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General analytic expressions for the absorption coefficient (ACF) of a strong electromagnetic wave (SEM)
caused by confined electrons in cylindrical quantum wires (CQW) are obtained by using the quantum
kinetic equation for electrons in the case of electron–optical phonon scattering. Second-order multipho-
ton process is included into the result. The dependence of ACF on the amplitude E0 and the energy �hX of a
SEM, the temperature T of the system, and radius R of CQW for a specific CQW GaAs/AlAs is achieved due
to numerical method. The computational results show that the dependence of ACF on �hX and R can be
applied to optically detect the electric subbands in a CQW.
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1. Introduction

In low-dimensional structures, the energy levels of electrons
become discrete and are different from other dimensionalities
[1]. In certain conditions, the decrease in dimensionality of system
for semiconductors can lead to a dramatically enhancement of
nonlinearities [2]. So the nonlinear optical properties of semicon-
ductor quantum wells, quantum wires, and quantum dots have at-
tracted much attention in the past few years.

Linear and nonlinear optical absorption in low-dimensional
structures have been extensively studied experimentally and theo-
retically in the past [3,4]. So far, however, almost all classical and
quantum mechanical treatments on this problem were based on
the perturbation expansion of the interaction between electrons
and phonons, mostly with only the single-photon process included,
and thus limited to the case of weak radiation fields. In the present
work, we study the nonlinear optical absorption of a SEM by con-
fined electrons in CQW. Present work is fairly different in compar-
ison to the previous results [5] because two-photon absorption
process is included and we show that present results can be ap-
plied to optically detect the electric subbands in a CQW.

The paper is organized as follows. In the next section we outline
a QKE for electron confined in a CQW and the general analytical
expression for ACF in the case of electron–optical phonon scatter-
ing mechanism. The numerical results are presented for GaAs/AlAs
ll rights reserved.
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cylindrical quantum wires in Section 4. Finally, brief conclusions
are given in Section 5.
2. Model of a CQW and quantum transport equation for
electrons

We consider a CQW of polar semiconductors consisting of GaAs
embedded in AlAs. The one-particle total wave function in cylindri-
cal coordinates ðr;/; zÞ takes the form

wn;‘;kz
ðr;/; zÞ ¼ 1ffiffiffiffiffiffi

V0
p ein/eikzzwn;‘ðrÞ; ð1Þ

where V0 ¼ pR2Lz is the volume of the wire, n ¼ 0;�1;�2; . . . is the
azimuthal quantum number, ‘ ¼ 1;2;3; . . . is the radial quantum
number; ~k ¼ ð0;0; kzÞ is the electron wave vector, and wn;‘ðrÞ is the
radial wave function which has the form

wn;‘ðxÞ ¼
1

Jnþ1ðBn;‘Þ
JnðBn;‘xÞ; x ¼ r=R; ð2Þ

and energy levels of the system can be worked out by

En;‘ðkÞ ¼ EðkzÞ þ En;‘, where EðkzÞ ¼ �hk2
z=ð2mÞ is the energy in the ax-

ial direction, En;‘ð0Þ ¼ �h2

2m
Bn;‘

R

� �2
, where Bn;‘ is the ‘th zero of the nth

order Bessel function (for example, B0;1 ¼ 2:405 and B1;1 ¼ 3:832)
and m is the electronic effective mass.

The Hamiltonian of the electron–optical phonon system in the
presence of a SEM can be written as H ¼ H0 þ U, in which [6]:
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X
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where ðn; ‘; kzÞ and ðn0; ‘0; kz þ qzÞ are electron states before and after
scattering, aþn;‘;kz

and an;‘;kz (bþ~q and b~q) denote the creation and anni-

hilation operators of electron (phonon) respectively, ~q ¼ ðq?; qzÞ
being the phonon wave vector, ~AðtÞ is the vector potential of the

SEM, ~AðtÞ ¼ e
X
~E0 sin Xt; e is the electron charge; C~q is the electron–

phonon interaction factor and depends on the scattering mecha-
nism, it means that for electron–optical phonon interaction with

xq ¼ x0; C~q is [7]: C~q ¼ ie
q

�hx0
2�0V0

1
v1
� 1

v0

� �� �1=2
, where �0 is the elec-

tronic constant; v0 and v1 are the static and the high-frequency
dielectric constant, respectively; and the matrix element
Mn;‘;n0 ;‘0 ðq?Þ characterizes the confinement of electrons in the CQW
and takes the form [8]

Mn;‘;n0 ;‘0 ðyÞ ¼
Z 1

0
xJjn�n0 jðyxÞw�n0 ;‘0 ðxÞwn;‘ðxÞdx; ð5Þ

where y ¼ q?R.
In order to establish a QKE for electrons in CQW, we use the

general quantum equation for the particle number operator (or
electron distribution function) fn;‘;kz ¼ aþn;‘;kz

an;‘;kz

D E
t
:

i�h
@fn;‘;kz ðtÞ

@t
¼ aþn;‘;kz

an;‘;kz ;H
h iD E

t
; ð6Þ

where hwit denotes a statistical average value at the moment t,

hwit ¼ TrðcW bwÞ (cW is the density matrix operator).
Starting from the Hamiltonian H and using the commutation

relations of creation and annihilation operators, we obtain a QKE
for electrons in a CQW. Solving the equation as in Ref. [9], we get
the expression for the electron distribution function.

3. General analytic expression of ACF in a CQW

Because the motion of electrons is confined in ðx—yÞ plane, we
consider only the current density vector along the z-direction. As
in Ref. [9], using the z-component of the current density in a CQW

jzðtÞ ¼
e�h
m

X
n;‘;kz

~kz �
e

�hc
~AðtÞ

� �
fn;‘;kz ðtÞ; ð7Þ

the absorption coefficient takes the form
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Fig. 1. Absorption coefficient (arb. units) as a function of the amplitude E0 at (a) on the
where the laser field energy is �hX ¼ 29:5 meV, and (b) on the right: photon energy of
temperature is T ¼ 250 K.
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Finally, calculating the summations with respect to kz and then
the summations with respect to ~q, we obtain a general analytical
result
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The present result yields a more specific and significant inter-
pretation of the electronic processes for emission and absorption
of phonons and photons. The third and fourth terms are the contri-
butions of the two-photon process. These analytical results appear
very involved. However, physical conclusions can be drawn from
graphical representations and numerical results, obtained from
adequate computational methods.
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left: temperature of 240 K (solid line), 250 K (dashed line), and 260 K (dotted line),
29.5 meV (solid line), 30.2 meV (dashed line), and 30.8 meV (dotted line), where
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Fig. 2. Absorption coefficient (arb. units) as a function of photon energy at different
values of the radius R: R ¼ 30 nm (solid line), R ¼ 35 nm (dashed line), and
R ¼ 40 nm (dotted line). Here, T ¼ 250 K; E0 ¼ 4:0� 104 V=m.
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Fig. 3. Absorption coefficient (arb. units) as a function of radius R at the different
photon energy: photon energy of 29.5 meV (solid line), 30.2 meV (dashed line), and
30.8 meV (dotted line). Here, T ¼ 250 K.
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4. Numerical results and discussions

The parameters used in the calculations of the absorption coef-
ficient for specific GaAs/AlAs CQW are as follow [9–11],
v1 ¼ 10:9; v0 ¼ 12:9; m ¼ 0:067m0 (m0 being the mass of free
electron), �hx0 ¼ 36:6 meV. Two transitions included in numerical
results are n ¼ 0; n0 ¼ 1; ‘ ¼ ‘0 ¼ 1 and n ¼ 0;n0 ¼ 2; ‘ ¼ ‘0 ¼ 1.

From Fig. 1 we can see that the dependence of the ACF on the
intensity E0 is nonlinear. The ACF increases with amplitude E0 of
EMW, while the photon energy rises up, their ACF decreases
(Fig. 2).
Especially, in Fig. 2, each curve has two maximum peaks which
are symmetric each together through the value �hX ¼ �hx0 ¼
36:6 meV. The maxima appear at the photon value of �hX satisfying

the condition �hX ¼ �hx0 � DEn;‘. Because En;‘ ¼ �h2B2
n;‘

.
ð2mR2Þ, so

DEn;‘ decreases with the wire’s radius R increasing. Consequently,
the distance between two peaks, 2DEn;‘, decreases. This result is of
significant importance when we use an external electric field to
measure distances between two maxima to determine the energy
levels of electrons in the wire.

In Fig. 3, we can see three maxima and the peaks for each curve.
This is because with any fixed value set n;n0; ‘; ‘0, the curves have
two peaks satisfying the condition DEn;‘ ¼ �hx0 � �hX. The transition
of n ¼ 0; n0 ¼ 2; ‘ ¼ ‘0 ¼ 1 have more contribution than the one of
n ¼ 0; n0 ¼ 1; ‘ ¼ ‘0 ¼ 1. Although the transition of n ¼ 0; n0 ¼ 1;
‘ ¼ ‘0 ¼ 1 results in two peaks, these contributions is less significant
than the one of n ¼ 0; n0 ¼ 2; ‘ ¼ ‘0 ¼ 1. The simultaneous combi-
nation of two contributions generates three peaks. The two higher
peaks correspond to the transition n ¼ 0; n0 ¼ 2; ‘ ¼ ‘0 ¼ 1 (more
contribution). Similar to the results from Fig. 2, this result can be
used to measure distances between two maxima to determine the
energy levels of electrons in the wire.

5. Conclusion

In this paper, we have derived an analytical expression of the
(nonlinear) ACF of an intensity electromagnetic field in CQW. We
numerically calculated and plotted the ACF for GaAs/AlAs CQW
to clarify the theoretical results. Numerical results for this CQW
present clearly the dependence of the ACF on the energy �hX and
amplitude E0 of the field, the temperature T of the system, and
on the radius R of a CQW.

Computational results show that the dependence of the ACF on
the intensity E0 is nonlinear. The importance of the present work is
the appearance of resonant peaks in Figs. 2 and 3 satisfying the res-
onant conditions �hX ¼ �hx0 � DEn;‘ or DEn;‘ ¼ �hx0 � �hX. Therefore,
they can be applied to optically detect the electron spectrum in
the CQW.
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