Proc. Natl. Conf. Theor. Phys. 35 (2010), pp. 183-188

THE NONLINEAR ACOUSTOELECTRIC EFFECT IN
A CYLINDRICAL QUANTUM WIRE WITH
AN INFINITE POTENTIAL

NGUYEN VAN NGHIAY2, TRAN THI THU HUONG?
L Department of physics, Water Resources University
2 Department of physics, Hanoi National University
NGUYEN QUANG BAU
Department of physics, Hanot National University

Abstract. The nonlinear acoustoelectric effect in a cylindrical quantum wire with an infinite po-
tential is investigated by using Boltzmann kinetic equation for an acoustic wave whose wavelength
A= 27" is smaller than the mean free path 1 of the electrons and hypersound in the region ql > 1,
(where q is the acoustic wave number). The analytic expression for the acoustoelectric current 1¢°
is calculated in the case: relaxation time of momentum T is constant approximation and degener-
ates electrons gas. The nonlinear dependence of the expression for the acoustoelectric current I%¢
on the acoustic wave numbers q and on the intensity of constant electric field E are obtained. Nu-
merical computations are performed for AlGaAs/GaAs cylindrical quantum wire with an infinite
potential. The results are compared with the normal bulk semiconductors and the superlattices to
show the values of the acoustoelectric current 1%¢ in the cylindrical quantum wire are different
than they are in the normal bulk semiconductors and the superlattices.

I. INTRODUCTION

When an acoustic wave is absorbed by a conductor, the transfer of the momentum
from the acoustic wave to the conduction electron may give rise to a current usually
called the acoustoelectric current, 1%¢, in the case of an open circuit, a constant electric
field. The study of acoustoelectric effect in bulk materials have received a lot of attention
[1-5]. Recently, there have been a growing interest in observing this effect in mesoscopic
structures [6-8]. The interaction between surface acoustic wave (SAW) and mobile charges
in semiconductor layered structures and quantum wells is an important method to study
the dynamic properties of low-dimensional systems. The SAW method was applied to
study the quantum Hall effects [9-11], the fractional quantum Hall effect [12], and the
electron transport through a quantum point contact [13, 14]. It has also been noted that
the transverse acoustoelectric voltage (TAV) is sensitive to the mobility and to the carrier
concentration in the semiconductor, thus it has been used to provide a characterization
of electric properties of semiconductors [15]. Especially, in recent time the acoustoelectric
effect was studied in both a one-dimensional channel [16] and in a finite-length ballistic
quantum channel [17, 18, 19]. In addition, the acoustoelectric effect was measured by an
experiment in a submicron-separated quantum wire [20], in a carbon nanotube [21], in an
InGaAs quantum well [22]. The SAW method was also applied to the study acoustoelectric
effect and acoustomagnetoelectric effect [23, 24, 25].
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However, the acoustoelectric effect in the quantum wire still opens for studying, in
this paper, we examine this effect in a cylindrical quantum wire with an infinite potential
for the case of electron relaxation time is not dependent on the energy and degenerate
electron gas. Furthermore, we think the research of this effect may help us to understand
the properties of quantum wire material. We have obtained the acoustoelectric current
I1%¢ in the cylindrical quantum wire. The nonlinear dependence of the expression for
the acoustoelectric current 1%¢ on acoustic wave numbers ¢ has been shown. Numerical
calculations are carried out with a specific AlGaAs/GaAs quantum wire to clarify our
results.

II. ACOUSTOELECTRIC CURRENT

By using the classical Boltzmann kinetic equation method in [23, 24, 25], we cal-
culated the acoustoelectric current in quantum wire. The acoustic wave is considered a
hypersould in the region gl > 1 (I is the electron mean free path, ¢ is the acoustic wave
number). Under such circumstances, the acoustic wave can be interpreted as monochro-

matic phonons having the 3D phonon distribution function N(k), and this function can
be presented in the form [25]

(2m)°
hwgv

qvs

N(k) = ¢6(k — q), (1)
where h = 1, k is the current phonon wave vector, ¢ is the sound flux density, ws and v, are
the frequency and the group velocity of sound wave with the wave vector ¢, respectively.

It is assumed that the sound wave and the applied electric field E propagates along
the axis of the quantum wire. The problem was solved in the quasi-classical case, i.e.,
26 > 771, (7 is the relaxation time). The density of the acoustoelectric current can be
written in the form [26]
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Here ' is the electron momentum vector, f(ep) is the distribution function, Gy_g 5
is the matrix element of the electron-phonon interaction and ; (i = x,y, z) is the root of
the kinetic equation given by [28]

e oy

E(V X H)afpz + Wi} = Vi, (4)
here V; is the electron velocity, V' is the average drift velocity of the moving charges and
Wi{...} = (0f/0e)*W{(df/Oe)...}. The operator W is assumed to be Hermitian [26]. In
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the 7 approximation, Wﬁ = 1/7. Furthermore, 7 = constant, we shall seek the solution of

Eq.(4) as
0 1

o=+l 4 (5)

Substituting Eq.(5) into Eq.(4) and solving by the method of iteration, we get for

the zero and the first approximation. Inserting into Eq.(2) and taking into account the
fact that

Cppl* = 1Gy 51" (6)

We obtain for the density of the acoustoelectric current the expression

Jic == 27T2U3wq/| p+qp| (eprq) — [(ep)]x

x [ '(P+®T— Vi(9)7]0(epeq — 5 — wg)d’p—
m [ 1Gaasllreia) - erx

< [(V(5+ ) x H)i = (V(5) x H)ilo(eprq — g5 — wg)d’p. (7)

The matrix element of the electron-phonon interaction [23, 28] is given

| _‘ﬁ|2 — ‘A‘QIQ_P (8)
pq prtj :

Where A is the deformation potential constant and p is the crystal density of the quantum

wire.

In solving Eq.(7) we shall consider a situation whereby the sound is propagating
along the quantum wire axis (Oz). Under such orientation the second term in Eq.(7)
is responsible for the density of the acoustomagnetoelectric current and the first term in
Eq.(7) is the density of the acoustoelectric current. Thus the density of the acoustoelectric

current in Eq.(7) in the direction of the quantum wire axis becomes

e —QT 2
m / epea) = TR Va4 @) = Va-(0))o(eprg — 25— wi)d’p,  (9)

ac
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the distribution function f(ez) in the presence of the applied constant field E is obtained
by solving the Boltzmann equation in the 7 approximation. This function is given

dt t
fen = [ Leonl-5falep) (10
0 T T
In the case degenerate electrons gas is given by
- _ 0 Ep > Efp
Jo(ep) = 0(cr — €p) = { | ex<er (11)

Where ef is the Fermi energy, the energy 5 of the cylindrical quantum wire with an
infinite potential in the lowest miniband is given by [27]

h2p2 h2 A2,
2m 2mR?’

(12)
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Where [ = 1,2,3,... is the radial quantum number, n = 0,41,42,... is the azimuth
quantum number, m is the electron effective mass, R is the radius of the quantum wire, p,
is the longitudinal (relative to the quantum wire axis) component of the quasi-momentum
and A,,; is the [ level root of Bessel function of the order n.

Hence

dey B2 B2 0A?
V()= L=l Tl (13)
Op m 2mR? Jp
Substituting Eqs.(11), (12) and (13) into Eq.(9), we obtain for the acoustoelectric
current with the condition is satisfied then:
h2 = h2
A2 |+ hwg. 14
2m +2mR2 nl g (14)
The inequalities in Eq.(14) is condition acoustic wave vector ¢’ to the acoustoelectric
effect exists. Therefor, we have obtained the expression density of the acoustoelectric
current

hQA?M}

= (15)
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Thus, the analytic expression for the acoustoelectric current 7%¢ in the cylindrical
quantum wire with an infinite potential can be written in the form

IaC —

AIZR243 [
epr| \Rq/ dt t (16)
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The Eq.(16) is the acoustoelectric current in the cylindrical quantum wire with an

infinite potential in the case degenerate electron gas, the expression only obtained if the
condition in Eq.(14) is satisfied.

III. NUMERICAL RESULTS
In this situation Eq.(16) was solved analytically and the result were given as

AI2R243 h2 A%
1% = Tl AP R g hq—2eET—2\/2m5F - . (17)

2
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Eq.(17) is the acoustoelectric current in the cylindrical quantum wire with an infinite
potential in the case degenerate electron gas. The dependences of the expression for the
acoustoelectric current 1%¢ on the intensity of the electric field £, the frequency wg of the
acoustic wave, the acoustic wave numbers ¢ and the radius R of the quantum wire are
obtained.

In the paper, we consider a AlGaAs/GaAs cylinder quantum wire with an infinite
potential. The parameters used in the calculations are as follows [26, 28]: T = 107%s; R =
80A4; ¢ = 10MWm=2; p = 2x1083kgm=3; v, = 5370ms™ 1 E = 105V m ™ wz = 101057 1;ym =
0.067me, me being the mass of free electron.
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Fig. The dependence of the acoustoelectric current 1*¢ on the acoustic wave numbers q.

Figure shows the dependence of the acoustoelectric current on the acoustic wave
number ¢ when the relaxation time of momentum 7 is constant approximation and degen-
erate electron gas. The curve of the acoustoelectric current 1%¢ decreases when the small
value range of the acoustic wave number ¢ and strongly increases when the large value
range of the acoustic wave number q.

IV. CONCLUSION

In this paper, we have analytically investigated the possibility of the acoustoelectric
effect in the cylindrical quantum wire with an infinite potential. We have obtained ana-
lytically expressions for the acoustoelectric effect in the cylindrical quantum wire with an
infinite potential for the case degenerate electron gas. The dependences of the expression
for the acoustoelectric current I%¢ on the frequency wg of the acoustic wave, the acous-
tic wave numbers ¢ and the radius R of the quantum wire are obtained. The result is
different compared to those obtained in the normal bulk semiconductors [5], according to
[5] in the case T = constant the effect only exists if the electron gas is non-degenerate,
if the electron gas is degenerate, the effect is not appear, however, our result indicates
that in the cylindrical quantum wire with an infinite potential the acoustoelectric effect
exists both non-degenerate and degenerate electron gas when 7 = constant. Unlike the
normal bulk semiconductors, in the cylindrical quantum wire with an infinite potential
the acoustoelectric current 7%¢ is nonlinear with the acoustic wave number gq.

We have numerically calculated and graphed expressing the dependence of the acous-
toelectric current I on the acoustic wave number ¢ are performed for AlGaAs/GaAs
cylindrical quantum wire with an infinite potential. The result shows that, the acous-
toelectric effect exists when the acoustic wave vector ¢ complies with specific conditions
in Eq.(14) which condition dependences on the frequency wg of the acoustic wave, Fermi
energy, the mass of electron and the radius R of the quantum wire. That is mean to have
acoustoelectric current 1°¢; the acoustic phonons energy is high enough and satisfied in the
some interval to impact much momentum to the conduction electrons. The curve of the
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acoustoelectric current 1%¢ strongly decreases when the small value range of the acoustic
wave number ¢ and strongly increases when the large value range of the acoustic wave
number gq.

ACKNOWLEDGMENT

This research is completed with financial support from the Program of Basic Re-
search in Natural Science-NAFOSTED (103.01.18.09) and QG.TD.10.02.

REFERENCES

1] R. H. Parmenter, Phys. Rev. B 89 (1953) 990.

2] M. Rotter, A. V. Kalameitsev, A. O. Grovorov, W. Ruile, A. Wixforth, Phys. Rev. Lett. 82 (1999)
2171.

. E. Lippens, M. Lannoo, J. F. Pouliquen, J. Appl. Phys. 66 (1989) 1209.

. V. Afonin, Yu. M. Galperin, Semiconductor 27 (1993) 61.

. M. Epshtein, Yu. V. Gulyaev, Sov. Phys-Solids State 9 N.2 (1967) 288.

. M. Shilton, D. R. Mace, V. I. Talyanskii, J. Phys. 8 (1996) 377.

. M. Shilton, V. I. Talyanskii, J. Phys. 56 (1996) 531.

LA

. W

Maa, Y. Galperin, Phys. Rev. B 56 (1997) 4028.
ixforth, W. Schlapp, Phys. Rev. B 40 (1989) 7874.
. L. Willett, R. R. Ruel, K. W. West, Phys. Rev. Lett. 71 (1993) 3846.
. L. Drichko, A. M. Dyakonov, Sov. Phys. St. Sol. 31 (1997) 451.
. L. Willet, M. A. Paalanen, R. R. Ruel, Phys. Rev. Lett. 65 (1990) 112.
. M. Shilton, D. R. Mace, V. I. Talyanskii, Phys. Rev. B 51 (1995) 14770.
. I. Talyanskii, M. Pepper, J. M. Shilton, Phys. Rev. B 56 (1997) 15180.
. Das, R. T. Webster, H. Estrada-Varquez, W. C. Wang, Surf. Sci. 86 (1979) 848.
. M. Shilton, D. R. Mace, V. I. Talyanskii, J. Phys. 8 (1996) 337.
. E. Wohlman, Y. Levinson, Yu. M. Galperin, Phys. Rev. B 62 (2000) 7283.
. A. Zimbovskaya, G. Gumbs, J. Phys. 13 (2001) 409.
u. M. Galperin, O. E. Wohlman, Y. Levinson, Phys. Rev. B 63 (2001) 153309.
. Cunningham, M. Pepper, V. L. Talyanskii, Appl. Phys. Lett. 86 (2005) 152105.
. Reulet, A. Yu. Kasumov, M. Kociak, Appl. Phys. Lett. 85 (2000) 2829.
. R. Astley, M. Kataoka, C. J. B. Ford, J. Appl. Phys. 103 (2008) 096102.
. Y. Mensah, F. K. A. Allotey, S. K. Adjepong, J. Phys. 6 (1994) 6783.
. Y. Mensah, F. K. A. Allotey, N. G. Mensah, J. Phys. 12 (2000) 5225.
. Y. Mensah, F. K. A. Allotey, N. G. Mensah, J. Phys. 37 (2005) 8
. I. Kaganov, Sh. T. Mevlyut, I. M. Suslov, Sov. JETP 51 N.1 (1980) 1809.
. Gold, A. Ghazali, Phys. Rev. B 41 (1990) 7626.
. Y. Mensah, F. K. A. Allotey, S. K. Adjepong, J. Phys. 8 (1996) 1235.

*<ZO“”U<“FUHPJ>W“L‘@<"U

Recewved 10-10-2010.



