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Phonon-assisted cyclotron resonance �PACR� in a free-standing quantum well �FSQW� structure is studied
when electrons are scattered by confined-acoustic modes through deformation potential. Elastic continuum
model is employed to describe the confined-acoustic modes, that are classified as shear, dilatational, and
flexural waves. Expression for the absorption coefficient is obtained. Numerical results are presented for the
frequency, magnetic field, temperature, and well-width dependence of absorption coefficient in GaAs and GaN
free-standing quantum well structures. In the extreme quantum limit only dilatational modes contribute for
phonon-assisted cyclotron resonance. Results are compared with those based on bulk description of acoustic
phonons and significant differences are noted. The calculations demonstrate that phonon-assisted cyclotron
resonance studies can lead to a better understanding of confined electron-acoustic phonon interaction in free-
standing quantum wells.
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I. INTRODUCTION

The interest in the study of electron-phonon interaction in
semiconductor nanostructures, both in the presence of zero
and finite quantizing magnetic fields, continues unabated.1,2

An important effect relevant to any discussion of electron-
phonon interaction in the presence of a magnetic field is the
phonon-assisted cyclotron resonance �PACR�, in which elec-
tron transition between the Landau levels due to absorption
of a photon is accompanied by absorption or emission of a
phonon. There exist in literature theoretical3–6 and
experimental7,8 investigations of PACR in bulk semiconduc-
tors. PACR in two-dimensional quantum well structures9–11

has been studied based on the bulk description of phonon
modes. It is well established12–17 that in widely studied quan-
tum well structures, such as GaAs/AlAs, the acoustic and
optical phonon modes are confined to respective layers. In
addition, there exist interface modes localized in the vicinity
of heterointerfaces. PACR in these QW structures have been
studied18,19 for confined optical phonon modes and interface
modes. Additional peaks have been predicted in the absorp-
tion spectrum due to interface modes. However, the study of
PACR when electrons are scattered by confined acoustic
modes, though important, has not received attention.

Free-standing layers with a few-nanometer thickness are
referred to as free-standing quantum well �FSQW� structures.
Electron beam evaporation,20 molecular beam epitaxy,21 and
standard lithographic techniques22 have made possible the
fabrication of FSQWs. These structures have features sub-
stantially different from conventional quantum heterostruc-
tures. In a free-standing and unstrained quantum slab, pho-
non dispersion changes due to spatial confinement induced
by the free surface boundaries. The electron-confined-
acoustic-phonon interaction manifests in its transport and op-
tical properties. Experimental investigations of lattice ther-
mal conductivity23 in Si FSQWs have demonstrated the
spatial confinement of acoustic phonons. To understand
quantitatively electron transport and optical properties of
these quantum structures, it is necessary to take into account

the confinement of acoustic-phonon modes. The distinct fea-
tures of phonon modes and their participation in optical ab-
sorption can easily be studied and identified in PACR stud-
ies.

With the application of a magnetic field perpendicular to
the plane of a FSQW, the in-plane motion of the electron is
quantized into Landau levels. This completely discrete en-
ergy spectrum leads to many interesting features in the elec-
tron transport and optical properties of the quantum slab. In
this paper, following Bass and Levinson,3 and the approach
followed in our earlier work on QW structures, we present a
theory of PACR in FSQWs employing perturbation tech-
nique. The confined-acoustic phonons are described by the
elastic continuum model.2,24,25 Calculations are presented for
GaN with zinc-blende structure and GaAs structures. In Sec.
II we outline the theory and present the expressions for the
PACR absorption coefficient obtained for both the confined
and bulk descriptions of phonon modes in FSQW. Numerical
results for energy dispersion of confined acoustic modes in
the case of GaAs and GaN free-standing quantum wells have
been obtained and used in the calculations of PACR absorp-
tion coefficients. In Sec. III numerical results are presented
for the frequency, magnetic field, temperature, and well-
width dependence of absorption coefficient in GaAs and
GaN free-standing quantum well structures. Results are com-
pared with those based on bulk description of acoustic
phonons.

II. THEORY

A. Basic equations

The absorption coefficient can be related to the transition
probabilities for absorption and emission of photons. It can
be expressed as26

K =
��

N�c
�

i

�Wi
ab − Wi

em�f i, �1�

where � is the dielectric constant of the medium, N� is the
number of photons in the radiation field, and f i is the electron
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distribution function. The sum is over all possible initial
states i of the system. The transition probability for absorp-
tion �emission� of photons with simultaneous phonon absorp-
tion or emission Wi

ab�em� is given by the Fermi golden rule,

Wi
ab�em� =

2�

�
�

f

��f �M�i��2��Ef − Ei � �� � ��p� , �2�

where �f �M � i� is the transition matrix element for the
electron-photon-phonon interaction, Ei and Ef are the initial
and final state energies of the electron, and �� and ��p are
the energies of the photon and acoustic phonon, respectively.
The sum is over all possible final states f of the system. The
transition matrix elements can be written as3

�f �M�i� = �
j
� �f �Hrad�j��j�Hel−ph�i�

Ei − Ej ± ��p
+

�f �Hel−ph�j��j�Hrad�i�
Ei − Ej ± ��

	 ,

�3�

where Hrad and Hel−ph are the interaction Hamiltonian with
the radiation field and phonons, respectively. The sum is over
all the intermediate states j of the system.

B. Electron wave function and eigenvalues

We consider a FSQW structure where electrons are free to
move in the x-y plane and a uniform static magnetic field B
is applied in the z direction. Adopting a single band spherical
effective mass model for electrons, the electron eigenfunc-
tions 	Nmky

and energy eigenvalues ENm can be expressed
as19

	Nmky
= Ly

−1/2
N�x − x0�exp�ikyy��m�z� , �4�

and

ENm = �N + 1/2���c + m2E0, �5�

respectively. In the above equations, the Landau-level index
N=0,1 ,2 , . . ., the electric subband quantum number m
=1,2 ,3 , . . ., E0=�2�2 /2m*L2, 
N represents the harmonic
oscillator wave function centered at x0=−�2ky with �
= ��c /eB�1/2 being the cyclotron radius, and �c

= ��e �B� / �m*c� the cyclotron frequency with L being the
thickness of the FSQW centered at z=0. The envelope func-
tion, �m�z�, is

�m�z� =�2

L
sin
m�z

L
+

m�

2
� . �6�

C. Acoustic phonons in a free-standing quantum well
layer

The elastic continuum model2,24,25 provides the descrip-
tion of longitudinal acoustic phonons for nanostructures hav-
ing a confined dimension of about few atomic monolayers.
We consider a free-standing solid slab with unconstrained
surfaces at z= ±L /2. Neglecting the distortion of acoustic
vibrations resulting from the contact with the semiconductor
substrate, free-standing structures provide an extreme con-

finement limit for acoustic phonons. This leads to the quan-
tization of the phonon wave vector in the z direction, i.e., the
z component of confined mode wave vector, qz, takes only
discrete set of values for each in-plane wave vector q�. The
qz quantization is based on the simple rule that an integral
number of half wavelengths fit in a semiconductor slab of
thickness L.

In the case of elastic isotropic medium, there are three
different types of confined acoustic modes: shear waves, di-
latational waves, and flexural waves. These modes are char-
acterized by their distinctive spatial symmetries. In the fol-
lowing, expressions for various quantities are given in the
Cartesian coordinate system with the x axis directed parallel
to the vector q�; q�= �qx ,0�.

1. Shear waves

These waves have only one nonzero component, which is
perpendicular to the direction of wave propagation and lies
in the plane of quantum well.2,24,25 The component of dis-
placement is parallel to the surfaces z= ±L /2, taking this
nonzero taking component to be in the y direction, we have
un�q� ,z�= �0,uy ,0�, with

uy = cos�qz,nz� for n = 0,2,4, . . . ,

sin�qz,nz� for n = 1,3,5, . . . , �7�

and qz,n=n� /L with L being the thickness of the slab. These
modes are similar to transverse modes in bulk semiconductor
and are designated as rotational waves.2 The dispersion rela-
tion for shear waves can be expressed as

�n = st
�qz,n

2 + qx
2, �8�

where st= /� is the velocity of transverse acoustic waves in
bulk semiconductors with  being the Lame constant and �
the density of semiconductor.

2. Dilatational waves

These modes are irrotational modes associated with com-
pressional distortions of the medium.2 The compressional
character of these modes leads to local changes in the vol-
ume of the medium. These waves have two nonzero
components,2,24,25 un�q� ,z�= �ux ,0 ,uz�, with

ux = iqx��qx
2 − qt

2�sin
qtL

2
cos qlz + 2qlqt sin

qlL

2
cos qtz	 ,

�9�

uz = ql�− �qx
2 − qt

2�sin
qtL

2
sin qlz + 2qx

2 sin
qlL

2
sin qtz	 ,

�10�

where ql and qt are solutions of

tan�qtL/2�
tan�qlL/2�

= −
4qx

2qlqt

�qx
2 − qt

2�2 , �11�
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sl
2�qx

2 + ql
2� = st

2�qx
2 + qt

2� . �12�

The quantity sl denotes the velocity of longitudinal acoustic
waves in bulk semiconductors and is given by sl= ��
+2� /� with � being the Lame constant. For each value of
qx, this pair of equations has either pure imaginary or real
solutions,27 denoted by ql,n�qx� and qt,n�qx�. The label n is
used to denote the different branches of the solutions ql,n�qx�
and qt,n�qx�. The dilatational waves have frequencies �n, sat-
isfying

�n = sl
�qx

2 + ql,n
2 = st

�qx
2 + qt,n

2 . �13�

Numerical solutions of Eqs. �11� and �12�, in the case of GaN
slab of thickness 10 nm for sl=8.77�105 cm/s and st
=5.041�105 cm/s, are shown in Figs. 1�a� and 1�b�. The
dispersion relation, for dilatational waves, calculated for a
10 nm thick GaN free-standing quantum well, is given in the
Fig. 2.

3. Flexural waves

These are antisymmetric waves having two nonzero
components,2,24,25 un�q� ,z�= �ux ,0 ,uz�, with

ux = iqx��qx
2 − qt

2�cos
qtL

2
�sin�qlz�

+ 2qlqt cos
qlL

2
�sin�qtz�	 , �14�

uz = ql��qx
2 − qt

2�cos
qtL

2
�cos�qlz� − 2qx

2 cos
qlL

2
�cos�qtz�	 .

�15�

ql and qt are now determined by solving the pair of equa-
tions,

tan�qlL/2�
tan�qtL/2�

= −
4qx

2qlqt

�qx
2 − qt

2�2 , �16�

sl
2�qx

2 + ql
2� = st

2�qx
2 + qt

2� .

This pair of equations for flexural waves admits solutions of
the form ql,n�qx� and qt,n�qx�, where n labels the different
branches of the solutions.27 The frequencies and the solutions
for ql,n and qt,n are different for dilatational and flexural
modes.

D. Electron-phonon interaction

1. Electron-confined-acoustic-phonon interaction

Electrons in semiconductors are scattered by acoustic
phonons through deformation potential interaction. The de-
formation potential depends on the strain tensor and defor-
mation potential constant. For cubic crystals and for carriers
experiencing a spherically symmetric energy surface, sym-

FIG. 1. The solutions �a� ql and �b� qt as a function of qx for
dilatational phonons in a GaN free standing quantum well.

FIG. 2. Energy dispersion of the confined dilatational acoustic
phonon modes in a GaN free-standing quantum well of thickness
10 nm.
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metry considerations make it evident that the crystalline po-
tential is proportional to bulk strain. In the case of cubic
crystal and for carriers at the nondegenerate � point, the
Hamiltonian for electron-acoustic-phonon interaction is
given by2

Hel−ph = Ed � · u ,

where Ed is the deformation potential constant and u the
displacement produced by a bulk acoustic mode of wave
vector Q= �q� ,qz�. In a FSQW, expression for electron-
confined-acoustic-phonon interaction Hamiltonian can be
written in the form2,24,25

Hel−ph = �
q�,n

exp�iq� · r����q�,n,z��an�q�� + an
†�− q�� ,

�17�

with

���q�,n,z� = F�,n� �Ed
2

2A��n
��q��

�qt,n
2 − qx

2�

��ql,n
2 + qx

2�tsc1�
Lqt,n

2
�tsc2��ql,nz� , �18�

where � distinguishes the dilatational �d� and flexural �f�
confined-acoustic modes. The label n=1,2 ,3. . . is the index
for different branches of confined modes, � the density of the
material, and A the area of the FSQW structure. The symbols
representing trigonometric functions are tsc1�=sin and
tsc2�=cos if �=d �dilatational� and tsc1�=cos and tsc2�

=sin if �= f �flexural�. The function F�,n is the normalization
constant defined in terms of ql,n and qt,n.24 In the case of
shear modes, ���q� ,n ,z�=0. Hence shear waves do not in-
teract with electrons through the deformation potential.

For the wave function given in Eq. �4�, the matrix ele-
ments for electron-confined-acoustic-phonon interaction can
be expressed as

�f �Hel−ph�i� = Cph�q�,qt,n,ql,n�JNN��q��Gmm�
� �ql,n��ky�,ky+qy

,

�19�

where

Cph = F�,n
 �Ed
2

2A��n
��q��

�1/2

�qt,n
2 − qx

2��ql,n
2 + qx

2�tsc1�
Lqt,n

2
�

��Nq�,n
� + 1

2 �
1
2�1/2 �20�

for N��N, Nq is the Bose-Einstein distribution function
given by

Nq�,n
� = �exp
��n

��q��
kBT

� − 1	−1

and

�JNN�
q��

2
��2

=
n2!

n1!
e−uun1−n2�Ln2

n1−n2�u�2,

with u=�2q�
2 /2, n1=max�N ,N��, and n2=min�N ,N��. Ln2

n1−n2

are the associated Laguerre polynomials. The overlap inte-
gral function Gmm�

� is defined as

Gmm�
� �qz,ql,n� = �

−L/2

L/2

�m�
* �z�tsc2��ql,nz��m�z�dz .

2. Electron-bulk phonon interaction

Assuming acoustic-phonon modes in a FSQW are similar
to those in a bulk semiconductor, the matrix elements for the
electron-acoustic-phonon interaction through deformation
potential can be expressed as

�f �Hel−ph�i� = V�Q��NQ + 1
2 �

1
2�1/2Gmm��±qz�

�JNN��q���ky±qy,ky�
, �21�

where NQ is the Bose distribution function for phonons of
wave vector Q and V�Q� represents the strength of electron-
acoustic-phonon interaction and is given by

�V�Q��2 =
kBTEd

2

2v2�V
, �22�

with v being the velocity of sound in the FSQW structure.
The overlap integral, Gmm��qz�, is given by

Gmm��±qz� = �
−L/2

L/2

�m�
* �z�exp�±qzz��m�z�dz . �23�

E. Electron-photon interaction

The Hamiltonian for electron interaction with radiation
field is given by19

Hrad = −
e

m*�2�N��

��V
	1/2

e · P , �24�

where e is the polarization vector of radiation field, P=p
− �e /c�A0 is the generalized momentum in static magnetic
field, with Landau gauge vector potential A0= �0,Bx ,0�, N�

is the number of photons in the radiation field, � the photon
frequency, and � the dielectric constant of the medium. Us-
ing the electron wave function in Eq. �4� and assuming the
electromagnetic field to be linearly polarized transverse to
the magnetic field, the matrix elements for photon absorption
can be written as

�N + 1�Hrad�N� =
e�

m*
 2�N�

���V
�1/2
�m*�c

2
�1/2

��N + 1�1/2�N�,N+1�kyky�
�mm�. �25�

F. Absorption coefficient

In the following we restrict ourselves to nondegenerate
electron gas. In the presence of quantizing magnetic field, the
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distribution function, fNm, can be shown to be19

fNm =
n0��2L

�
exp
−

ENm

kBT
� , �26�

where n0 is the electron concentration and

� = �
N,m

exp
−
ENm

kBT
� . �27�

Using Eq. �1� and a straightforward calculation of transi-
tion probabilities and assuming the electromagnetic field to
be linearly polarized transverse to the magnetic field, we
obtain the following expression for PACR in a free-standing
quantum well structure due to confined acoustic modes de-
scribed by the elastic continuum model,

KC�B� =
n0e2�cEd

2�2

8m*c�����
� 1

��c + ��2 +
1

��c − ��2�
� �

m,N,m�N�

exp
−
ENm

kBT
��

�,n
� q�

3 dq�

�F�n�2

�n
��q��

��qt,n
2 − qx

2�2�ql,n
2 + qx

2�2tsc1�
2
Lqt,n

2
��JNN�
q��

2
��2

� �Gmm�
� �ql,n��2�Nq�,n

� ���m�2 − m2�E0

+ �N� − N���c − ��n
��q�� − ��

+ �Nq�,n
� + 1����m�2 − m2�E0 + �N� − N���c

+ ��n
��q�� − ��� , �28�

where the subscript c refers to confined modes. In the ex-
treme quantum limit �m=m�=1� the overlap integral Gmm�

�

becomes

G11
d �ql,n� = sin
ql,nL

2
�� 2

ql,nL
+

1

�2� − ql,nL�
−

1

�2� + ql,nL��
�29�

for dilatational modes and

G11
f = 0 �30�

for flexural modes. Thus, we see that only dilatational modes
contribute to PACR in the extreme quantum limit.

The expression for absorption coefficient in the extreme
quantum limit, for a FSQW,

Kc�B� =
n0e2�cEd

2�2

8m*c�����
� 1

��c + ��2 +
1

��c − ��2�
�

N,N�

exp
−
EN1

kBT
��

n
� q�

3 dq�

�Fdn�2

�n
d�q��

�qt,n
2 − qx

2�2

�ql,n
2 + qx

2�2tsc1d
2
Lqt,n

2
�

��JNN�
q��

2
��2

�G11
d �ql,n��2�Nq�,n

d ���N� − N���c

− ��n
d�q�� − �� + �Nq�,n

d + 1����N� − N���c

+ ��n
d�q�� − ��� �31�

Using the matrix element for electron-bulk acoustic-
phonon interaction �Eq. �21� we have also obtained follow-
ing expression for PACR, in extreme quantum limit, in a
FSQW:

Kb�B� =
3�n0e2�cEd

2kBT

16m*c����v2���2L
� 1

��c + ��2 +
1

��c − ��2�
� �

N,N�

exp
−
ENm

kBT
��N� + N + 1����N� − N���c

− �� , �32�

where the subscript b refers to bulk description of acoustic
modes. This can be compared with the expression �Eq. �31�
obtained with confined description of acoustic modes.

III. RESULTS AND DISCUSSION

We have evaluated numerically the expression for PACR
absorption coefficient �Eq. �31� for GaAs and GaN FSQWs.
The material parameters used, in the case of GaAs, are24,28,30

m*=0.067m0, Ed=12.42 eV, �=11.56, �=5.31 g/cm3, v
=5.22�105 cm/s, sl=5.7�105 cm/s, st=3.35�105 cm/s,
and no=1�1017 cm−3. The Dirac delta functions in Eq. �31�
are replaced by Lorentzian of width �. A value of 1 meV is
used for the width �. This value has been chosen on the basis
of self-consistent calculations of the electron scattering rate
due to confined-acoustic modes in the presence of a magnetic
field. Figure 3 shows the variation of absorption coefficient,
Kc, with � /�C �full curve�, in the case of GaAs FSQW of
thickness L=10 nm, at T=77 K and B=10 T. For compari-
son, we have evaluated numerically the absorption coeffi-

FIG. 3. Absorption spectrum due to confined �full curve� and
bulk �dashed-dot-dot-curve� acoustic phonon modes is shown as a
function of � /�C for GaAs slab of thickness 10 nm, at B=10 T and
T=77 K.
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cient �Eq. �32� obtained with the bulk description of phonon
modes �shown as the dashed-dot-dot curve�. The singularity
at �=�C is due to the term ��−�C�−2 in the expression for
PACR �see Eqs. �31� and �32�. The additional peaks in case
of confined modes �full curve� are due to PACR, whereas in
the bulk description of phonon modes �dashed-dot-dot curve�
the peaks are due to pure cyclotron resonance. The PACR
transitions are of different types19 depending upon the
Landau-level separation, photon, and phonon energies. The
conditions for resonant transitions can be written as �
=��C±�n

d�q�� with �=1,2 ,3. . . and �n
d�q�� being the fre-

quency of nth dilatational acoustic mode. Although energy of
each mode is different, its variation with wave vector is
small. Therefore, the frequency of phonon mode is denoted
as �p. In the case of pure cyclotron resonance, the electron
transition between Landau levels occurs with the absorption
of a photon with frequencies �=��C, whereas in PACR the
resonant transfer of electrons between Landau levels is due
to involvement of both photon and a phonon. The peak at
� /�C=1.846 is due to absorption of confined-acoustic pho-
non with energy 2.66 meV and the one at � /�C=2.11 is due
to emission of a phonon with energy 2.05 meV. Both these
peaks correspond to the transition with �=2. The peak at
� /�C=2.86 is due to acoustic phonon with energy
2.57 meV and that at � /�C=3.141 is due to the phonon with
energy 2.48 meV. These transitions correspond to �=3. In
all these transitions, the energy of the phonon mode is
smaller than the Landau-level separation and transitions cor-
respond to the type 1 in Ref. 19, which represents resonance
transfer of electrons with absorption of photon followed by
absorption/emission of phonons. Although there exist modes
with higher energy, their contribution to PACR is negligibly
small. The maximum contribution is from the n=1 mode
followed by n=2 and 3, but peaks due to the latter are not
distinctly visible as their peak positions nearly coincide with
that of mode 1 and also peak values are smaller than that due
to the first mode.

Figure 4 shows the FSQW slab thickness dependence of
absorption coefficient calculated for GaAs slabs for B
=10 T and T=77 K. The dashed curve is for 5 nm, the
dashed-dot-dot curve for 7.5 nm, and the full curve is for
10 nm thick FSQW structures. It may be noted that with the
decrease in thickness of the slab, the peak value of absorp-
tion coefficient increases and also the peaks become sharper.
The energy of a confined mode decreases with increasing
thickness of the slab. At lower thickness of the slab, contri-
bution from high-energy mode decreases and peaks become
sharp. As the energy of the mode decreases at higher thick-
ness, many modes participate and peaks become broad.

Figure 5 shows the temperature dependence of Kc with
� /�C for a GaAs slab of thickness 10 nm and for B=10 T.
The full curve is for T=27 K, dashed curve for 50 K, and
dashed-dot-dot curve for 77 K. We observe that the peak
value of absorption coefficient increases with increasing tem-
perature. As the temperature increases, contribution due to
all the modes increases, leading to a general increase in the
magnitude of absorption coefficient. At lower temperatures,
the absorption due to many of the lower energy modes be-
comes comparable and peaks become broad. As the optical
modes begin to contribute at temperatures greater than 50 K,
the contributions of confined acoustic modes can be detected
from studies at lower temperatures �T�50 K�.

In Fig. 6 we have shown the variation of Kc with applied
magnetic field as a function of � /�C for a GaAs slab of
thickness 10 nm at T=77 K. The dotted curve is for B
=5 T, dashed-dot-dot curve for 10 T, and the full curve for
15 T. The peak values of Kc become sharper at higher mag-
netic field. As Landau-level separation increases, only few
phonon modes contribute to PACR. At higher magnetic field,
modes with energy comparable to cyclotron energy contrib-
ute and other modes become negligible for the range of tem-
peratures studied. The peaks in the full curve at � /�C

FIG. 4. Quantum slab thickness dependence of absorption coef-
ficient due confined modes in GaAs slab at B=10 T and T=77 K.
The dashed curve is for 5 nm, dashed-dot-dot curve for 7.5 nm and
the full curve for 10 nm thickness.

FIG. 5. Temperature dependence of PACR absorption coeffi-
cient, K, due to confined modes in GaAs slab of thickness 10 nm at
B=10 T. The full curve is for 27 K, dashed curve for 50 K and
dashed-dot-dot curve for 77 K.

BHAT, NESARGI, AND MULIMANI PHYSICAL REVIEW B 73, 235351 �2006�

235351-6



=1.90 and 2.096 are due to 2.598 meV and 2.494 meV
modes, respectively. At lower magnetic fields, the contribu-
tion due to lower energy modes increases and kinks in the
dotted curve indicate the participation of multiple modes.
The peak positions in the absorption spectrum at higher field
can therefore be used to estimate the energy of the confined
modes involved in PACR.

We have also evaluated Eq. �31� and Eq. �32� in the case
of GaN FSQW structure. The material parameters character-
istic of GaN with zinc-blende structure are,29,30 m*=0.15m0,
Ed=10 eV, �=9.5, �=6.1 g/cm3, and v=4.57�105 cm/s.
Figure 7 shows the variation of Kc with � /�C for a GaN slab
of thickness L=10 nm, at B=10 T and T=77 K. For width
parameter �, a value of 0.25 meV is used based on self-
consistent calculation of the electron scattering rate in GaN.
The full curve is for confined-acoustic modes and the dotted
curve is for bulk description of acoustic modes. The general
features of absorption spectrum are the same as those seen in
the case of GaAs, except the peak positions and sharpness of
peaks. The peak value at � /�C=0.596 is due to the first
mode with energy 3.136 meV, and the one at � /�C=0.746
is due the third mode with energy 5.73 meV. These transi-
tions are of type III given in Ref. 19, which correspond to
PACR transitions when �c is smaller than �p and ���p.
The peak at � /�C=1.236 is due to transition corresponding
to �=2 and involving phonon mode with �=3 and energy
5.89 meV. The transition is of type I in Ref. 19. The peak at
� /�C=1.396 corresponds to the emission of a phonon with
energy 3.05 meV. The peak at � /�C=1.721 corresponds to
�=1 and involves emission of third phonon mode with en-
ergy 5.56 meV. Similarly, the peak at � /�C=2.436 is due to
absorption of first-mode phonon with energy 3.36 meV and
with �=2. In all these transitions, the energy of the phonon
mode is smaller than the Landau-level separation, which is
7.715 meV at a magnetic field of 10 T. The absorption spec-
trum, therefore, has peaks on either sides of � /�C=1. The

maximum contribution is from the first mode followed by the
second and the third modes. The peaks due the modes with
higher energy are not visible. The bulk description of phonon
modes gives only the pure cyclotron resonance absorption
spectrum. The energy of the photon involved in the resonant
transfer of electron is lower than that in GaAs.

Figure 8 shows the variation of absorption coefficient
with temperature. The full curve is for T=27 K, dashed-dot-
dot curve for 50 K, and the dotted curve is for 77 K. The
absorption coefficient increases with increasing temperature
and peaks, in general, become clear at higher temperatures.
In Fig. 9 we have shown the magnetic field dependence of

FIG. 6. Magnetic field dependence of PACR absorption coeffi-
cient due to confined modes is shown for GaAs slab of thickness
10 nm at T=77 K. The dotted curve is for 5 T, dashed-dot-dot curve
for 10 T and the full curve for 15 T.

FIG. 7. Absorption spectrum in case of GaN free standing quan-
tum well slab is shown as a function of � /�C of thickness of 10 nm
at B=10 T and T=77 K. Full curve is for confined acoustic phonon
modes and dashed-dot-dot curve is for bulk description of phonon
modes.

FIG. 8. Temperature dependence of absorption coefficient due to
confined mode in GaN slab 10 nm at B=10 T. The full curve is for
27 K, dashed-dot-dot curve for 50 K and the dotted curve is for
77 K.
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the absorption coefficient in the case of a GaN slab of thick-
ness 10 nm at T=77 K. The dashed curve is for 5 T, the
dashed-dot-dot curve for 10 T, and the full curve is for 15 T.
The sharpness of the peaks increases with the increasing
magnetic field. The peaks, in full curve, both at � /�C
=0.761 and � /�C=1.236, involve the phonon of energy
2.765 meV corresponding to first mode. For B=5 T the ab-
sorption peak at � /�C=1.676 is also due to first confined
mode and the transition is of type I as given in Ref. 19. At
higher fields, modes with energy comparable to Landau-level
separation contribute to PACR. The peaks in full curve �B
=15 T� are due to involvement of high-energy modes.

From the above results we see that the absorption spec-
trums of GaAs and GaN have similar features and the pres-
ence of various confined modes in FSQW can easily be de-
tected in a PACR experiment. From studying the peak
positions, one can determine the characteristic energies of
phonon modes involved in the PACR.

IV. CONCLUSIONS

We have studied phonon-assisted cyclotron resonance,
due to electron interaction with confined-acoustic-phonon
modes, in free-standing quantum well structures. Numerical
results are presented for GaAs and GaN systems by includ-
ing the dispersive nature of confined modes. In the extreme
quantum limit, flexural modes do not contribute. Results are
presented for the frequency, magnetic field, temperature, and
well-width dependence of absorption coefficient. Broadly,
the features are similar in both the systems. The absorption
spectrum consists of additional peaks due to electron-
confined-acoustic-mode interaction compared to the spec-
trum with bulk description of phonons. It is noticed that only
few low-energy confined modes contribute significantly to
PACR. The peak value of the absorption coefficient is found
to increase with increasing temperature and magnetic field
but to decrease with increasing thickness of the slab. In con-
trast to GaAs, in the case of GaN system, the peaks are
broader. In general, sharpness of the peaks increases with
increasing temperature and magnetic field. As only few con-
fined modes contribute to PACR, significant differences are
noticeable in the magnitude of the absorption spectrum as
compared with results obtained with bulk description of
phonons. It is concluded that PACR studies lead to a better
understanding of confined electron-phonon interaction in
FSQW structures.
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