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Collective and single-particle excitations in coupled quantum wires in magnetic fields
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The full spectra of magnetoplasmons and single-particle excitations are obtained of coupled one-dimensional
electron gases in parallel semiconductor quantum wires with tunneling. We show the effects of the interwire
Coulomb interaction and the tunneling, as well as the magnetic-field-induced localization on the elementary
excitations in symmetric and asymmetric coulped quantum wire structures. The interacton and resonance
between the plasmon and the intersubband single-particle excitations are found in magnetic fields.

DOI: 10.1103/PhysRevB.65.245326 PACS number~s!: 71.45.Gm, 72.15.Nj, 73.50.Mx
e
al

us
w
s
b

s.
n
iv
n

th

.
lle
w

in
an
e
u
s

x-
ly
nd
ub

w
th

as

ls
a

ra
ita
ee
ita

ld.
in a
ed

ple
the
n.
e-

de-
we
n-

ap-
n
s of
s of
un-
ion
ong
le-

and

e

o
o

e of
I. INTRODUCTION

In coupled quantum wires, the Coulomb interaction b
tween one-dimensional electron gases leads to the so-c
optical and acoustic plasmon modes.1 Tunneling between the
wires modifies these plasmon modes, especially the aco
one.2–4 When an asymmetry is introduced between the t
wires, a very weak nonresonant tunneling opens up gap
the acoustic plasmon mode resulting from a resonance
tween the acoustic plasmon and single-particle excitation
transverse magnetic field in such systems affects the tun
ing strength and also the single-particle and collect
excitations.5,6 In Refs. 5 and 6 the far-infrared absorptio
spectra due to the intersubband~transverse! magnetoplasmon
modes are calculated with and without tunneling between
wires. In such a spectrum, only the plasmon excitations
long wavelength limit (q→0) contribute to the absorption
To observe the absorption peaks result from the so-ca
intersubband plasmon modes, a four-subband model
used in their calculations~two subbands originated from
each wire!. The enhancement due to interwire exchange
teraction of the tunneling gap between the symmetric
antisymmetric states was included in the calculation in R
5, and three peaks were found in the absorption spectr
They were attributed to the intersubband optical and acou
plasmon modes~from the lowest symmetric state to first e
cited symmetric and antisymmetric states, respective!.
However, no information was given for the intersubba
plasmon mode due to tunneling induced two lowest s
bands~the lowest symmetric and antisymmetric states!. In
Ref. 6 the tunneling effect was considered only for the t
higher subbands, and the calculation was performed in
small-magnetic-field limit. One intersubband magnetopl
mon absorption peak from the ground state~no tunneling
effect! to the higher empty states were found. It was a
shown that a small magnetic field could induce a Land
damping of this plasmon mode. However, a clear ove
picture of the single-particle and magnetoplasmon exc
tions in the system of coupled quantum wires has not b
obtained so far. A similar situation occurs for these exc
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tions in coupled quantum wells in a parallel magnetic fie
Magnetoplasmons were studied in double quantum wells
parallel magnetic field where the tunneling was includ
within only the lowest order of perturbation.7

The presence of a transverse magnetic field in cou
quantum wires leads to the motion of the electrons in
wire direction being coupled to that in the lateral directio
The single-electron wave function in the lateral direction d
pends on the wave vectork in the wire direction. If we pro-
ceed in the standard manner of linear-response theory to
rive the dispersion relation of the magnetoplasmons,
would have to solve a secular equation with infinite dime
sions according to the wave vectork. This leads to difficul-
ties in the calculations even within the random-phase
proximation ~RPA!. In this work, the magnetoplasmo
dispersions are obtained by projecting the electron state
the coupled wires to a basis constructed by the state
corresponding single wires. We show the effects of the t
neling strength and the magnetic-field-induced localizat
on the plasmon modes in such systems. We find a str
interaction between the collective modes and the sing
particle excitations induced by transverse magnetic fields
tunneling.

II. THEORETICAL FORMALISM

We consider two coupled parallel quantum wires in thexy
plane subjected a transverse magnetic fieldB in the
z-direction. The quantum wires are of zero thickness in thz
direction. The confinement potentialV(y) in the y direction
forms two quantum wires parallel to each other in thex di-
rection. It is taken as square well type of widthsW1 andW2

and barrier heightVb . The potential barrier between the tw
wires is of widthWb . The numerical calculation is applied t
GaAs/Al0.3Ga0.7As structures withVb5228 meV.

The plasmon modes in such a system in the absenc
magnetic field were studied in our previous work.2,3 How-
ever, a magnetic field in thez direction strongly affects the
©2002 The American Physical Society26-1
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single-particle and collective excitations, as will be sho
below. The single-electron Hamiltonian in the present sys
can be written as

He5
1

2m*
Fpx

21py
21S eB

c D 2S y2
c\k

eB D 2G1V~y!, ~1!

wherek is the electron wavevector in thex direction,m* the
electron effective mass, ande the electron charge. The abov
equation indicates that the effect of an external magn
field is equivalent to an additional parabolic potential in thy
direction, whose origin depends on the wave vectork and the
magnetic fieldB. The eigenenergy and wave function in they
direction are functions ofk noted byEn(k) andcn,k(y). We
consider symmetric and also asymmetric two coupled w
with tunneling. The asymmetry is introduced by the differe
wire widthsW1ÞW2 and the tunneling strength is controlle
by the barrier thickness between the wires. For the con
ered structures the excited states are much higher than
ground states of the two coupled wires. We restrict ourse
to the case of two ground statesn51 and 2. For two sym-
metric quantum wires, the wave functionscn,k(y) at k50
are symmetric (n51) and antisymmetric (n52) functions
of y. For nonzerok, the wave functionc1,k(y) shifts to one
wire, while c2,k(y) to the other.

The screened Coulomb potential within the RPA is det
mined by the following self-consistent equation,

Vak,bk8
sc

~q,v!5Vak,bk8
C

~q!1(
gk9

Vak,gk9
C

~q!

3Pgk9
(0)

~q,v!Vgk9,bk8
sc

~q,v!, ~2!

with the bare Coulomb potential

Vak,bk8
C

~q!5
2e2

«0
E dyE dy8cnk~y!cn8k2q~y!

3K0~quy2y8u!cm8k81q~y8!cmk8~y8! ~3!

and

Pbk
(0)~q,v!5

f @Em8~k!#2 f @Em~k2q!#

Em8~k!2Em~k2q!1\~v1 i01!
, ~4!

where the indicesa5$n,n8%, b5$m,m8%, and g5$ l ,l 8%
represent pairs of the quantum numbers, andf (E) is the
Fermi distribution function.

In principle, the dispersion relation of the collective exc
tations can be obtained by the secular equation of
screened Coulomb potential defined by Eq.~2!. However, it
depends not only on the indicesa and b but also on the
wave vectorsk andk8 leading to a dielectric matrix of infi-
nite dimensions which is not ‘‘properly’’ convergent in that
truncated submatrix with a finite dimension. For a syst
with a parabolic confinement potential, such as a single p
bolic quantum well~wire! in a parallel~transverse! magnetic
field, this difficulty was overcome by expanding th
k-dependent wave function as a series of harmonic func
so that the dielectric function is projected in a fini
24532
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submatrix.8,9 In this work, however, we choose another ba
for our system of the coupled quantum wires. We consi
the two quantum wires independently, and find the elect
states in the single wires as a basisf i(y). The wave function
cnk(y) of the coupled wires is expanded in this basis acco
ing to the k states. As will be shown below, we find it i
enough to include only the ground states of the two sin
wires,

cnk~y!5 (
i 51,2

Cni~k!f i~y!, ~5!

where i 51 and 2 represent the ground states of the sin
wires W1 and W2, respectively. The coefficientsCni(k) are
shown as the solid curves in Fig. 1 for symmetric structu
of W15 W25150 Å andWb530 Å at B51 T. The dis-
persion relations of the two subbands are schematically i
cated in the inset on the left. Atk50, the expansion coeffi-
cients cross and their absolute values are 1/A2, i.e., the
electrons are distributed equally in the two wires. For la
uku, their absolute values approach to 1 or 0, indicating
magnetic-field-induced localization. The magnetic fie
pushes the electrons withk,0 in the n51 (n52) sub-
band to the left wireW1 ~the right wireW2). For those elec-
trons with k.0, the magnetic field has the opposite effe
The expansion coefficients satisfy approximately the eq
tion ( i 51,2Cni

2 (k)51 within a numeric error,0.5%, indi-
cating that the basis functionsf1(y) andf2(y) are orthogo-
nal and almost complete. For the asymmetric structure w
W15150 Å, W25140 Å, andWb530 Å at B51 T, the
coefficientsCni(k) are given by the dashed curves. Th
cross atk56.63105 cm21, where the anticrossing of th
two subbands occurs as indicated by the lower inset in
figure.

FIG. 1. The coefficientsCni(k) (n,i 51 and 2! at B51 T for
the symmetric~asymmetric! coupled quantum wires ofW15W2

5150 Å (W15150 Å, W25140 Å) andWb530 Å are plotted
by the solid~dahsed! curves. The dispersion relations of a singl
electron in the symmetric~asymmetric! structure are indicated in
the left ~low! inset.
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With such an expansion, both the Coulomb poten
Vak,bk8

C (q) and the screened potentialVak,bk8
sc (q,v) can be

written in the form

Vak,bk85(
j,h

Sak,jSbk8,hvj,h ,

wherej5$ i ,i 8% andh5$ j , j 8% indicate pairs of the quantum
numbers in our basis, andSak,j5Cni(k2q)Cn8 i 8(k). As a
consequence, Eq.~2! reduces to

(
h8

S dj,h82(
j8

vj,j8
C

~q!Pj8,h8~q,v!D vh8,h
sc

~q,v!

5vj,h
C ~q!.

The dispersion relations of the magnetoplasmon excitat
can be obtained by the equation

DetH dj,h2(
j8

vj,j8
C

~q!Pj8,h~q,v!J 50, ~6!

where

vj,h
C ~q!5

2e2

«0
E dyE dy8f i~y!f i 8~y!

3K0~quy2y8u!f j~y8!f j 8~y8! ~7!

and

Pj,h~q,v!5 (
mm8,k

Cm8 i~k1q!Cmi8~k!

3Cm j~k!Cm8 j 8~k1q!Pbk
(0)~q,v!. ~8!

III. NUMERICAL RESULTS AND DISCUSSIONS

Figure 2 shows the magnetoplasmon and the sin
particle excitation~SPE! spectra of the two coupled symme
ric quantum wires ofW15W25150 Å with a total electron
density Ne5106 cm21. The intrasubband~intersubband!
SPE continua are indicated by the dark~light! shadow areas
Figures 2~a!, 2~b!, and 2~c! show structures ofWb530 Å
with different transverse magnetic fieldsB50, 1, and 2 T,
respectively. In this structure, the tunneling-induced ene
gap between the two subbands at zero magnetic field iD
51.7 meV. Figure 2~d! is for the structure ofWb570 Å at
magnetic fieldB51 T. In this case,D50.14 meV at zero
magnetic field indicating a much weaker tunneling.

The plasmon and SPE spectra at zero magnetic field
shown in Fig. 2~a! are similar to those of a single symmetr
quantum wire with two occupied subbands. Two intrasu
band ~solid curves! and two intersubband plasmon mod
~dash curves! are found, as discussed in Ref. 3. The symm
try of the system and the parabolicity of the subbands en
that the intrasubband modes do not couple to the inters
band ones.

The transverse magnetic field pushes the electrons
k,0 (k.0) in then51 and 2 (n52 and 1! subbands to the
W1 and W2 wires, respectively, affecting the tunnelin
24532
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strength between the wires. Ink space, the magnetic field
leads to the two original parabolic subbands atB50 shifting
to the opposite directions and the tunneling leads to an a
crossing in the dispersion of the two subbands which is sc
matically shown in the left inset in Fig. 1. As a consequen
the intersubband SPE region is expanded, developing a b
at q50. The magnetic field and tunneling-induced nonpa
bolicity in the subband dispersion results in interactions
tween the single-particle and the collective excitations. S
interactions are represented by the electron-electron sca
ing events during which only one of the electrons expe
ences an intersubband transition. When the momentum
energy transfer between the two electrons occurs in the
tersubband SPE region, only one of the electrons create
intersubbandelectron-hole pair, leading to charge tunnelin
between the wires due to the fact that the transverse mag
field pushes the electron and the hole to opposite directio
On the other hand, the momentum and energy conserva
guarantee the collective excitation due to such transitio
eliminating the so-called ‘‘Landau damping.’’ A resonan
between the plasmon and the single-particle excitations
curs. Note that the interaction strength depends on the
mentum transferq. Figures 2~b! and 2~c! show the effects of
these interactions on the magnetoplasmon modes atB51
and 2 T, respectively. AtB51 T ~corresponding to a cyclo
tron frequency vc51.65 meV being close to D
51.7 meV), tunneling is relatively strong, and so is the
teraction between

FIG. 2. The plasmon dispersions~thick curves!, the intrasub-
band SPE~dark shadow!, and the intersubband SPE~light shadow!
continua in the symmetric coupled quantum wire structures ofW1

5W25150 Å andWb530 Å at different magnetic fields~a! B
50, ~b! B51 T and~c! B52 T. The results for the structure o
W15W25150 Å andWb570 Å at B51 T are presented in~d!.
The total electron densityNe5106 cm21.
6-3
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FIG. 3. The same as in Fig. 2, but now for th
asymmetric structures withW15150 Å andW2

5140 Å.
g

n

o
as
if
h

s
n
io
re
t
d
o
f

S
a

on

tro
th

gl
et
or

ns
f
ding
the

the
an
ith

e
ith
the

es

s, as
e

-
ig-
ctra

ds
g
st

ym-
.
ing

on
in
the plasmon modes and theintersubbandsingle-particle ex-
citations. Figure 2~b! demonstrates this interaction, leadin
to ~i! the high branch of the plasmon mode~above the inter-
subband SPE region and originally from the intersubba
mode! keeping a distance from the SPE and~ii ! a breaking at
a certain energy of the plasmon mode in theintersubband
SPE region. A larger transverse magnetic field leads t
strong localization of the electrons in each wire. The pl
mon excitations restore their dispersion relation of two d
ferent modes, i.e., the optical and acoustic modes. Suc
behavior is clearly seen in Figs. 2~c! and 2~d!. In Fig. 2~c!
the lower branch plasmon mode, i.e., the acoustic one, is
strongly modified due to its interaction with the intersubba
SPE, showing a splitting when it approaches the SPE reg
at low frequencies. A magnetic field of 1 T for the structu
with the larger barrier thickness of 70 Å is strong enough
suppress intersubband transitions completely, as indicate
Fig. 2~d!, where the overlap of the electron wavefunctions
different subbands vanishes and so does the strength o
intersubband SPE.

Figure 3 shows the magnetoplasmon modes and the
spectra in two coupled asymmetric quantum wires. Comp
ing to Fig. 2~a!, both the intersubband SPE and the plasm
in Fig. 3~a! shift to higher frequencies at smallq because the
energy gap between the two subbands increases toE22E1
52.6 meV by reducing the wire widthW2 to 140 Å. Al-
though, at zero magnetic field, the asymmetry of the elec
wave functions in real space leads to an anticrossing of
two high-frequency plasmon modes, as shown in Fig. 3~a!,
the electron states are symmetric ink space. However, a
transverse magnetic field breaks the symmetry of the sin
electron states in thek space, as indicated in the lower ins
in Fig. 1. The electron gas has different Fermi wave vect
24532
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for k.0 andk,0. Consequently, the plasmon dispersio
and the SPE spectra are no longer symmetric functions oq.
The asymmetric and nonparabolic subband structures lea
to a strong coupling between the intersubband SPE and
plasmon modes are shown in Figs. 3~b! and 3~c!. Figure 3~b!
shows basically three plasmon modes in a V shape, but
electron-electron interaction results in an anticrossing and
even breaking up of these modes. The two branches w
minima at q50.953105 and 20.973105 cm21, respec-
tively, are essentially intersubband modes. The one withv
50 at q50 is an intrasubband~optical! plasmon mode.
However, for q.13105 cm21, the plasmon modes ar
strongly coupled to each other and also strongly interact w
the intersubband SPE’s. An anticrossing appears between
two higher branches. Moreover, the two lower branch
break up at aroundq51.23105 cm21. At a larger magnetic
field, the highest intersubband plasmon mode disappear
shown in Fig. 3~c! but a lower-frequency intrasubband mod
appears at smallq which will eventually evolve into the so
called acoustic plasmon mode at large magnetic fields. F
ure 3~d! shows the plasmon dispersions and the SPE spe
for the two coupled asymmetric quantum wires withWb
570 Å . In this case, the electrons in two different subban
are completely localized in different wires with a vanishin
tunneling strength. An external magnetic field of 1 T almo
does not affect the plasmon dispersion, which keeps its s
metry with respect toq50 as it is at zero magnetic field
Note that the intersubband SPE in this case is of a vanish
strength which has no effects on the plasmon modes.

IV. SUMMARY

In conclusion, the effects of a transverse magnetic field
single-particle and collective excitations are studied
6-4
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coupled quantum wires with tunneling. The magnetoplasm
spectra are obtained by an expansion of the electron stat
a basis of the corresponding single quantum wires. The m
netic field modifies the electron subband structures and
the localization of the electron states, leading to a stro
coupling between the collective and intersubband sing
particle excitations. In two asymmetric quantum wires,
magnetic field results in the asymmetry of the plasmon
single-particle spectrum, increasing the flexibility to mod
late the SPE and plasmon excitations, which may have s
.

v.
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applications in optical or magnetic switches. Our results a
show that a larger transverse magnetic field leads to elec
localization and completely suppresses the tunneling effe
leading to a recovery of the optical and acoustic plasm
modes.
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