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Influence of an External Magnetic Field on the
Acoustomagnetoelectric Field in a Rectangular
Quantum Wire with an Infinite Potential by Using a
Quantum Kinetic Equation
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Abstract—The acoustomagnetoelectric (AME) field in a
rectangular quantum wire with an infinite potential (RQWIP) is
calculated in the presence of an external magnetic field (EMF) by
using the quantum kinetic equation for the distribution function of
electrons system interacting with external phonons and electrons
scattering with internal acoustic phonon in a RQWIP. We obtained
ananalytic expression for the AME field in the RQWIP in the
presence of the EMF. The dependence of AME field on the frequency
of external acoustic wave, the temperature T of system, the cyclotron
frequency of the EMF and the intensity of the EMF is obtained.
Theoretical results for the AME field are numerically evaluated,
plotted and discussed for a specific RQWIP GaAs/GaAsAl. This
result has shown that the dependence of the AME field on intensity of
the EMF is nonlinearly and it is many distinct maxima in the
quantized magnetic region. We also compared received fields with
those for normal bulk semiconductors, quantum well and quantum
wire to show the difference. The influence of an EMF on AME field
in a RQWIP is newly developed.

Keywords—Rectangular quantum wire, acoustomagnetoelectric
field, electron-phonon interaction, kinetic equation method.

I. INTRODUCTION

HE propagation of the acoustic wave in conductors in the

presence of an external magnetic field (EMF) is
accompanied by the transfer of the energy and momentum to
conduction electrons which may give rise to a current usually
called the acoustomagnetoelectric (AME) current, in the case
of an open circuit called AME field. The AME field is similar
to the Hall field in the bulk semiconductor where the sound
flux ¢ plays the role of electric current. The essence of the

AME effect is due to the existence of partial current generated
by the different energy groups of electrons, when the total
AME current in specimen is equal to zero. When this happens,
the energy dependence of the electron momentum relaxation
time causes average mobility of the electrons in the partial
current, in general, to differ, if an EMF is perpendicular to the
direction of the sound flux, the Hall currents generated by
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these groups will not compensate one another, and a non-zero
AME effect will result. The AME effect was predicted in [1]
and observed in bismuth [2]. Calculations of the AME field in
bulk semiconductor [3]-[5] in the case the weak magnetic field
region have been investigated. The quantum AME effect due
to the Rayleigh sound waves was investigated in a bulk
semiconductor [6], [7]. In recent years, the AME field in super
lattice has been extensively studied [8]. So far, almost all these
works obtained by using the Boltzmann kinetic equation
method, thus, limited to the case of the weak magnetic field
region. In the case of the quantized magnetic field (strong
magnetic field) region using the Boltzmann kinetic equation is
invalid. Therefore, we use quantum theory to investigate both
the weak magnetic field and the quantized magnetic field
region.

In low dimensional systems, the energy levels of electrons
become discrete and different from those in bulk
semiconductors [9]. Under certain conditions, the decrease in
dimensionality of the system for semiconductors can lead to
dramatically enhanced nonlinearities [10]. Thus, the nonlinear
properties, especially electrical and optical properties of
semiconductor quantum wells, superlattices, quantum wires,
and quantum dots have attracted much attention in the past
few years. In low-dimensional systems, the quantum kinetic
equation method has been seen as a powerful tool. So, in a
recent work, we have used this method to calculate the
quantum acoustoelectric current in the cylindrical quantum
wire with an infinite potential [11] and the AME field in the
quantum well [12] and the RQWIP [13] when taking only into
account the interaction between electrons and external
acoustic phonons. However, in the RQWIP is not only the
electron-external acoustic wave interaction but also the
electron-acoustic phonon scattering. Therefore, the purpose of
this work is to examine the influence of an external magnetic
field on the AME field in the RQWIP by using the quantum
kinetic equation for the distribution function of electrons
interacting with external phonon and electron - internal
phonon scattering.

The new things obtained in this work are:

1) We show that the AME field is not only a result of the
electron-external acoustic wave interaction but also the
electron-acoustic phonon scattering in the sample;

2) We use the quantum kinetic equation method,
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3) We calculate the AME field in a RQWIP GaAs/GaAsAl
in the presence of EMF for both cases: the weak magnetic
field region and the quantized magnetic field region;

4) We show that the dependence of AME field on the EMF
in RQWIP is nonlinear;

5) We indicate that the condition to appear the positions of
the peaks is not dependent on the temperature systems.

This paper is organized as follows: In Section II, starting
from the Hamiltonian of the electron-external phonon
interaction and electrons-acoustic phonon scattering system in

RQWIP, we built from the quantum kinetic equation for

electron in RQWIP in the presence of an EMF. We calculate

the AME current in a RQWIP and then received analytical
expressions for the AME field in the RQWIP GaAs/GaAsAlin
the presence of the EMF. Numerical results and discussion are
given in Section III. Finally, remarks and conclusions are
shown in Section I'V.

II. ANALYTIC EXPRESSION FOR THE AME FIELD IN THE RQWIP

We consider a RQWIP structure of the length L with an
EMF assumed to be in the Oz direction. Due to the
confinement potential, the motion of electrons in the Oz
direction is free, while the motion in the (X — y) plane
quantized into discrete energy levels called sub-bands. Then
the eigen-function of an unperturbed electron in the RQWIP is
expressed as [14], [15]:

1 % [2 . ng 2 .«
F)=—se " [Zsin(—x) |[—sin(—y), (1
l//n‘I‘N( ) \/E LX ( Lx ) Ly (Ly y) ( )

where L. and L, are, respectively, the cross-sectional
dimensions along X- and y-directions, n, | are the subband
indexes, N = 0,1,2,... is the index of the Landau, and P, is

the electron momentum vector along z-direction. The electron
energy spectrum takes the form:

p2 L 1 22(n2 12
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where m is the effective mass of the electron, @, is the

cyclotron frequency.

We assume that an external acoustic wave of frequency wq
is propagating along the RQWIP axis in the EMF. We
consider the most realistic case from the point of view of a
low-temperature experiment, when wq/n = vi|q|/n<< 1 and
qd>> 1, where Vs is the velocity of the acoustic wave, ( is the
acoustic wave number, d is the electron mean free path and
is the frequency of the electron collisions. The compatibility
of these conditions is provided by the smallness of the sound
velocity in comparison with the characteristic velocity of the
Fermi electrons. We also suppose that inequalities v|q|/7<< 1
and qd>> 1 hold, i.e. the quantization of the electron motion in
the EMF is essential. If the conditions v|q|/p<<1 and qd>>1
are satisfied, a macroscopic approach to the description of the
AME effect is inapplicable and the problem should be treated

by using quantum mechanical methods. We also consider the
acoustic wave as a packet of coherent phonons. Therefore, we
have to first find the Hamiltonian describing the interaction of
the electron-internal and external acoustic phonon system in
the RQWIP in the presence of the EMF, which can be written
as:

_ B + +
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B . .
where &7\ 5 is the electron energy spectrum in the presence

of the EMF, wy is the internal phonon frequency,

C. =AJk/(2pv,SL) is the

interaction factor, p is the mass density of the medium, 4 is the
deformation potential constant, Cq is the electron-external

electron-internal ~ phonon

phonon interaction factor

1
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surface area, Vi(v) is the velocity of the longitudinal
(a )is the

where o, =(1-v2 /v )2,

(transverse) bulk acoustic wave, a,, 5,

nl|.N,p;

. o o .
electron creation (annihilation) operator; b (bR) is the
creation (annihilation) operator of internal phonon and bj is
the annihilation operator of the external phonon; U Q,'NN is the
matrix element:

_ 2exp(-k,L)

' 0 R * — — -
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I,?:,"' is the electronic form factor:

wr 2R L .
In‘lyI :F£J|n—n'|(qiR)V/nﬂl',N'(r)l//n,l,N(r)rdr: (5)

and
IN(u)= Jymn (F—a2(P, —K))e™ P2y, (F, —a2p, )dr ,

whereU =a.q’ /2; r, is the position of the electron cyclotron
orbit, ¢, is the wave vector in the plane Oxy.

To set up the quantum kinetic equation for electrons in the
presence of an ultrasound, we use equation of motion of
statistical average value for electrons
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where the notation <X>t is mean the usual thermodynamic

average of the operator X and fﬁnz"’N = <a”+x|vaﬁz Ani N5,

>l is the

particle number operator or the electron distribution function.
Substituting (2) into (6) and realizing operator algebraic
calculations, we obtained.
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The acoustic wave will be considered as a packet of

coherent phonons with the delta-like distribution function
N(k)=(27)*¢5(k—G)/( hagv, ) in the wave vector K space,
@ is the sound flux density. The quantum Kinetic equation for

electrons in the single (constant)
approximation takes the form [12], [13].
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whereh =B/ B is unit vector along the direction of the EMF,
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f, is the equilibrium electron distribution function, is

an unknown distribution function perturbed due to the external
fields.

Multiply both sides of (7) by (e/ m)pﬁ(s Exin pz) and
carry out the summation over n, | and p, we have the
equation for the partial current density In”,'NN(E) (the current
caused by electrons which have energy of ¢)
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Equation (9) is the basic equation of the problem which is
that the quantum kinetic equation for electrons with internal
acoustic phonons and external acoustic phonons interaction in
the presence of an EMF. Equation (9) is completely different
from that in the work reported by [13] because they only
consider the interaction between the electron with external
acoustic wave.

Solving (9), we obtained the partial current density

P4

u:.'N“I N,

(&) {( N

JnIN (¢ ):1+a)czrz(€) nIN (5)+ Il\] (5))_
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ol (e )IG (2)RIR+ S35 (£)R1A)
The total AME current density is generally expressed as

J=[I0" (e)de, (14)

0
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Substituting (13) into (14) and realizing calculations, we
obtained the equation for the AME current density:

Ji :aijEj+(’7ij +ﬂij)¢j’ (15)
where o is the electrical conductivity tensor, #; and f;; are the

internal and external acoustic conductivity tensors,
respectively

2 2
a; =(e°n, I mh){a,6; — w.a,&h, +o;ah

h;}, (16)
;i :{blé‘ij _wcbzgijkhk +wc2b3hihj } (17)
Bi :{Clé‘u _a)cc28ijkhk +a’c2C3hihj } (18)

Here &ijx is the unit anti-symmetric tensor of third order, no is
the carrier concentration and ag, by, Cq (9=1,2,3) are given as
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We considered a situation whereby the sound is propagating
along the Ox axis in the EMF and we assume that the sample
be opened in all directions, so that j= 0. Therefore, from (15)
we obtained the expression of the AME field Eame, which
appeared along the Oy axis of the sample.

E -E _(ﬂzz+ﬂzz)azy_(77yz+ﬂyz)a
y = TAME T 2 2
ayy +azy

>4 24

We can see that (24) in the general case is very
complicated, so that we only examined the relaxation time of

carrier 7(¢) depending on carrier energy as follows
w(e)=1,(e/kgT)",
constant and T is the temperature of the system. We also
calculated for fo = [1 — exp(B(e - er))]"' the Fermi-Dirac
distribution function, # = 1/kgT, ¢r is the Fermi energy. By
using (16)-(18) and carrying out manipulations, we obtained
an analysis expression for the AME field in a RQWIP as
follows:

with 7o is constant, kg is Boltzmann

Eave = W{(a,zv( X)+ Tga)cz F}v,ZV( X))
e’m
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oo OOLKGT (R, () + 7500 siN% 015, (X))
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n . -1
- AN’I (sz,zv( X)COS(ﬂ + 7,0, SIN ¢F3v,2v( X ))] : }

where ¢ is the angle between the direction of propagation of
sound waves and EMF, F _(x)= T; all dx and
ol+@lzix” ox
x=1/r,w,
Choose v = 1, the relaxation time of carrier 7(¢) depending
on carrier energy as follows 7(&)=r7,6/ksT and the

realizing calculations, we have the expression for the AME
field in a RQWIP as:
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—2(xkyT cosp— Ay sing)
(KsT sing — Al 7,0, C0s @)F,, (X)F, (X))}

We will carry out further analysis of (26) separately for the
two limiting cases: the case of the weak magnetic field region
and the case of quantized magnetic field region. In the case of
the weak magnetic field region and high temperature w.<<
ksT, wc<< 7, the expression of Eame in (26) takes the form:
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In the case of quantized magnetic field region and low
temperature w¢>> kgT,wc>> 7, the expression of Eame in (26)
takes the form:
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where

G, =kgTcosp+ Al'r,m, sing ; G, = X’k T sin” pcosg ;
G, =xk; T sinp— A} cos’ p;
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From (27) and (28) we see that, the dependence of AME
field on the temperature T of system, the cyclotron frequency
¢ of the EMF and the intensity B of the EMF is quite
different from the results received in bulk semiconductor [3]-
[6], the quantum well [12] and RQWIP [13].

III. NUMERICAL RESULTS AND DISCUSSION

To clarify the results that have been obtained, in this
section, we considered the AME field in a RQWIP
GaAs/GaAsAl. The parameters used in the numerical
calculations are as follow [12]-[15]: 7o = 107'%s, ¢=10* Wm?2,
L = 120nm, L, = 30nm, Ly = 28nm, ¢ = n/2,m = 0.067m., m,
being the mass of free electron, p = 5320kgm, vi= 2x10°ms!,
v=18x102ms™, v&= 5370 ms !, A = 13.5¢eV, wi = 9x10°s L.

Fig. 1 shows the dependence of AME field in RQWIP on
the intensity B of the EMF for the weak magnetic field region
with high temperature T = 250K (dashed line) and T = 200K
(solid line) is nonlinearly with the intensity B of the EMF. The
dependence of the AME field on the intensity B of the EMF at

different values of the temperature shows that when magnetic
field rises up, the AME field increases monotonically and it
reached a maximum value at B=0.13T. The maximum value of
AME field is approximates 2.5x10* V/m at T = 200K and
2.1x10* V/m at T = 250K.In addition, Fig. 1 shows that the
positions of the maxima are not move as the temperature is
varied, because the conditions to appear peak do not depend
on the temperature but depend on the external magnetic field.
This means that the condition is determined mainly by the
electrons energy. This result is different from those for the
bulk semiconductor [3]-[6] under condition qd>> 1 and the
weak magnetic field region, because the AME field expression
in the bulk semiconductor [3]-[6] is proportional to the
intensity B of the EMF. In other words, AME field increases
linearly with the magnetic field. This result is similar to the
results received in QW [12] but the value of the AME field in
RQWIP is greater the value of this field in QW [12]. Our
result indicates that the dominant mechanism for such a
behavior is attributed to the electron confinement in the
RQWIP.

Lx10*

i 28]
W ) 2l

-
T

The AME field (arb. units)

0.5¢

0 0.05 0.1 015 02
Magnetic B (T)

Fig. 1 The dependence of the AME field in RQWIP on the intensity B
of the EMF for the weak magnetic field region with T = 250K
(dashed line) and T = 200K (solid line). Here wq=2x10'"s7!, n=0,
+1; n’=0, £1; 1=0,+1; I’=0,£1;N=0,1,2,3; N’=0,1,2,3

Fig. 2 shows the dependence of AME field in RQWIP on
the intensity B of the EMF in the quantized magnetic field
region which has many distinct maxima. The result showed
the different behavior from results in bulk semiconductor [3]-
[6]. According to the result in the bulk semiconductor [3]-[6]
in the case of strong magnetic field, AME field is proportional
to 1/B. Different from [3]-[6], these peaks in this case are
much sharper. There are two reasons for the difference
between our result and other results: one is that in the presence
of the quantum magnetic field, the electron energy spectrum
was affected by quantized magnetic field and the other is the
effect of the electrons confinement in the RQWIP. This result
is similar to the results received in QW [12] but the value of
the AME field in RQWIP is greater the value of this field in
QW [12]. According to the result in QW [12] is about
Eame=3.2x10" V/m at B = 1.9 (T), T = 4.0K and the results of
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the AME field in Fig. 2 is about Eame=0.014 V/m at B= 1.82
(T), T = 5.0K (dashed line) and Eame=0.029 V/m at B= 1.82
(T), T = 4.0K (solid line). The value of the AME field rise
because the AME field in [12] is obtained when taking into

account the interaction between electrons and external

acoustic phonons, but in this paper has been considered when

including the interaction between electrons and internal
acoustic phonons and the electron-acoustic phonon scattering
in the sample. In addition, from the result of the numerical
calculation, if ignored the interaction between electrons and
internal acoustic phonons, this result returns similar to [13]. In
this work we have shown the dependence of AME field on
confinement of electrons in one-dimensional systems, in
particular on the wave function, energy spectrum and the
potential form of different confinement of electrons.
Additionally, we also show that the AME field does not exist
when the sound waves travel parallel to the EMF and it
reaches the maximum value when the sound waves travel
perpendicular to the EMF.

0.03

0.025

o
Q
]

o
o
ey
(53]

The AME field (arb. units)

= e,
. ' o
-, - ~,
I

1.8 2 22 24 26 28 3 32 34
Magnetic B (T)

Fig. 2 The dependence of the AME field in RQWIP on the intensity B
of the EMF for the quantized magnetic field region withT = 5K
(dashed line) and T = 4K (solid line). Here wq =2x100s"!,
n=0,+1;n"=0,+1; I=0,+1; I’=0,+1;N=0,1,2,3; N’=0,1,2,3

Fig. 3 shows the dependence of AME field in RQWIP on
the intensity B of the EMF in the quantized magnetic field
region at T = 4K with two different values of the external
acoustic wave of frequency wq = 2.5%10''s™! (dashed line) and
®q = 2.0x10!" s7! (solid line). The curves have many distinct
maxima when the condition w; =, +£ANN (g, A,

nlnl

N#N?) is satisfied. From the results in Fig. 3, we can see the
width of the peaks increases when the intensity B of the EMF
rises up. The maximum value of the AME field increases the
frequency of sound waves large. In addition, the positions of
the maxima are not move. By using the quantum kinetic
equation method, our result indicate that it is only linear to
intensity B of the EMF in case of the weak magnetic field and
higher temperature, while in case of the quantized magnetic
field and low temperature AME field is not proportional to
1/B, but there are many peaks in Fig. 2.
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Fig. 3 The dependence of the AME field in RQWIP on the intensity B
of the EMF for the quantized magnetic field region with wq =
2.5%10''s™! (dashed line) and wq = 2.0x10"'s™! (solid line). Here T =
4K, n=0, +1; n’=0,%1; I=0,+1; I’=0,+1;N=0,1,2,3; N’=0,1,2,3

IV. CONCLUSION

In summary, we have theoretically investigated the

influence of an external magnetic field on the AME field in
the RQWIP GaAs/GaAsAl by using the quantum kinetic
equation for the distribution function of electrons interacting
with external phonon and electron - internal phonon scattering.
We have obtained analytical expressions for the AME field in
the RQWIP for both cases: the weak magnetic field region and
the quantized magnetic field region. There is a strong
dependence of AME field on the intensity of the EMF. The
result showed that there are many distinct maxima in the
quantized magnetic field region and the AME field is only
linear to intensity B of the EMF in case of the weak magnetic
field and higher temperature. In addition, the AME field is not
exist when the sound waves traveling in parallel to the EMF
and it reaches the maximum value when the sound waves
traveling perpendicular to the EMF.

The result of the numerical calculation was done for the
RQWIP GaAs/GaAsAl. This result has shown that, the
positions of the maxima of the AME field are not move as the
temperature of system is varied. We want to emphasized that,
there is a strong the influence of an external magnetic field on
the AME field in the RQWIP and the condition to appear the
positions of the peaks in the dependence of AME field on the
intensity of the EMF in RQWIP GaAs/GaAsAl is not
dependent the temperature. This result shows the difference
from the results obtained in normal bulk semiconductors [3]-
[6]. These are importance results of the present work.
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