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Collective excitation in GaAs-Al Ga; _,As 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-Al,Ga; _,As quantum wire of rectangular cross section are investigated theoretically by using the
self-consistent field approximation theory proposed by Singwi, Tosi, Land, ateh8@(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 fol®d163-18207)02631-3

[. INTRODUCTION the geometry. This happens because the energy separation

between the ground state and the first excited state depends

In the last few years, due to the progress in fabricatiorPn the geometry. These results show the importance of con-
techniques such as molecular-beam epitpE) and litho- ~ Sidering more realistic geometries in the theoretical calcula-

graphic deposition, there has been an increasing interest {fPnS Of the plasmon excitations in Q1D systems when the

the study of the electronic properties of ultrathin semicon-Multisubband model is used. In particular, a similar effect is

ducting wires, namely, quantum well wiré@WW), whose expected to occur when the wire confining potential barrier
9 ' Y, 9 ’ height is varied. The intersubband plasmon energy results

dimensions are of submicrometer size. In such quasi-Ongshoy1q be equally sensitive to the changes in the potential

d|m_en3|onal systeméQ1D) the glectrons have a_quaSIfree barrier height. Then, it is very important to consider a model

motion along the length of the wire, while the motion normal of finite height for the wire confining potential barrier.

to the wire is quantized in two directions. Following a sug- The local field corrections beyond the RPA have been

gestion by Sakald Petroff, Gossard, Logan, and Wiegmann used in the theoretical calculatidhs® of the collective exci-

were the first to fabricate these QWW of GaAs surroundedation of electronic systems. Camels and Gdidve calcu-

by Al,Ga; _,As. lated the local-field _correction of a Q1b elect_ron gas within
Recently, there has been considerable interest in the b€ sum-rule version of the Singwi, Tosi, Land, and

havior of intrasubband and intersubband plasmons of Q1|§jolandef3 (STLS) theory. They found that the correlation

semiconductor systems, from both the theoretical and experfeCtS increase with the decreasing of the carrier density and
with the decreasing of wire width. Campos, Degani, and

mental points of view._ The intrasubband plasmon diSperSiorﬁipblitos within the frame of the STLS theory, have studied
of Q1D electron gas in doped GaAs has been observed eqe exchange and the correlation effects of a Q1D electron
perimentally by Gonet al2. The results of this experiment gas confined in a rectangular QWW, as a function of the
are in agreement with the theoretical conclusions of Hu an@lectron density and thickness of the wire. In this calculation
Das Sarmd, both predicting that such systems behave ashe authors have not explicitly taken into account the multi-
Fermi liquids. subband effects, which are very important for understanding
In theoretical calculatio’s ~°of the collective excitation the collective motion in QWW. For rectangular QWW of
of Q1D electronic systems, wires with different cross sectionGaAs with infinite height to the potential barrier, the plas-
geometry have been used. Cross section geometry effects amon excitations were calculated by Borges,” deand
the intrasubband plasmon and intersubband plasmon of Hdipolito,® using the self-consistent-field approximation
quantum wire, with infinite height of the potential barrier, theory, proposed by STLS. The intrasubband excitation and
were theoretically considered by Bennettal,® within the  the intersubband excitation were investigated in a two-
two-subband random-phase-approximati(RPA) regime. subband model, and significant differences were found due
They showed that the intrasubband plasmon is practicallyo the presence of the local field correction when compared
unaffected by a change in geometry. However, they alsavith the corresponding RPA results.
showed that the intersubband plasmon was more sensitive to In the present work we investigate the effects of the po-
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tential barrier height on the plasmon dispersion relations, efSec. Il we describe our theoretical model and the calculation
fective potential, structure factor, and pair-correlation func-method. In Sec. Il we present our numerical results and the
tion within the STLS approach, for GaAs-ABa; ,As  discussions. Our conclusions are presented in Sec. IV.
guantum well wires of rectangular cross section for both in-
trasubband and intersubband plasmons. We employed a
three-subband model at zero temperature and we assumed
that only the first subband is occupied. The local field cor- Let us consider a GaAs-AGa; - ,As quantum-well wire,
rection taken into account in the STLS theory is an importanwhich is assumed to have rectangular cross section, where
effect and significant differences were observed in comparithe electrons are confined in theand z directions by a

son with the RPA results.We observed a measurable changeo-dimensional potential, with a quasifree motion along the
in the intersubband plasmon results when the potential bawire length,x direction. The electron confining wave func-
rier height is varied. This paper is organized as follow. Intion of theith subband has the following form:

Il. THEORY

( m, K
—2 LKy, y<0
m; K,
. my Ky
Bi(y)=14 A|sinK;y+ — -—coKyy]|, o<y<L (1)
m; K,
> Ky
A(smK L+— COSK L) Kobg=Kay  y>1| |
\ m; Ky

whereA is the wave-function normalization factan, and In the mean-field approximation, the generalized response
m, are the electron effective masses in GaAs and irfunction of the system can be written'as

Al ,Ga;_,As'® respectively. The parameteks andK, are

determined by using the appropriate current-conserving - )= Xim(Gx @) ©6)
boundary conditions for the wave functions at the interfaces Xijim {Gx © 81 8jm— Vijim () Xim(Ax , ®) ’

and must satisfy the following relation:

where §;; is the Kronecker deltay,,=P, if |=m, and
2(my/my)K, /K, Xim= P|m+ Pmi when |#m. P(dy,w) is the random-
tan(K;L)= (M, MK, K, 2=1 (2)  phase-approximation polarization function of the Q1D elec-
202 tron gas and¥;,(qy) is the effective potential given by
Thus, the subband matrix element of the Coulomb inter- _ c
action has the following expression: Wijim (&) =11~ Gijim (A 1Viim (6o, @)

2 whereGjj (d,) reads

c ok 2e
VijIm(Qx):f dy | dy'¢; (Y)¢j()/)?

Gijim(ax) = J doViim(a)

XK0[|qx(y_y,)|]¢|*(y,)(bm(y,) (3) quVl]Im qx) X 1jim e M
2e (k) X[Sijim(Ax—ay) —1]. (8)

dk I\J/I;qu : (4)  Syim(ay) is the structure factor, which is defined by
X
. . h (>

whereKy(x) is the modified Bessel function of the second , - _ _f dolmy: 9
kind, gy is the wave vector in the direction containing Sitm (8 mplo Xijim (G ) ©

information on the collective effects, ardis the dielectric wherep=1/L, is the one-dimensional density of electrons in
constant of the semiconductéy, (k,dy) is the form factor p= y

that takes into account the finite thickness of the quantum :E'essstﬁ(t;:?e I;cetorr)allalr (;ﬁge;(laallgggnfuncnon is obtained from
wire that is given by y

1 o0
Fijlm(k!qx)zf dyf dy’ ¥ (y) bi(y) Gijim(X) =1+ W_pfo d oyl Sijim (dx) —1]cogaxx). (10)

xexp(— k2 +aZly—y' N éf (y) dm(y'),

®) In our numerical calculation we have considered a
where the indicesjlm indicate the subbands corresponding GaAs-Al,Ga; _,As rectangular quantum wire with=300
to the electron motion in the transverse direction. A, and with an electronic density=3.27x10° cm ®. We

[ll. RESULTS AND DISCUSSIONS
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FIG. 3. Intrasubban¢D-0) static structure factor as a function of
FIG. 1. Intrasubband electron-electron effective potential for thethe one-dimensional wave vector, considering the three-subband
the lowest subband as a function of the dimensionless onemodel with only the lowest subband populated. The RPA and STLS
dimensional wave vector for infinite potential barrier height andresults are presented for infinite and finig56 me\j potential bar-
Vy=65.2 meV. rier height.

have considered two heights of the confining potential, 65.otential barrier height andy=65.2 meV. From this figure,
and 212.6 meV, which correspond to aluminum concentrawe can note that the screening effects are more pronounced
tions x=0.1 andx=0.3, respectively. The infinite potential in the STLS results than in the RPA results. However, the
barrier height results are also included in the figures for comRPA results are more sensitive to the potential barrier height
parison. We have calculated the electron-electron effectiveariation than are the STLS results. We can also observe that
potential, plasmon energy, structure factor, and pairthe higher the potential barrier height, the more repulsive is
correlation function within the STLS theory, assuming thethe effective potential, for both the RPA and STLS results
three-subband model with only the first subband occupied. Iplotted in Fig. 1. The differences between the two methods
this formalism we have self-consistently solved E@3, (7), (STLS and RPAare significant and show the importance of
and (9) and the collective excitation spectrum is obtainedthe local-field correction for the intrasubband plasmon.
from the poles of the imaginary part of the generalized re- For the intersubband plasmon the differences between the
sponse function given by E@). We can note that if we set results RPA and STL$%not shown in figuresfor the effec-
Gijim(dx) =0 in Eq.(7), the RPA results are recovered. For tive potential are not too relevant. They are smaller for the
comparison, these resul®PA) are shown in all the figures, transition of the first to the third subbari@-2) than for the
where all the lengths and energies are taken in units of eftransition of the first to the second subba(@dl), as ex-
fective Bohr radius¢*) and effective RydbergRj) for the  pected. The STLS results for the effective potential are more
GaAs, which have the values 101.9 A and 5.50 meV, resensitive to the confinement potential variation in this case.
spectively. The importance of the STLS theory is that it takes into
In Fig. 1 we show the results for the intrasubbandaccount the local-field correction in contrast with the
electron-electron effective potential for the lowest subbandRPA approach. This fact can be better observed from the
as a function of the one-dimensional wave vector for infinitepair-correlation functiong(x) [Eq. (10)], which remains
positive for all distances in the STLS theory. However, as is

70 well known the RPA intrasuband results, fg(x), became
os L | ——stis qamme negative wherx—0.
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FIG. 2. Intersubband collective excitation energy, from the first 0 ! 2 3 4 ?
to the second subbar(d-0), as a function of the parametgy, in q

both the RPA and STLS approaches, for three different potential
barrier heights. FIG. 4. Same as Fig. 3 but for the intersubba&@el) case.
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The potential barrier height effects on the intersubbanceffect of the confining potential height plays an important
collective excitation, from the first to the second role, and is more pronounced for small wave vector value
subband(1-0), are shown in Fig. 2. As we can see the col-(g,<2).
lective excitation energy is very sensitive to the variation of
the potential barrier height. The differences between the
results obtained with the simplest model of infinite height
for the potential barrier and the more realistic one consider- In conclusion, we have used the self-consistent field ap-
ing the barrier potential height as finite are remarkable, angiroximation, which includes the local-field correction within
cannot be neglected. For example, Rr=0.5, the values of the STLS theory to calculate the intrasubband and the inter-
the energy are 3.24, 3.63, and 4.43 fgg=65.2 meV, subband excitation of a quasi-one-dimensional electron gas
Vp=212.6 meV and infinite height of the potential confined in a GaAs-AlGa;_,As quantum well wires of
barrier, respectively. However, the effects of the confiningrectangular cross section, considering the finite height for the
potential are weak for the intrasubbarif-0) collective potential confining. We employed a three-subband model at
excitation energy for both the results STLS and RPA. Nev-zero temperature and we assume that only the first subband
ertheless, the differences between the results obtained wile occupied. We calculated the intrasubband and intersub-
these two methods are pronounced and show that for theand effective potential, pair-correlation function, plasmon
intrasubband plasmon the local-field correction is veryenergy, and structure factor for several potential barrier
important. heights, as a function of the one-dimensional wave vec-

In Figs. 3 and 4, we show the results for the intrasubbandior. The STLS results were compared with the correspond-
(0-00 and intersubband(0-1) static structure factor, ing RPA results and significant differences were found due
respectively, as a function of the wave vector. Theto the presence of the local field correction. We show that the
structure factor shown in the figures has the samepotential barrier effects are important for the intersubband
gualitative behavior as that presented previously inplasmon. We verified that the intersubband collective ener-
Ref. 10, for the case of infinite potential barrier height.gies are reduced about 25% for wires with aluminum con-
The differences between both the resufBPA and centrationx=0.1 in comparison with wires with infinite
STLS are more pronounced in Fig. 4 as expected. Asheight potential barrier. Then we conclude that the model of
we can note in Fig. 3 the potential barrier heightthe infinite height for the potential barrier is not a good ap-
effects are weak for the intrasubband collective excitationproximation to treat the quasi-one-dimensional intersubband
However, for the intersubban@-1) transition (Fig. 4 the  plasmon.

IV. CONCLUSION
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