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Abstract—The influence of confined acoustic phonons on the
Shubnikov — de Haas magnetoresistance oscillations in a doped
semiconductor superlattice (DSSL), subjected in a magnetic field, DC
electric field, and a laser radiation, has been theoretically studied
based on quantum kinetic equation method. The analytical expression
for the magnetoresistance in a DSSL has been obtained as a function
of external fields, DSSL parameters, and especially the quantum
number M characterizing the effect of confined acoustic phonons.
When m goes to zero, the results for bulk phonons in a DSSL could
be achieved. Numerical calculations are also achieved for the
GaAs:Si/GaAs:Be DSSL and compared with other studies. Results
show that the Shubnikov — de Haas magnetoresistance oscillations
amplitude decrease as the increasing of phonon confinement effect.
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I. INTRODUCTION

HE Hall effect is the production of a voltage difference

(the Hall voltage) across an electrical conductor transverse
to an electric current in the conductor and a magnetic field
perpendicular to the current. One of the special cases of Hall
effect is called the Shubnikov—de Haas effect (SdH) which is
an oscillation in the conductivity of a material that occurs at
low temperatures in the presence of very intense magnetic
fields. The SdH of Low Dimensional System (LDS) has been
studied both in experimentally [1]-[8] and theoretically with
the case of unconfined phonons [9]-[11]. In many recent
researches, it shows that the confined electrons and confined
phonons strongly influence strongly the nonlinear kinetic
properties of LDS [12]-[14]. In this work, we study the SdH
under the impact of confined acoustic phonons in the DSSL by
using the quantum kinetic equation method. The article is
organized as follows: in Section II, we present formulae for
the calculation and compute the expression of the SdH.
Numerical results and discussion for the GaAs:Si/GaAs:Be
DSSL are given in Section III. And the final section shows
remarks and conclusions.
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II. ANALYTIC EXPRESSION FOR THE SDH IN DSSL UNDER THE
INFLUENCE OF CONFINED ACOUSTIC PHONON

In order to find out the analytic expression for the SdH, the
quantum kinetic equation method is used with four steps: (1)
Establish the Hamiltonian of the confined electron-confined
acoustic phonon system by using the wave function and its
discrete energy levels of confined electron and confined
phonons; (2) Establish the quantum kinetic equation for
electron distribution function; (3) Solve this kinetic equation
to find out the total current density; (4) Find out the analytic
expression for the SdH.

We consider a simple model of the DSSL in which electron
gas is confined by the superlattice potential along the z-
direction and free in the (x —y) plane. A laser wave irradiates
the sample in the z direction, the electric field of the laser

wave is polarized in the x—y plane and E =E” sin(Qt). The
vector potential of the laser wave is A(;):é E, cos(Qr). The

motion of an electron is limited in each layer of the system,
and its energy spectrum is quantized into discrete levels in the
z-direction. Therefore, the single-particle wave function and
corresponding eigen-energy in the DSSL has the same
mathematical forms with those obtained for a harmonic
oscillator. If the DSSL is subjected to a crossed DC electric
field 7 -(0,0, £) and magnetic field #-(0,5,0).- The

Hamiltonian of the confined -electron-confined acoustic
phonon system detonated in a DSSL can be written:
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Here, @), and z,, ( b” ; and b ) are the creation
Nap, g,
and annihilation operators of electron (phonon), respectivelys; |
= | cq is the interactive coefficient of confined
s 2pvgV

electronic — confined acoustic phonon in DSSL where vy, & , p,
and V are, respectively, the sound velocity, the acoustic
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deformation potential, the mass density, and the normalization
volume of the specimen; ¢ =(§l,§m) is the wave vector of

confined phonons; ®, ;= o, - Vz(qf + qff ) is the

frequency of confined phonons. The corresponding
eigenenergy of an electron in a single potential well are given
by:

SN’”(/”J'V)=(/V+;)th+(/V+;)hwﬁ—hva,py+;mkvj,
N=0, 1,2, ....(2)

where m, and e are the effective mass and the charge of a
conduction electron, respectively; ﬁy is its wave vector in the

y plane; wczﬁ is the

m,

cyclotron frequency and

1

o = 4ze’n;, P s the plasma frequency characterizing for the
P KOmE'

DSSL confinement in the z-direction where ko is the

electronic constant (vacuum permittivity) and np, is the doping

concentration; the frequency of confined acoustic phonons is

wm,:}i = \lwc - Vz(qi + qj/) :

The form factor of confined electrons can be written:
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with £} (x) which is the Laguerre polynomial, 1 is the radius
of the Landau; ¢(¢)= (Zm‘)a(eﬁ+wc[;,h])ai6(;) is the
7

potential scalar.

By using Hamiltonian (1)-(3) and above procedures, we
obtain an equation for the partial current density in the single
(constant) relaxation time approximation. After some
manipulations, we obtain the expression for the conductivity
tensor:

T
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where 1 is the momentum relaxation time, d; is the Kronecker
delta, g is the anti-symmetrical Levi - Civita tensor, the Latin
symbols i, j, k, m, 1, p stand for the components X, y, z of the
Cartesian coordinates.

From (4), we find the components o, and o-yxof

conductivity tensor in (5) and (6):
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From (5)-(7), we obtain the expression for the
magnetoresistance (MR):
O
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Equation (8) is the analytical expression of
magnetoresistance in DSSL in the presence of magnetic field,
constant electric field and high frequency laser radiation. From
(8), we can see that MR depends on the magnetic field B,

frequency Q. and compiler £ of laser radiation, temperature

T of system, thickness ¢ and specially the quantum
numbers n, m characterizing the electron and phonon
confinement. When m goes to zero, we obtain results as case
of unconfined phonons.

III. NUMERICAL RESULTS AND DISCUSSIONS

In order to clarify the mechanism for MR in DSSL with
impact of confined acoustic phonons, in this section, we will
evaluate, plot, and discuss the expression of MR for the
specific DSSL: GaAs: Be/GaAs: Si. Parameters used in this
calculation are as follows: m* = 0.067 m,, (m, is the free
mass of an electron), vy = 5370 ms”, Boltzmann constant
ky=138x1020 .k, §=13.5eV, p=5320m.kg™, €=2.07¢,

Fig. 1 shows the nonlinear dependence of MR on the
magnetic field in the case of confined acoustic phonons (solid
red line and brick line) and unconfined acoustic phonon
(dotted line), with £-10°V/m, d=20nm, T =2K, and low

doping concentration n, =5x10"m~. In this figure, we find

that the oscillation amplitude of MR in the case of confined
acoustic phonons is much smaller than it in the case of bulk
phonons. When the quantum number m characterizing
confined phonons increases, the oscillation amplitude of MR
reduces strongly.
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Fig. 1 Dependence of MR p .~ on magnetic field B

Fig. 2 shows that the MR is a nonlinear function of the ratio
Qlw . in the case of confined acoustic phonons (solid red line

and brick line) and unconfined acoustic phonon (dotted line),
with B=3T, £=10°V/m, d =20nm, T =2k, and low doping
concentration n, = 5x10%2m>. There are several resonance

picks of MR in both confined phonons and bulk phonons. And

we also see that when quantum number m characterizing
confined phonons increases, the oscillation amplitude of MR
rises strongly.
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Fig. 2 Dependence of MR p, on Q/ @,

IV. CONCLUSION

In this paper, we have theoretically studied the Shubnikov —
de Haas magnetoresistance oscillations under the influences of
confined acoustic phonons by using the quantum Kkinetic
equation method for electrons. We received the formulae of
MR in the case of confined phonon, which contains a quantum
number m characterizing confined phonons and easy to come
back to the case of bulk phonons. We numerically calculated
and graphed the MR for the specific DSSL: GaAs: Be/GaAs:
Si to clarify the theoretical results. The MR depends much
strongly on the quantum number m characterizing confined

phonons, the magnetic field B and the ratio Q/ @, . There are

many resonant peaks of MR in both cases. In short, the
confinement of acoustic phonons in DSSL makes the MR
different from case of bulk phonons.
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