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Collective excitation in GaAs-AlxGa12xAs quantum wires: Multisubband model
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The effects of the potential barrier height on the collective excitations of an electron gas confined in a
GaAs-AlxGa12xAs quantum wire of rectangular cross section are investigated theoretically by using the
self-consistent field approximation theory proposed by Singwi, Tosi, Land, and Sjo¨lander~STLS! @Phys. Rev.
176, 589 ~1968!#. For several potential barrier heights, we calculated the effective potential, plasmon energy,
structure factor, and pair-correlation function, considering a three-subband model with only the lowest subband
populated by electrons. We verified that the intersubband plasmon is more sensitive to the potential barrier
height variation than the intrasubband plasmon. We also observed that the confining potential effect decreases
with the increasing of the wire width. The random-phase approximation results are also presented by compari-
son with the STLS results and significant differences were found.@S0163-1829~97!02631-3#
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I. INTRODUCTION

In the last few years, due to the progress in fabricat
techniques such as molecular-beam epitaxy~MBE! and litho-
graphic deposition, there has been an increasing intere
the study of the electronic properties of ultrathin semico
ducting wires, namely, quantum well wires~QWW!, whose
dimensions are of submicrometer size. In such quasi-o
dimensional systems~Q1D! the electrons have a quasifre
motion along the length of the wire, while the motion norm
to the wire is quantized in two directions. Following a su
gestion by Sakaki,2 Petroff, Gossard, Logan, and Wiegman1

were the first to fabricate these QWW of GaAs surround
by Al xGa12xAs.

Recently, there has been considerable interest in the
havior of intrasubband and intersubband plasmons of Q
semiconductor systems, from both the theoretical and exp
mental points of view. The intrasubband plasmon dispers
of Q1D electron gas in doped GaAs has been observed
perimentally by Gonĩ et al.3. The results of this experimen
are in agreement with the theoretical conclusions of Hu
Das Sarma,4 both predicting that such systems behave
Fermi liquids.

In theoretical calculations5,7–15of the collective excitation
of Q1D electronic systems, wires with different cross sect
geometry have been used. Cross section geometry effec
the intrasubband plasmon and intersubband plasmon
quantum wire, with infinite height of the potential barrie
were theoretically considered by Bennettet al.,5 within the
two-subband random-phase-approximation~RPA! regime.
They showed that the intrasubband plasmon is practic
unaffected by a change in geometry. However, they a
showed that the intersubband plasmon was more sensitiv
560163-1829/97/56~7!/4128~4!/$10.00
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the geometry. This happens because the energy separ
between the ground state and the first excited state dep
on the geometry. These results show the importance of c
sidering more realistic geometries in the theoretical calcu
tions of the plasmon excitations in Q1D systems when
multisubband model is used. In particular, a similar effec
expected to occur when the wire confining potential barr
height is varied. The intersubband plasmon energy res
should be equally sensitive to the changes in the poten
barrier height. Then, it is very important to consider a mo
of finite height for the wire confining potential barrier.

The local field corrections beyond the RPA have be
used in the theoretical calculations7–14 of the collective exci-
tation of electronic systems. Camels and Gold7 have calcu-
lated the local-field correction of a Q1D electron gas with
the sum-rule version of the Singwi, Tosi, Land, an
Sjölander6 ~STLS! theory. They found that the correlatio
effects increase with the decreasing of the carrier density
with the decreasing of wire width. Campos, Degani, a
Hipólito8 within the frame of the STLS theory, have studie
the exchange and the correlation effects of a Q1D elec
gas confined in a rectangular QWW, as a function of
electron density and thickness of the wire. In this calculat
the authors have not explicitly taken into account the mu
subband effects, which are very important for understand
the collective motion in QWW. For rectangular QWW o
GaAs with infinite height to the potential barrier, the pla
mon excitations were calculated by Borges, Lea˜o, and
Hipólito,9 using the self-consistent-field approximatio
theory, proposed by STLS. The intrasubband excitation
the intersubband excitation were investigated in a tw
subband model, and significant differences were found
to the presence of the local field correction when compa
with the corresponding RPA results.

In the present work we investigate the effects of the p
4128 © 1997 The American Physical Society
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56 4129COLLECTIVE EXCITATION IN GaAs-AlxGa12xAs . . .
tential barrier height on the plasmon dispersion relations,
fective potential, structure factor, and pair-correlation fun
tion within the STLS approach, for GaAs-AlxGa12xAs
quantum well wires of rectangular cross section for both
trasubband and intersubband plasmons. We employe
three-subband model at zero temperature and we assu
that only the first subband is occupied. The local field c
rection taken into account in the STLS theory is an import
effect and significant differences were observed in comp
son with the RPA results.We observed a measurable cha
in the intersubband plasmon results when the potential
rier height is varied. This paper is organized as follow.
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Sec. II we describe our theoretical model and the calcula
method. In Sec. III we present our numerical results and
discussions. Our conclusions are presented in Sec. IV.

II. THEORY

Let us consider a GaAs-AlxGa12xAs quantum-well wire,
which is assumed to have rectangular cross section, w
the electrons are confined in they and z directions by a
two-dimensional potential, with a quasifree motion along t
wire length,x direction. The electron confining wave func
tion of the i th subband has the following form:
f i~y!55
A

m2

m1

K1

K2
eK2y, y,0

AS sinK1y1
m2

m1

K1

K2
cosK1yD , 0,y,L

AS sinK1L1
m2

m1

K1

K2
cosK1L DeK2Le2K2y, y.L,

~1!
nse

c-

in
m

a

whereA is the wave-function normalization factor,m1 and
m2 are the electron effective masses in GaAs and
Al xGa12xAs,16 respectively. The parametersK1 andK2 are
determined by using the appropriate current-conserv
boundary conditions for the wave functions at the interfa
and must satisfy the following relation:

tan~K1L !5
2~m2 /m1!K1 /K2

@~m2 /m1!K1 /K2#221
. ~2!

Thus, the subband matrix element of the Coulomb int
action has the following expression:

Vi jlm
C ~qx!5E dyE dy8f i* ~y!f j~y!

2e2

«

3K0@ uqx~y2y8!u#f l* ~y8!fm~y8! ~3!

5
2e2

« E
0

`

dk
Fi j lm~k,qx!

Ak21qx
2

, ~4!

whereK0(x) is the modified Bessel function of the seco
kind, qx is the wave vector in thex direction containing
information on the collective effects, and« is the dielectric
constant of the semiconductor.Fi jlm(k,qx) is the form factor
that takes into account the finite thickness of the quan
wire that is given by

Fi jlm~k,qx!5E dyE dy8f i* ~y!f j~y!

3exp~2Ak21qx
2uy2y8u!f l* ~y,!fm~y8!,

~5!

where the indicesi j lm indicate the subbands correspondi
to the electron motion in the transverse direction.
n

g
s

r-

m

In the mean-field approximation, the generalized respo
function of the system can be written as10

x i j lm~qx ,v!5
x lm~qx ,v!

d i l d jm2C i j lm~qx!x lm~qx ,v!
, ~6!

where d i j is the Kronecker delta,x lm5Plm if l 5m, and
x lm5Plm1Pml when lÞm. Plm(qx ,v) is the random-
phase-approximation polarization function of the Q1D ele
tron gas andC i j lm(qx) is the effective potential given by

C i j lm~qx!5@12Gi jlm~qx!#Vi jlm
C ~qx!, ~7!

whereGi jlm(qx) reads

Gi jlm~qx!5
1

prqxVi j lm
C ~qx!

E
0

`

dqx8Vi jlm
C ~qx8!qx8

3@Si jlm~qx2qx8!21#. ~8!

Si jlm(qx) is the structure factor, which is defined by

Si jlm~qx!52
\

prE0

`

dvImx i j lm~qx ,v!, ~9!

wherer51/Lx is the one-dimensional density of electrons
this system. The pair-correlation function is obtained fro
the structure factor by the relation

gi j lm~x!511
1

prE0

`

dqx@Si jlm~qx!21#cos~qxx!. ~10!

III. RESULTS AND DISCUSSIONS

In our numerical calculation we have considered
GaAs-AlxGa12xAs rectangular quantum wire withL5300
Å, and with an electronic densityr53.273105 cm21. We
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have considered two heights of the confining potential, 6
and 212.6 meV, which correspond to aluminum concen
tions x50.1 andx50.3, respectively. The infinite potentia
barrier height results are also included in the figures for co
parison. We have calculated the electron-electron effec
potential, plasmon energy, structure factor, and p
correlation function within the STLS theory, assuming t
three-subband model with only the first subband occupied
this formalism we have self-consistently solved Eqs.~6!, ~7!,
and ~9! and the collective excitation spectrum is obtain
from the poles of the imaginary part of the generalized
sponse function given by Eq~6!. We can note that if we se
Gi jlm(qx)50 in Eq. ~7!, the RPA results are recovered. F
comparison, these results~RPA! are shown in all the figures
where all the lengths and energies are taken in units of
fective Bohr radius (a* ) and effective Rydberg (Ry* ) for the
GaAs, which have the values 101.9 Å and 5.50 meV,
spectively.

In Fig. 1 we show the results for the intrasubba
electron-electron effective potential for the lowest subba
as a function of the one-dimensional wave vector for infin

FIG. 1. Intrasubband electron-electron effective potential for
the lowest subband as a function of the dimensionless o
dimensional wave vector for infinite potential barrier height a
V0565.2 meV.

FIG. 2. Intersubband collective excitation energy, from the fi
to the second subband~1-0!, as a function of the parameterqx , in
both the RPA and STLS approaches, for three different poten
barrier heights.
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potential barrier height andV0565.2 meV. From this figure,
we can note that the screening effects are more pronoun
in the STLS results than in the RPA results. However,
RPA results are more sensitive to the potential barrier he
variation than are the STLS results. We can also observe
the higher the potential barrier height, the more repulsive
the effective potential, for both the RPA and STLS resu
plotted in Fig. 1. The differences between the two metho
~STLS and RPA! are significant and show the importance
the local-field correction for the intrasubband plasmon.

For the intersubband plasmon the differences between
results RPA and STLS~not shown in figures! for the effec-
tive potential are not too relevant. They are smaller for
transition of the first to the third subband~0-2! than for the
transition of the first to the second subband~0-1!, as ex-
pected. The STLS results for the effective potential are m
sensitive to the confinement potential variation in this ca

The importance of the STLS theory is that it takes in
account the local-field correction in contrast with th
RPA approach. This fact can be better observed from
pair-correlation functiong(x) @Eq. ~10!#, which remains
positive for all distances in the STLS theory. However, as
well known the RPA intrasuband results, forg(x), became
negative whenx→0.

e
e-

t

al

FIG. 3. Intrasubband~0-0! static structure factor as a function o
the one-dimensional wave vector, considering the three-subb
model with only the lowest subband populated. The RPA and ST
results are presented for infinite and finite~256 meV! potential bar-
rier height.

FIG. 4. Same as Fig. 3 but for the intersubband~0-1! case.
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The potential barrier height effects on the intersubba
collective excitation, from the first to the secon
subband~1-0!, are shown in Fig. 2. As we can see the c
lective excitation energy is very sensitive to the variation
the potential barrier height. The differences between
results obtained with the simplest model of infinite heig
for the potential barrier and the more realistic one consid
ing the barrier potential height as finite are remarkable,
cannot be neglected. For example, forqx50.5, the values of
the energy are 3.24, 3.63, and 4.43 forV0565.2 meV,
V05212.6 meV and infinite height of the potenti
barrier, respectively. However, the effects of the confin
potential are weak for the intrasubband~0-0! collective
excitation energy for both the results STLS and RPA. N
ertheless, the differences between the results obtained
these two methods are pronounced and show that for
intrasubband plasmon the local-field correction is ve
important.

In Figs. 3 and 4, we show the results for the intrasubb
~0-0! and intersubband ~0-1! static structure factor
respectively, as a function of the wave vector. T
structure factor shown in the figures has the sa
qualitative behavior as that presented previously
Ref. 10, for the case of infinite potential barrier heig
The differences between both the results~RPA and
STLS! are more pronounced in Fig. 4 as expected.
we can note in Fig. 3 the potential barrier heig
effects are weak for the intrasubband collective excitati
However, for the intersubband~0-1! transition ~Fig. 4! the
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effect of the confining potential height plays an importa
role, and is more pronounced for small wave vector va
(qx,2).

IV. CONCLUSION

In conclusion, we have used the self-consistent field
proximation, which includes the local-field correction with
the STLS theory to calculate the intrasubband and the in
subband excitation of a quasi-one-dimensional electron
confined in a GaAs-AlxGa12xAs quantum well wires of
rectangular cross section, considering the finite height for
potential confining. We employed a three-subband mode
zero temperature and we assume that only the first subb
is occupied. We calculated the intrasubband and inters
band effective potential, pair-correlation function, plasm
energy, and structure factor for several potential bar
heights, as a function of the one-dimensional wave v
tor. The STLS results were compared with the correspo
ing RPA results and significant differences were found d
to the presence of the local field correction. We show that
potential barrier effects are important for the intersubba
plasmon. We verified that the intersubband collective en
gies are reduced about 25% for wires with aluminum co
centration x50.1 in comparison with wires with infinite
height potential barrier. Then we conclude that the mode
the infinite height for the potential barrier is not a good a
proximation to treat the quasi-one-dimensional intersubb
plasmon.
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