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Coupled two-layer plasmon modes induced in a single quantum well by in-plane magnetic fields
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We present a complete investigation of the collective excitations in quantum wells subject to in-plane
magnetic fieldB, 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 wigthigh in-planeB fields
(Ig<<w) can, besides the usual optical intrasubband plasnOfss), give rise to an additional branch of
undamped acoustic plasmof&P’s), which does not exist in a single well witho®t In low B fields (g
>w), the magnetic-field broken symmetry of electron wave functions causes an anticrossing feature of the
plasmon dispersions even in the symmetric well. In intermeddtelds (g=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 vectoq. For B||g, there exist two branches of plasmoi®P’s and AP’$, whereas only one
(OP) exists forBL q.
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I. INTRODUCTION weak electron tunneling, subjected to an in-plane magnetic
field. A tunneling coupling between the 2DES was modeled
Two-dimensional electron systeni8DES’s in the pres- phenomenologically and evaluated perturbatively under the
ence of a magnetic field have attracted great interest for dexssumption that only a single subband wave function of each
cades. Whereas 2DES's under a perpendicular magnetic fielgell needs to be considered. In a dynamical response calcu-
have been studied extensively, recently increasing attentiogtion based on the random phase approximatiRa), the
has been paid to the 2DES subject to parallel magnetigxtent and overlap of these subband wave functions were
fields~® However, collective excitations, as a fundamentalneglected in order to obtain an effectivec2 dielectric ma-
property of 2DES's, in the presence of parallel magnetiGyiy from which collective excitations were calculated. In
fields have been investigated only by a limited number ofgain jimits results of Ref. 12 anticipate our findings in the

. . 12 . e
expenmenta_ll anq theoreucal works'* A theoretical diffi- two-component higlg limit. However, many aspects of our
culty with this topic is the need for an exact treatment of the

k, dependence of the wave functions that results from th(lg:1 r_eslz:]];\évoﬁr; dcc())?i?;;g? astsrlenr?lfhwg?: r?:ta:ct)l\J/r;revrjeg Irlh{zn
magnetic fields in the direction. Most existing theoretical P h of Ref. 12 rel ry tﬁ iteri f Kt y |
methods to calculate the collective excitations of the electror?pproag 0 “e ’ re ylr;%]t_on ; f” erlor;ho ;Neal unn:e i
systems are, however, applicable only for such a simplifiedngbt‘;’m dsrgf_ gnlgrgy.stpl ing between the two lowes
model, in which the energy bands are parabolic and the wayaHpbanads ak= (" point. .
functions W, (r,2) factorize into an in-plane part exa( In contrast to the phenomenological approach of Ref. 12,
1) and a sfjbbénd functiog(z), which is independent of we start with a fully self-consistent calculation of the energy
the in-plane wave vectde=(k,k,) [z denotes the direction d|sp<_arS|on and wave functions of th? ZDE.S in a wide sym-
perpendicular to the quantum well ane (x,y) the in-plane metric quantum well, under the consideration o_f the bending
positior], 1315 ' of the conduction band by the Hartree potential caused by
A characteristic feature of the in-plane magnetic figld the electron pharges n the well. Thu.s, we calculate, €.g., the
n ] R A energy splittingA, which was taken in Ref. 12 as an inde-
=Be, in they direction is, however, to introduce a strongly

_ pendent model parameter, and find that it depends strongly
nonparabohd% dependence of the subband enerdigtk)  on the magnetic field and significantly increases with in-
= E|(kx)+h2ky/2m* and a nontriviak, dependence of the

creasingB. Furthermore, we base our dynamical response
corresponding subband wave functioig, (2).'® The cor-  calculation on the theoretical approach of Refs. 18 and 19,
rect treatment of thesk, dependences will allow us to de- which is developed within the self-consistent-field version of
scribe a magnetic-field-induced transition from a one-the RPA(Ref. 20 to exactly treat thé dependence of wave
component 2DES in a wide symmetric well at I@xtowards ~ functions and the nonparabolic band structure of quantum
a two-component system at hidgh which consists of two wells. Thereby, we can calculate the collective excitations of
weakly coupled 2D electron layers located near the interfaces symmetric, single quantum well subjected to parallel mag-
of the well. The magnetically induced one- to two- netic fields without the crude simplifying approximations of
component transition has been observed in magnetotranspdref. 12.

measurements of the fractional quantum Hall regtfi€he From our calculated results, several interestamduced
aim of our work is to investigate the effect of this transition phenomena and their dependences on the strengdhare
on the collective excitations of the electron system. revealed(1) In a low magnetic fieldthe magnetic length is

Part of the physics involved in this problem has recentlymuch larger than the well width, i.dg>w), an anticrossing
been discussed by Aizin and Gumiiswho considered feature of the branches of the inter- and intrasubband plas-
coupled 2DES in two parallel narrow quantum wells with mons is obtained due to the magnetic-field-induced plasmon
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couplings, while the coupling does not exist in the symmetriowith the k,-dependentottom positionzo=—k,l3, where
quantum wells withouB. (2) If the in-plane magnetic field is w.=eB/m*c and Ig=(%c/eB)¥? are the cyclotron fre-
sufficiently strong (g<w), an additional, undamped acous- quency and the magnetic length, respectively. Bec¥fgsis

tic intrasubband plasmon branch, besides the usual intrasuindependent ok, , the energy and wave function of an elec-
band (optica) plasmon branch, is induced in the long- tron can be written a§|,k=ﬁ2k§/2m*+E|,kx and ¢ (2)

wavelength limit. The existence of the magnetically induced_ U1 (2). This means that the in-plar field in the'y di-

acoustic plasmons is consistent with the one- to two- i ttacts the band di . | B but d ¢
component transitions due to applying a tilted magnetic fiel rection atiects the band dispersion aldag. B bu 0€s Nno
hange the band dispersion alokg B [here, we definé,

observed in the magnetotransport of the fractional quantunt ~

Hall regime!’ (3) In an intermediate magnetic field g T](kx’o’o)fa”dlfyz(?kkylo)], and causes the dependence of

=w), the plasmon dispersion is so anisotropic that the directh® wave unct_lon OfKy . . )
The piecewise continuous conduction-band-edge profile

tion of the in-plane magnetic field with respect ¢ocan . .
affect not only the plasmon frequencies but also the numbeY Qw of the quantum well is described by

of the undamped plasmon branches.B{s, there exist two
branches of the intrasubband plasmons, i.e., acoustic plas- Vow(z)=
mons (AP’s) and optical plasmongOP’s). In contrast, as

BL g, the acoustic mode disappears and only one branch of . .
the optical mode exists. where AE, is the conduction-band offset of the quantum

This paper is organized as follows. In the next section, Wewe”' The Hartree potential, is obtained by solving Pois-

present the self-consistent Hartree theory for the quanturﬁOns equation
well in the presence of the in-plane magnetic field and the 2 2

; : : - d“Vu(2) dme
theoretical approach to determine the collective excitations S _ [pe(2)—NZ(2)] (5)
in the framework of the RPA. In Sec. Ill, the calculated col- dz? ¢ b ’
lective excitations for the low, moderate, and high magnetic . o ]
field, the charge density of the plasmons, and the absorptioftherepe(2) is the electron densityNp (2) is the density of
spectra will be presented and discussed in detail. The papéte ionized donor impurities, and is the dielectric constant

0, for |z|<wi/2,

AE., for |z|>wi/2, @

is concluded in Sec. IV. of GaAs. The Hartree potential causes the band bending of
the well profile and thus two trianglelike confinement re-

Il. THEORY gions are formed at the side walls of the well. For symmetri-

cally modulation-doped quantum wells, we assume no ac-

A. Electronic structure ceptor impurity and two doped layers with equal amount of

In the framework of the effective mass approximation, thedonor impurities, which compensate the charge of all free
Hamiltonian for an electron in a quantum well under a mag_electrons and are located symmetrically on the both sides of
netic fieldB=V X A is written as well. Throughout this section, a single symmetric

GaAs/ Al 3:Gay gsAs quantum well(conduction-band offset

2 AE.=0.25 eV and electron effective mass* =0.067n,
+Vow(2)+Vy(2), 1 are takeh of width w=75 nm and electron densiti,
=10" cm 2 is considered. According to the algorithm de-
scribed in Ref. 19, we perform the self-consistent calculation
to solve Egs(2) and(5), and obtain the electronic structure
of the symmetric quantum well subject to in-plane magnetic
fields. This is then taken as the ground state for the evalua-
ion of the collective excitations within the frame of the
inear-response theory of the RPA.

The calculated band structures of the quantum well under
various in-planeB are shown in Figs. 1 and 2. In the pres-
ence ofB, the subbands withk| k, become nonparabolic and
nonparallel. AsB increases, the energy difference between
1 1(2) subbands is raised. Abo\®~1 T, the minimum points of

the lowest €1) subband withk along thek, direction are
—E (2) 2 shifted to finitek, points and a saddle point is formed at the
Lkk(2), k origin. As B>3 T, the nonparabolicity is so strong that
whereE; , and ¢ (z) are the energy and the subband waveonly states with finitek, are occupied and the corresponding
function of the state with the subband indexand the in-  Fermi contour is split into twdsee the insets of Figs. 5 and
plane wave vectok, respectively. TheB field introduces a 7).2 Such extraordinary band structures are directly related to
parabolic confinement potential the k, dependence ofp,'kx. In finite B, the electrons with
finite zy(ock,) localized in the trianglelike confinement
formed byVy and the well edges have lower energies than
those withz,,k,~0 located in the central part of the well,

H

e
= o p+ CA
where A is the vector potentialVow(2) is the band-edge
profile of the quantum well, and,,(z) is the Hartree poten-
tial. For the in-plane magnetic field in the direction, B
=(0,B,0), wetake the vector potenti?i=(Bz0,0) accord-
ing to the Landau gauge. With the vector potential and th
form of electron wave functiorﬂﬁ,k(r,z)=(1/\/§)exp4k
1) «(2) (Sis the area of the 2D plahethe Schrdinger
equation reads

h2

(K= 3%192%) +Vg(ke:2) +Vow(2) + Viu(2)

m*

1 2
Va(kyi2)= 5 m* wg(z-20)?, )
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much smaller than the energy difference between the middle

6

4 ia)/ c3 / B=oT | point of the gap[(Ec,0+ Ec10)/2] and the local minimum
/ - energy ofE.; at some nonzeré&.

2 e

0

/ c1 B. Collective excitations

/ = S To evaluate the dynamical screening of the quantum well

under in-plane magnetic fields we take the method in Ref.
18, which can deal with thke dependence of the wave func-
tions exactly, within the RPA. Following Ref. 18, a dielectric
function € ,(z;2"), defined by

E (meV)

ngw(z)=J d7'€q,,(2:2')Vg'(2), (6)

E (meV)

is used to evaluate the screening of the 2D system, where

Vo (Vg is the potential induced by the exterriglelf-

0.0 0.5 1.0 1.5 consistent or screengdongitudinal electric field with in-
k(10°%cm’) plane wave vector and frequencyw. In the spirit of the

RPA, the charge density‘q’jf) induced by the external field is

”ne'):'fg; trl1é :g/%zagfmiz'gti?cieéafslglt; t;fs Zﬁg:tiumgfgf treated as the linear response of the noninteracting system to
- '3 .6! SC ind — ' “ ot SC ' i

width w=75 nm and electron density,=10"* cm™2 (a) without \:]q"”’ L€ nq’w(z.) fdzl H.q"“(.z’z 1quw.(z ), é\lheren%“’ N

a magnetic field andb) with an in-plane magnetic fielB=0.2 T the egon'nterﬁ]%tmg po ar'zati'r?dn. unction. ecau‘géw(z)_

in they direction. Thick solid and dashed lines denote the disper-— Vq,w(z)+\/_q,dw(z)a WhereV is the Coulomb potential

sions in thek, andk, directions, respectively. induced byn'"® and given by

where the potential is raised M, . Thus, alongk|k,, acl V;TS,(Z)IJ dz'Wy(z—2")nga(z’), (7)
dispersion with local minimum at finitk, results. This fea- _

ture of the band structure has been investigated previoushehere Wy(z—2z') =vqexp(-qlz—2'|) with v,=2me%(xq)

and more detailed discussions can be found, e.g., in Refts the Coulomb interaction, we can express the dielectric
3,16,21, and 22. We find that the band structure in our cask!nction as

(see Figs. 1 and)2with large A (=E;0—E.;0) does not

meet the situation consid.ered in Ref. 12, in which verylweak €q0(z2)= 5(2_2,)_f d?Wq(z—;)Hq w(zzf)_ ®)
tunneling between wells is assumed and the energyAgep ’ ’

According to the standard time-dependent linear response

L/ Vo[ — x| theory?® the noninteracting polarization functid,, ,(z;z’)
3 o A BRI 1) S is obtained as
L 1y 4
1t B=0T [ J/ B=1T -
-1 % _1/ b Hq,m(Z;Z/):g ; (Mk,k(z)wl’,k-*—q(z)
-3 ; I I I I ' ’ . ’ ’
3 /"l /,,' ] X P(l,k;l ,k+q,w)¢|*,]k+q(z Vi (2,
L/ C _
: ) L _- ©
E Y, B=2T [, B=3T it
w 7’
1 IN_/ ]
-3 S ~ Ne(E ) —Ne(Epr s g)
L/ - . P(Lk:I" k+q w)= lim —— = el ©q)
3 f ”’ - ', E y—0 E,vk—E|,'k+q+ﬁw+ly
I I / = 1 . . . . .
1 .L Ll —— B=8T y whereng is the Fermi-Dirac function and the superscript *
T N4 i ~N_] denotes the complex conjugation. The bare excitation satis-
- fying the conservation of energy and momentum, i.e., the
-3 0 1 > 3 0 ] > 3 single-particle excitatiofSPB from the state I(k) to that

(I",k+q), can occur as the denominator of the right-hand
side(RHY9) of Eqg. (10) vanishes. It should be pointed out that
FIG. 2. The dispersion of the subband energies relative to théhe wave functions/; (z) are included in thé andl sum-
Fermi level(dotted ling for different values of the magnetic fieRl ~ mations of Eq(9) to take into account thke dependence and

in they direction. Well parameters and notation as in Fig. 1. the multisubband effect.

k (10°%cm™)
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To determine the modes of the collective excitation, we 7 —
take the Fourier expansion @, ,(z;z') within a slab of 6l B=0T
thicknessL which contains the well, and E@8) reads @ ppr— i
5¢ ,.r" 4
Egﬁ,ar)\: Omn— 2 W;,m’H?n’?jn ) (11 %4 =1 k(ofem™) 1 -
m £
where the Fourier transforms are defined according to Nl
2 L
1 (L2 L2 _ o
E%,‘;:['L ledz 7L/2d2,e7|kmzfq,w(2;z’)elknz . (12 1 (& - inter-subband plasmons
A1 7 iMra-subband plasmons. .
with kn=27n/L. W], , andII{ are the Fourier transforms % 1 2 3 4 5
calculated as in Eq(12), but with €, ,(z,z") replaced by q (10°cm™)
Wy(z—2') andll, ,(z;2"), respectively. The modes of col- FIG. 3. Cal , ,
lective excitations, i.e., the eigenmodes of Etf), are de- . 3. Calculated plasmon dispersion of the quantum well for

termined by the zeros of the determinant of this dielectricc O T- Dashed line: intersubband plasmons. Thick solid line: in-
. qoq_ trasubband plasmons. Upper hatched area: region of intersubband
matrix, defen;]1=0.

SPE’s. Lower hatched area: region of intrasubband SPE’s. Inset:
corresponding Fermi contours.
Ill. RESULTS AND DISCUSSION
k||ky; i.e., the dispersion of the subband becomes flatter

Based on the theoretical background described in the prayyt the curvature of the subbas@ becomes larger. Conse-
vious section, we calculated and will discuss in detail thequently, the subbands of the quantum well under the in-plane
magnetoplasmons of quantum wells under in-plane magnetig are nonparallel. The nonparallel subbands allow more in-
fields of various strengths, from extremely wedk—+¢0, |z tersubband SPE’s with various excitation energies even for
>w) to strong magnetic fieldsB=8 T, lg<w), at T  gq—0. Therefore, unlike the case without magnetic field, one
=0 K. Two lowest spin-degenerate subbands are includedan notice a finite width of the intersubband SPE’s fpr
in the calculation of the plasmon dispersion to take into ac=0 in Fig. 4a).
count the possible coupling between the inter- and intrasub- \We also see in Fig.(4) a pronounced anticrossing feature
band excitations. To make the calculated results transparenh the plasmon dispersions f@=0.2 T andq||k,. This
we first discuss those in two extreme situations, i.e., in weakndicates that the in-plane magnetic field induces a coupling
and strong magnetic fields. The cases of intermedaés  between the intra- and intersubband plasmons irsyinemet-
=w), which exhibit more complicated features, will be dis- ric quantum well. It is well known that such a coupling of
cussed later and analyzed in more details by a simplifieghlasmons in quantum wells withoBtcan be induced only as
two-layer model. the inversion symmetry of wells is brokénin the presence

of B, the wave functions fok,+# 0 cannot remain symmetric
A. Plasmon dispersions because the middle point &fg is shifted tozy= —kxléio

(the middle points oV andVy, stay atz=0) and the total
confinement potentiaV/ 1= Vow+ Vy+ Vg is asymmetric

First, we calculate the plasmon dispersion and the SPEor k,#0. Due to the corresponding asymmetry of wave
continuum of the quantum well fd8=0 and show them in  functions, the coupling between the inter- and intrasubband
Fig. 3. The same result can be recovered also by the usuplasmons in Fig. 4 results.
method of Refs. 13-15. Because of the large width of the As the magnetic field is raised to higher values, the sub-
well, the energy difference between the firstl] and the bands become more nonparallel and the region of the inter-
second ¢2) lowest subbands is smalAE;,~1.1 meV; see subband SPE broadens more. The plasmon dispersion of the
Fig. 1) and the frequencies of the intersubband€2) plas- quantum well forB=1 T is shown in Fig. &). The region
mons are low. Hence, the frequencies of the intrasubbandf SPE’s is so wide that all intersubband plasmons are Lan-
plasmons can be comparable to those of the intersubbardhu damped in the SPE region and vanish. As a result, only
plasmons at finiteg. A direct crossing of the two plasmon one branch of the intrasubband plasmons is left in the narrow
branches is observed @t-2.2<x10° cm ! in Fig. 3. Thisis  energy gap between the continuum of the intra- and intersub-
since the inversion symmetry of the quantum well structureband SPE’s, with energies less than 1.3 meV. To make more
makes the intra- and intersubband plasmons decodpled.modes of intrasubband plasmons emerge, one can further
Since the subbands are parallel, the energies of the intersulncrease the magnitude Bfto raise the energy of the second
band SPE’s approach the valueXE;, and the width of the subband and to enlarge the energy gap between the intra- and
intersubband SPE’s region shrinks to zeragasO (vertical  intersubband SPE’s.
excitations. o

Next, we consider the quantum well subject to a weak 2. Strong magnetic fields
in-plane magnetic field=0.2 T. As shown in Fig. 1, the As a typical example for strong fields, we consider the
weak magnetic field slightly modifies the band dispersion forcase ofB=8 T (Ig=9 nm), in which two Fermi contours

1. Weak magnetic fields

085307-4



COUPLED TWO-LAYER PLASMON MODES INDUCED IN.. .. PHYSICAL REVIEW B5 085307

4 : .
— B=0T
e B=3T
< I ---- B=5T
E ?"3
H 5
ol
T
@
C
g1}
s 0 ; ‘ ' '
g -50 -30 -10 10 30 50
by z (nm)
FIG. 6. Total density distributions of the electrons in the quan-
tum well subject to in-plane magnetic fields with various magni-

tudes.
q(10°em™)

3. Intermediate magnetic fields
FIG. 4. Calculated plasmon dispersion of the quantum well sub-

ject to (8 B=0.2 T and(b) B=1 T in they direction for the Between the above two limits, intermedidecan induce

in-plane plasmon wave vectay|B (left) and qL B (right). Solid
circles: plasmon dispersions. Upféower) hatched area: region of
intersubbandintrasubbanpg SPE’s.

are formed with finite separationig|~3.6x10° cm™! (see

an interesting anisotropy effect. The calculated plasmon dis-
persions foB=2 and 3 T are shown in Fig. 7. We find that
two branches of the intrasubband plasmons existoyjit, ,
whereas only one remains fqltk, . Figure 8 shows the plas-
mon modes in these cases for various angldsetweenq

the inset of Fig. & Hence, no electrons occupy the central (With constantg|) andB, in the range from 0 to 045 (the 6

part of the well wheréz,| =12|k,/<14.5 nm and only states values, not covered by the above range, can be straightfor-

with |zo|>14.5 nm are occupied on both sides of the well, wardly transformed into this range according to the symme-

The narrow spatial layers occupied by electrons with smalf”y Of Fefrlnl contours Iicir B=2 T (3 T and [q|=5

I; lead to a minor overlap between the wave functions localX 10" €m™* (lg/=10° cm™%), only one branch of the intra-

ized on different sides of the well. In this situation the singleSubband plasmons exists for large angles betweandB,

quantum well behaves completely likavao-componensys- ~ 1-€., 0.2&r<0<0.5m (0.457<60<0.57), whereas two

tem. Figure 6 shows the total density distribution of the elecranches of the undamped optical and acoustic plasmons can

trons in the quantum well in variouB to manifest such a be observed for small angles betwegnand B, 0<¢

one- to two-component transition. <0.257 (0<6<0.457). This suggests that, just by tuning
The one- to two-component transition significantly affectsthe direction of applied in-plan& field, manipulating the

the features of the collective excitations. As shown in Fig. 5number of the plasmon branches for some gigemecomes

the plasmon dispersion of treinglewell in the strong mag- Possible in experiments.

netic field has the typical features of a two-component sys-

tem, like a double quantum wéi with the emergence of the HOE

undamped AP’s with a quasilinear dispersion, beside the 4

usual intrasubband OP’s, for any in-plane directiom3f~* £

In the two-component limit, the thorough depression of the £

overlap between the electron layers on the both sides of th® 2 |

well makes out-of-phase motiofithe acoustic mode®f the 1

charge density waves in both layers possible.

5]
af

g &

3 s2
1
0

FIG. 5. Calculated plasmon dispersion of the quantum well sub- FIG. 7. Calculated plasmon dispersion of the quantum well sub-
ject to B=8 T in they direction for the in-plane plasmon wave jectto(a) B=2 T and(b) B=3 T in they direction, for the in-
vectorq| B (left) andqL B (right). plane plasmon wave vectogiB (left) andqgL B (right).
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FIG. 8. Dispersion of plasmon modes fgrwith fixed magni- ) )
tude g along various in-plane directions in the presenc@0of is FIG. 9. The square of the wave functions of the dominant states
the angle betweeB andgq. of the quantum well subject tB=8 T. Inset: sketch of the corre-

sponding Fermi contours and the positions of the dominant states.
4. Analysis velocities of acoustic modes for double-layer systems with
A full analytic analysis for the above unusual anisotropicisotropic and parabolic band structure, the critical distance is
feature of the magnetoplasmons is difficult because of thgiven by
complicated electronic structure. However, the results be- o 1/
come plausible, if some simplifying assumptions are made d.= (1-s9 (13
concerning the states which dominate the dielectric response 0 1-(1-s)v?
of the quantum well with in-plane fielB. First, we assume
that, for in-plane magnetic fields with sufficiently strong With do=~xagmo/4m; and s=ve,/vey (VE1™>vE2), Where
magnitude, the electrons localized on the both sides of theri (M) is the Fermi velocity(effective massfor layeri,
well can be modeled by two electrostatically coupled, butandag denotes the effective Bohr radius. Equatid®) in-
electronically separated layers. Second, we assume that thiécates that, if the Fermi velocities of the two ideal 2D layers
dielectric response of each layer is dominated by the stateare identical, the undamped acoustic plasmons can always
near(in k space the characteristic stai@n the Fermi con- exist due to the vanishing af.. In contrast, a finite value of
tour) which, for the considered vector, yields thdargest d. is caused by a difference between the Fermi velocities of
contribution to the polarizatiohEqg. (9)]. For intrasubband the two layers and increases as the rat{@/vg(<1) de-
excitations, this dominant contribution comes from the al-creases.
lowed intrasubband SPE cik)—(clk+q) with First, we apply the model to the case of strong figld
Ne(Egq,K) —ne(Eqp,k+q)#0, which makes the denomina- =8 T. We numerically determine the characteristic states
tor iw—(Ecix+q— Ecix) Of EQ. (9) smallest[it must be that are involved in the allowed SPE with maximum energy.
positive for undamped excitationsy,( w)]. In the long- The two separated Fermi contours yield two characteristic
wavelength limit, the characteristic state is that state on thetates, respectively belonging to both Fermi contours, for
Fermi contour that yieldsnaximumSPE energyE. x.q SOome considered. The positions of these states in tke
Ecix (for parabolic band structureEg =% #2k2/2m*  space are schematically shown in the lower inset of Fig. 9
+ Eclo’ this is the state with=keg/|q|). Third, we assume and the in-plane wave vectors of the characteristic states for
that the Fermi velocities at the characteristic states of bothj|k, [dllk] are denoted ak; andk, (k; andk,), respec-
layers determine the number of undamped collective exmtatlvely One can notice that these are the states on the respec-
tions of the double-layer system for givenjust as they do tive Fermi contours with the largeky, (k,) components for
for purely electrostatically coupled double-quantum-wellq|ky [gllky], i.e., the states on the Fermi contours vktlg.
systems with parabolic and isotropic band structures in eachhe square of the wave functions of these characteristic
well.Z states is shown in Fig. 9. We see that the wave functions are
This simplified model allows a further analysis, based onstrongly localized on both sides of the wéllecause of the
the available theory for usual two-component systems, likesmalllg value and the overlap between those of the states
2D electron double layers without magnetic fields. It haswith wave vectorsk; andk, (ks andk,) is very small, like
been shown that undamped acoustic plasmons of double layhose of the usual double-layer systemsthout B). In this
ers can emerge only if the layer separatidbris above a situation, our simplified model is very suitable to describe a
critical distanced;, which strongly depends on the Fermi quantum well subject to a strorig)
velocities of layer$?® According to the work of Santoro  To evaluate thel, within our model, we numerically cal-
and Giuliani?® which, within the RPA, takes into account the culate the Fermi velocities of these relevant states and obtain
exact expression for the polarization function and the grouphe ratio of the Fermi velocitiesyy, /v, =1 anduvy, /vy,
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8 'B' 3‘T' orthogonal (W .| ¥c1x/)= Sk k» and have vanishing ma-
£ 05 | = trix elements(W 3 |H|Wyx)=0 for k#k'. This situation
5 is very different from that of bilayers witho&, often con-
g 04 | sidered in the literaturé€, where one starts with eigenfunc-
o tions of the isolated individual layers and considers the tun-
=027 neling effect by introducing the parameteg,{ =E.,— E.,),

0.0 the tunneling-induced energy gap between symmetric) (

and antisymmetricq?) states. The energy gap; ,seventu-
ally leads to a rise of the acoustic plasmon dispersion to
finite energies(higher thanAg,gd in the long-wavelength
limit.2”-?®In contrast to those phenomenological approaches,

g
o
r

I, [? (arb. unit)
o
'S

02| in our treatment all possible tunneling effects are already
included in the self-consistent band structure calculation.
0.0 5 =50 With weakerB, the behavior of the dielectric response of
-z (nm) the quantum well approaches the one-component limit and

our simplified model no longer describes the system very
FIG. 10. The square of the wave functions of the dominantwell. In the case oB=2 T, a peanutlike Fermi contour is

states of the quantum well subjectBo=3 T. Inset: sketch of the  formed, instead of two separated orjese the inset of Fig.
corresponding Fermi contours and the positions of the domlnanY(a)]_ This means that some electrons, wit~0, occupy
states. the central part of the well. Hence, the system in this situa-

tion does not behave completely like a two-component sys-
~0.38. The corresponding critical distandg, calculated —tem. Forg]lk,, we still find two states that can generate the
according to Eq.(13) with m*=0.06Tn,, is d,=0 [d, largest polarization and the maximum energy of SPE. These
~30 nni, for qllky [dlk,]. The zerod, accounts for the &€ the states with _the maximum value of #geamong the _
emergence of the undamped acoustic plasmonsqlfbg in states on the Fermi contour and possess the same Fermi ve-
Fig. 5. Forg|k,, thed, value is finite but still less than the 10City, similar to the states ok, andk, mentioned previ- -
average distance between the dominant stasesndk,, d ously. The overlap of the corresponding wave functions is

~45 nm(see Fig. 9 and two branches of undamped plas- still relatively small, and the existence of two plasmons in
mons can exist foq\i< as shown in Fig. 5 this situation seems reasonable within our simplified model.
. . 5.

In the same way, we can analyze the cas@ef3 Tto However, the situation fog||k, is different. On the single
understand the origin of the anisotropy of branch number of €Mi contour, many SPE’s are allowed in the half-plane of
plasmons. We numerically determine the characteristic states™ 0 and yield larger polarizations, while only a few SPE's
for B=3 T and show their positionén the k spacg in the are allowed fork,<<0 and their contribution to the polariza-
lower inset of Fig. 10. The in-plane wave vectors of thesgiiOn iS not comparable to those fé;>0. As a result, only
states forg|k, [qk,] are denoted aks, andk;, [k andk,] one characteristic state that yields the SPE with the maxi-
as in the case =8 T. Basically, the Fermi contours f@ ~ Mum energy forql|k, can be determined. Its wave vector
above 3 T have similar features, which are two separatef0SS€sses the maximuky component among the states on
contours, symmetrically placed on both sides of khexis. the Ferm| co_ntour, similar to the state lof in the previous
The determined characteristic states B3 T are there- Cases with higheB (however, the state df in the previous
fore also those states on the corresponding Fermi contouf@S€S does not exist in this case because of the single Fermi
possessing the maximum value of the (k) for qlk contour, instead of twoHence, the dielectric response of the

x y

[qlk,]. But a remarkable difference from the case of a stronduantum well withB=2 T for qllky is dominated only by
ger B field is that the state with=ks is very near to the the sole characteristic state and the plasmon dispersion ex-

saddle point of theé origin and has particularly low Fermi Nibits a typical feature of one-component systems, i.e., only

velocity. The low Fermi velocity of this state leads to a low ©"€ branch of undamped intrasubband plasmons. With still

value v, /v, ~0.25 and larged, (=76 nm) for gk lower magnetic fields, the quantum well completely becomes
3° 7Kg ’ ¢ X7

h th lue of. | . i =0 f a one-component systefone branch of intrasubband plas-
whereas the vaiue aly, /v, rema?ns u.n| y ane=b10r  mons exists fog in any in-plane directionand our simpli-
allk, . Because of zerd,, there still exist two branches of fied model is not suitable for the analysis.

the undamped plasmons fajlk, in Fig. 7(b). The large
value ofd; (=76 nm) for g|k, is much larger than the
average distance between the wave functionkzofndk,, . ] )
d~30 nm(see Fig. 10 and prohibits the existence of the  In this section, the symmetry of charge density of the
acoustic mode, and only one mode is fefee Fig. T)]. collective excitations will pe discussed. Flrst,_ we consider
Comparing Fig. 9 with Fig. 10, one can notice that thethe collective excitations witlj=(0,9,0)||B. In this case, we
wave functions become broader with decreasigso that ~ Can replaceyq(z) in the k summation of Eq.(9) with
the corresponding densities overlap in Fig. 10. One shouldk (2), becausepy. 4(z) = ¢ +q(2) is independent of the
note, however, that we consider here exact wave functionk, component of the wave vector and thg component of
W.ik(r,z) of the full HamiltonianH, Eq. (1), which are the q is zero. Exploiting the relations thatg(ky;z)=Vg

B. Charge density waves
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(k=2 [see Eq.(3)], Vu(2)=Vu(—2) and Vow(2)

=Vow(—2) in Eq. (2) for the symmetric well undeB

=(0,B,0), we havez,/;kx(z)zz/;_kx(—z). Then, taking the
transformatiork,— —k, again in thek summation of Eq(9)

and exploiting that z/;kx(z)zz/f,kx(—z), we can derive
I1(z,z')=1I(—z,—2'). According to Eqg.(8), we can
straightforwardly derive

intensity (arb. units)

e(z,2)=€(—2,—2") (14

for g||B. Equation(14) indicates that the matrix elements of
€(z,z") in the Fourier basis fulfille,, ,=€_, —, [See Eq.
(12)]. Therefore, the components of the corresponding eigen-
statesV*® (S ,em nVp =0) satisfy Vy°==VsS . The latter
equation means that*%(z) is either asymmetricor ananti-
symmetricfunction of z. Because the polarization function
fulfills TI(z,z')=TI(—z,—2'), the distribution of the charge 0 1
density waves of the collective excitationpn'"%(z)
=[dz'II(z,2")V®(2")] (Ref. 19 is either symmetricor FIG. 11. Calculated energy-loss spectra of the quantum well, for
antisymmetric® which, respectively, correspond to the in- q=10° cm™* with the orientation of the, and k, directions, un-
phase and out-of-phase oscillations of plasmon modes, i.eder the in-plane magnetic fields in tiyedirection with magnitude
optical and acoustic modes, for low-frequency excitations ire=2 T,3 T, and 8 T.

a two-component systefi.In contrast, forq=(q,0,0)L B, . ] ) )
l//k+q(2)=¢kx+q(2)¢¢kx(2) becauseq,#0. This leads to Where[i\/i/q ]n,.m is the elemept of the inverse rr;a:)tnx‘vnﬂm
e(z,2')#e(—2,—7'). It indicates that the symmetry of and (&g, ,)m,n is that of the inverse matrix oé;% . In the

charge density waves of the collective excitations with Wavecalculation .Of absorption spectra, a typical va!ue of the phe-
vectorq is destroyed by th@ (1 g).*2 nomenological parameter=0.1 meV is taken in Eq9) to

The above relation between thent)symmetry of collec- Model the damping mechanisiii’® Figure 11 shows the cal-
tive charge density and the direction @fwith respect toB culated energy-loss spectra of the quantum well for various

has also been deduced from the analysis of the work of Reff@dnitudes oB in the y direction, includingB=2 T, 3 T,

— “1y ;
12 for the case of the symmetric double quantum well. Ac-2"d 8 T, ford (|| =10° cm™?) in the ky and thek, direc-
ions and various, .

cording to our analysis, one further recognizes that the relal! - .
tion directly results from the symmetry of 2DES and is valid £ B=2 T andg]lk,, only a sharp peak corresponding

also for other symmetric structures. We shall show in the© the optical plasmon ab~2.1 meV appears in the spec-
next section that such @nt)symmetry or a broken symme- t'um. Forg|ky, in addition to the signal of the Landau-
try of the charge density for differerf can yield different damped optical plasmon ai~2.1 meV, a weak absorption

features of the optical response to external polarized fieldsP€ak atw~0.8 meV induced by the undamped acoustic
plasmon is observed. The appearance of the strong absorp-

tion corresponding to the optical plasmon iqifky and q,
=0, which according to Fig. (@) is expected to be Landau
For the 2D system subjected to an external longitudinalamped, indicates that the collective excitation of the optical
electric field with in-plane wave vectar and frequencyw, mode seems to be decoupled from the intersubband SPE. In
the average power dissipation per unit area in the screenddct, a constant external fielgh field containing only the
system is expressed &see Ref. 19 for details component forg,=0) cannot induce an intersubband SPE
for q=(0,q,0)||ky, because the matrix element vanishes due
to orthogonality of the k,-dependent wave functions
({c1 K|V c2k+q)=Ve{clk,|c2 ket q,) = (clk,|c2k,)
=0). Hence, there occurs no absorption due to SPE’s in the
) ) o ) range of the energies of intersubband SPE’s qkbky and
[another equivalent expression, appearing in Ref. 19, is thquzo, and the peak due to the excitation of the collective
of Eq. (15) with the replacemeni¢, by Vg°,1.% Following  optical mode is undamped. The same phenomenon can also
the derivation of Ref. 19, we have the normalized poweme found in the case of oth& fields (see that oB=3 and
dissipation with respect to the Fourier component of externag T for q in the k, direction in Fig. 11. For qllky and g,
potential Vy"e'92* with q,=27n/L, +0 [Ve*xexp(q,2)], the orthogonality of wave functions
does not lead to the vanishing of the matrix element
(clk,| Ve c2k,) and a finite absorption due to SPE’s results
Eﬁxw Im 2 [Wal]n,m(fq_}u)m,nv (16) |2 the range of energies of intersubband SPE® (
m =2 meV).

-- qe4ml
— q-8ml

L=2w=150nm

C. Absorption spectra

D. w ex * ~ind
g [ aavg@rnta a9
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For B=3 T, there exist two absorption peaks corre- IV. CONCLUSIONS
sponding to the undampe@amped acoustic and optical
plasmons forg in the ky [ky] direction. In the strong mag-
netic fieldB=8 T, as a case of the two-component limit,

In conclusion, we have presented a complete investigation
of the collective excitations in symmetric wide quantum

two pronounced signals of the undamped acoustic and optt/€/lS Subject to in-plane magnetic fields, which treats the
cal plasmons appear in the spectra for any directiog. df magnetic-field-induced nonparabolicity famd t.he wave-vector
addition to the previous magnetotransport measurefient,dependence of the subband wave functions in the framework
we predict here that an optical measurement can also offétf the RPA exactly. The calculated results, including the plas-
evidence for the existence of the one- to two-componenfon dispersion, the single-particle excitations, and energy-
transition induced by in-plane magnetic fields. loss spectra, §how that in-plane magnetic f|gld§ significantly
It is also found that the intensity of absorption strongly affect the basic feature of the collective excitations. One of
depends on the Fourier component of the applied electrife remarkable magnetic-field-induced effects is the one- to
field. Forg||B in thek, direction, the absorption signal of the tW0-component transition in the collective excitations. In
acoustic plasmons for thee,=0 component vanishes and the strong magnetic fields, the plasmon dispersion has, surpris-

strongest absorption signal results as the wavelength of tﬁﬁgly’ the typical features of a two-component system with
external field,\,=27/q,, is equal to the well width the existence of an optical as well as an acoustic plasmon
IEAY4 Z

=75 nm), i.e.\,=w. Thus, in the cases of Fig. 11 fqrin branch for any in-plane direction @f, whereas there exists
y Iy z . ) . .
thek, direction, the absorption signals for the acoustic plas-only one branch O.f mtrasupband pl_asmons for.ver.y low mag-
mons have the strongest intensity fay,=4m/L (L netic fieldsB. In intermediately high magnetic fields, the
=150 nm, i.e.,\,=75 nm) and decay aiq becomes number of the plasmon branches for some given in-plane
sy L Az z

smaller or larger. In contrast, the strongest signal of the opVave Vector depends on the direction of the in-plane mag-

tical plasmon is that for the,=0 component and a mini- netic field. Forgl B, one branch of the intrasubband plas-
mum absorption signal occuer as=4m/L (the large ab- MONS exists like in the cases of weak magnetic fields. In

tion intensity of th tical ol forlk contrast, forq||B, the plasmons behave like _in a two-
ioie_r'/?_nil;n t?]r;SIcés% ofBezozp |_(|:_ai sprﬁ:ir;l]l(; ni ngﬂc)édartl)?/%e component system and two branches of the intrasubband

intersubband SPE'sFor brevity, we only show the spectra plasmons(OP's and AP$ emerge. Hence, thr_ough Chang".‘g
for these criticalq,(=0,4m/L) and that forq,=8m/L for the direction of applied intermediate magnetic fields, varying

comparison in Fig. 11. The feature of the spectrum for othe%he numbe_r of thg plasmon bra_r;clshe_?hof W|de|qula?tlém welltls
g, can be qualitatively understood by means of interpolation.Or SOME giverg DECOMES possible. These calculated results

Suchq, dependences of the absorption intensities exist, howc—)]c the magnetoplasmons are further analyzed by a simplified

ever, only forg|k,. For glk,, one cannot find a regular double-layer model based on the theory of Ref. 23, providing
relation between the absorption intensities agd a transparent analyjucal formulatlon to determine the emer-
Due to a lack of analytical formulation describing the col- gence of the acoustic mode in a two-component system. The

lective excitations and the induced charge density, an anal analysis successfully clarifies the emergence of the acoustic

sis for the numerically calculated absorption spectra, includ-mOdeS due to the in-planB field above the intermediate

. L S e regime. For a weak magnetic fiel€2 T) and a longitu-
ing the g, dependence of absorption intensity, is difficult. o . -
However, exploiting the fact that the induced charge densit .|nal electric field with the wave vectaf|B andg,=0, we

. . ind sharp absorption lines due to optical plasmons in the
possesses some certain symméiith respect taz) asq|k, X , . . i
(see the previous sectipra further analysis for the case of energy range of intersubband SPE's. We explain this phe

0,=0 becomes possible. Exploiting E6L5), one can ex nomenon in terms of a decoupling of collective and single-
z— . ’ -

. o . X article excitations due to symmetry properties.
plain the vanishing of the absorption of acoustic modes fo . .
. e In this work we have not considered exchange and corre-
allky andq,=0, as shown in Fig. 11. Because an external

) o AR lation effects and, as a consequence, we have not discussed
potential, containing only the component q§=0, is an

even function ofz (a constantand the induced charge den- spin-density excitations. In view of the controversial litera-

. ind f . fallk. i . ture about collective spin states in double-layer
sity, ng,,,(2), of an acoustic mode fagk, is an odd(anti- system£83334it might be interesting to generalize our work

sym.metn() f_unctlon with respect ta, Eq.(15) vanishes after to include spin effects. In principle it should be possible to
the integration and no absorption occurs in that case. In COyaneralize our work within the Hartree and RPA to calcula-
trast, the strength of absorption signals of optical modes fo ions within the local density approximatiofLDA) and

qllky and anyq, is fipiteéxbecause the Fourier component of je_qenendent LDA, respectively, or to the corresponding
the external potentialV,"exp(k,2), with respect tog,=k, spin-density versions.

always contains an even functiorf*cosk,2 and the in-
duced charge density is also an eMsgmmetri¢ function

with respect taz. For |k, it is, however, hard to perform

the same analysis because the symmetry or the antisymmetry
of the charge density of the collective excitations does not S.J.C. acknowledges support from the Deutscher Akade-
exist. mischer Austauschdie$DAAD).
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