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1. Introduction

Recently, there are more and more interests in studying and discovering the behavior of
low-dimensional system, such as compositional superlattices, doped superlattices, quantum
wells, quantum wires and quantum dots. The confinement of electrons and phonons in low-
dimensional systems considerably enhances the electron mobility and leads to unusual
behaviors under external stimuli. Many attempts have conducted dealing with these
behaviors, for examples, electron-phonon interaction effects in two-dimensional electron
gases (graphene, surfaces, quantum wells) (Ruker et al., 1992; Richter et al., 2009; Butscher et
al., 2006). The dc electrical conductivity (Vasilopoulos et al., 1987; Suzuki, 1992), the
electronic structure (Sager et al., 2007), the wavefunction distribution (Samuel et al., 2008)
and the electron subband (Flores, 2008) in quantum wells have been calculated and
analyzed. The problems of the absorption coefficient for a weak electromagnetic wave in
quantum wells (Bau&Phong, 1998), in doped superlattices (Bau et al., 2002) and in quantum
wires (Bau et al., 2007) have also been investigated and resulted by using Kubo-Mori
method. The nonlinear absorption of a strong electromagnetic wave in low-dimensional
systems have been studied by using the quantum transport equation for electrons
(Bau&Trien, 2011). However, the nonlinear absorption of a strong electromagnetic wave in
low-dimensional systems in the presence of an external magnetic field with influences of
confined phonons is stills open to study. In this chapter, we consider quantum theories of
the nonlinear absorption of a strong electromagnetic wave caused by confined electrons in
the presence of an external magnetic field in low dimensional systems which considered the
effect of confined phonons.

The problem is considered for the case of electron-optical phonon scattering. Analytic
expressions of the nonlinear absorption coefficient of a strong electromagnetic wave caused
by confined electrons in the presence of an external magnetic field in low-dimensional
systems are obtained. The analytic expressions are numerically calculated and discussed to
show the differences in comparison with the case of absence of an external magnetic with a
specific AlAs/GaAs/AlAs quantum well, a compensated n-p n-GaAs/p-GaAs doped
superlattices and a specific GaAs/GaAsAl quantum wire.

This book chapter is organized as follows: In section 2, effect of magnetic field on nonlinear
absorption of a strong electromagnetic wave in a quantum well. Section 3 presents the effect
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276 Behaviour of Electromagnetic Waves in Different Media and Structures

of magnetic field on nonlinear absorption of a strong electromagnetic wave in a doped
superlattice. The effect of magnetic field on nonlinear absorption of a strong electromagnetic
wave in a cylindrical quantum wire is presented in section 4. Conclusions are given in the
section 5.

2. Effect of magnetic field on nonlinear absorption of a strong
electromagnetic wave in a quantum well

2.1 The electron distribution function in a quantum well in the presence of a magnetic
field with case of confined phonons

It is well known that in quantum wells, the motion of electrons is restricted in one
dimension, so that they can flow freely in two dimensions. In this article, we assume that the
quantization direction is in z direction and only consider intersubband transitions (n#n’)
and intrasubband transitions (n=n'). As well as, we consider a quantum well with a
magnetic field B applied perpendicular to its barriers. The Hamiltonian of the confined
electron-confined optical phonon system in a quantum well in the presence of an external
magnetic field B in the second quantization representation can be written as (Mori & Ando,
1989; Bau & Phong, 1998; Bau et al, 2009):

e
H + +
= -— + +
H e.N K CA(t) M T Wy Pmg Pmg
n,N,k m.q (1)
m ym + +
+ Cq In,n‘JN,N‘(u)an‘,N',k +q an,N,k (bm,q +bm,q )
n,N,k m,q

where N is the Landau level index (N =0,1,2 ...);n (n=1, 2, 3, ...) denotes the quantization
of the energy spectrum in the z direction, (n,N,k )and(n',N',k +q ) are electron states
before and after scattering, k (q ) is the in plane (x, y) wave vector of the electron (phonon),
a vk s & (byg by, ) are the creation and the annihilation operators of the confined
electron (phonon), respectively, A(t) is the vector potential of an external electromagnetic
wave A(t)=eE sin(Qt)/Q and @,, is the energy of a confined optical phonon. The

electron energy €" | (k ) in quantum wells takes the simple form (Bau et al., 2009):

2.2 2
e (k)= (N+2) g+ T

— 5 2
2 2m * [ @

where Qp = eB/m* is the cyclotron frequency, m* is the effective mass of electron; L is the
width of quantum wells and C{' is the electron-phonon interaction factor. In the case of the
confined electron- confined optical phonon interaction, we assume that the quantization
direction is in z direction, C;“ is:

2
e[ =2 - —— ®
£OV Xoo /\/0 2 m”
q + —
L
where V, e and &, are the normalization volume, the effective charge and the electronic
constant (often V=1); ), is the energy of a optical phonon ( @, , = ,),; m(m=1,2,...),is
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the quantum number m characterizing confined phonons, L is well’s width, X. and X, are
the static and the high-frequency dielectric constant, respectively. The electron form factor
in case of confined phonons is written as (Rucker et al., 1992):

mnz N(m +1)sin M2 in 2 ™ in % 4 4)
L L L

2L
" == m)cos
Boeg )

with 7(m) =1 if m is even number and 7(m) =0 if m is odd number, and Jxn(u) takes the
simple form:

Iy (U)= ¢N,(r —af(k -q ))eikq ¢N(r -a’k )dr. (5)

-0

r and a. = c/eB is position and radius of electron in the (X, y) plane, e is the electron charge,
c is the light velocity, u =a2q” /2, On(x) represents the harmonic wave function.

Starting from the Hamiltonian (Egs. (1-5)) and realizing operator algebraic calculations, we
obtain the quantum kinetic equation for confined electrons in the presence of an external
magnetic field with case confined phonons:

n, ,N,k an, Nk ’H >t -
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where (/) is the statistical average value at the moment t and (), = Tr((W¢) (W being
the density matrix operator); J(x) is the Bessel function, m* is the effective mass of the
electron, the quantity J is infinitesimal and appears due to the assumption of an adiabatic

+

interaction of the electromagnetic wave; n_ (t)=a,  , a is electron distribution
function in quantum well; N, .~ which comply with Bose-Einstein statistics, is the time-
independent component of the phonon distribution function. In the case of the confined
electron-confined optical phonon interaction, N, =~ can be written as (Abouelaoualim,

1992):

N = (7)

m.g @ g
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278 Behaviour of Electromagnetic Waves in Different Media and Structures

After using the first order tautology approximation method (Malevich&Epstein, 1974) to
solve this equation, the expression of electron distribution function can be written as:

+o0
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where n  is the time - independent component of the electron distribution fuction;
J;(x) is the Bessel function. Eq.(8) also can be considerd a general expression of the electron
distribution function in two dimensional systems with the electron form factor and the
electron energy spectrum of each system.

2.2 Calculations of the nonlinear absorption coefficient of a strong electromagnetic
wave by confined electrons in a quantum well in the presence of a magnetic field with
case of confined phonons

The nonlinear absorption coefficient of a strong electromagnetic wave by confined electrons
in the two-dimensional systems takes the simple form (Shmelev, 1978):

a= 8—”2<] (DE, sinQt) 9)

Because the motion of electrons is confined along z direction in quantum wells, we only
consider the in plane (x, y) current density vector of electrons so the carrier current density
formula in quantum wells is taken the form(Shmelev, et al., 1978):

2 *

. e e e” nE e
)= k ——A(t)n =—-— 0 0¢cos(Qt) + — k n t 10
=5 kAN, =mSees@) T ko, (@ (10
n, (7e)”

with n_ = is the electron density in quantum well, m, is the mass of free

i St
V.(m k,T)”
electron, kg is Boltzmann constant.

By using Eq.(10), the confined electron-confined optical phonon interaction factor C_ =~ in
Eq.(3) and the Bessel function, from the expression of current density vector in Eq.(10) and
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the relation between the nonlinear absorption coefficient of a strong electromagnetic wave
with j (t) in Eq.(9), we established the nonlinear absorption coefficient of a strong
electromagnetic wave in a quantum well in the presence of an external magnetic field under
influnece of confined phonons:

e'nk, TQp 2 1 1 3¢’E,
= 2B (—-—) LS Pl+—F"2—F(N+N+1))x
4ecQma \ X Xo Xo nzwon m 16a;m “Q
2 2.2 2 L2,
wepoep L tepacth
X exp T Ll -exp - T LU X (11)
B B
y JAG IN-N"|
| 7* *(n? =n)
IN=NJIINT=N) Q= 55+ @ = QA ’
c,[’ 2
here, M=N-N"'; AQ:N";'L °|2 ‘lmn,n?; NO:kB_T,- C0|2=M L_i
n nn' a)O gov /Yoo /\/o

In Eq. (11), it’s noted that we only consider the absorption close to its threshold because in
the rest case (the absorption far away from its threshold) a is very smaller. In the case, the
condition |gQ - a)0| << & (& is the average energy of electron) must be satisfied (Pavlovich
& Epshtein, 1977). The formula of the nonlinear absorption coefficient contains the quantum
number m characterizing confined phonons. When quantum number m characterizing
confined phonons reaches to zero, the expression of the nonlinear absorption coefficient for
the case of absorption in quantum wells without influences of confined phonons can be
written as:

_ e'n k,TQ; 1 1 3e’E;
a= e —— e ot
2melx, a6, Q% 2 Xo X, nnnn 8m “a;Q
1 1 ”2n2 2 1 1 ”2n|2 2
x exp ——— N+— - —exp ——— N+= Q,-— x (12
P V2 T ome TP T T2 P omee 12
JAIM|
X
Tt 2}, 2
|M| Q_ a)0+|\/| Q8+m(n -Nn ) + A
2
with A=N, % (L _1,
2” L Xoo XO

In Egs.(12) we can see that the formula of the nonlinear absorption coefficient easy to
come back to the case of linear absorption when the intensity (E,) of external
electromagnetic wave reaches to zero which was calculated Kubo - Mori method (Bau &
Phong, 1998).

www.intechopen.com



280 Behaviour of Electromagnetic Waves in Different Media and Structures

2.3 Numerical results and discussion

In order to clarify the mechanism for the nonlinear absorption coefficient of a strong
electromagnetic wave in a quantum well with case of confined, in this section, we will
evaluate, plot and discuss the expression of the nonlinear absorption coefficient for a
specific quantum well: AlAs/GaAs/AlAs. We use some results for linear absorption in
(Bau&Phong, 1998) to make the comparison. The parameters used in the calculations are as
follows (Pavlovich, 1978): &=12.5; x,=129, x.=109, n,=10"m>, L=100A°,
m’ =0.067m,, m,=9.1.1081Kg, kp=1.3807x103, Q=2.10"s", w,, = w, =36.25meV .

Fig. (1-2) show the nonlinear and the linear absorption coeffcients in quantum wells in the
presence of an external magnetic field for the case of confined electron - optical phonon
scattering. The dependence of the absorption coeffcient on the frequency Q of an external,
strong electromagnetic wave and on the cyclotron frequency Qg for the case of an external
magnetic field has one main maximum and several neighboring secondary maxima. The
further away from the main maximum, the secondary one is the smaller. But in case of
absence of an external magnetic field, there are only two maxima of nonlinear absorption
coeffcient (Bau et al., 2010). When we consider case E, = 0 and m reaches to zero, the
nonlinear result with case confined phonon, will turn back to the linear result with case of
unconfined phonons which was calculated by using another method the Kubo - Mori
method (Bau&Phong, 1998).

Monlinear absorption coefficient

20 30 40 50 B0 70 B0 T 100
(me)

Fig. 1. The dependence of nonlinear absorption coefficient on Q in case of confined phonons

Another point is that the absorption coeffcient in the presence of an external magnetic field
is smaller than that without a field (Bau et al., 2010) because in this case, the number of
electrons joining in the absorption process is limited. In addition, the Landau level that
electrons can reach must be defined. In other word, the index of the Landau level that an
electron can reach to after the absorption process must satisfy the condition:

2 2

(n?-n?) +M Q.- w,+ Q=0

2m* 2
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This is different from that for normal bulk semiconductors (index of the Landau level that
electrons can reach after the absorption process is arbitrary), therefore, the dependence of
the absorption coeffcient on Qg and Q is not continuous.
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Fig. 2. The dependence of absorption coefficient on Qg in case of confined phonons
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Fig. 3. The dependence of nonlinear absorption coefficient on Q in case of unconfined
phonons
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Fig. 4. The dependence of absorption coefficient on Qg in case of unconfined phonons
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Fig. 5. The dependence of nonlinear absorption coefficient on L in case of confined phonons
(m=1, m=3)

Fig. (3-4) show the nonlinear and the linear absorption coeffcients in quantum wells in the
presence of an external magnetic field for the case of unconfined phonons (Bau et al., 2009).
All figs show that the confinement of optical phonons have effected much strongly on
absorption coeffcients. There is difference in the spectrum of absorption coeffcients in case
confined phonons from its in case unconfined phonons. In fig.(1), the density of
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resonancepeaks is greater and the value of absorption coeffcients is higher than its with case
unconfined phonons (fig.3) in both of the nonlinear and the linear absorption. In fig.4, some
of resonance peaks have changed these position. These points are quite similar to case of
confined phonons with out influence of an external magnetic field (Bau et al., 2010).

-
-
JJJJJ

______
......

Fig. 6. The dependence of nonlinear absorption coefficient on T and E, in case of confined
phonons (m=1, m=2)

In fig.5, the dependence of the nonlinear absorption coeffcient on the quantum well's width
has several maxima while each curve has one maximum peak in absence of a magnetic field
(Bau et al., 2010). Fig.6 shows the dependence of the nonlinear absorption coeffcient on T
and E,. Both of fig.(5,6) show that the absorption coeffcient depends much strongly on
quantum number m characterizing confined phonons, it gets greater when m increases.

3. Effect of magnetic field on nonlinear absorption of a strong
electromagnetic wave in a doped superlattice

3.1 Calculations of the nonlinear absorption coefficient of a strong electromagnetic
wave by confined electrons in a doped superlattice in the presence of a magnetic field
with case of confined phonons

In doped superlattices, in the presence of an external magnetic field, the confined electron
energy takes the simple form:

1 1
H = +— + + =
efvlk)= @, n S+ 0y N+ (13)
amen,
with, @, = D is the frequency plasma caused by donor doping concentration, ng is
£m

the doping concentration. The electron form factor 1", can be written as:

n,n'

Ny d _
1" = ¢ (z-md)e" ™y, (z-md)dz (14)
m o
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284 Behaviour of Electromagnetic Waves in Different Media and Structures

Here ¢,(z) is the eigenfunction for a single potential which compose the doped
superlattices potential, d is the doped superlattices period, N; is the number of doped
superlattices period.

The electron distribution function in doped superlattices can be written as Eq.(8) with the
electron energy spectrum and the electron form factor in Eq. (13) and Eq.(14). We insert the
expression for n_ . (t) for a doped superlattice into the expression for j (t) and then
insert the expression for j (t) into the expression for a in Eq.(9). Using the properties of
Bessel function and realizing the calculations, the time - independent component of the
electron distribution function and the confined electron-confined optical phonon interaction
constants, we can calculate to obtain expression of the carrier current density and the
nonlinear absorption coefficient of a strong electromagnetic wave by confined electrons in a
doped superlattice. We obtain the explicit expression of a in a doped superlattice for the
case electron-optical phonon scattering:

4 *
o= e ”okBT932 : (L_L) ||mn N
dmem* X, Q% Xo Xo wwnn

2 \ 3e’E; ,
1+(N+N +1)16m*—2;394 XN\ Ags [N - N|

1 1 1 1 1
wn+ )+ Q. (N+=2) —exp — Q. (N+3I)+ w (n'+=
() QN+o) —exp — o QN )+ g ()

IN=N| n(Q-,)+nQs(N-N)+nw, (n-n) "+ A

exp — ﬁ (15)
B

Here,

In Eq. (15), it’s noted that we only consider the absorption close to its threshold. In the
case, the condition |gQ—a)0| << & must be satisfied (Pavlovich & Epshtein, 1977). The
formula of the nonlinear absorption coefficient contains the quantum number m
characterizing confined phonons. When quantum number m characterizing confined
phonons reaches to zero, the expression of the nonlinear absorption coefficient for the case
of absorption close its threshold in a doped superlattice in case of unconfined phonons
can be written as:

4. 22
— e nOkBTQB2 L_i) ||mn N 2 1+(N + N'+ 1) 392E02 -
amem*cfx.aQ% Xo Xo nwan 16m*? a’Q
1 1 1 1 1 1
exp —— w(n+)+ Q;(N+=) -exp ——— Qz(N+)+ w (n'+—
Py G QN+ e - L QN ) o)
X 2 R (16)
IN=-N| n(Q-a,)+nQs(N=-N")+nw,(n-n)  + A
M ? 2 2 ?
«Lleta Ny 2 Nd oy A IN-N|
Vs W 3 a

Here,

www.intechopen.com



Effect of Magnetic Field on Nonlinear Absorption of a

Strong Electromagnetic Wave in Low-dimensional Systems 285
2 2
N, €2 250 NG Nd
A = o® Y L_i e O 1 1+Z 1
2 X X a, 3 q
a, = ;
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The term in proportion to quadratic intensity of a strong electromagnetic wave tend toward
zero, the nonlinear result in Eqgs.(16), will turn back to the linear case which was calculated
by another method the Kubo - Mori (Bau et al., 2002).

3.2 Numerical results and discussion

In order to clarify the mechanism for the nonlinear absorption of a strong electromagnetic
wave in a doped superlattices, in this section, we will evaluate, plot and discuss the
expression of the nonlinear absorption coefficient for the case of a specific doped
superlattices n-GaAs/p-GaAs. We use some results for nonlinear absorption in case absence
of external magnetic field (Bau et al., 2010) to make the comparison. The parameters used in
the calculations are as follows: x, =10,9; x, =12,9; n, = 102m3; £=12.5;, m* = 0,067m,, d =

800AL being the doped superlattices period, «,, = @,=36.25meV; Q=551013s1,T=

300 K, e = 2.07e, e, = 1.6.101°C.

Fig.7 and fig.8 show the dependence of nonlinear absorption coefficient a in doped
superlattices on the intensity, E,, of the electromagnetic wave is strong for the two cases
present and absent magnetic field. Graph shows, the absorption coefficient dependency
strong and nonlinear on the intensity E, of electromagnetic waves. When the intensity of E,
increases, the absorption coefficient also increased rapidly. However, for the case present
external magnetic field, the value of the nonlinear coefficient absorption larger than when
absent external magnetic field.

Monlinear absorption coefficient

0 05 1 15 2 25 3 35 A 45 5
Intensity of ENMW (Vi) w 10"

Fig. 7. The dependence of a on the E, (Absence of an external magnetic field)
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Monlinear absomption coefficient

[i] 0.5 1 15 2 25 3 35 4 4.5 £
Intensity of ENMW (Wim) w10

Fig. 8. The dependence of a on the E, (Presence of an external magnetic field)

Fig.9 and fig.10 are the results from the survey of absorption coefficient on temperature and
concentration of concentration doped. Graph shows absorption coefficient is also
dependence strong and nonlinear on temperature T and concentration doped nj . For both
cases present and absent magnetic field, nonlinear absorption coefficient increased, when
the temperature and the concentration doped of the system increases. Causes of this
phenomenon: when the temperature and the concentration doped of system increases,
leading to increased particle density, increased stimulation resulting vibrations in the
material particles so that absorption coefficient of electromagnetic waves increased.

035+

Monlinear absorption coafficient

Fig. 9. The dependence of a on the ny and T (Absence of an external magnetic field)
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Fig.11 and fig. 12 show the dependence of the nonlinear absorption coefficient a on the
energy Q in doped superlattices of an external strong electromagnetic wave for the cases
two absent and present magnetic field. Graphs show clearly the difference between them.

nJ
m

-
m

Absorption coefiicient(1/m)
ha

-

o
o

i i ?
40 a0 60 70
Energy of Electromagnetic VWave [mev)

0 i i
10 20 30

Fig. 11. The dependence of a onthe Q (Absence of an external magnetic field)

In fig.11, energy absorption spectrum have one resonance peak in case absence of magnetic
field, but in fig.12, energy absorption spectrum is interrupted in the case presence of
magnetic field. The absorption coefficient strong increases more in the case absence of
magnetic field. The line spectrum formation of absorption coefficient in fig.12 clearly shows
the influence of magnetic field on the absorption coefficient of strong external
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288 Behaviour of Electromagnetic Waves in Different Media and Structures

electromagnetic waves. This difference can be explained: in the presence of a magnetic field,
the energy spectrum of electronic is interruptions. In addition, the Landau level that
electrons can reach must be defined. In other word, the index of the absorption process must
satisfy the condition:

w,(n=n)+ Qz(N'-N)+ w,- Q=0 (17)

in function Delta - Dirac. This is different from that for case absent a magnetic field (index of
the landau level that electrons can reach after the absorption process is arbitrary), therefore,
the dependence of the absorption coefficient @ on Q is not continuous.

0.45 ; : ! !
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g1sk..... S R— .............. I — .............. I — .

Monlinear absorption coefficient

o1k .............. .............. IR i

oosk...... I T DR .............. § s - N— ...............

0 i H
10 20 30 40 50 B0 70
Energy of Electramagnetic wave (meV)

Fig. 12. The dependence of a onthe Q (Presence of an external magnetic field)

4. Effect of magnetic field on nonlinear absorption of a strong
electromagnetic wave in a cylindrical quantum wire

4.1 The electron distribution function in a cylindrical quantum wire in the presence of
a magnetic field with case of confined phonons

We consider a wire of GaAs with a circular cross section with radius R and length L,
embedded in AlAs. The carries (confined electrons) are assumed to be conPned by inPnite
potential barriers and free along the wire’s axis (Oz). A constant magnetic Peld with the

magnitude B is applied parallel to the axis of wire. In the case, the Hamiltonian is given by
(Bau & Trien, 2010):

e + +
H 8m, N kZ CA(t) 'an, ,N,kzan, Nk, wmrk’qz 'bm’quZ 'bm'quZ
n, Nk, mka;
mkym,k (u)a’ ( +b* )
Co, Tm Iane (W), kv, 80, ok, Pk, ¥ Pk, (18)

n', N'k, mk
n, ,N,q,

Where the sets of quantum numbers (n, ,N) and (n', ,N"), characterizin? the states of

electron in the quantum wire before and after scattering with phonon; a' = la_ ) is the
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creation (annihilation) operator of a confined electron; k, is the electron wave vector (along
the wire’s z axis); by, . (bm,k, qz) is the creation operator (annihilation operator) of a
confined optical phonon for state have wave vector q,; @, is the frequency of confined
optical phonon, which was written as (Yu et al, 2005, Wang et al, 1994):
Whrg =W = (q§+ q;k) , with B is the velocity in cylindrical quantum wire and w, is the

frequency of optical phonon; (m, k) are quantum numbers characterizing confined phonons;
the electron form factor I, . can be written from (Li et al., 1992):

R

m 2
In ,,11(1' '(qm,k) < F J‘n—n" (qm,kR)'l'lJn', '(r)'l'lJn, (r)'rdr (19)
0
The electron-optical phonon interaction constants can be taken as:

2
Co [ =7 w,.(1/ X, =1/ X,)/2Ve,(q,” +q2,) (20)
Here V is the normalization volume, &, is the permittivity of free space, X~ and X, are the
high and low-frequency dielectric constants, gz, can be written from (Yu et al., 2005; Wang

et al., 1994):

X, / R whenm =0
One = hy' /R when |m|=2s+1;s=0,12... , (21)
gr /R when |m|=2s ;s=1,23..

and Jnn(u) takes the form (Suzuki et al., 1992; Generazio et .al, 1979; Ryu et al., 1993;
Chaubey et al., 1986):

oy (u)= drg, (rZ - af(kZ - qz)).e‘qZ'kZ¢N (rZ - asz) (22)

—00

Here @n(x) represents the harmonic wave function.
When the magnetic field is strong and the radius R of wires is very bigger than cyclotron
radius a., the electron energy spectra have the form:

Zk 2

=—=2+ Q, N+E+—+1 with N=0,1,2,... , (23)
2m 2 2 2

gn, Nk,

In order to establish analytical expressions for the nonlinear absorption coefficient of a
strong electromagnetic wave by confined electrons in cylindrical quantum wire, we use the
quantum  kinetic  equation for  particle number operator of electron

— + .
n. Nk, (t) - <an, ,N,kzan/ N kg >t :

i0,,
s ©) :< a ed ., H > (24)
t

ot n, Nk, n, Nk’

Where (), is the statistical average value at the moment t and (¢), =Tr(W) (W being
the density matrix operator). Starting from the Hamiltonian Eq. (18) and using the
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commutative relations of the creation and the annihilation operators, we obtain the
quantum kinetic equation for electrons in cylindrical quantum wire in the presence of a
magnetic Peld with case of confined phonons:

anyrkz (t)
ot

+00 t
=- ‘ngr. |\ 2.|]N,N,|2. Jq eEOq J, eEg]Z exp i(g-s)Qt dt'x
! A

Yz /8= —00

n' '

{ ()N +1)- N, (ON, X
xexp{i(e$<kz+qz>—e$<kz>+ @, ~8 Q+i 8)(t-t)}+
o ONL = ()N +1) X
xexpfi(ell(k, +q,)-€l'(k,) - @, g Q+i 3)(t-t)}-
-y k= qz(t’) (N’\/qz + 1) _ny,kz (t,)'Nqu X
xexpi(el(k,) - el (k, =q,)+ @, —g Q+i 8)(t-t)}-
_ ny‘,kz-qz(t’)'NA/qz -n (t').(NA/qZ +1) X

xexpfi(e(k,)-€ll(k, q,)- @, -g Q+i 8)(t-t)}}

+ n ()N

(25)

where Jg(x) is the Bessel function, m is the effective mass of the electron, N, is the time -
independent component of the phonon distribution function, n (t) is electron
distribution function in cylindrical quantum wire and the quantity o is infinitesimal and
appears due to the assumption of an adiabatic interaction of the electromagnetic wave;
y=n, ,N; y'=n', "N, A=m,k.

It is well known that to obtain the explicit solutions from Eq. (25) is very difficult. In this
paper, we use the first - order tautology approximation method (Pavlovich & Epshtein,
1977; Malevich & Epstein, 1974; Epstein, 1975) to solve this equation. In detail, in Eq. (25),
we use the approximation: n (th= n,on, .. (th= N -

where n Jx, 18 the time - independent component of the electron distribution function in
cyhndncal quantum wire. The approximation is also applied for a similar exercise in bulk
semiconductors (Pavlovich & Epshtein, 1977; Malevich & Epstein, 1974). We perform the
integral with respect to t. Next, we perform the integral with respect to t of Eq. (25). The
expression of electron distribution function can be written as:

2 2 +00 Eo EO _: Qt
AU <1 ST AN IV TRE. S8
X — I_’lv'kz Nog, _ﬁv‘,kz'(NA/qz + 1) _ 1r_lv,kz'(l\h,qz + 1) "y, 4, Ny g, + (20

87(k2+qz)_8;—[(kz)_ w)\,qz _g Q+1 6 €$(k2+qz)_8;—l(kz)+ w)\,qz _g Q+1 6

n. N, -n .(N +1) n. .(N +1)—ﬁ N

+ y'k,-q, " Mz vk, Ad, + vk, -q, A, vk, T A4

Eil{(kz)_sij(kz_qz)_ w)\,qz _g Q+1 6 8;—l(kz)_sly_l'(kz_qz)-i- w)\,qz _g Q+1 6
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From Eq.(26) we see that the electron distribution function depends on the constant in the
case of confined electron - confined phonon interaction, the electron form factor and the
electron energy spectrum in cylindrical quantum wire. Eq.(26) also can be considered a
general expression of the electron distribution function in cylindrical quantum wire with the
electron form factor and the electron energy spectrum of each systems.

4.2 Calculations of the nonlinear absorption coefficient of a strong electromagnetic
wave by confined electrons in a cylindrical qguantum wire in the presence of a
magnetic field with case of confined phonons

The nonlinear absorption coefficient of a strong electromagnetic wave o in a cylindrical
quantum wire take the form similary to Eq.(9):

t)E, sinQt (27)
a= {1 (9 sn)
where <X>t means the usual thermodynamic average of X at moment t, A(t)is the vector
potential, E, and Q is the intensity and frequency of electromagnetic wave. The carrier

current density formula in a cylindrical quantum wire takes the form similary to in
(Pavlovich & Epshtein, 1977):

i(t)= k, - <A(t) n, (t) (28)

e
My,
Because the motion of electrons is confined along the (x, y) direction in a cylindrical
quantum wire, we only consider the in - plane z current density vector of electrons, j,(t).

Using Eq. (28), we find the expression for current density vector:

()= - & DoFo o)+ & k,n , (t) (29)
m m 2
We insert the expression of n ks (t) into the expression of j,(t) and then insert the
expression of j,(t) into the expression of a in Eq.(27). Using property of Bessel function
]k+1( ) + ]k_l( ) 2k]k( ) / x, and realizing calculations, we obtain the nonlinear absorption
coeffcient of a strong electromagnetic wave by conPned electrons in cylindrical quantum
wire with case of confined phonons:

_4me’Qk, T 1 _1

= il e 2 2., eEq
8 C\/X—E2 Vv Xoo Xo V.Y Aq, k, 8= —oo‘C ‘ v .|]N’N’| k]g m Qz *
’ (30)
% m X (ﬁy,kz B 1le’,kz+qz )6(‘?? (kz + qz) - 851 (kz) + wo - gQ)

We only consider the absorption close to its threshold because in the rest case (the
absorption far away from its threshold) a is very smaller. In the case, the condition
| gQ - u)0| << € must be satisfied (Pavlovich & Epshtein, 1977). We restrict the problem to the
case of one photon absorption and consider the electron gas to be non-degenerate:
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€ %
ﬁy K, - D,.exp — Vi, , with n, = L&%
Kz kBT V(kaBT)A

By using the electron - optical phonon interaction factor, the Bessel function and the electron
distribution function, from the general expression for the nonlinear absorption coefficient of
a strong electromagnetic wave in a cylindrical quantum wire Eq.(30), we obtain the explicit
expression of the nonlinear absorption coefficient a in cylindrical quantum wire for the case
confined electron-confined optical phonon scattering;:

_ e'n,.Q, kT 1 1 N 2 N, !
o= X ——-— Lo ‘ . X
42 cfxom a @’V Xo Xo gyl TN
X exp —& +2+1+U —-exp —QB N'+£’+l+—, X (31)
kT 2 2 kT 2 2 2
+oo M 2 A
T e e e M)e kS () 6 VRl
M=o 2 a; 2m Q Q(Q -0, +MQ;) + Agy
Where Ci(M), Co(M) are functions of M:
r Nm—Nn—M+; r(1+N,)
Cl(M): 2 X
(N, )’T(1+N, -N,)
1 3
N, -N,-M+- N, -N, -M+> ih
F 2, 214N, -N,; ;
2 2 (1-h)
dhn
dhNn (1 _ h)M+% .(1 + h)Nm—Nn—M+%
h=0
r Nm—Nn—M+g F(1+N,)
CZ(M): 2
(N,)’F(1+N, -N,)
N_-N -M+° N_-N, -M+> ih
F 2, 21+N, -N,; ;
2 2 (1-h)
dhn
dhNn (1—h)M_%.(1+h)Nm_Nn_M+g
h=0

and A is written as:
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.Y WP B SRR et U B el B O
QR_ST[ZeoV Xw Xo IQ_ N-N'+ ) + > 7

N, =min{N,N'}; N, :=max{N,N’}

A

n,n' '

From analytic expressions of the nonlinear absorption coefficient of a strong electromagnetic
wave by confined electrons in cylindrical quantum wire with infinite potential in the
presence of a magnetic field (Eq.31), we can see that quantum numbers (m, k) characterizing
confined phonons reaches to zero, the result of nonlinear absorption coefficient will turn
back to the case of unconfined phonons (Bau & Trien, 2010):

e’ n,.Qu kT 1 1 N, !
a= — - x
2€..ca/X.,.V,m a2 Q% X, Xo n o~ N,!
n’, ',N'
X exp e N+E+1+U —exp S I PR S
k,T 2 2 2 k,T 2 2 2
2 JAM
X LN, N, 1)y SR M (32)
4a; 2m Q° M(Q-w, +MQ,) +A
2
with A =— 1(BT . [ 1 1 ; which I . is written as in (Bau & Trien, 2010)
8me, V' Xo  Xo ’

4.3. Numerical results and discussion

In order to clarify the results that have been obtained, in this section, we numerically
calculate the nonlinear absorption coefficient of a strong electromagnetic wave for a
GaAs=GaAsAl cylindrical quantum wire. The nonlinear absorption coefficient is considered
as a function of the intensity E, and energy of strong electronmagnet wave, the temperature
T of the system, and the parameters of cylindrical quantum wire. The parameters used in the
numerical calculations (Bau&Trien, 2010) are &=12.5,y.= 10.9, yo= 13.1, m = 0.066m,, m,
being the mass of free electron, w,= ), = 36.25meV , kg = 1.3807x10-23j/K, n, = 102m-

0 m,k,q
3, e =1.60219 x10-1°C, h = 1.05459 x10-34j/s.
Fig. (13,14) shows the dependence of nonlinear absorption coefficient of a strong
electromagnetic wave on the radius of wire. It can be seen from this figure that o
depends strongly and nonlinear on the radius of wire but it does not have the maximum
value (peak), the absorption increases when R is reduced. This is different from the case
of the absence of a magnetic field. Fig. (13) show clearly the strong effect of confined
phonons on the nonlinear absorption coefficient, It decreases faster in case of confined
phonons.
Fig. (15) presents the dependence of nonlinear absorption coefficient on the electromagnetic
wave energy at different values of the temperature T of the system. It is shown that
nonlinear absorption coefficient depends much strongly on photon energy but the spectrum
quite different from case of unconfined phonons (Bau&Trien, 2010). Namely, there are more
resonant peaks appearing than in case of unconfined phonons and the values of resonant
peaks are higher. These sharp peaks are demonstrated that the nonlinear absorption
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coefficient only significant when there is the condition. This means that a depends strongly
on the frequency Q of the electromagnetic wave.

a00 : : : : : : :
: § : ; § - T=250(K]
004 e .. S— A—— N A T=273(K) |
: : : : : s T=300(K)
. : 5 : : : ] ;
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Monlinear absorption coefficient
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Fig. 13. The dependence of nonlinear absorption coefficient on R and T in case of confined
phonons
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Fig. 14. The dependence of nonlinear absorption coefficient on R and T in case of unconfined
phonons
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Fig. 15. The dependence of nonlinear absorption coefficient on Q and T in case confined
phonons
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Fig. 16. The dependence of nonlinear absorption coefficient on Q and T in case unconfined
phonons

It can be seen from this figure that nonlinear absorption coefficient depends strongly and
nonlinearly on T, o is stronger at large values of the temperature T.
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Fig. 17. The dependence of nonlinear absorption coefficient on R and m,k in case confined

phonons

Fig. 18. The dependence of nonlinear absorption coefficient on Q, and m,k in case
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Fig. 17 shows the dependence of nonlinear absorption coefficient on intensity Eo of
electromagnetic wave in case confined phonons. It can be seen from this figure that o
depends strongly and nonlinearly on Eo. O is stronger at large values of the intensity Eq of
electromagnetic wave.

Fig. 18 presents the dependence of a on the cyclotron energy ( Q) of the magnetic field. It
can be seen from this figure that there are same resonance peaks at different values of
cyclotron frequency Qg. The nonlinear absorption coefficient only significant at these
resonance peaks. Based on this result we make the following remarks: The index of Landau
level N’ which electrons can move to after absorption. Only at these peaks, strong
electromagnetic wave is absorbed strongly. In addition, the density of resonance peaks is
very high in the region where Qp < Q, corresponding to the weak magnetic field B, but this
density is low when B increases. These resonance peaks, reflect the effect of quantum
magnetic field on the quantum wire. When the magnetic field is stronger, the peaks is more
discrete, the influence of the magnetic field is shown more clearly.

Fig. (17,18) show that nonlinear absorption coefficient depends much strongly on quantum
numbers characterizing confined phonons (m, k), it increases fllowing (m,k). It mean that
the confined phonons have huge effect on nonlinear absorption coefficient of a strong
electromagnetic wave in cylindrical quantum wire.

5. Conclusion

In this chapter, the nonlinear absorption of a strong electromagnetic wave by confined
electrons in low-dimensional systems in the presence of an external magnetic field is
investigated. By using the method of the quantum kinetic equation for electrons, the
expressions for the electron distribution function and the nonlinear absorption coefficient in
quantum wells, doped superlattics, cylindrical quantum under the influence of an external
magnetic field are obtained. The analytic results show that the nonlinear absorption
coefficient depends on the intensity Ey and the frequency Q of the external strong
electromagnetic wave, the temperature T of the system, the cyclotron frequency, the
quantum number characterizing confined phonons and the parameters of the low-
dimensional systems as the width L of quantum well, the doping concentration np in doped
superlattices, the radius R of cylindrical quantum wires. This dependence are complex and
has difference from those obtained in case unconfined phonon and absence of an external
magnetic field (Pavlovich & Epshtein, 1977), the expressions for the nonlinear absorption
coefficient has the sum over the quantum number of confined electron-confined optical
phonon and contain the cyclotron frequency. All expressions for the nonlinear absorption
coefficient turn back to case of unconfined phonon and absence of an external magnetic field
if the quantum number and the cyclotron frequency reaches to zero.

The numerical results obtained for a AlAs/GaAs/AlAs quantum well, a n-GaAs/p-GaAs
doped superlattice, a GaAs/GaAsAl cylindrical quantum show that o depends strongly and
nonlinearly on the intensity Ey and the frequency Q of the external strong electromagnetic
wave, the temperature T of the system, the cyclotron frequency, the quantum number
characterizing confined phonons and the parameters of the low-dimensional systems. The
numerical results shows that the confinement effect and the presence of an external
magnetic field in low dimensional systems has changed significantly the nonlinear
absorption coefficient. The spectrums of the nonlinear absorption coefficient have changed
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in value, densty of resononlinear absorption coefficiente peaks, position of resononlinear
absorption coefficiente peaks. Namely, the values of nonlinear absorption coefficient is
much higher, densty of resononlinear absorption coefficiente peaks is bigger.

In addition, from the analytic results, we see that when the term in proportion to a quadratic
in the intensity of the electromagnetic wave (E,)(in the expressions for the nonlinear
absorption coefficient of a strong electromagnetic wave) tend toward zero, the nonlinear
result will turn back to a linear result (Bau & Phong, 1998; Bau et al., 2002; 2007).

The nonlinear absorption in each low-dimensional systems in the presence of an external
magnetic field is also quite different, for example, the nonlinear absorption coefficient in
quantum wires is bigger than those in quantum wells and doped superlattices.
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