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Negative Absorption Coefficient of a Weak Electromagnetic Wave
Caused by Electrons Confined in Rectangular Quantum Wires in the
Presence of Laser Radiation Modulated by Amplitude

Nguyen Thi Thanh Nhan” and Dinh Quoc Vuong

Abstract—The analytic expressions for the absorption coefficient (ACF) of a weak electromagnetic
wave (EMW) by confined electrons in rectangular quantum wires (RQWSs) in the presence of laser
radiation modulated by amplitude are calculated by using the quantum kinetic equation for electrons
with the electron-optical phonon scattering mechanism. Then, the analytic results are numerically
calculated and discussed for GaAs/GaAsAl RQWs. The numerical results show that the ACF of a
weak EMW in a RQW can have negative values, which means that in the presence of laser radiation
(non-modulated or modulated by amplitude), under proper conditions, the weak EMW is increased.
This is different from the similar problem in bulk semiconductors and from the case of the absence
of laser radiation. The results also show that in some conditions, when laser radiation is modulated
by amplitude, ability to increase a weak EMW can be enhanced in comparison with the use of non-
modulated laser radiation.

1. INTRODUCTION

Quantum wires are one-dimensional semiconductor structures. In quantum wires, many the physical
properties of the material changes significantly from the properties of normal bulk semiconductors,
including optical properties [1,2]. The linear absorption of a weak EMW and the nonlinear absorption
of a strong EMW in low-dimensional systems have been studied [3-6]. The influence of laser radiation on
the absorption of a weak EMW in normal bulk semiconductors, quantum wells and cylindrical quantum
wires have been investigated using the quantum kinetic equation method [7—10]. The influence of
laser radiation (non-modulated and modulated by amplitude) on the absorption of a weak EMW in
component superlattices has been investigated by using the Kubo-Mori method [11]. However, the
influence of laser radiation modulated by amplitude on the absorption of a weak EMW in RQW are
still unsolved. Therefore, in this paper, we theoretically calculate the ACF of a weak EMW caused by
electrons confined in a RQW in the presence of laser radiation modulated by amplitude by using the
quantum kinetic equation for electrons. The electron-optical phonon scattering mechanism is considered.
The results are numerically calculated for the specific case of GaAs/GaAsAl RQW. We show that the
ACF of a weak EMW in a RQW can have negative values. That means that in the presence of laser
radiation (non-modulated or modulated by amplitude), under proper conditions, the weak EMW is
increased; and in some conditions, when laser radiation is modulated by amplitude, ability to increase
a weak EMW can be enhanced in comparison with the use of non-modulated laser radiation.
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2. THE ABSORPTION COEFFICIENT OF A WEAK EMW IN RQWS IN THE
PRESENCE OF LASER RADIATION FIELD MODULATED BY AMPLITUDE

2.1. The Laser Radiation Field Modulated by Amplitude

As in [11], here we also assume that the strong EMW (laser radiation) modulated by amplitude has the

form:
F(t) = Fl(t) + Fg(t) = F} sin (Qlt + Oq) + Fysin (Qgt + Oég) (1)

where, ﬁl and ﬁg has same direction, €27 and 2o are a bit different from each other or i ~ o;

|AQ| = [ — Qo] < Q7,Qs.
After some transformations, we obtain:

F(t) = Egy sin (Q + ¢1) (2)

with E01 = \/F12 + F22 + 2F1F2 COS(AQt + AO&), AQ = Ql —Qg, Ao = a1 —Q9, Q= —91—592, Y1 = OZ+O/,
o= g = ffag(S + 42).

Here, ) is the reduced frequency (or the frequency of the laser radiation modulated by amplitude),
|AQ| the modulated frequency, and Ey; the intensity of the laser radiation modulated by amplitude. In

the case that Fl, ﬁg, Qq, Qo, € satisfy the conditions: % = % = %%, and Aa = 0, the above formulas
1 2

can be approximated as in [11].
When AQ = 0, laser radiation modulated by amplitude becomes non-modulated laser radiation.

2.2. Calculations of the Absorption Coefficient of a Weak EMW in RQWs in the
Presence of Laser Radiation Modulated by Amplitude

We consider a wire of GaAs with a rectangular cross section (L, x L) and a length L., embedded in
GaAsAl. The carriers (electron gas) are assumed to be confined by infinite potential barriers in the xOy
plane and to be free along the wire’s axis (the Oz-axis), where O is the origin. The EMW is assumed
to be planar and monochromatic, to have a high frequency, and to propagate along the x direction. In
a RQW, the state and the electron energy spectrum have the forms [12]

9¢iDzz “in nmwx sin €7r_y { 0<z<lL,
bnpg = 4 VIebyLo  Le Ly, \0Sy<Ly (3)
0 otherwise
thg h271'2 ’I’L2 52
N hom= (n” 7 4
where n and ¢ (n, £ =1, 2, 3, ...) denote the quantization of the energy spectrum in the z and the y

directions, respectively. p, = (0,0, p.) is the wave vector of an electron along the wire’s z axis, and m*
is the effective mass of an electron.
We consider a field of three EMWs: two laser radiations as two strong EMWs (that creates laser

radiation modulated by amplitude) with the intensities ﬁl , ﬁg and the frequencies 21, Qo (21 = Qs);
and a weak EMW with an intensity Fgs and a frequency w:

E(t) = F(t) + Ea(t) = Fysin (Ot + o) + Fysin (Qat + ao) + Egg sin (wt) (5)

The Hamiltonian of the electron-optical phonon system in the RQW in that field of three EMWSs
in the second quantization representation can be written as

L e
H = Z Enl (pz - %Az(t)> a:’&ﬁzan,f,ﬁz + Zhwqb;bq‘
n,@,ﬁz (T

+ > Cilnon,0(71)a% ¢ 5 4o ne . (bg+ 07 ), (6)
TL,Z,TL’,[’,;EZ,[T
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where e is the elemental charge, c is the velocity of light, ws = wy is the frequency of an optical phonon,

(n,f,p>) and (n',¢,p, + q») are the electron states before and after scattering, respectively, a:;&ﬁz
(@nep.) is the creation (annihilation) operator of an electron, b;]i' (bg) is the creation (annihilation)
operator of an phonon for a state having wave vector ¢ = (¢z,qy,q:), and ¢ = (0,0,q.). Cy is the
Cﬂz = 2‘220’%‘/";2 (x%.o — %), where V and gy are
the normalization volume and the electronic constant, xg and x~o are the static and the high-frequency

—

dielectric constants, respectively. A(t) is the vector potential of field of the three EMWs. I, ; v /(71 ) is
the electron form factor (which characterizes the confinement of electrons in a RQW). This form factor
can be written as [12]

electron — optical phonon interaction constant [3,4],

3274 (qu Lonn')? (1 - (—1)”+”/ cos(qux)>

In,Z,n’J’(Qj.) = 2
[(0:L0)' = 202 L) (02 + %) + (2 — )]

cos(quy))

[(QyLy)4 - 27"2(QyLy)2(€2 +072) + (02 — 6,2)2] g

The current density vector of electrons along the z direction in the RQW has the form:

327 (g, L, 00')? (1 —(—1)H
X

- h -
Jo0) = o2 37 (B = = A0)) s () (®)
n,l,p>

The ACF of a weak EMW caused by the confined electrons in the presence of laser radiation
modulated by amplitude in the RQW takes the form [7]
3 <—.* = .
a=—5(J tEogsmwt>. 9
gz (- t ©)
The general quantum equation for the statistical average value of the electron particle number
operator (or electron distribution function) n, ¢z (t) = (a!, 5.0n05.0t [T):

8nn,§tﬁz @) _ < [a;&ﬁzan%ﬁw H] >t_ (10)

Because the strong EMW (laser radiation) is modulated by amplitude, according to Section 2.1, it
is expressed by formula (2). According to the hypothesis, due to |[AQ| < Q, then in a small amount of
time there are about a few periods T = %”, we can presume that (AQt + Aq) is changeless. Therefore,

we let ¢ get a certain specific value 7 in such a small amount of time. Then, we have:

ih

Ey = \/F12 + F22 + 2F Fy cos (AQT + Aa) = const; @1 = a + o = const. (11)

Using Equation (10) and the Hamiltonian in Equation (6) and Equation (11), we obtain the quantum
kinetic equation for electrons in the RQW (see Appendix A) [5,6, 8]:

Oy 0.5 ( 1 . =
ngi%pZ() = _ﬁ Z |C¢j"2‘[n,£,n’,l’(QJ_)|2 Z Ju(al,ZQZ)Js(a1ZQZ)Jm(a2zq,z)Jf(a2zq,z)
n' 0,q u,s,m, f=—00

Xexp{i{[(s_u)er(m—f)w—ié]t+(s—u) <¥+a’>}}

t
[ dta { [ (20N = 1512 (02) N+ D]

—0o0

i L, . QI+ Q
X exp {E |:En’,€’ (pz + q,z) - En,l(pz) - hwq'_ 5h172 -

+ [P (b2) (Ng + 1) = i 1 .4 . (£2) Ny

mhw + ihé] (t — tg)}
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[ L . O+ 0 ]
X exp {% En’j’(pz + Qz) — En,ﬂ(pz) + hwti‘— Sh% — mﬁw + Zh5 (t — tQ)}
— [ 0 5 —g. (t2)Ng — 1 g . (b2) (N + 1)
- 0 40 .
X exp {% nt(72) — e 00 (B — @) — g — sh 22 4 ins | (- tg)}

= [0 - (t2) (NG + 1) = 0.5, (t2) Ng]

/) . . . Q1+ Qo .
X exp {ﬁ [En,g(pz) —ent (P> — @2) + hwg — sh———— — mhw + zhé] (t— tg)}} , (12)
where a1, and ao, are the z-components of d; = % and do = :f%%, respectively. Ny is the
2

balanced distribution function of phonons, o/ = arctan(ﬁ:ijr% tan(%T + %)) = const and Ji(x) is the

Bessel function.
In Equation (12), the quantum numbers n and ¢ characterize the quantum wire. Similar equations
can be found in bulk semiconductors, quantum wells and cylindrical quantum wires [5,8-10]. The first-

order tautology approximation method is used to solve this equation [7,8]. The initial approximation
of 1y, 5. (t) is chosen as

e, (82) = ot s M0 v, (82) = P My 05— (B2) = Mt g
The first-order tautology approximation method is implemented as follows: instead of the initial
approximation of n,; (t) to the right hand side of the Equation (12), then integrating the
Equation (12), we will receive first-order approximation of n, 7 (t) and we stop here. Then, the
expression for the unbalanced electron distribution function n,, s 5 (t) is received as follows:

“+oo
_ 1 2 N
nn,l,ﬁz(t) = Nnep, — ﬁ E |C¢T| ‘In,ﬂ,n’J’(QL)‘ E Js(alzq,z)Jk—i—s(al,ZQZ)Jm(CLQZQZ)Jr-‘,-m(anq,z)
n' 0'.q k,s,r;m=—00

exp{—i{[kw—i-rw—kié]t+k<¥+a/>}}

X
KL 4 py 446

Ny o 5.~ Ng = Tnep.(Ng + 1)

X
R Lo QL +Q .
En,f(pz) —Ent (pz - QZ) - hwq‘— Sh% — mhw + ihd
+ ﬁn,7£/7ﬁz_[jz (N(T—i_ 1) — ﬁnvg’ﬁszi
- - - O + Qo .
Ene(Dz) — enr (P> — @2) + Twg — SﬁT — mhw + ihd
J— ﬁnvg’ﬁz N‘T — ﬁn’,f’,ﬁz—i-(fz (N[T + 1)
LS o QL +Q .
En/j/(pz + Qz) — Enj(pz) — hw[;— 87171 5 2 _ mhw + 1ho
ﬁn7z7ﬁz (N(T_i_ 1) B ﬁn/’£/7ﬁz+q’z Nfi
B QU+ ! (13)
Ent 0 (ﬁz + ffz) - En,z(ﬁz) + ﬁwq — sh 5 — mhw + 1hd

where 7, ¢ 5, is the balanced distribution function of electrons, and the quantity ¢ is an infinitesimal
and appears due to the assumption of an adiabatic interaction of the EMW.

Substituting n,, ¢ 7 (t) into the expression for j.(t), we calculate the ACF of the weak EMW by
using Equation (9). The resulting ACF of a weak EMW in the presence of laser radiation modulated
by amplitude in a RQW can be written as:

4 too
o= € 0w LI cos’f3 g A x (B — B_1) (14)
C 2me0e/ 2 XM kBT M W3 Z1 Zo \ Xoo X0 Qnén, ‘. mbn',e ! !
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With:
1 3

1 1 1
B = — —F — M, —(F_ F; — — (M_ M — (M_ M.
1= Qo,1 5T + 55 Mo + 1 (F_11+ Fia) 16 (M_11+ M)+ 6 (M_91+ M)

Quantity B; includes the contributions of the absorption processes of a photon of weak EMW:; the
absorption processes and emission processes of none photon, a photon, two photons of strong EMW

modulated by amplitude.
1 3 1 1
B 1=Qo_1—=Fy_1+—=My_1+-(F1_1+F1_1)— —=(M_1_1+M _ — (M_9 1+ My _

1= Qo,—1 20,1-1-32 0,1+4( 1,-1+F1 1) 16( 1,-1+ My, 1)+64( 2,1+ M 1)
Quantity B_; includes the contributions of the emission processes of a photon of weak EMW; the
absorption processes and emission processes of none photon, a photon, two photons of strong EMW
modulated by amplitude.

In the above formulas:

1

h27r2 'n/2 Z’2
2.2 2,2 e | 2y +i5 | —Rs,m
_Rsm |Rs.m| — T T(ng—i-[%) _om Ly Ly
Qs,mze T Ko | o € b v (Nwo+1)_e T Nwo
2kpT
2 2 1
_Bsm AmM* R 2 |Rs ]
Fsm:achSQﬁle kpT |— M) (20
’ ! h4 2kpT
ﬁ27r2 ’nl2+l/2 R
_ K252 ﬁ+ﬁ omF Tg— fg s,m
2m*kpT\ L "LY ) (N 1 B kpT N,
€ 1/ (Nw +1) —e B wo
2
_Rsm  (4m* R2 |Rs.m|
My, = ajcos* Bre” BT SK, 5
sm R 2kpT
ﬁ27r2 ’nl2+l/2 R
o h2x2 (l;Jrsz) am*\ 2 ) e
2m*kpT -
e “"TUEIANLE L) (N, +1)—e kpT Ny,

In formulas for Qg m, Fsm, Msm, we obtain contribution of the Bose-Einstein distribution function for
optical phonons N, =

hwq
ekBT 1
R R 022 214Q9 :
Rsm = 5.= 7+ 17— ) + hwo — sh*572 — mhw, with s = =2, 1,0, 1, 2, m = -1, 1.
z y

Quantity R, ,, includes contributions of the quantized energy in the restricted directions before
46\/F12+F22+2F1F2 cos(AQT+Aa) |

and after scattering, phonon energy, photon energy of three EMWs. a1 =

m*(91+92)2 ’
1 n2-+4n'? 5(n24n’>
An,é,n’,ﬂ’ = [01(1 — 5,17”/) + L15n7n/][02(1 — 5@751) +L25Z’Z/], where 01 = L—[% + ( 2 /2) P + ( 5 ,2)],
z 21 (n2—n'?) 2mn4n
Co= [T+ (0% +5(z2+4/2)] Ly= A(3r 4 105y 7, — L3n, 105, 7 _*Z"Oe——fgjf;;’fh.
2T LB T e e)? onezpZ b ML = T\ T 16mnZz ) F2 T T\ T Tenz )0 A1 T ) ’
n—=
+oo __ h2x2e2
Ty = Z e 2m*kBTLy§'

Cfu;ntities Z1, Zy appear while we standardize balance distribution function of the electron. kp is
the Boltzmann constant, ng is the electron density in RQW. (1 is the angle between the vector 501 and
the positive direction of the Oz axis, (5 is the angle between the vector Egs and the positive direction of
the Oz axis. 131 and ﬁg are the intensities of two laser radiations that create laser radiation modulated
by amplitude (with the intensity Em and the frequency Q).

Equation (14) is the expression of ACF of a weak EMW in the presence of external laser radiation
modulated by amplitude in a RQW. From this expression, we see that ACF of a weak EMW is
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independent of Epo; only dependent on Fi, Fy, €y, Qo, w, AQ, T, L, and L,. This expression is
different from expressions in the published works for the normal bulk semiconductors, quantum wells
and cylindrical quantum wires [8-10]. When A = 0, the above results will come back the case of
absorption of a weak EMW in the presence of non-modulated laser radiation. From expression (14),
when we set F; = 0 and F5 = 0, we will receive expression of ACF of a weak EMW in the absence of
laser radiation in RQW. In Section 3, we will show clearly that under the influence of laser radiation
(non-modulated or modulated by amplitude), under proper conditions, ACF of a weak EMW can gets
negative values, i.e., the weak EMW can be increased; and in some conditions, when laser radiation is
modulated by amplitude, ability to increase a weak EMW can be enhanced in comparison with the use
of non-modulated laser radiation.

3. NUMERICAL RESULTS AND DISCUSSIONS

In this section, in order to show clearly that ACF of a weak EMW can gets negative values and in some
conditions, when laser radiation is modulated by amplitude, ability to increase a weak EMW can be
enhanced in comparison with the use of non-modulated laser radiation, we numerically calculated the
ACF for the specific case of a GaAs/ GaAsAl RQW. The parameters used in the calculations are as
follows [13]: xoo = 10.9, Xo = 13 1, m* = 0 066m0, mg being the mass of free electron, ng = 10?3 m=3,
fiwp = 36.25meV, 1 = 5, fo =5, a1 =5, ag = 3.

Figure 1 descrlbes the dependence of a on the temperature T', with L, = 24nm, L, = 26 nm,
w = 108 Hz, F; = 10.10°V/m, F, = 15.10°V/m, Q; = 3.10'® Hz, Qy get five different values:
2.6 x 10 Hz, 3 x 10" Hz, 3.4 x 10'3Hz, 3.8 x 10® Hz, 4 x 10"® Hz. The five different values of
corresponding to the five different values of AQ: 0.4 x 1013 Hz, 0Hz, —0.4 x 10 Hz, —0.8 x 10" Hz,
—10'3 Hz. From the Figure 1, we see that there are the temperature regions at which the ACF of a weak
EMW in the presence of laser radiation modulated by amplitude is smaller than one in the presence
of non-modulated laser radiation and that there are the temperature regions at which the ACF of a
weak EMW in the presence of laser radiation modulated by amplitude gets values greater than one for
the case of non-modulated laser radiation. In addition, ACF can gets negative values, i.e., ACF of a
weak EMW becomes increased coefficient of a weak EMW. For example, when T' > 108 K, the ACF
of a weak EMW gets negative values, and the ACF of a weak EMW in the presence of laser radiation
modulated by amplitude (with four cases of AQ # 0Hz) gets values greater than one for the case of
non-modulated laser radiation (A2 = 0Hz). It means that ability to increase a weak EMW in the
presence of laser radiation modulated by amplitude is decreased in comparison with one for the case of
non-modulated laser radiation. When 94K < T < 108 K, the ACF of a weak EMW in the presence of
laser radiation modulated by amplitude (with AQ = —0.4 x 103 Hz) is more negative than one for the
case of non-modulated laser radiation (AQ = 0Hz), i.e., ability to increase a weak EMW is enhanced
when strong EMW is modulated by amplitude with AQ = —0.4 x 10'3 Hz.

Figure 2 describes the dependence of a on AQ (JAQ] is the modulated frequency), also with the
above conditions and seven different values of T'. From the Figure 2, we see that the curves can have a
maximum or a minimum in the investigative interval.

Both Figures 1 and 2 show that at high temperature region, ACF is almost independent of Af2,
i.e., the amplitude modulation of laser radiation hardly affects ability to increase a weak EMW in the
presence of laser radiation.

Figure 3 describes the dependence of o on the frequency €1 of either laser radiation with
L, = 24nm, L, = 26nm, T = 95K, F; = 10.10V/m, F, = 15.10°V/m, w = 10¥Hz and
two different values of AQ). The curves in this figure have a maximum and a minimum in the
investigative interval. This figure show that the ACF of a weak EMW can have negative values. When
0 € [3 x 1013,3.4 x 1013] Hz, ACF of a weak EMW in the presence of strong EMW modulated by
amplitude (with AQ = —0.4 x 10'3 Hz) is more negative than one in the presence of non-modulated
strong EMW (AQ = 0Hz), i.e., ability to increase a weak EMW is enhanced when strong EMW is
modulated by amplitude with AQ = —0.4 x 10'3 Hz.

Figure 4 describes the dependence of a on the frequency w of the weak EMW, with L, = 24 nm,
L, =26nm, T = 30K, F; = 5.10V/m, F, = 11.10V/m, Q; = 3.10!3 Hz, and five different values
of Q9 corresponding to the five different values of A). From Figure 4, we see that the curves have a
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maximum (peak) at w = wy and smaller maxima (peaks) at w # wp. In this figure, we also see that the
ACF of a weak EMW can have negative values and that there are the frequency w regions at which the
ACF of a weak EMW in the presence of laser radiation modulated by amplitude is smaller or greater
than one in the presence of non-modulated laser radiation.

Figure 5 describes the dependence of « on the intensity F of either laser radiation with L, = 24 nm,
Ly =26nm, T = 9K, I, = 3.10V/m, w = 1013 Hz, Q1 = 3.10' Hz, and five different values of Qs
corresponding to the five different values of AQ). From Figure 5, we also see that when strong EMW is
modulated by amplitude, there are the F} regions at which ability to increase a weak EMW is enhanced

w0 xg?
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E 5f = | e a0=-10"H: | E
5 5
o 4r 2
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i ]
z ]
3 ]
5 2f 5
= =
=] =]
= 3
= 0f L =
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2t i e J
" i i i | i i ; 4 j i
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and that there are the F] regions at which ability to increase a weak EMW is decreased in comparison
with the case of non-modulated laser radiation.

Figure 6 describes the dependence of o on the L, with L, = 26nm, T' = 90K, F; = 7.105V/m,
F, = 11.10V/m, w = 7.101¥ Hz, Q1 = 3.10'3 Hz, and five different values of {5 corresponding to the
five different values of A€). From this figure, we also see that the curves have many maxima (peaks).
Figure 6 also shows that the ACF of a weak EMW can have negative values and that in some conditions,
ability to increase a weak EMW can be decreased when strong EMW is modulated by amplitude. When
L, € [1,16]nm or L, € [24,100] nm, the ACF of a weak EMW in the presence of non-modulated strong
EMW gets negative values, i.e., the weak EMW is increased; but when strong EMW is modulated by
amplitude (with AQ = —10'3 Hz, —0.8 x 103 Hz, 0.4 x 10'3 Hz), the ACF of a weak EMW gets positive
values, i.e., the weak EMW is absorbed.

Summary, under influence of laser radiation (non-modulated or modulated by amplitude), ACF of
a weak EMW in a RQW can have negative values. Negative ACF of a weak EMW speaks ability to
increase a weak EMW. This is different from the similar problem in bulk semiconductors and from the
case of the absence of laser radiation. This effect has also appeared in quantum wells and cylindrical
quantum wires [9,10]. In addition, if laser radiation is modulated by amplitude, in some conditions,
ability to increase a weak EMW can be enhanced.

4. CONCLUSIONS

In this research, we investigate negative absorption coefficient of a weak EMW caused by electrons
confined in RQWs in the presence of laser radiation modulated by amplitude. We obtain an analytical
expression of the ACF of a weak EMW in the presence of laser radiation modulated by amplitude in a
RQW for the case of electron-optical phonon scattering. The expression shows that the ACF of a weak
EMW is independent of Epy and is only dependent on Fi, Fy, Qq, Qo, w, AQ, T, L, and L,. From this
expression, we can receive the expression of the ACF of a weak EMW in the absence of laser radiation
in RQW by setting F; = 0 and F5 = 0. The ACF is numerically calculated for the specific case of
GaAs/GaAsAl RQW. These results show that under the influence of laser radiation (non-modulated
or modulated by amplitude), the ACF of a weak EMW in a RQW can have negative values. Negative
ACF of a weak EMW speaks ability to increase a weak EMW in the presence of laser radiation. This
is different from a similar problem in bulk semiconductors and from the case without laser radiation. If
laser radiation is modulated by amplitude, in some conditions, the ACF can get more negative values
than one for the case of non-modulated laser radiation, i.e., ability to increase a weak EMW can be
enhanced in comparison with the case of non-modulated laser radiation. So, when we want to enhance
ability to increase a weak EMW, we need only to modulate amplitude of laser radiation and chose
proper conditions of system.
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APPENDIX A.

In this appendix, we write out some steps to obtain Equation (12) as follows.
Replacing Hamiltonian H into Equation (10), we will obtain the following equation:

t

anm& D (t) 1 N
Tf = _ﬁ Z C@'[n,é,n’,ﬂ’(QL) / (Hl + Hy + H3 + H4) dtsy (Al)
n' 0.q 0o
where:
Hl = Z Cilln/7£,7n47£4 (ilL) <a:47é4,ﬁz+iz+ilzanveyﬁz (bq_‘l + bi—(ﬁ) bq_‘>

n4,04,q1 ta
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- + +
E : CaiIn st (QU-)<an’,z’,ﬁz-',-q“zansl&ﬁz—tflzbff (b(ﬁ + b—(ﬁ) >t

2

n3,€3,q1
% [€n/,[/ (ﬁz +€Tz)_€n,2(ﬁz) ](t t2 f (tl dtl
Xe to
— * Tk - + n
Hy = — Z Cffl In,Z,n4,é4(‘]1J.) <a”’7f’,;ﬁ'z+cfz n4,£4,pz+qlzb_ (b + b_q1)>
n4,04,q1 N
— + B 4 ) N
- 2 Caly Z"”m(q“)<an3743,ﬁz+¢z—¢1za"1mz (bqa + b—ql) b—q*> t2
”37437511
3 t
_% [Env[(ﬁz)_en’,ll (ﬁz"’_(jz)_m ](t t2 f tl dtl
Xe to
_ . + N
H3 - Z C(Tl In,f,n4,é4(qll) < n4,£47pz+qlzan O 5 —qs (bql + b ) bq>
n4,04,q1 N
+ +
Z n/ Z 7’1/37@3 (qll)<anyzyﬁzan37£37ﬁz_[jz_(j1zb(f (b(i‘l + b_(fl) >t2
n3,€3,q1
%L [En,l(ﬁz)_an’,l’ (ﬁz_q_'z) ](t tg "7;‘3(1 f QZA (tl)dtl
Xe
_ - + N
H4 - Z ql n/ X ng by (qlJ_) <(I D 1’L4,£4,pz IIz+q1Zb_q (b —+ b_q1)>
na,04,q1 .,

S oL = + + +
Cq‘l[nvgyn3723(q1J‘)< 7?3,[371% (lean v ’pz (Iz (b + b_ql) b_(i‘>t2

n3,03,q1
X t
— e o (B —82)—En, o (D) —hwg] (t—t2)— f 2 (t1)dt
Xe t2
Equation (Al) is the quantum kinetic equation for electrons in the RQW. We will approximate this
equation to the second order of Cg. So, in the expression H; we keep only term w1th 7@ = —q, ng =n,
ly =1, n3=n', f3 =1/ in the expression Hy we keep only term with ¢ = ¢, ng = n’ €4 =/ n3=n,
f3 = € in the expressmn Hs we keep only term with ¢4 = —¢, ny = n', by = V', n3 = n, 63 =/; in

the expression H, we keep only term with ¢1 = ¢, ng =n, €4 = ¢, ng = n’, ly = K’; and we make the
following approximation: (b;qu>t2 ~ Ny, <bfql)_q>t2 ~ N_g= Ng, <qu);5>t2 =(1+ b(‘lfb(ﬁh ~ 14 Ng; and
ignore (b_zb7)t,, (bt q‘b(—;>t2' Then, we will get Equation (A1) in the approximation to second order of
Cy.

The vector potential /f(t) of field of the three EMWs is found from the following equation:

1dAGt) 7

—=g~ = E(t). )

We replace A.(t) = (0,0,A;) into the approximate equation of n, 7 (f) that has been just
found above, where A, is the z-component of /T(t) In addition, we use expansion: etizsin¢ —

+o0 .

S Jm(2)er™%. Then, we will obtain Equation (12), and it is the quantum kinetic equation for
m=—o0o
electrons in the RQW in the approximation to second order of Cy.
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