single well withoutB. In low B fields (l B

@w), the magnetic-field broken symmetry of electron wave functions causes an anticrossing feature of the
plasmon dispersions even in the symmetric well. In intermediateB fields (l B&w), an unusual anisotropy effect
occurs: the number of the plasmon branches depends on the angle between the magnetic field and the in-plane
plasmon wave vectorq. For Biq, there exist two branches of plasmons~OP’s and AP’s!, whereas only one
~OP! exists forB'q.

DOI: 10.1103/PhysRevB.65.085307 PACS number~s!: 73.20.Mf, 73.21.Fg, 78.67.De
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I. INTRODUCTION

Two-dimensional electron systems~2DES’s! in the pres-
ence of a magnetic field have attracted great interest for
cades. Whereas 2DES’s under a perpendicular magnetic
have been studied extensively, recently increasing atten
has been paid to the 2DES subject to parallel magn
fields.1–8 However, collective excitations, as a fundamen
property of 2DES’s, in the presence of parallel magne
fields have been investigated only by a limited number
experimental and theoretical works.8–12 A theoretical diffi-
culty with this topic is the need for an exact treatment of
kx dependence of the wave functions that results from
magnetic fields in they direction. Most existing theoretica
methods to calculate the collective excitations of the elect
systems are, however, applicable only for such a simpli
model, in which the energy bands are parabolic and the w
functions C l ,k(r ,z) factorize into an in-plane part exp(ik
•r ) and a subband functionc l(z), which is independent o
the in-plane wave vectork5(kx ,ky) @z denotes the direction
perpendicular to the quantum well andr5(x,y) the in-plane
position#.13–15

A characteristic feature of the in-plane magnetic fieldB
5Bêy in the y direction is, however, to introduce a strong
nonparabolickx dependence of the subband energiesEl(k)
5El(kx)1\2ky

2/2m* and a nontrivialkx dependence of the
corresponding subband wave functionsc l ,kx

(z).16 The cor-

rect treatment of thesekx dependences will allow us to de
scribe a magnetic-field-induced transition from a on
component 2DES in a wide symmetric well at lowB towards
a two-component system at highB, which consists of two
weakly coupled 2D electron layers located near the interfa
of the well. The magnetically induced one- to tw
component transition has been observed in magnetotran
measurements of the fractional quantum Hall regime.17 The
aim of our work is to investigate the effect of this transitio
on the collective excitations of the electron system.

Part of the physics involved in this problem has recen
been discussed by Aizin and Gumbs,12 who considered
coupled 2DES in two parallel narrow quantum wells w
0163-1829/2002/65~8!/085307~10!/$20.00 65 0853
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weak electron tunneling, subjected to an in-plane magn
field. A tunneling coupling between the 2DES was mode
phenomenologically and evaluated perturbatively under
assumption that only a single subband wave function of e
well needs to be considered. In a dynamical response ca
lation based on the random phase approximation~RPA!, the
extent and overlap of these subband wave functions w
neglected in order to obtain an effective 232 dielectric ma-
trix from which collective excitations were calculated.
certain limits results of Ref. 12 anticipate our findings in t
two-component high-B limit. However, many aspects of ou
present work considering a single wide quantum well in
in-planeB field of arbitrary strength are not covered by th
approach of Ref. 12 relying on the criterion of weak tunn
ing and small energy splittingD between the two lowes
subbands atk50 (G point!.

In contrast to the phenomenological approach of Ref.
we start with a fully self-consistent calculation of the ener
dispersion and wave functions of the 2DES in a wide sy
metric quantum well, under the consideration of the bend
of the conduction band by the Hartree potential caused
the electron charges in the well. Thus, we calculate, e.g.,
energy splittingD, which was taken in Ref. 12 as an ind
pendent model parameter, and find that it depends stro
on the magnetic field and significantly increases with
creasingB. Furthermore, we base our dynamical respon
calculation on the theoretical approach of Refs. 18 and
which is developed within the self-consistent-field version
the RPA~Ref. 20! to exactly treat thek dependence of wave
functions and the nonparabolic band structure of quan
wells. Thereby, we can calculate the collective excitations
a symmetric, single quantum well subjected to parallel m
netic fields without the crude simplifying approximations
Ref. 12.

From our calculated results, several interestingB-induced
phenomena and their dependences on the strength ofB are
revealed:~1! In a low magnetic field~the magnetic length is
much larger than the well width, i.e.,l B@w), an anticrossing
feature of the branches of the inter- and intrasubband p
mons is obtained due to the magnetic-field-induced plasm
©2002 The American Physical Society07-1
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SHUN-JEN CHENG AND ROLF R. GERHARDTS PHYSICAL REVIEW B65 085307
couplings, while the coupling does not exist in the symme
quantum wells withoutB. ~2! If the in-plane magnetic field is
sufficiently strong (l B!w), an additional, undamped acou
tic intrasubband plasmon branch, besides the usual intra
band ~optical! plasmon branch, is induced in the lon
wavelength limit. The existence of the magnetically induc
acoustic plasmons is consistent with the one- to tw
component transitions due to applying a tilted magnetic fie
observed in the magnetotransport of the fractional quan
Hall regime.17 ~3! In an intermediate magnetic field (l B
&w), the plasmon dispersion is so anisotropic that the dir
tion of the in-plane magnetic field with respect toq can
affect not only the plasmon frequencies but also the num
of the undamped plasmon branches. AsBiq, there exist two
branches of the intrasubband plasmons, i.e., acoustic p
mons ~AP’s! and optical plasmons~OP’s!. In contrast, as
B'q, the acoustic mode disappears and only one branc
the optical mode exists.

This paper is organized as follows. In the next section,
present the self-consistent Hartree theory for the quan
well in the presence of the in-plane magnetic field and
theoretical approach to determine the collective excitati
in the framework of the RPA. In Sec. III, the calculated co
lective excitations for the low, moderate, and high magne
field, the charge density of the plasmons, and the absorp
spectra will be presented and discussed in detail. The p
is concluded in Sec. IV.

II. THEORY

A. Electronic structure

In the framework of the effective mass approximation, t
Hamiltonian for an electron in a quantum well under a ma
netic fieldB5¹3A is written as

H5
1

2m*
S p1

e

c
AD 2

1VQW~z!1VH~z!, ~1!

where A is the vector potential,VQW(z) is the band-edge
profile of the quantum well, andVH(z) is the Hartree poten
tial. For the in-plane magnetic field in they direction, B
5(0,B,0), wetake the vector potentialA5(Bz,0,0) accord-
ing to the Landau gauge. With the vector potential and
form of electron wave functionC l ,k(r ,z)5(1/AS)exp(ik
•r )c l ,k(z) (S is the area of the 2D plane!, the Schro¨dinger
equation reads

F \2

2m*
~ky

22]2/]z2!1VB~kx ;z!1VQW~z!1VH~z!Gc l ,k~z!

5El ,kc l ,k~z!, ~2!

whereEl ,k andc l ,k(z) are the energy and the subband wa
function of the state with the subband indexl and the in-
plane wave vectork, respectively. TheB field introduces a
parabolic confinement potential

VB~kx ;z!5
1

2
m* vc

2~z2z0!2, ~3!
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with the kx-dependentbottom positionz052kxl B
2 , where

vc[eB/m* c and l B[(\c/eB)1/2 are the cyclotron fre-
quency and the magnetic length, respectively. BecauseVB is
independent ofky , the energy and wave function of an ele
tron can be written asEl ,k5\2ky

2/2m* 1El ,kx
and c l ,k(z)

5c l ,kx
(z). This means that the in-planeB field in they di-

rection affects the band dispersion alongkx'B but does not
change the band dispersion alongkyiB @here, we definekx
[(kx,0,0) andky[(0,ky,0)#, and causes the dependence
the wave function onkx .

The piecewise continuous conduction-band-edge pro
VQW of the quantum well is described by

VQW~z!5H 0, for uzu,w/2,

DEc , for uzu.w/2,
~4!

where DEc is the conduction-band offset of the quantu
well. The Hartree potentialVH is obtained by solving Pois
son’s equation

d2VH~z!

dz2
52

4pe2

k
@re~z!2ND

1~z!#, ~5!

wherere(z) is the electron density,ND
1(z) is the density of

the ionized donor impurities, andk is the dielectric constan
of GaAs. The Hartree potential causes the band bendin
the well profile and thus two trianglelike confinement r
gions are formed at the side walls of the well. For symme
cally modulation-doped quantum wells, we assume no
ceptor impurity and two doped layers with equal amount
donor impurities, which compensate the charge of all f
electrons and are located symmetrically on the both side
well. Throughout this section, a single symmetr
GaAs/Al0.35Ga0.65As quantum well~conduction-band offse
DEc50.25 eV and electron effective massm* 50.067m0
are taken! of width w575 nm and electron densityNe
51011 cm22 is considered. According to the algorithm d
scribed in Ref. 19, we perform the self-consistent calculat
to solve Eqs.~2! and ~5!, and obtain the electronic structur
of the symmetric quantum well subject to in-plane magne
fields. This is then taken as the ground state for the eva
tion of the collective excitations within the frame of th
linear-response theory of the RPA.

The calculated band structures of the quantum well un
various in-planeB are shown in Figs. 1 and 2. In the pre
ence ofB, the subbands withkikx become nonparabolic an
nonparallel. AsB increases, the energy difference betwe
subbands is raised. AboveB;1 T, the minimum points of
the lowest (c1) subband withk along thekx direction are
shifted to finitekx points and a saddle point is formed at th
k origin. As B.3 T, the nonparabolicity is so strong tha
only states with finitekx are occupied and the correspondin
Fermi contour is split into two~see the insets of Figs. 5 an
7!.3 Such extraordinary band structures are directly relate
the kx dependence ofc l ,kx

. In finite B, the electrons with

finite z0(}kx) localized in the trianglelike confinemen
formed byVH and the well edges have lower energies th
those withz0 ,kx'0 located in the central part of the wel
7-2
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COUPLED TWO-LAYER PLASMON MODES INDUCED IN . . . PHYSICAL REVIEW B65 085307
where the potential is raised byVH . Thus, alongkikx , a c1
dispersion with local minimum at finitekx results. This fea-
ture of the band structure has been investigated previo
and more detailed discussions can be found, e.g., in R
3,16,21, and 22. We find that the band structure in our c
~see Figs. 1 and 2! with large D (5Ec2,02Ec1,0) does not
meet the situation considered in Ref. 12, in which very we
tunneling between wells is assumed and the energy gapD is

FIG. 1. Subband energies relative to the Fermi level~dotted
line! for then-type symmetric GaAs/Al0.35Ga0.65As quantum well of
width w575 nm and electron densityNe51011 cm22 ~a! without
a magnetic field and~b! with an in-plane magnetic fieldB50.2 T
in the y direction. Thick solid and dashed lines denote the disp
sions in thekx andky directions, respectively.

FIG. 2. The dispersion of the subband energies relative to
Fermi level~dotted line! for different values of the magnetic fieldB
in the y direction. Well parameters and notation as in Fig. 1.
08530
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much smaller than the energy difference between the mid
point of the gap@(Ec2,01Ec1,0)/2# and the local minimum
energy ofEc1 at some nonzerok.

B. Collective excitations

To evaluate the dynamical screening of the quantum w
under in-plane magnetic fields we take the method in R
18, which can deal with thek dependence of the wave func
tions exactly, within the RPA. Following Ref. 18, a dielectr
function eq,v(z;z8), defined by

Vq,v
ex ~z!5E dz8eq,v~z;z8!Vq,v

sc ~z8!, ~6!

is used to evaluate the screening of the 2D system, wh
Vq,v

ex (Vq,v
sc ) is the potential induced by the external~self-

consistent or screened! longitudinal electric field with in-
plane wave vectorq and frequencyv. In the spirit of the
RPA, the charge densitynq,v

ind induced by the external field is
treated as the linear response of the noninteracting syste
Vq,v

sc , i.e.,nq,v
ind(z)5*dz8Pq,v(z;z8)Vq,v

sc (z8), wherePq,v is
the noninteracting polarization function. BecauseVq,v

sc (z)
5Vq,v

ex (z)1Vq,v
ind(z), where Vind is the Coulomb potentia

induced bynind and given by

Vq,v
ind~z!5E dz8Wq~z2z8!nq,v

ind~z8!, ~7!

where Wq(z2z8)5vq exp(2quz2z8u) with vq52pe2/(kq)
is the Coulomb interaction, we can express the dielec
function as

eq,v~z;z8!5d~z2z8!2E dz̄Wq~z2 z̄!Pq,v~ z̄;z8!. ~8!

According to the standard time-dependent linear respo
theory,20 the noninteracting polarization functionPq,v(z;z8)
is obtained as

Pq,v~z;z8!5(
l ,l 8

(
k

c l ,k* ~z!c l 8,k1q~z!

3P~ l ,k; l 8,k1q;v!c l 8,k1q
* ~z8!c l ,k~z8!,

~9!

with

P~ l ,k; l 8,k1q;v![ lim
g→0

nF~El ,k!2nF~El 8,k1q!

El ,k2El 8,k1q1\v1 ig
, ~10!

wherenF is the Fermi-Dirac function and the superscript
denotes the complex conjugation. The bare excitation sa
fying the conservation of energy and momentum, i.e.,
single-particle excitation~SPE! from the state (l ,k) to that
( l 8,k1q), can occur as the denominator of the right-ha
side~RHS! of Eq. ~10! vanishes. It should be pointed out th
the wave functionsc l ,k(z) are included in thek and l sum-
mations of Eq.~9! to take into account thek dependence and
the multisubband effect.
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SHUN-JEN CHENG AND ROLF R. GERHARDTS PHYSICAL REVIEW B65 085307
To determine the modes of the collective excitation,
take the Fourier expansion ofeq,v(z;z8) within a slab of
thicknessL which contains the well, and Eq.~8! reads

em,n
q,v5dm,n2(

m8
Wm,m8

q Pm8,n
q,v , ~11!

where the Fourier transforms are defined according to

em,n
q,v5

1

LE2L/2

L/2

dzE
2L/2

L/2

dz8e2 ikmzeq,v~z;z8!eiknz8, ~12!

with kn52pn/L. Wm,n
q andPm,n

q,v are the Fourier transform
calculated as in Eq.~12!, but with eq,v(z,z8) replaced by
Wq(z2z8) andPq,v(z;z8), respectively. The modes of co
lective excitations, i.e., the eigenmodes of Eq.~11!, are de-
termined by the zeros of the determinant of this dielec
matrix, det@em,n

q,v #50.

III. RESULTS AND DISCUSSION

Based on the theoretical background described in the
vious section, we calculated and will discuss in detail
magnetoplasmons of quantum wells under in-plane magn
fields of various strengths, from extremely weak (B→0, l B
@w) to strong magnetic fields (B58 T, l B!w), at T
50 K. Two lowest spin-degenerate subbands are inclu
in the calculation of the plasmon dispersion to take into
count the possible coupling between the inter- and intras
band excitations. To make the calculated results transpa
we first discuss those in two extreme situations, i.e., in w
and strong magnetic fields. The cases of intermediateB ( l B
&w), which exhibit more complicated features, will be di
cussed later and analyzed in more details by a simpli
two-layer model.

A. Plasmon dispersions

1. Weak magnetic fields

First, we calculate the plasmon dispersion and the S
continuum of the quantum well forB50 and show them in
Fig. 3. The same result can be recovered also by the u
method of Refs. 13–15. Because of the large width of
well, the energy difference between the first (c1) and the
second (c2) lowest subbands is small (DE12;1.1 meV; see
Fig. 1! and the frequencies of the intersubband (c1-c2) plas-
mons are low. Hence, the frequencies of the intrasubb
plasmons can be comparable to those of the intersubb
plasmons at finiteq. A direct crossing of the two plasmo
branches is observed atq;2.23105 cm21 in Fig. 3. This is
since the inversion symmetry of the quantum well struct
makes the intra- and intersubband plasmons decouple15

Since the subbands are parallel, the energies of the inter
band SPE’s approach the value ofDE12 and the width of the
intersubband SPE’s region shrinks to zero asq→0 ~vertical
excitations!.

Next, we consider the quantum well subject to a we
in-plane magnetic fieldB50.2 T. As shown in Fig. 1, the
weak magnetic field slightly modifies the band dispersion
08530
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kikx ; i.e., the dispersion of the subbandc1 becomes flatter
but the curvature of the subbandc2 becomes larger. Conse
quently, the subbands of the quantum well under the in-pl
B are nonparallel. The nonparallel subbands allow more
tersubband SPE’s with various excitation energies even
q→0. Therefore, unlike the case without magnetic field, o
can notice a finite width of the intersubband SPE’s forq
50 in Fig. 4~a!.

We also see in Fig. 4~a! a pronounced anticrossing featu
in the plasmon dispersions forB50.2 T andqikx . This
indicates that the in-plane magnetic field induces a coup
between the intra- and intersubband plasmons in thesymmet-
ric quantum well. It is well known that such a coupling o
plasmons in quantum wells withoutB can be induced only as
the inversion symmetry of wells is broken.15 In the presence
of B, the wave functions forkxÞ0 cannot remain symmetric
because the middle point ofVB is shifted toz052kxl B

2Þ0
~the middle points ofVQW andVH stay atz50) and the total
confinement potentialVcon f5VQW1VH1VB is asymmetric
for kxÞ0. Due to the corresponding asymmetry of wa
functions, the coupling between the inter- and intrasubb
plasmons in Fig. 4 results.

As the magnetic field is raised to higher values, the s
bands become more nonparallel and the region of the in
subband SPE broadens more. The plasmon dispersion o
quantum well forB51 T is shown in Fig. 4~b!. The region
of SPE’s is so wide that all intersubband plasmons are L
dau damped in the SPE region and vanish. As a result, o
one branch of the intrasubband plasmons is left in the nar
energy gap between the continuum of the intra- and inters
band SPE’s, with energies less than 1.3 meV. To make m
modes of intrasubband plasmons emerge, one can fur
increase the magnitude ofB to raise the energy of the secon
subband and to enlarge the energy gap between the intra
intersubband SPE’s.

2. Strong magnetic fields

As a typical example for strong fields, we consider t
case ofB58 T (l B'9 nm), in which two Fermi contours

FIG. 3. Calculated plasmon dispersion of the quantum well
B50 T. Dashed line: intersubband plasmons. Thick solid line:
trasubband plasmons. Upper hatched area: region of intersub
SPE’s. Lower hatched area: region of intrasubband SPE’s. In
corresponding Fermi contours.
7-4
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COUPLED TWO-LAYER PLASMON MODES INDUCED IN . . . PHYSICAL REVIEW B65 085307
are formed with finite separation 2ukxu;3.63106 cm21 ~see
the inset of Fig. 5!. Hence, no electrons occupy the cent
part of the well whereuz0u5 l B

2 ukxu,14.5 nm and only state
with uz0u.14.5 nm are occupied on both sides of the we
The narrow spatial layers occupied by electrons with sm
l B lead to a minor overlap between the wave functions loc
ized on different sides of the well. In this situation the sing
quantum well behaves completely like atwo-componentsys-
tem. Figure 6 shows the total density distribution of the el
trons in the quantum well in variousB to manifest such a
one- to two-component transition.

The one- to two-component transition significantly affe
the features of the collective excitations. As shown in Fig
the plasmon dispersion of thesinglewell in the strong mag-
netic field has the typical features of a two-component s
tem, like a double quantum well,23 with the emergence of the
undamped AP’s with a quasilinear dispersion, beside
usual intrasubband OP’s, for any in-plane direction ofq.23–30

In the two-component limit, the thorough depression of
overlap between the electron layers on the both sides of
well makes out-of-phase motions~the acoustic modes! of the
charge density waves in both layers possible.

FIG. 4. Calculated plasmon dispersion of the quantum well s
ject to ~a! B50.2 T and ~b! B51 T in the y direction for the
in-plane plasmon wave vectorqiB ~left! and q'B ~right!. Solid
circles: plasmon dispersions. Upper~lower! hatched area: region o
intersubband~intrasubband! SPE’s.

FIG. 5. Calculated plasmon dispersion of the quantum well s
ject to B58 T in the y direction for the in-plane plasmon wav
vectorqiB ~left! andq'B ~right!.
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3. Intermediate magnetic fields

Between the above two limits, intermediateB can induce
an interesting anisotropy effect. The calculated plasmon
persions forB52 and 3 T are shown in Fig. 7. We find tha
two branches of the intrasubband plasmons exist forqiky ,
whereas only one remains forqikx . Figure 8 shows the plas
mon modes in these cases for various anglesu betweenq
~with constantuqu) andB, in the range from 0 to 0.5p ~theu
values, not covered by the above range, can be straigh
wardly transformed into this range according to the symm
try of Fermi contours!. For B52 T ~3 T! and uqu55
3104 cm21 (uqu5105 cm21), only one branch of the intra
subband plasmons exists for large angles betweenq andB,
i.e., 0.25p,u,0.5p (0.45p,u,0.5p), whereas two
branches of the undamped optical and acoustic plasmons
be observed for small angles betweenq and B, 0,u
,0.25p (0,u,0.45p). This suggests that, just by tunin
the direction of applied in-planeB field, manipulating the
number of the plasmon branches for some givenq becomes
possible in experiments.

-

-

FIG. 6. Total density distributions of the electrons in the qua
tum well subject to in-plane magnetic fields with various mag
tudes.

FIG. 7. Calculated plasmon dispersion of the quantum well s
ject to ~a! B52 T and~b! B53 T in the y direction, for the in-
plane plasmon wave vectorsqiB ~left! andq'B ~right!.
7-5
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SHUN-JEN CHENG AND ROLF R. GERHARDTS PHYSICAL REVIEW B65 085307
4. Analysis

A full analytic analysis for the above unusual anisotrop
feature of the magnetoplasmons is difficult because of
complicated electronic structure. However, the results
come plausible, if some simplifying assumptions are ma
concerning the states which dominate the dielectric respo
of the quantum well with in-plane fieldB. First, we assume
that, for in-plane magnetic fields with sufficiently stron
magnitude, the electrons localized on the both sides of
well can be modeled by two electrostatically coupled, b
electronically separated layers. Second, we assume tha
dielectric response of each layer is dominated by the st
near~in k space! the characteristic state~on the Fermi con-
tour! which, for the consideredq vector, yields thelargest
contribution to the polarization@Eq. ~9!#. For intrasubband
excitations, this dominant contribution comes from the
lowed intrasubband SPE (c1,k)→(c1,k1q) with
nF(Ec1 ,k)2nF(Ec1 ,k1q)Þ0, which makes the denomina
tor \v2(Ec1,k1q2Ec1,k) of Eq. ~9! smallest @it must be
positive for undamped excitations (q, v)#. In the long-
wavelength limit, the characteristic state is that state on
Fermi contour that yieldsmaximumSPE energy,Ec1,k1q
2Ec1,k ~for parabolic band structureEc1,k5\2k2/2m*
1Ec1,0 , this is the state withk5kFq/uqu!. Third, we assume
that the Fermi velocities at the characteristic states of b
layers determine the number of undamped collective exc
tions of the double-layer system for givenq, just as they do
for purely electrostatically coupled double-quantum-w
systems with parabolic and isotropic band structures in e
well.23

This simplified model allows a further analysis, based
the available theory for usual two-component systems,
2D electron double layers without magnetic fields. It h
been shown that undamped acoustic plasmons of double
ers can emerge only if the layer separationd is above a
critical distancedc , which strongly depends on the Ferm
velocities of layers.23,25 According to the work of Santoro
and Giuliani,23 which, within the RPA, takes into account th
exact expression for the polarization function and the gro

FIG. 8. Dispersion of plasmon modes forq with fixed magni-
tudeq along various in-plane directions in the presence ofB. u is
the angle betweenB andq.
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velocities of acoustic modes for double-layer systems w
isotropic and parabolic band structure, the critical distanc
given by

dc5d0

~12s2!1/2

12~12s2!1/2
, ~13!

with d0[kaBm0/4m2* and s[vF2 /vF1 (vF1.vF2), where
vFi (mi* ) is the Fermi velocity~effective mass! for layer i,
andaB denotes the effective Bohr radius. Equation~13! in-
dicates that, if the Fermi velocities of the two ideal 2D laye
are identical, the undamped acoustic plasmons can alw
exist due to the vanishing ofdc . In contrast, a finite value o
dc is caused by a difference between the Fermi velocities
the two layers and increases as the ratiovF2 /vF1(<1) de-
creases.

First, we apply the model to the case of strong fieldB
58 T. We numerically determine the characteristic sta
that are involved in the allowed SPE with maximum ener
The two separated Fermi contours yield two characteri
states, respectively belonging to both Fermi contours,
some consideredq. The positions of these states in thek
space are schematically shown in the lower inset of Fig
and the in-plane wave vectors of the characteristic states
qiky @qikx# are denoted ask1 and k2 (k3 and k4), respec-
tively. One can notice that these are the states on the res
tive Fermi contours with the largestky (kx) components for
qiky @qikx#, i.e., the states on the Fermi contours withkiq.
The square of the wave functions of these characteri
states is shown in Fig. 9. We see that the wave functions
strongly localized on both sides of the well~because of the
small l B value! and the overlap between those of the sta
with wave vectorsk1 andk2 (k3 andk4) is very small, like
those of the usual double-layer systems~without B). In this
situation, our simplified model is very suitable to describe
quantum well subject to a strongB.

To evaluate thedc within our model, we numerically cal-
culate the Fermi velocities of these relevant states and ob
the ratio of the Fermi velocities,vk1

/vk2
51 and vk3

/vk4

FIG. 9. The square of the wave functions of the dominant sta
of the quantum well subject toB58 T. Inset: sketch of the corre
sponding Fermi contours and the positions of the dominant sta
7-6



e

s

r o
at

s

te

to

on

i
w

f

e

he

u
ion

-

-
un-

to

es,
dy

of
and
ery
s

ua-
ys-
he
ese

i ve-

is
in
el.

of
’s
-

axi-
r
n

ermi
e

ex-
nly
still
es

s-

he
er

an

a

COUPLED TWO-LAYER PLASMON MODES INDUCED IN . . . PHYSICAL REVIEW B65 085307
'0.38. The corresponding critical distancedc , calculated
according to Eq.~13! with mi* 50.067m0, is dc50 @dc

'30 nm#, for qiky @qikx#. The zerodc accounts for the
emergence of the undamped acoustic plasmons forqiky in
Fig. 5. Forqikx , thedc value is finite but still less than th
average distance between the dominant statesk3 and k4 , d
'45 nm ~see Fig. 9!, and two branches of undamped pla
mons can exist forqikx , as shown in Fig. 5.

In the same way, we can analyze the case ofB53 T to
understand the origin of the anisotropy of branch numbe
plasmons. We numerically determine the characteristic st
for B53 T and show their positions~in the k space! in the
lower inset of Fig. 10. The in-plane wave vectors of the
states forqiky @qikx# are denoted ask1 andk2 @k3 andk4],
as in the case ofB58 T. Basically, the Fermi contours forB
above 3 T have similar features, which are two separa
contours, symmetrically placed on both sides of theky axis.
The determined characteristic states forB53 T are there-
fore also those states on the corresponding Fermi con
possessing the maximum value of theky (kx) for qiky

@qikx#. But a remarkable difference from the case of a str
ger B field is that the state withk5k3 is very near to the
saddle point of thek origin and has particularly low Ferm
velocity. The low Fermi velocity of this state leads to a lo
value vk3

/vk4
'0.25 and largedc ('76 nm) for qikx ,

whereas the value ofvk1
/vk2

remains unity anddc50 for

qiky . Because of zerodc , there still exist two branches o
the undamped plasmons forqiky in Fig. 7~b!. The large
value of dc ('76 nm) for qikx is much larger than the
average distance between the wave functions ofk3 andk4 ,
d'30 nm ~see Fig. 10!, and prohibits the existence of th
acoustic mode, and only one mode is left@see Fig. 7~b!#.

Comparing Fig. 9 with Fig. 10, one can notice that t
wave functions become broader with decreasingB, so that
the corresponding densities overlap in Fig. 10. One sho
note, however, that we consider here exact wave funct
Cc1,k(r ,z) of the full Hamiltonian H, Eq. ~1!, which are

FIG. 10. The square of the wave functions of the domin
states of the quantum well subject toB53 T. Inset: sketch of the
corresponding Fermi contours and the positions of the domin
states.
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orthogonal,^Cc1,kuCc1,k8&5dk,k8 , and have vanishing ma
trix elementŝ Cc1,kuHuCc1,k8&50 for kÞk8. This situation
is very different from that of bilayers withoutB, often con-
sidered in the literature,27 where one starts with eigenfunc
tions of the isolated individual layers and considers the t
neling effect by introducing the parameterDSAS(5Ec22Ec1),
the tunneling-induced energy gap between symmetric (c1)
and antisymmetric (c2) states. The energy gapDSASeventu-
ally leads to a rise of the acoustic plasmon dispersion
finite energies~higher thanDSAS) in the long-wavelength
limit.27,28 In contrast to those phenomenological approach
in our treatment all possible tunneling effects are alrea
included in the self-consistent band structure calculation.

With weakerB, the behavior of the dielectric response
the quantum well approaches the one-component limit
our simplified model no longer describes the system v
well. In the case ofB52 T, a peanutlike Fermi contour i
formed, instead of two separated ones@see the inset of Fig.
7~a!#. This means that some electrons, withz0;0, occupy
the central part of the well. Hence, the system in this sit
tion does not behave completely like a two-component s
tem. Forqiky , we still find two states that can generate t
largest polarization and the maximum energy of SPE. Th
are the states with the maximum value of theky among the
states on the Fermi contour and possess the same Ferm
locity, similar to the states ofk1 and k2 mentioned previ-
ously. The overlap of the corresponding wave functions
still relatively small, and the existence of two plasmons
this situation seems reasonable within our simplified mod
However, the situation forqikx is different. On the single
Fermi contour, many SPE’s are allowed in the half-plane
kx.0 and yield larger polarizations, while only a few SPE
are allowed forkx,0 and their contribution to the polariza
tion is not comparable to those forkx.0. As a result, only
one characteristic state that yields the SPE with the m
mum energy forqikx can be determined. Its wave vecto
possesses the maximumkx component among the states o
the Fermi contour, similar to the state ofk4 in the previous
cases with higherB ~however, the state ofk3 in the previous
cases does not exist in this case because of the single F
contour, instead of two!. Hence, the dielectric response of th
quantum well withB52 T for qikx is dominated only by
the sole characteristic state and the plasmon dispersion
hibits a typical feature of one-component systems, i.e., o
one branch of undamped intrasubband plasmons. With
lower magnetic fields, the quantum well completely becom
a one-component system~one branch of intrasubband pla
mons exists forq in any in-plane direction! and our simpli-
fied model is not suitable for the analysis.

B. Charge density waves

In this section, the symmetry of charge density of t
collective excitations will be discussed. First, we consid
the collective excitations withq5(0,q,0)iB. In this case, we
can replaceck¿q(z) in the k summation of Eq.~9! with
ckx

(z), becauseck1q(z)5ckx1qx
(z) is independent of the

ky component of the wave vector and theqx component of
the q is zero. Exploiting the relations thatVB(kx ;z)5VB

t

nt
7-7
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(2kx ;2z) @see Eq. ~3!#, VH(z)5VH(2z) and VQW(z)
5VQW(2z) in Eq. ~2! for the symmetric well underB
5(0,B,0), we haveckx

(z)5c2kx
(2z). Then, taking the

transformationkx→2kx again in thek summation of Eq.~9!
and exploiting that ckx

(z)5c2kx
(2z), we can derive

P(z,z8)5P(2z,2z8). According to Eq. ~8!, we can
straightforwardly derive

e~z,z8!5e~2z,2z8! ~14!

for qiB. Equation~14! indicates that the matrix elements
e(z,z8) in the Fourier basis fulfillem,n5e2m,2n @see Eq.
~12!#. Therefore, the components of the corresponding eig
statesVsc ((nem,nVn

sc50) satisfy Vn
sc56V2n

sc . The latter
equation means thatVsc(z) is either asymmetricor ananti-
symmetricfunction of z. Because the polarization functio
fulfills P(z,z8)5P(2z,2z8), the distribution of the charge
density waves of the collective excitations@nind(z)
5*dz8P(z,z8)Vsc(z8)# ~Ref. 19! is either symmetric or
antisymmetric,12 which, respectively, correspond to the i
phase and out-of-phase oscillations of plasmon modes,
optical and acoustic modes, for low-frequency excitations
a two-component system.23 In contrast, forq5(q,0,0)'B,
ck1q(z)5ckx1q(z)Þckx

(z) becauseqxÞ0. This leads to

e(z,z8)Þe(2z,2z8). It indicates that the symmetry o
charge density waves of the collective excitations with wa
vectorq is destroyed by theB ('q).12

The above relation between the~anti!symmetry of collec-
tive charge density and the direction ofq with respect toB
has also been deduced from the analysis of the work of R
12 for the case of the symmetric double quantum well. A
cording to our analysis, one further recognizes that the r
tion directly results from the symmetry of 2DES and is va
also for other symmetric structures. We shall show in
next section that such a~anti!symmetry or a broken symme
try of the charge density for differentq can yield different
features of the optical response to external polarized fiel

C. Absorption spectra

For the 2D system subjected to an external longitudi
electric field with in-plane wave vectorq and frequencyv,
the average power dissipation per unit area in the scree
system is expressed as~see Ref. 19 for details!

P̄52
v

2
Im E dz†Vq,v

ex ~z!] * nq,v
ind~z! ~15!

@another equivalent expression, appearing in Ref. 19, is
of Eq. ~15! with the replacementVq,v

ex by Vq,v
sc #.31 Following

the derivation of Ref. 19, we have the normalized pow
dissipation with respect to the Fourier component of exter
potentialVn

exeiqzz with qz52pn/L,

p̄n}v Im (
m

@Wq
21#n,m~eq,v

21 !m,n , ~16!
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where@Wq
21#n,m is the element of the inverse matrix ofWm,n

q

and (eq,v
21 )m,n is that of the inverse matrix ofem,n

q,v . In the
calculation of absorption spectra, a typical value of the p
nomenological parameterg50.1 meV is taken in Eq.~9! to
model the damping mechanism.15,32Figure 11 shows the cal
culated energy-loss spectra of the quantum well for vari
magnitudes ofB in the y direction, includingB52 T, 3 T,
and 8 T, forq (uqu5105 cm21) in the kx and theky direc-
tions and variousqz .

For B52 T andqikx , only a sharp peak correspondin
to the optical plasmon atv'2.1 meV appears in the spec
trum. For qiky , in addition to the signal of the Landau
damped optical plasmon atv'2.1 meV, a weak absorption
peak at v'0.8 meV induced by the undamped acous
plasmon is observed. The appearance of the strong abs
tion corresponding to the optical plasmon forqiky and qz
50, which according to Fig. 7~a! is expected to be Landa
damped, indicates that the collective excitation of the opti
mode seems to be decoupled from the intersubband SPE
fact, a constant external field~a field containing only the
component forqz50) cannot induce an intersubband SP
for q5(0,q,0)iky , because the matrix element vanishes d
to orthogonality of the kx-dependent wave function
(^c1,kuVexuc2,k1q&5Vex^c1,kxuc2,kx1qx&}^c1,kxuc2,kx&
50). Hence, there occurs no absorption due to SPE’s in
range of the energies of intersubband SPE’s forqiky and
qz50, and the peak due to the excitation of the collect
optical mode is undamped. The same phenomenon can
be found in the case of otherB fields ~see that ofB53 and
8 T for q in the ky direction in Fig. 11!. For qiky and qz
Þ0 @Vex}exp(iqzz)#, the orthogonality of wave functions
does not lead to the vanishing of the matrix eleme
^c1,kxuVexuc2,kx& and a finite absorption due to SPE’s resu
in the range of energies of intersubband SPE’sv
*2 meV).

FIG. 11. Calculated energy-loss spectra of the quantum well,
q5105 cm21 with the orientation of thekx andky directions, un-
der the in-plane magnetic fields in they direction with magnitude
B52 T, 3 T, and 8 T.
7-8
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For B53 T, there exist two absorption peaks corr
sponding to the undamped~damped! acoustic and optica
plasmons forq in the ky @kx# direction. In the strong mag
netic field B58 T, as a case of the two-component lim
two pronounced signals of the undamped acoustic and o
cal plasmons appear in the spectra for any direction ofq. In
addition to the previous magnetotransport measureme17

we predict here that an optical measurement can also o
evidence for the existence of the one- to two-compon
transition induced by in-plane magnetic fields.

It is also found that the intensity of absorption strong
depends on the Fourier component of the applied elec
field. ForqiB in theky direction, the absorption signal of th
acoustic plasmons for theqz50 component vanishes and th
strongest absorption signal results as the wavelength of
external field,lz52p/qz , is equal to the well width (w
575 nm), i.e.,lz5w. Thus, in the cases of Fig. 11 forq in
the ky direction, the absorption signals for the acoustic pl
mons have the strongest intensity forqz54p/L (L
5150 nm, i.e., lz575 nm) and decay asqz becomes
smaller or larger. In contrast, the strongest signal of the
tical plasmon is that for theqz50 component and a mini
mum absorption signal occurs asqz54p/L ~the large ab-
sorption intensity of the optical plasmon forqiky and qz
54p/L in the case ofB52 T is mainly induced by the
intersubband SPE’s!. For brevity, we only show the spectr
for these criticalqz(50,4p/L) and that forqz58p/L for
comparison in Fig. 11. The feature of the spectrum for ot
qz can be qualitatively understood by means of interpolati
Suchqz dependences of the absorption intensities exist, h
ever, only for qiky . For qikx , one cannot find a regula
relation between the absorption intensities andqz .

Due to a lack of analytical formulation describing the co
lective excitations and the induced charge density, an an
sis for the numerically calculated absorption spectra, incl
ing the qz dependence of absorption intensity, is difficu
However, exploiting the fact that the induced charge den
possesses some certain symmetry~with respect toz) asqiky
~see the previous section!, a further analysis for the case o
qz50 becomes possible. Exploiting Eq.~15!, one can ex-
plain the vanishing of the absorption of acoustic modes
qiky and qz50, as shown in Fig. 11. Because an exter
potential, containing only the component ofqz50, is an
even function ofz ~a constant! and the induced charge den
sity, nq,v

ind(z), of an acoustic mode forqiky is an odd~anti-
symmetric! function with respect toz, Eq.~15! vanishes after
the integration and no absorption occurs in that case. In c
trast, the strength of absorption signals of optical modes
qiky and anyqz is finite, because the Fourier component
the external potential,Vn

ex exp(iknz), with respect toqz5kn

always contains an even functionVn
ex cos(knz) and the in-

duced charge density is also an even~symmetric! function
with respect toz. For qikx , it is, however, hard to perform
the same analysis because the symmetry or the antisymm
of the charge density of the collective excitations does
exist.
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IV. CONCLUSIONS

In conclusion, we have presented a complete investiga
of the collective excitations in symmetric wide quantu
wells subject to in-plane magnetic fields, which treats
magnetic-field-induced nonparabolicity and the wave-vec
dependence of the subband wave functions in the framew
of the RPA exactly. The calculated results, including the pl
mon dispersion, the single-particle excitations, and ener
loss spectra, show that in-plane magnetic fields significa
affect the basic feature of the collective excitations. One
the remarkable magnetic-field-induced effects is the one
two-component transition in the collective excitations.
strong magnetic fields, the plasmon dispersion has, surp
ingly, the typical features of a two-component system w
the existence of an optical as well as an acoustic plasm
branch for any in-plane direction ofq, whereas there exist
only one branch of intrasubband plasmons for very low m
netic fields B. In intermediately high magnetic fields, th
number of the plasmon branches for some given in-pl
wave vector depends on the direction of the in-plane m
netic field. Forq'B, one branch of the intrasubband pla
mons exists like in the cases of weak magnetic fields.
contrast, for qiB, the plasmons behave like in a two
component system and two branches of the intrasubb
plasmons~OP’s and AP’s! emerge. Hence, through changin
the direction of applied intermediate magnetic fields, vary
the number of the plasmon branches of wide quantum w
for some givenq becomes possible. These calculated res
of the magnetoplasmons are further analyzed by a simpli
double-layer model based on the theory of Ref. 23, provid
a transparent analytical formulation to determine the em
gence of the acoustic mode in a two-component system.
analysis successfully clarifies the emergence of the acou
modes due to the in-planeB field above the intermediate
regime. For a weak magnetic field (B52 T) and a longitu-
dinal electric field with the wave vectorqiB andqz50, we
find sharp absorption lines due to optical plasmons in
energy range of intersubband SPE’s. We explain this p
nomenon in terms of a decoupling of collective and sing
particle excitations due to symmetry properties.

In this work we have not considered exchange and co
lation effects and, as a consequence, we have not discu
spin-density excitations. In view of the controversial liter
ture about collective spin states in double-lay
systems,28,33,34it might be interesting to generalize our wor
to include spin effects. In principle it should be possible
generalize our work within the Hartree and RPA to calcu
tions within the local density approximation~LDA ! and
time-dependent LDA, respectively, or to the correspond
spin-density versions.
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