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Abstract We study the linear-nonlinear quantum
transport theory of Wannier-Landau transition system
in the confinement of electrons by a square well
confinement potential. We use the projected Liouville
equation method with the ensemble density
projection technique. We select the dynamic value
under a linearly oscillatory external field. We derive
the dynamic value formula and the memory factor
functions in three electron phonon coupling systems
and electron impurity coupling systems of two
transition types, the intra-band transitions and
inter-band transitions. We obtain results that can be
applied directly to numerical analyses. For simple
example of application, we analyze the absorption
power and line-widths of ZnO, through the numerical
calculation of the theoretical result in the Landau
system.
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Introduction

It is well known the Landau splitting system is that
the electronic state in a crystal, in the presence of
static magnetic field applied along the z-axis, is
quantized in the x-y plane.*? In addition, an

electromagnetic wave is applied to the system, the
electrons absorb the proper photon energies to make
magneto-optical transitions, among which cyclotron
resonance (CR) is the most typical one.® So far quite
many theories have been reported for CR electron
interacting with  phonon (or impurity) in
semiconductor. The Wannier-Landau transition
system (WLTS) is that the electronic state in a crystal,
in the presence of static magnetic field applied along
the z-axis and static electric field applied along the
x-axis, is quantized in the x-y plane with the x
directional electric field dependency. Since the
WLTs has the magnetic field and also electric field
dependency, research in quantum transition theory of
WLTs may be important in investigating the
microscopic  scattering phenomena of many
condensed matter systems. The main purpose of this
work is to investigate the linear-nonlinear effect of
the induced dynamic value due to polarizability.
Early studies were mainly based on linear schemes
and nonlinear response studies were performed only
in limited.

Among those low-dimensional systems,
semiconductor optoelectronic devices, such as laser
diodes, optical waveguides, and photo detectors, have
important applications in optical communication
systems. In order to understand the physics and the
operational characteristics of these optoelectronic
devices, we need to develop a quantum statistical
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method. Thus the quantum statistical study of
low-dimensional electron systems is of great
importance in condensed material  systems.
Theoretical studies of CR in quasi-two dimensional
(Q2D) quantum well structures have been in active
progress over the last several years.*’ There are
several methods to obtain line-widths in response
function.®* The theoretical studies performed so far
on high electric field transport are usually based on
the following methods: the function
approach, Feynman’s path integral approach, the
Wigner representation approach, and the ensemble
density projection technique (EDPT).1>20 Despite the
fact that all these methodologies are quite reasonable,
the nonlinear behavior has been investigated in
limited schemes. Using the EDPT, we will derive the
integrodifferential equation of a dynamic variable,
and obtain a response function in Fourier-Laplace
transformed space. In first step, the result contains a
nonlinear response term which is not determined. We
will expand the linear memory factor function (MFF)
in a series form. Through the continuous
approximation of quantum state integration, we
obtain final result of the dynamic value and MFF in
integration form.

The interest in zinc oxide (ZnO) is fueled and fanned
by its prospects in optoelectronics applications owing
to its direct wide band gap (Eg ~33 eV ). For simple

Green’s

example of application, we analyze the absorption
power and line-widths of ZnO, through the numerical
calculation of the theoretical result in the Landau
splitting system. Finally, we shall be devoted to some
discussion and draw conclusions.

The Expansion of the Memory Factor Function

If we consider the case that the induced the dynamic
value direction k (x,y,z, etc) is same to the external

field direction | ( xyz ecc ). a k=1,

and j (4)=0- Thus we

Ag =TI, Lip}=0 (If, k=)’

must consider the case that the induced dynamic
value direction k (x,y,z, etc) is differ to the external
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field direction | (xy,z etc), as k=I. Since H_

contains the diagonal Hamiltonian (the main particles
Hamiltonian and the background particles
Hamiltonian), H, , and the non-diagonal

Hamiltonian (the interaction Hamiltonian between
the main particles and background particles), H , we

can divide the corresponding Liouville operator as,
L,=L,+L,. So, we can divide the MFF into four

terms as

Z(@) sﬁTr{JkLsGk (@)Q L.LpF=1+1+1+IV

ki

1)
where
I o )
I= (h/\ )<TI" {Jk Lde (a)| )Qk Ld Llps}>B
kl
= A' )Tre{d, LG, (0)Q Ly Lip. s’ ®
= (' )Tr40, LG, (@)Q,L,Lip B )
Ay,
o . , . (5)
V= (hA XTre{d LG, (0)Q LLIp b
ki

Using the properties of projection operator, we obtain
the relation for an arbitrary operator X,

(hll\ XT3 XQuLyLipBs

K
i

=G

XTre{d XLy Lo e

Kkl

G T OB, ©
kI

Then, the first term |
zero and

(h ['\ )XTrgd, L Q XL o B

and the second term |l are

K
i

=Ga

XT3, LyiXLip B

ki

G T LRy, ()
ki

then, the third term Il is zero. Here (.. is the
ensemble average of background particle states (for
example, phonon or impurity state). Since the
average of odd background terms are zero, we use the
the useful relation as bellows,

TrYQLL e =(Tr{YLL' p.}s - (8)
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Using the conventional series expansion method, we
expand the propagator G, (w,) as

1
Gy ()= o QL. G, ;[PLde ]”Z{Qk LG, ;[PLde 'Y
=G, +G,PL,G, +..+G,Q LG, +...~ G, )
where the diagonal propagator is
N S (10)
Gy ()= hoy -1,
Thus then, with weak interacting system

approximation in pair interacting system, the MFF
can be reduced to simple form, as bellows,

PO OLLG @)L LD, (1)
We will apply the MFF in the electron phonon
interaction system and the electron-impurity
interaction system.

Ey (@) =(

Figure 1. Ring diagram contribution to the scattering
system.

The Formula of the Absorption in Wannier
-Landau Level System

We suppose that an oscillatory electric field
E (t) = E, exp(iwt) is applied along the z-axis, which
gives the absorption power delivered to the system as
P(w) o (E2 1 2) Re{o ()} where "Re" denotes the real

component and o(w) is the optical conductivity

tensor which is the coefficient of the dynamic value
formula. The absorption power can be represented in
the optical quantum transition LPs. We will derive

the line-widths (or absorption power formula) in
interacting system. We consider the electron-phonon
interacting system; then, we have the Hamiltonian of
the system as

H,=Hy +H, +V =Y (Al |B)a;a, + X ha,bib, + ¥ 3°C, ,(@k;a, b, +b7,)
B q q au

12)
Here H, is the electron Hamiltonian, h, is a

single-electron Hamiltonian, H, is the phonon

Hamiltonian and V is the electron-phonon (or
impurity) interaction Hamiltonian. The  ;)are the

annihilation operator (creation operator) of boson
particle, and g is phonon (or impurity) wave vector.

The interaction Hamiltonian of electron-phonon (or

impurity) interacting system is
where the coupling matrix

V=Y¥C,,aha, b, +b') Png

q au

element of electron-phonon interaction ¢ (q) is
a,u

Cw(q)qu<a|exp(iq~F)|,u>, I is the position

vector of electron and v, is coupling coefficient of

the materials.

We also select the system as the induced dynamic
value system under the lineally oscillatory external
field since this case during application of the
response theory to real system because of that this
case contains the more general results than other
cases. The dynamic value operator caused by the
linearly polarized external field of frequency @
consider as,

H + H + _ 1R L 13
‘]x = Z Vg pa@p8p, + z Jpaap@pa8s = ‘]x +J . ( )
B B

where j _g§ N, WIth G =(en/m) /e
12=n/eB- G CaN be changed for other systems and
external fields., jr (3t), represent the right linearly

polarization current(RLPC) (left linearly polarization
current(LLPC)), which is induced from right to left
(from left to right) through x-axis, and the Liouville
operator of the external field consider as

L X =(ilo) [3,X] | X =(i/o) 05 X] | LFX =(-i/0) [3%,X]

(14)



for an arbitrary operator X .
The MMF of right(or left) linear polarization term,

2P (@) (OF  E0(w) ) is complex as,
—~(R R R
‘:‘(kl)(wl) IA(tol)aI_'_yt(ota)\l( ) (or
L L L
= (@) =i + 7o) ). In most case, the

imaginary part of the MMF, A® —imz®(g) (Or
AY)

total —

type formula and the real part of the MMF,
780, )=ReER (@) O (@, )=Re=ip (@)) give

=Im=ZP () ) give the line-shift of response

the half-width of response type formula. In most case,

the imaginary part of the MMF, AR =Imz®(x)
(or AL

o =ImEY (w)) are neglected in real system
as a small vale term

Using this interaction parameter, we obtain the final
result for the line-shift, In continuous approximation,
the interaction matrix part in the square quantum well

potential (SQWP) system are as below,
Y

;“@, =V Kz
N_(N,,the K—matrlx is
where the
L™ (t) = (nh) " exp(t)t
t=( @) /2 -
confinement potential is

oy _2Meo 2ma,

K;fal) = h - i (N/}
Then, through the continuous approximation, we
obtain final result of the dynamic value formula as,

) [ 8oy i and, if N,(N,, and

Legendre function is

m(d"/ dt")[t"™ exp(-t)] and
The matrix element of the

) (15)

k‘;c;wzzm o [(N +1)2 (N, +1?] (16)
In the ohm formula as, J(w)= o(w)E(w). here

o(w) is the conductivity , and the absorption power,
P(o)x (Y2)o(@)E(w)® s,

K 2huge? 1
N
line-width, 755;'(0,0) and 7&;( ) as
compact representation 71(;;)(@)

(17)

V(a,.q15)% =

and the
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R
o, )= T

3 [ a0, N 1)

(18)
Jan the values of

where _ o Ynr
s E[M][:(2+5(nu’nﬂ))

A, can be change in other systems. The
integrand-factor is
(R
Y‘RﬁLF — {Yaﬁ } ,
a, v LT
Yo s
JIN, 20N, #0325 (52 N F = )~ (N, +2)325 (52 F, — 1,

~(N, + 905 () + 925 (L i, = £,.0) (9)

and
(LF
oy

\/m‘] o (ﬂ_olzﬁ) (N +1)Jﬁ al(;jﬁ) (fa - fa—l)

(N +2 5—:].ﬂ(£;’+zxfa+l a+2
+(Na +1)‘]0|?++l,ﬂ<§§a+lea - fa+l)’ (20)
where, the terms of electron-phonon interacting parts
are

2
* = (el = (cf ~ke) 2 ~ _
tha _+J(hvj i - B B f g8, =mqlfe
S

Fpa (21)

asys =-0Q4

2
+ S(el)  F(cfp) | S (ke
ate -+\/[m | g-egpepof

with the interacting matrix, the S -matrix, being

Pa
ey WG g 0 ey

§¢ m; i Fpa =V

pa G302, 077) =V (0,9 ]
(22)

m=0.7m, which are the

of ZnO are
is the

We use m" =0.19m, and

constants
v, =4.28x10° m/s

effective masses of
p=482x10° kg/m® ,

longitudinal sound velocity, v, =1.81x10° m/s

st
is the transverse sound velocity,
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k=858x10" eV/K, ¢=235K and | —298x10-
The speed of sound v_ in Eg. (20) shall be replaced
by the average value V. of v

W, = (v, +V, ) /2 and the energy gap £,(T) replaced by
g,=256 eV in approximation by noting that the

and v, , as

variation against the temperature is very small. More
accurate value of £,(T) can be obtained by Eq. (22)

if the characteristic constants Kk and ¢& are

available. We choose . —ggs4x10% ¢ /Nm?-**
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Figure 2. The magnetic field dependence of line-widths,
y(B) of ZnO for T=50, 70, 90, 120, 210 K

Results

We analyze absorption power and line-widths of ZnO,
under a right circularly polarized external field. It is
well known that the piezoelectric potential scattering
is a dominant scattering process in ZnO. The
piezoelectric potential is

V(@) = (K*hoe? [276)A/ ) -
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Figure 3. The relatively frequency A(w) dependence of
the absorption power P®(Ag) of ZnOfor 1 =220,
394, 513, 550, 720 at T=50 K.

In Fig. 2, we plotted the magnetic field dependence
of the line-widths, y(B) of ZnO, at T=50, 70, 90,

120 and 210 K. The results indicate that increase as
the magnetic field. This result implies that the
scattering effect of phonons enlarges with the
increasing temperatures and the increasing magnetic
field in ZnO. Even though we cannot separate
experimentally the scattering effects of the phonon
emission and absorption transition, the analysis of the
relation between the total scattering effect and the
scattering effect of two processes represents the
thermal characteristic of the scattering effect of the
system.?? 2% Also, comparisons of the magnetic field
dependence of line-widths, ,()_. ., »(B),, and
7(B),, Of ZnO, at T=50K is shown. The
line-widths, y(B) .+ 7(B),, ad (B), increase
as the magnetic field while ,(B), decreases as

magnetic field increase at the region 18<B<26 Tesla.
The contributions of two processes can be appeared



differently in various cases in various systems.
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Figure 4. The relatively frequency A(w) dependence of
the absorption power p©(ap) of ZnOfor 3 =220,
394, 513, 550, 720 at T=50 K.

Fig. 3, represents the magnetic field dependence of
the absorption power P(B) of the line-widths of
ZnO for the external field wavelength 4 =393 ,, m at
several temperatures, T=50, 70, 90, 120 and 210 K.

In order to compare the line of line-widths in the
same graph, we plot the value of the rational

absorption power, P..(B)=aP(B) here az((T/lO)/PS(B))-

The p (B) is the maximum value at T=30. As
seen in Fig. 3, p(B) increases as the temperature

increases. Also, the line-widths increases with the
increasing temperatures. The results explain the
resonant phenomena in the electron-piezoelectric
potential interacting system because the collision
effect of phonons due to the thermal lattice vibration
is expected to become larger with increasing
temperatures.
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Fig.4, we can read the magnetic-field dependence of
the maximum absorption power in upper figure. The
bellow figure of Fig. 4 shows the relative frequency
dependence of the absorption power, p (,,) 0f ZnO,

with A4 =220, 394, 513, 550 and 550 ,, m at T=50 K.

The analysis of the relative frequency dependence of
the absorption power represents the magnetic field
dependency property of the absorption power given
for an external field wavelength and the conditions of
the system. The results of this work will help to
analyze experimental the scattering mechanisms in
the electron- piezoelectric potential interacting
materials.

Concluding Remarks

As a brief summary, the quantum transition of the
EDPT is a useful method to investigate the
linear-nonlinear effect of the induced dynamic value
due to polarizability on the transition mechanism in
the WLT system. We derived the dynamic value
formula and the MFF in electron phonon coupling
systems and electron impurity coupling systems of
two transition types, the intra-band transitions and
inter-band transitions. We obtained results of the
WLT system that can be applied directly to numerical
analyses. The easy analysis of each quantum
transition processes are the merits of our theory. In
this work, we analyzed the line-shape and the
line-width of the electron-piezoelectric phonon
interacting system. We selected a system in the
confinement of electrons by square-well confinement
potential. Because the analysis results shown in Fig.
2-4 are reasonable for explaining the quantum
transition phenomena, our results indicate that the
quantum transport theory of EDPT is a useful method
for explaining the resonant phenomena on the basis
of quantum transition and the scattering effect in a
microscopic view. The results of this work will help
to analyze experimental the scattering mechanisms.
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