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Optically detected magnetophonon resonances in semiconductor basedn-Ge and n-GaAs
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We apply the frequency-dependent magnetoconductivity presented previously by one of the present authors
not only to bulk nonpolar (n-Ge) and polar (n-GaAs! semiconductors but also to short-period Ge-based
~nonpolar! and GaAs-based~polar! semiconductor superlattices. We also obtain the optically detected magne-
tophonon resonance~ODMPR! conditions and the energy range in which the relaxation rates are allowed. With
the ODMPR conditions and the obtained energy range, qualitative features of the ODMPR effects are inves-
tigated according to the incident photon frequency and the strength of the applied magnetic field in the
quantum limit condition, in which\vc@kBT are satisfied. In particular, anomalous behaviors of the ODMPR
lineshape such as the splitting and the shift of ODMPR peaks are discussed. Furthermore, the appearance of the
plateau between neighboring ODMPR peaks, the disappearance of ODMPR peaks, and changes in the ODMPR
amplitude in the semiconductor superlattices are discussed in detail.

DOI: 10.1103/PhysRevB.66.155208 PACS number~s!: 73.21.2b, 73.40.2c, 72.20.Dp
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I. INTRODUCTION

Magnetophonon resonance~MPR! arises from an electron
resonant scattering due to absorption and emission
phonons when the energy separation between two of
Landau levels is equal to a phonon energy. Since the wor
Gurevich and Firsov,1 this effect has been extensively stu
ied as a powerful spectroscopic tool for investigating tra
port behavior of electrons in bulk2,3 and low-dimensional
semiconductor systems.4–14 The MPR enables us to obtai
information on band structure parameters, such as the e
tive mass and the energy levels, and on the electron-pho
interaction. The vast majority of work on the MPR has be
done on the transport properties of semiconductors, usu
the magnetoresistance, which inevitably involves a com
cated average of scattering processes. The oscillations in
magnetoresistance are the results of a combination of s
tering and broadening processes that can lead to a quite
plicated dependence of the resonance amplitudes on do
sample structure, carrier concentration, and temperat
However, it is known that the MPR can also be observ
directly through a study of the electron cyclotron resona
~CR! linewidth and effective mass, i.e., the so-called op
cally detected MPR~ODMPR!, as was demonstrated i
three-dimensional~3D! semiconductor systems of GaAs b
Hai and Peeters14 and in two-dimensional~2D! semiconduc-
tor systems of GaAs/AlxGa12xAs heterojunctions by Barne
et al.15 The ODMPR allows one to make quantitative me
surements of the scattering strength for specific Landau
els and yields direct information on the nature of t
electron-phonon interaction in semiconductors.

The purpose of the present work is to apply t
frequency-dependent magnetoconductivity16 obtained by us-
ing the Mori-type projection operator technique presented
one of the present authors not only to bulk nonpolar (n-Ge!
and polar (n-GaAs! semiconductors but also to short-perio
Ge-based~nonpolar! and GaAs-based~polar! semiconductor
0163-1829/2002/66~15!/155208~12!/$20.00 66 1552
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superlattices, and to investigate the features of the optic
detected magnetophonon resonances in such materials
plied to terahertz frequency. The rest of the paper is or
nized as follows: In Sec. II, we present our theoretical f
mulations of the problem for two cases:~1! the bulk
semiconductors with nonpolar and polar properties, and~2!
the short-period semiconductor superlattices with nonpo
and polar properties, respectively. Numerical results for
magnetoconductivity of both bulk nonpolar (n-Ge! and polar
(n-GaAs! semiconductors, and Ge-based~nonpolar! and
GaAs-based~polar! semiconductor superlattices, respe
tively, are presented in Sec. III. In particular, the ODMP
conditions for the model systems, and the plateau conditi
for the semiconductor superlattices, are given explicitly, a
the effect of incident photon frequency and the strength
magnetic field on the ODMPR are discussed. The relaxa
rate, which is closely related to ODMPR, is evaluated for
quantum limit condition, assuming that the interaction with
bulk longitudinal-optical~LO! phonon is the dominant sca
tering mechanism. Here, special attention is given to
anomalous behavior of the ODMPR lineshape, such as
splitting and the shift of ODMPR, the appearance of plate
scattering between the two ODMPR peaks for the semic
ductor superlattices, the disappearance of ODMPR pe
and changes in the ODMPR amplitude. Our results are s
marized in the last section.

II. THEORETICAL FRAMEWORK

We consider a system of many noninteracting electr
Ne in interaction with phonons, initially in equilibrium with
a temperatureT for two cases—the one is a bulk semico
ductor with a constant potential energy and the other i
semiconductor superlattices with a periodical potential w
in the z direction. Then, in the presence of a static magne
field directed along thez axis, B5(0,0,B), the time-
independent HamiltonianH of the system can be written a
©2002 The American Physical Society08-1
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H5He1V1Hp5(
l

(
l8

,lu~he1v !ul8.al
†al81Hp ,

~1!

he5
1

2m*
~p1eA!21U~z!, ~2!

v5(
q

@gq
†bq

†1gqbq#, ~3!

Hp5(
q

\vqS bq
†bq1

1

2D , ~4!

gq5C~q…exp~ iq•r !, ~5!

whereul. means the electron state in the conduction ba
l denotes the Landau state (N,k), N(50,1,2, . . . ,) is the
Landau-level index,al

† (al) is the creation~annihilation! op-
erator for an electron with effective massm* and momentum
p, A denotes the vector potential,U(z), which is a periodi-
cal potential well, has zero value in case of the bulk se
conductor,bq

† (bq) is the creation~annihilation! operator for
a phonon with momentum\q and energy\vq , C(q… is the
interaction operator, andr is the position vector of an elec
tron. By taking into account the Landau guage of vec
potentialAÄ„ÀBy,0,0), the one-electron normalized eige
functions (,r ul.) and eigenvalues (El) in the conduction
band are given, respectively, by

,r ul.[,r uN,kx ,kz.5
1

ALx

fN~y2yl!exp~ ikxx!jkz
~z!

~6!

and

El5EN~kz!5~N11/2!\vc1«~kz!5«N1«~kz! ~7!

whereyl52 l B
2kx with l B5A\/m* vc, kx is the wave-vector

component of the electron in thex direction,vc(5eB/m* )
is the cyclotron frequency in the conduction band,fN(y) in
Eq. ~6! are the eigenfunctions of the simple harmonic os
lator, andLx is thex-directional normalization lengths.

For the bulk semiconductor,jkz
(z) in Eq. ~6! and«(kz) in

Eq. ~7! are respectively given by

jkz
~z!5

1

ALz

exp~ ikzz! ~8!

and

«~kz!5
\2kz

2

2m*
, ~9!

wherekz is the wave-vector component of the electron in t
z direction. The density of states~DOS! is expressed as

D~«!52
m* vcLxLyLz

2p2\
A m

2\2(N
u~«2«N!

A«2«N

~10!
15520
d,

i-

r

-

where the dimensions of the sample are assumed to bV
5LxLyLz . u(x) is the Heaviside step function defined b
u(x)51 for x>0 andu(x)50 for x,0. This indicates that
the DOS diverges at the bottom («5«N) of each subband
and decreases as the energy increases.

For the short-period semiconductor superlattice,jkz
(z) in

Eq. ~6! stands for the tight-binding Bloch function in thez
direction. The electron energy spectrum of the superlatt
«(kz) in Eq. ~7!, still forms minibands in the longitudina
direction due to the superlattice periodic potential. In t
superlattice layer (x2y plane!, however, it is quantized into
Landau levels due to the magnetic field. If only the lowe
miniband is considered, the electron state can be descri
in the Landau representation, by the quantum numberN of
the Landau level, the wave vectorkz(2p/dSL,kz
<p/dSL), and the spin indexs ~we neglect the spin-relate
energy for simplicity!. «(kz) means the energy dispersion
the lowest superlattice miniband, which is approximated b
cosine shape under the tight-binding approximation, and
given by15

«~kz!5
D

2
~12coskzdSL!, ~11!

whereD is the miniband width anddSL denotes the period
icity of the potential. Then, the density of states is expres
as

D~«!5
m* vcV

p2\dSL
(
N

1

A~«2«N!~«N1D2«!

3u~«2«N!u~«N1D2«!, ~12!

where the dimensions of the sample are assumed to bV
5LxLyLz . This indicates that the DOS has singular points
the top («5«N1D) and the bottom («5«N) of each mini-
band.

When a linearly polarized electromagnetic wave of amp
tudeE and frequencyv is applied for the Faraday configu
ration (E'B) and Voigt configuration (EiB),16,17 the ab-
sorption power delivered to the system is given as

P5~E2/4!Re@svv~v̄ !1svv~2v̄ !#, ~13!

where Re means ‘‘the real part of,’’v̄5v2 id(d→01), and
svv(v̄)(v5x, y, or z) @or svv(2v̄)] is the complex optical
conductivity corresponding to the right~or left! circularly
polarized wave.

A. Optical conductivity in the bulk semiconductor

For the bulk semiconductor, when an electromagne
wave given by

Ex50, Ey5E cosvt, Ez50 ~14!

is applied along thez axis, andsyy(v̄) for the Faraday con-
figuration (E'B) can be expressed in the linear-respon
theory as16,17
8-2
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syy~v̄ !5
\

iV (
l8,l

f ~El8!2 f ~El!

El82El

3
u j yl8lu2

\v̄2El81El2 i\S̃0l8l~v̄ !
, ~15!

where V represents the volume of the system,j y is the y
component of the single-electron current operator,f (El) is a
Fermi-Dirac distribution function associated with the sta
ul. and the energyEl , and the quantityi\S̃0l8l(v̄) means
the line shape function, which is responsible for the spec
broadening of line shape. Therefore, the real and imagin
parts ofi\S̃0 f i(v̄) defined by

i\S̃0l8l~v̄ ![\¹̃0l8l~v̄ !1 i\G̃0l8l~v̄ ! ~16!

are the line shift and linewidth, respectively, for the tran
tion arising from the resonant absorption or emission o
single photon of frequencyv and of a single phonon o
frequency vq between statesul. and ul8.. Real and
imaginary parts of Eq.~16! are of basic interest and are r
lated to the quantities measured experimentally. The real
provides the resonance shifting whereas the imaginary
gives directly the average value of the relaxation time,
inverse of which then measures the resonance broadenin
the absorption spectrum.

Now, let us consider the case where the nondegene
limit and the quantum limit (\vc@kBT) are satisfied so tha
the electrons can be in the lowest Landau levels.

To obtain the magnetoconductivitysyy(v̄) of Eq. ~15! for
the model systems given in Eqs.~6! and ~7!, we use the
matrix elements of they-component single-electron curre
operatoru^Nkxkzu j yuN8kx8kz8&u

2 given by

u^Nkxkzu j yuN 8kx8kz8&u
25~e2\vc/2m* !@~N11!dN11N8

1NdN21N8#dkx ,k
x8
dkz ,k

z8
~17!

because the matrix element with respect to the current op
tor in Eq. ~17! is directly proportional to the frequency
dependent magnetoconductivity, where the Kronecker s
bols (dNN8 ,dkx ,k8,dkz ,k8) denote the selection rules, whic
x z

15520
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-
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arise during the integration of the matrix elements with
spect to each direction. We also replace summations w
respect tokx andkz in (N,kx ,kz

by the following relation:7

(
kx ,kz

~••• !5~LxLz/4p2!E
2m* vcLy/2\

m* vcLy/2\
dkxE

1stBZ
dkz~••• !

~18!

because the ranges ofkx and kz are, respectively,
given within 2(m* vcLy/2\) ^kx&(m* vcLy/2\) and
2p/Lz ^kz& p/Lz . In addition, we assume that thef ’s
in Eq. ~15! can be replaced by the Boltzmann distributio
function for nondegenerate semiconductor,7 i.e.,
f @EN(kz)#'exp$b @m2EN(kz)#%, where b51/kBT with
kB being the Boltzmann constant andT temperature, and
m denotes the chemical potential given bym
5(1/b)ln@4p2\2nesinh(b\vc/2)Ab/(2pm* 3vc

2)#. Here ne

5Ne /V denotes the electron density. Then, we obtain
frequency-dependent magnetoconductivity correspondin
the right-circularly polarized wave as

syy~v̄ !

s0
5A b

2pm* t0
2
sinhS 1

2
b\vcD ~12exp@2b\vc# !

3 (
N50

`

~N11!expF2bS N1
1

2D\vcG
3E

1stBZ
expF2

b\2kz
2

2m*
G

3
G̃0N11,kx ,kz ;Nn,kx ,kz

~v!

~\v2\vc!
21G̃0N11,kx ,kz ;N,kx ,kz

2 ~v!
dkz

~19!

for a shift of zero,¹̃0.0, in the spectral line shape, whe
s05e2net0 /m* with t0 being static relaxation time in the
absence of a photon.

An analytical expression of the line shape function in E
~15! in the lowest-order approximation for the wea
electron-phonon interaction can be written by Eq.~4.6! of
Ref. 16 as follows:
i\S̃0l11l~v̄ !5(
q

~11nq!F (
l8(Þl11)

~gq!l11l8$~gq
1!l8l112~gq

1!l821l j yl8l821 / j yl11l%

\v̄2El81El2\vq

1 (
l8(Þl)

$~gq!ll82~gq!l11l811 j yl811l8 / j yl11l%~gq
1!l8l

\v̄2El111El81\vq
G

1(
q

nqF (
l8(Þl11)

~gq
1!l11l8$~gq!l8l112~gq!l821l j yl8l821 / j yl11l%

\v̄2El81El1\vq

3 (
l8(Þl)

$~gq
1!ll82~gq

1!l11l811 j / j yl11l%~gq!l8l

\v̄2El111El82\vq
G , ~20!
8-3
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wherenq is the optical-phonon distribution function given by@exp(b\vq)21#21. Equation~20! is identical with Choiet al.’s
result17 obtained by Argyres-Sigel’s projection operator method18 in the cyclotron resonance transition problem. Equation~20!
is good for sufficiently weak scattering which neglects the many-body coherence effect. The explicit expression of lin
can be evaluated from Eqs.~16! and~20! by taking the imaginary part of the line shape given in Eq.~20!, which is given by

@G̃0l11l~v!#ph[Im$ i\S̃0l11l~v̄ !%

5p(
q

~11nq!F (
l8(Þl11)

~gq!l11l8$~gq
†!l8l112~gq

†!l821l j yl8l821 / j yl11l%3d~\v2El81El2\vq!

1 (
l8(Þl)

$~gq!ll82~gq!l11l811 j yl811l8 / j yl11l%~gq
†!l8l3d~\v2El111El81\vq!

1(
q

nqF (
l8(Þl11)

~gq
†!l11l8$~gq!l8l112~gq!l821l j yl8l821 / j yl11l%3d~\v2El81El1\vq!

1 (
l8(Þl)

$~gq
†!ll82~gq

†!l11l811 j / j yl11l%~gq!l8l3d~\v2El111El82\vq!G , ~21!
s

a

-

he

e

he
where the symbol Im in Eq.~21! denotes the imaginary part
of the quantity. The line shift, \¹̃0l11l(v)

@[Re$ i\S̃0l11l(v̄)%#, can be calculated through
Kramers-Kronig relation:

¹̃0~v!5
1

p
PE

2`

` G̃0~v8!

v2v8
dv8, ~22!

whereG̃0(v8) is given by Eq.~21!. To obtain Eq.~21!, we
have used the Dirac identity lim

s→01(x6 is)5P(1/x)
7 ipd(x), whereP denotes Cauchy’s principle-value inte
gral.

The matrix elements ofu(gq)ll8u
2 in Eq. ~21! are given in

the representation of Eq.~6! by
no
-
r-
en
l
in
o

15520
u~gq!ll8u
25uC~q…u2uJN,N8~u'!u2dkx ,k

x81qx
dkz ,k

z81qz
, ~23!

where thed functions ensure momentum conservation in t
x andz directions in scattering events and

uJN,N8~u'!u25
N,!

N.!
exp@2u'#u'

DN@LN,

DN~u'!#2 ~24!

with u'5 l B
2q'

2 /2 with q'
2 5qx

21qy
2 . Here,N,5min$N,N8%,

N.5max$N,N8%, and LN,

DN(u') is an associated Laguerr

polynomial19 with DN5N.2N, . With the help of Eqs.~7!
and ~23!, we obtain the relaxation rate associated with t
electronic transition between the statesul11. and ul. as
@G̃0l11l~v!#ph'p(
q

(
N8ÞN11

uC~q!u2uJN11,N8~q'!u23$~11nq!d@\v2EN8~kz2qz!1EN~kz!2\vq#

1nqd@\v2EN8~kz1qz!1EN~kz!1\vq#%1p(
q

(
N8,kx8 ,kz

8ÞN,kx ,kz

uC~q!u2uJN,N8~q'!u2

3$~11nq!d@\v1EN8~kz1qz!2EN11~kz!1\vq#1nqd@\v1EN8~kz2qz!2EN11~kz!2\vq#%. ~25!
m-

on

that
It is interesting to note that thed-functions in Eqs.~21! and
~25! express the law of energy conservation in one-pho
collision ~emission and absorption! processes. The energy
conservingd functions imply that when an electron unde
goes a collision by absorbing the energy from the incid
photon, its energy can only change by an amount equa
the energy of a phonon involved in the transition. This
fact leads to the optically detected magnetophon
n

t
to

n

resonance.

To calculate the relaxation ratesG̃0 of Eq. ~25! for
electron-phonon interactions, we consider the Fourier co
ponent of the interaction potentials7 for nonpolar optical pho-
non scattering given byuC(q)u25D/V with D being the
constant of the nonpolar interaction and for polar LO-phon
scattering given byuC(q)u25D8/(Vq2) with D8 being the
constant of the polar interaction, where the assumption
8-4
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the phonons are dispersionless~i.e., \vqW'\vLO
' constant, wherevLO is the optical phonon frequency! was
made. Then, the relaxation rates associated with the e
15520
c-

tronic transition between the statesuN11,kx ,kz. and
uN,kx ,kz. can be expressed for nonpolar and polar opti
phonon scatterings, respectively, by
G̃0~N11,kx ,kz :N,kx ,kz!5
Am* D

2A2p\ l B
2 (

N8ÞN
H ~nq11!S u@Q1~kz!#

AQ1~kz!
1

u@Q3~kz!#

AQ3~kz!
D 1nqS u@Q2~kz!#

AQ2~kz!
1

u@Q4~kz!#

AQ4~kz!
D J ,

~26!

G̃0~N11,kx ,kz :N,kx ,kz!5
D8

4p
Am*

2\2 (
N8ÞN

(
6

H ~nq11!3S K1
6~N,N8;kz!

u@Q1~kz!#

AQ1~kz!
1K3

6~N,N8;kz!
u@Q3~kz!#

AQ3~kz!
D

1nqS K2
6~N,N8;kz!

u@Q2~kz!#

AQ2~kz!
1K4

6~N,N8;kz!
u@Q4~kz!#

AQ4~kz!
D J , ~27!
-
-

me

in
dau

-

ag-
wherevq5vLO , u(x) is the Heaviside step function,

Q1~kz!5\v1~N2N8!\vc1
\2kz

2

2m*
2\vLO , ~28a!

Q2~kz!5\v1~N2N8!\vc1
\2kz

2

2m*
1\vLO , ~28b!

Q3~kz!5\v1~N82N21!\vc2
\2kz

2

2m*
1\vLO ,

~28c!

Q4~kz!5\v1~N82N21!\vc2
\2kz

2

2m*
2\vLO ,

~28d!

and

K1
6~N,N8;kz!5

1

2E0

`

du'uJN11,N8~u'!u2
1

u'1a16
2

,

~29a!

K2
6~N,N8;kz!5

1

2E0

`

du'uJN11,N8~u'!u2
1

u'1a26
2

,

~29b!

K3
6~N,N8;kz!5

1

2E0

`

du'uJN,N8~u'!u2
1

u'1a36
2

,

~29c!

K4
6~N,N8;kz!5

1

2E0

`

du'uJN,N8~u'!u2
1

u'1a46
2

,

~29d!

with ai 6
2 5 l B

2(kz6A2m* Q i(kz)/\
2)2/2. In order to obtain

Eqs. ~26! and ~27!, we transformed the sum overq in Eq.
~25! into an integral form in the usual way as(q
→(V/(2p)3)*2`
` *2`

` *1stBZdqxdqydqz and used the follow-
ing property of the Diracd function: d@ f (x)#5( id@x
2xi #/u f 8(xi)u with xi being the roots off (x). In addition, we
utilized the relation*2`

` *2`
` uJN,N8(q')u2dqxdqy52p/ l B

2 in
doing the integral overqx and qy to obtain Eq.~26!. It is
clearly seen from Eqs.~26! and~27! that the relaxation rates
diverge whenever the conditionsQ i(kz)50 and the argu-
mentsai 6

2 50 in Ki
6(N,N8;t) are satisfied. From these con

ditions, the relaxation rates@and hence, the frequency
dependent magnetoconductivitiessyy(v̄)] for both nonpolar
LO-phonon and polar LO-phonon scattering show the sa
resonant behaviors atP\vc6\v5\vLO (P[N82N
51,2,3, . . . ,). When the ODMPR conditions are satisfied,
the course of scattering events, the electrons in the Lan
levels specified by the level index~N! can make transitions
to one of the Landau levels (N8) by absorbing and/or emit
ting a photon of energy\v during the absorption of a LO
phonon of energy\vLO .

B. Optical conductivity in the semiconductor superlattice

For the semiconductor superlattice, when an electrom
netic wave given by

Ex50, Ey50, Ez5E cosvt ~30!

is applied along they axis, szz(v̄) for the Voigt configura-
tion (EiB) can be expressed in the Kubo formalism as16

szz~v̄ !5
be2D2dSL

2

16\p2l B
2 (

n
E

2p/dSL

p/dSL
dkzsin2~kzdSL! f @EN~kz!#

3$12 f @EN~kz!#%
G̃N,kx ,kz :N,kx ,kz

~v!

~\v!21G̃N,kx ,kz :N,kx ,kz

2 ~v!

~31!

for the shift zero in the spectral line shape, whereb
51/kBT with kB being Boltzmann constant andT tempera-
8-5
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ture. Also, N indicates the quantum state,f @EN(kz)# is a
Fermi-Dirac distribution function associated with the eige
stateuN,kx ,kz. of Eq. ~6! and the energyEN(kz) of Eq. ~7!,
and 2e(,0) is the electron charge. The quantityG̃(v)
given in Eq. ~31!, which appears in terms of the collisio
broadening of the absorption spectrum due to the elect
phonon interaction, play the role of the relaxation rate in
spectral line shape. Note that if the limit ofv→0 is taken in
Eq. ~31!, Eq. ~31! reduces to the dc magnetoconductiv
related to the MPR obtained in Ref. 13. To obtain t
longitudinal magnetoconductivityszz(v̄) of Eq. ~31!
for the model systems, we used the matrix elements
the z-component single-electron current opera
u^kz ,kx ,Nu j zuN8,kx8 ,kz8&u

2 to be

u^kz ,kx ,Nu j zuN8,kx8 ,kz8&u
2

5~eDdSLsin~kzdSL!/2\!2dNN8dkxkx8
dkzkz8

, ~32!

since the matrix element with respect to the current oper
in Eq. ~32! is directly proportional to the longitudinal optica
magnetoconductivity, where the Kronecker symb
(dNN8, dkxkx8

, dkzkz8
) denote the selection rules, which ari

during the integration of the matrix elements with respec
each direction. We also replaced summations with respe
kx andkz in (N,kx ,kz

by the following relation:7,13

(
kx ,kz

~••• !→~LxLz/4p2!E
2m* vcLy/2\

m* vcLy/2\
dkxE

2p/dSL

p/dSL
dkz~••• !.

~33!
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In addition, to express the longitudinal optical magnetoco
ductivity of Eq. ~31! in simpler forms, we assume that th
f 8s in Eq. ~31! are replaced by the Boltzmann distributio
function for nondegenerate semiconductors,7,13 i.e.,
f @EN(kz)#'exp@b(m2EN(kz)#, where m denotes the
chemical potential given by

m5~1/b!ln$4p\nedSLsinh~b\vc/2!/

@m* vcexp~2bD/2!I 0~bD/2!#%.

Here ne5Ne /V denotes the electron density andI 0(x) de-
notes the modified Bessel function.19 Equation ~31! ex-
presses the Drude term arising from the drift motion of el
trons with the localized state through the electron-phon
interaction. As shown in Eq.~31!, the electronic transpor
properties ~e.g., electronic relaxation processes, mag
tophonon resonances, etc.! in the superlattice can be studie
by examining the behavior ofG̃(v) as a function of the
relevant physical parameters introduced in the theory. In
following, we shall analyze the relaxation rates in detail
order to get insight into optically detected magnetophon
resonance effects in the model system of the superlatti
An analytical expression of the relaxation rate in the lowe
order approximation for the weak electron–phonon inter
tion and in the limit of weak electric fields can be evaluat
from the general expression of the relaxation rate given
Eq. ~4.6! of Ref. 16 as follows:
levels.
G̃~N,kx ,kz ;N,kx ,kz!'p(
q

(
N8ÞN

uC~q!u2uJN,N8~u'!u2X~nq11!

3dH \v1~N2N8!\vc2
D

2
@coskzdSL2cos~kz2qz!dSL#2\vqJ

1nqdH \v1~N2N8!\vc2
D

2
@coskzdSL2cos~kz1qz!dSL#1\vqJ C

1p(
q

(
N8ÞN

uC~q!u2uJNN8~u'!u2X~nq11!3dH \v1~N82N!\vc2
D

2
@cos~kz1qz!dSL

2coskzdSL#1\vqJ 1nqdH \v1~N82N!\vc2
D

2
@cos~kz2qz!dSL2coskzdSL#2\vqJ C. ~34!

The d functions in Eq.~34! express the law of energy conservation in one-phonon collision~absorption and emission!
processes. This in fact is related to the oscillatory behavior of the optically detected MPR effects due to the Landau

By the same method, the relaxation rates associated with the electronic transition between the statesuN,kx ,kz& and
uN,kx ,kz& can be expressed13 for nonpolar and polar optical phonon scatterings, respectively, by

G̃~N,kx ,kz ;N,kx ,kz!5
D8

pDdSLl B
2 (

N8ÞN
(
n51

2

(
6

~nq11/261/2!

uF12
4

D2
Qn,6

2 ~kz!G
AF12

4

D2
Qn,6

2 ~kz!G
, ~35!
8-6
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G̃~N,kx ,kz ;N,kx ,kz!5
D

pDdSL
(

N8ÞN
(
n51

2

(
6

~nq11/261/2!

Kn,6~N,N8;kz!uS 12
4

D2
Qn,6

2 ~kz!D
AS 12

4

D2
Qn,6

2 ~kz!D
, ~36!
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wherevq5vLO , the symbol6 in the summation indicate
the phonon emission and absorption processes, respect
u(x) is the Heaviside step function,

Q1,6~ t !52\v2~N2N8!\vc6\vLO1
D

2
cost,

~37a!

Q2,6~ t !5\v2~N2N8!\vc6\vLO1
D

2
cost, ~37b!

and

Kn,6~N,N8;t !5
1

2E0

`

duuJN,N8~u'!u2
1

u'1an,6
2

5
ean,6

2

2~a1N
,

!! (
k50

`

(
m50

2k ~2N
,

22k!! ~2k!!

~N
,

2k!!

3
~21!m2m~2k12a!! ~a1m!!

~2k2m!! ~2a1m!!m!

3G~2a2m,an,6
2 !. ~38!

Here an,6
2 5 l B

2dSL
22@ t2cos21(2Qn,6(t)/D)#2/2 with t5kzdSL ,

a5N
.

2N
,
, andG(a,x) is the incompleteg function19 de-

fined byG(a,x)5*x
`e2tta21dt. In addition, we utilized the

following relation in doing the integral overqx and qy :
*0

`Au'uJN8N(u')u2du'51/l B
2 , to obtain Eq. ~36!. It is

clearly seen from Eqs.~36! and~37! that the relaxation rate
diverge whenever the conditions 124Qn,6

2 (kz)/D
250 and

the argumentsan,6
2 50 in the incompleteg function G(2a

2m,an,6
2 ) @or Kn,6(N,N8;t)] are satisfied. From these con

ditions, the relaxation rates@and hence, the longitudinal op
tical magnetoconductivitiesszz(v̄)] for both nonpolar-LO-
phonon and polar-LO-phonon scattering show that the s
ODMPR gives the resonance conditions at

P\vc5\vLO6\v~P[N82N51,2,3, . . . ,!. ~39!

When the ODMPR conditions are satisfied, in the cou
of scattering events, the electrons in the Landau levels sp
fied by the level index~N! could make transitions to one o
the Landau levels (N8) by absorbing and/or emitting a pho
ton of energy\v during the absorption of a LO phonon o
energy\vLO as those shown in the bulk semiconductors.
see that Eq.~39! exhibits double peaks around the MP
peaks appearing in the absence of an incident photon
15520
ely,

e

e
ci-

e
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that the positions of these peaks are sensitive to the ph
frequency. In addition, from the fact that 124Qn,6

2 (kz)/D
2

are real and positive, we can obtain an energy range in wh
the relaxation rates are allowed under the following con
tion:

\vLO6\v2D^P\vc^\vLO6\v1D. ~40!

Our results for the limit ofv→0 reduce to the previous
one,13 and they are identical with the results of Noguc
et al.10 and Gassotet al.12 obtained from the dispersion rela
tion and the density of states of a superlattice under h
magnetic fields and from the resonant excitation of electr
by optical phonons. It is to be noted that scatterings w
optical modes is possible only within the energy range a
that the energy range in which scatterings with optical mo
are possible is very sensitive to the miniband width, the
cident photon frequency, and the strength of applied m
netic fields.

Equation ~31!, together with Eqs.~35! and ~36!, is the
basic equation for the ODMPR spectral lineshape, which
ables us to analyze ODMPR effects in semiconductors un
magnetic fields.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section we present the numerical results of
frequency-dependent magnetoconductivity formulasyy(v̄)
which is related to the ODMPR for the bulk materials a
szz(v̄) which is related to the ODMPR for the superlattice

A. Numerical results in the bulk semiconductors

First, we present the numerical results ofsyy(v̄) in Eq.
~19!, together with Eqs.~26! and~27!. Here special attention
is given to the behavior of the ODMPR line shape, such
the appearance of ODMPR peaks and the shift of ODM
peaks. For our numerical results of Eqs.~19!, ~26!, and~27!,
the parameters ofn-GaAs are taken20,21 by an effective mass
m* 50.067m0 with m0 being the electron rest mass, a LO
phonon energy\vLO536.6 meV, the electron densityne
5431024cm23, and the constant of the polar interactio
D851.1558310249 kg2m7s24, whereas those ofn-Ge are
taken20,21by an effective massm* 50.082m0, a LO-phonon
energy \vLO530.3 meV, the electron densityne54
31024cm23, and the constant of the nonpolar interacti
D51.059310268 kg2m7s24. In addition, as many as 21
Landau levels are included in the calculation of t
8-7



em

h

ar
t

he
cl

ag
te
P

f-

n

n
e
th
a
f

ved

of
en-
the
PR
we

m
he

the
er

can
to

ndi-

e

s

vit

1
in

ctiv-

d-

CHOI, LEE, LEE, AHN, KIM, AND RYU PHYSICAL REVIEW B 66, 155208 ~2002!
frequency-dependent magnetoconductivity. The sample t
perature is assumed to be 240 K in this calculation.

Figures 1~a! and 1~b! show the magnetic-field strengt
dependence of the magnetoconductivitiessyy(v̄) for nonpo-
lar materialn-Ge and polar materialn-GaAs, respectively, as
a function of incident photon frequency. Various peaks
observed according to the incident photon frequency and
strength of the magnetic field. It is clearly seen from t
figures that main peaks are observed in terms of the cy
tron resonance condition (v5vc) and/or the optically de-
tected magnetophonon resonance condition given byP\vc
6\v5\vLO (P[N82N51,2,3, . . . ) whereas subsidiary
peaks are exhibited in terms of the optically detected m
netophonon resonance condition. Therefore, it is to be no
that all peaks can be assigned from the CR and the ODM
condition. Our results forn-GaAs material are somewhat di
ferent from Hai and Peeters’s theoretical results.14

Figure 2 shows the incident photon frequency depende
of the magnetoconductivitiessyy(v̄) for ~a! nonpolar mate-
rial n-Ge and~b! polar materialn-GaAs as a function of
magnetic fieldB atT5240 K, where various incident photo
frequencies ranging from 0 THz to 7 THz are taken in ord
to investigate the dependence of the ODMPR effect on
incident photon frequency parameters. In these figures, v
ous peaks are observed according to the incident photon

FIG. 1. Magnetic-field dependence of the magnetoconducti

@syy(v̄)# as a function of incident photon frequency for~a! n-Ge
and ~b! n-GaAs atT5240 K. The solid and dashed lines in Fig.
are forvc /vLO50.5 and 0.2, respectively, and the dotted lines
Figs. 1~a! and 1~b! are forvc /vLO50.4 and 0.3, respectively.
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quency. Large peaks in low magnetic field side are obser
in terms of cyclotron resonance (v5vc) and all peaks ex-
cept for large peaks in low magnetic are exhibited in terms
the optically detected magnetophonon resonance. As m
tioned above, our main concern here is the behavior of
ODMPR line shape, such as the appearance of ODM
peaks and the shift of ODMPR peaks. From the figures
can see the following features:~i! as a linearly polarized
photon of amplitudeE and frequencyv is incident along the
z axis, the splitting of the ODMPR peaks takes place fro
the MPR peaks,~ii ! as the photon frequency is increased, t
shifts of the ODMPR peak positions are increased, and~iii !
as the difference of Landau-level indices is increased,
MPR and ODMPR peak positions are shifted to the low
magnetic-field side. All features~i!, ~ii !, and ~iii ! are the
same for nonpolar material, and polar material and they
be readily understood from the condition for the ODMPR
give the peak positions~i.e., resonant magnetic fields! in the
spectral line shape and are mainly determined by the co
tions Q i(kz)50 and the argumentsai 6

2 50 in Eqs.~26! and
~27!. The resonant behaviors are actually given byP\vc
6\v5\vLO (P[N82N51,2,3, . . . ,). If there is no pho-
ton energy\v in the ODMPR condition, it becomes th
MPR condition given by P\vc5\vLO (P[N82N
51,2,3, . . . ,). Accordingly, we see that the ODMPR peak

y FIG. 2. Photon frequency dependence of the magnetocondu

ity @syy(v̄)# as a function of applied magnetic field for~a! n-Ge
and ~b! n-GaAs atT5240 K. The solid, dotted, dashed, dashe
dotted, and dashed-double dotted lines are forv50,1,3,5, and 7
THz, respectively.
8-8



u
ab
to
av
ar
ed
re
ti

na

tu

d

e

s
et
he
an
tic

nc

t
es

on
of

the
fre-
vel
ter-

PR

as
t of
on-
een
PR
nu-

olar
pa-
emi-
sity
s
he

n
,
fo
d ho-

otted

OPTICALLY DETECTED MAGNETOPHONON RESONANCES . . . PHYSICAL REVIEW B 66, 155208 ~2002!
are split from MPR peaks. It seems that this splitting is d
to the absorption and emission of a photon during the
sorption of a phonon and it is due to the incident pho
being linearly polarized because the linearly polarized w
is composed of the superposition of a right-circularly pol
ized wave and a left-circularly polarized wave. For a fix
phonon energy in the ODMPR condition, as the photon f
quencyv is increased, the shift of the resonant magne
field ~via vc) is increased, as in feature~ii !. In addition, for a
fixed photon energy and a fixed phonon energy, the reso
magnetic field is decreased sincePvc is constant if the dif-
ference in the Landau-level indices is increased, as in fea
~iii !. Thus it is to be noted that all features~i!, ~ii !, and~iii !
shown in Fig. 2 can be understood from the ODMPR con
tion.

Figure 3 demonstrates the resonant magnetic fields du
each transition for~a! n-Ge material and~b! n-GaAs mate-
rial, where all MPR and ODMPR peaks in Fig. 2 are a
signed from the crossing point giving the resonant magn
field in Fig. 3. It is clearly seen from the figure that as t
difference of Landau-level indices is increased, the MPR
ODMPR peak positions are shifted to the lower magne
field side, as mentioned in feature~iii ! of Fig. 2. It is also
shown that the shifts of ODMPR are increased as the i
dent photon frequency is increased and the increase
ODMPR shift is largest in the case ofP51. We can get the
same resonant magnetic fields due to each transition for
Ge-based superlattices and the GaAs-based superlattic
shown in Fig. 3.

FIG. 3. Energy vs applied magnetic field for various incide
photon frequencies in~a! n-Ge and~b! n-GaAs. The solid, dotted
dashed, dashed-dotted, and dashed-double dotted lines arev
50,1,3,5, and 9 THz, respectively. Here the crossing points in
cate the resonance magnetic field.
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Figure 4 shows the dependence of the ODMPR shifts
the incident photon frequency according to the difference
Landau-level indices. It can be seen from the figure that
shifts of ODMPR are increased as the incident photon
quency is increased and the difference in the Landau le
indices is decreased, as expected in Figs. 2 and 3. It is in
esting to note that the qualitative behaviors of the ODM
are the same for nonpolar and polar materials.

B. Numerical results in the semiconductor superlattice

Second, we present the numerical results ofszz(v̄) in Eq.
~31!, together with Eqs.~35! and~36!. Here special attention
is given to the behavior of the ODMPR line shape, such
not only the appearance of ODMPR peaks and the shif
ODMPR peaks as shown in the results of the bulk semic
ductors, but also the appearance of the plateau betw
neighboring ODMPR peaks, the disappearance of ODM
peaks, and changes in the ODMPR amplitude. For our
merical results of Eqs.~31!, ~35!, and~36!, GaAs-based su-
perlattice and Ge-based superlattice will be used as a p
material and a nonpolar material, respectively. The used
rameters which are the same as those used in the bulk s
conductors, have been utilized except for the electron den
ne5431021m23 anddSL59.93 nm. In addition, as many a
21 Landau levels are included in the calculation of t

t

r
i- FIG. 4. Dependence of resonance field shift on the incident p
ton frequency for various transitions in~a! n-Ge and~b! n-GaAs.
The solid, dotted, dashed, dashed-dotted, and dashed-double d
lines are forP[N82N51,2,3,4, and 5, respectively.
8-9
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frequency-dependent magnetoconductivity. The sample t
perature is assumed to be 240 K in this calculation of
longitudinal magnetoconductivity.

Figures 5~a! and 5~b! show the magnetic-field strengt
dependence of the magnetoconductivitiesszz(v̄) for Ge-
based superlattice and GaAs-based superlattice, respect
as a function of incident photon frequency, where a miniba
width of D52.0 meV is taken as an example. Various pea
are observed according to the incident photon frequency
the strength of the magnetic field. It is clearly seen from
figures that all peaks are observed in terms of the optic
detected magnetophonon resonance condition given
P\vc5\vLO6\v(P[N82N51,2,3, . . . ,) and they can
be assigned from the ODMPR condition. The remarka
thing here is that the positions of the ODMPR peaks
independent of the miniband width, but they are sensitive
the difference of Landau-level indices, the strength of
plied magnetic field, LO phonon energy, and the pho
energy.

Figure 6 shows the incident photon frequency depende
of the magnetoconductivitiesszz(v̄) for ~a! Ge-based super
lattice and ~b! GaAs-based superlattice, respectively, as
function of magnetic fieldB at T5240 K, where various
incident photon frequencies ranging from 1 THz to 9 TH
are taken in order to investigate the dependence of
ODMPR effect on the incident photon frequency paramet
It is clearly seen from the figure that various peaks are

FIG. 5. Magnetic-field dependence of the magnetoconducti

@szz(v̄)# as a function of incident photon frequency for~a! Ge-
based and~b! GaAs-based superlattices atT5240 K and D
52.0 meV. The solid, dotted, dashed, dashed-dotted, and das
double dotted lines are, respectively, forvc /vLO50.7, 0.4, 0.33,
0.2, and 0.15.
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served according to the incident photon frequency. In th
figures, we can see the following features:~i! the plateau
between two neighboring peaks is clearly shown and is
fluenced by the incident photon frequency,~ii ! the reduction
in the ODMPR amplitude is observed as the incident pho
frequency is increased,~iii ! unlike low magnetic-field side,
clear peaks arising from the optically detected mag
tophonon resonance are observed in high magnetic-field s
~iv! as a linearly polarized photon of amplitudeE and fre-
quencyv is incident perpendicular to thez axis, the splitting
of the ODMPR peaks takes place from the MPR peaks
pearing in the absence of incident photon,~v! as the photon
frequency is increased, the shifts of the ODMPR peak po
tions are increased, and~vi! as the difference of Landau-leve
indices is increased, the MPR and ODMPR peak positi
are shifted to the lower magnetic-field side. It is to be no
that all features are the same for Ge-based superlattice
GaAs-based superlattice. Features~i! and ~ii ! can be readily
understood from the plateau condition given by Eq.~40!
and from the\v term in the denominator of Eq.~31!,
respectively.

Let us now address the reason why clear peaks are ex
ited in high magnetic-field side unlike low magnetic-fie
side, which is related to feature~iii !. The reason clear reso
nant peaks in the conductivity appear can be underst
from the dispersion relation, the density of states of the

y

ed-

FIG. 6. Photon frequency dependence of the magnetocondu

ity @szz(v̄)# as a function of applied magnetic field for~a! Ge-
based and~b! GaAs-based superlattices atT5240 K and D
53.6 meV. The solid, dotted, dashed, dashed-dotted, and das
double dotted lines are forv51,3,5,7, and 9 THz, respectively
P([N82N51,2,3, . . . ,) means the difference between two diffe
ent Landau levels.
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perlattice, and Eq.~40!. In the case where the miniban
width and the applied magnetic field are large enough an
minigap exists between two minibands, the DOS in the m
bands do not overlap each other. However, if the strengt
applied magnetic field is decreased, the energy separa
between two Landau levels will decrease. As a conseque
the minigap between two neighboring minibands will disa
pear and the DOS will overlap. When the DOS in the mi
bands overlaps, numerous electron: LO-phonon interact
are expected under the condition of Eq.~40!. Actually, clear
peaks in the magnetoconductivity will disappear as in
low magnetic-field side. On the contrary, if the width of th
miniband is sufficiently small, the minigap between tw
neighboring minibands will be very large under high ma
netic fields. In this case, the minigap between two miniba
will be very large and the DOS in the minibands will nev
overlap each other. The remarkable thing is that the DOS
the minibands begin to overlap in lower magnetic fields th
in the large miniband case. Thus, when the miniband widt
small, many peaks appear, whereas the number of peak
creases with increasing miniband width. This feature—t
the width of the ODMPR is better resolved as the miniba
width decreases—can also be explained by Eq.~40!, as
Noguchi et al.10 and Gassotet al.12 did in detail. All these
features are in good agreement with the experimental res
of Noguchiet al.10 and Gassotet al.12 and with the theoret-
ical results of Shu and Lei.11

The features~iv!, ~v!, and~vi! can be readily understoo
from the condition for the ODMPR to give the peak po
tions ~i.e., resonant magnetic fields! in the spectral line
shape, which are mainly determined by the conditio
Qn,6(kz)50 and the argumentsan,6

2 50 in Eqs. ~35! and
~36!. The resonant behaviors are actually given byP\vc
5\vLO6\v (P[N82N51,2,3, . . . ,). If there is no pho-
ton energy\v in the ODMPR condition, it becomes th
MPR condition given by P\vc5\vLO (P[N82N
51,2,3, . . . ). Accordingly, we see that the ODMPR pea
are split from the MPR peaks. It seems that this splitting
due to the absorption and emission of a photon during
absorption of a phonon, and it is due to the incident pho
being linearly polarized because the linearly polarized w
is composed of the superposition of a right-circularly pol
ized wave and a left-circularly polarized wave. For a fix
phonon energy in the ODMPR condition, as the photon f
quencyv is increased, the shift of the resonant magne
field ~via vc) is increased, as in feature~v!. In addition, for a
fixed photon energy and a fixed phonon energy, the reso
magnetic field is decreased sincePvc is constant if the dif-
ference in the Landau-level indices is increased, as in fea
~vi!. Thus it is to be noted that all features~iv!, ~v!, and~vi!
shown in Fig. 6 can be understood from the ODMPR con
tion.

Figure 7 shows the miniband width dependence of m
netoconductivity atT5240 K for v57 THz as a function of
the magnetic field, where two miniband widths are taken
3.6 meV and 5.7 meV, respectively. It is clearly seen fro
the figures that the number of peaks varies with the minib
width, and that the plateaulike features and the heights
ODMPR peaks are very sensitive to the miniband widthD.
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The number of resonance peaks decreases with the inc
ing miniband width, whereas the amplitude of the resona
peaks increases with increasing miniband width. In additi
if the strength of the magnetic field is small, the amplitude
the resonance peak gets smaller. This can be understoo
considering the relaxation rate, as pointed out by Nogu
et al.; when the Landau energy\vc is small, the minigap
disappears. In such a condition, the resonant feature of
relaxation rate becomes weak since the DOS of the m
bands broaden and overlap, resulting in a reduction of
peaked feature. Hence, discrete features of the DOS are
sential for observing clear resonance peaks.

IV. SUMMARY

So far, we have applied the frequency-dependent mag
toconductivity syy(v̄) and szz(v̄) obtained by using the
Mori-type projection operator technique presented by one
the present authors16 both ton-Ge andn-GaAs materials and
to Ge-based and GaAs-based superlattices, and obtaine
ODMPR conditions and an energy range in which the rel
ation rates are allowed. With the ODMPR conditions and
obtained energy range, we have investigated the phys
characteristics of the ODMPR effects in such bulk semic
ductors and semiconductor superlattices.

In the bulk semiconductors and the semicoductor sup
lattices, particularly, we have studied the anomalous beh

FIG. 7. Miniband-width dependence of the magnetoconductiv

@szz(v̄)# at T5240 K andv57 THz. The solid and dotted lines
are for D53.6 meV and 5.7 meV, respectively.P([N82N
51,2,3, . . . ,) means the difference between two different Land
levels.
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ior of the ODMPR line shape, such as the splitting and
shift of ODMPR.

Our results for the bulk semiconductors show a linea
polarized photon of amplitudeE and frequencyv along thez
axis, and our results for the semiconductor superlatti
show a linearly polarized photon of amplitudeE and fre-
quencyv perpendicular to thez axis, but they both show the
same results as follows:~1! the splitting of the ODMPR peak
takes place from the MPR peaks,~2! as the photon frequenc
is increased, the shifts of the ODMPR peak positions
increased,~3! as the difference of Landau-level indices
increased, the MPR and ODMPR peak positions are shi
to the lower magnetic-field side, and~4! the shifts of
ODMPR are increased as the incident photon frequenc
increased and the difference in the Landau-level indice
decreased.

Our results for the semiconductor superlattices only sh
that ~5! the plateau between two neighboring peaks is clea
shown and is influenced by the incident photon frequen
~6! the reduction in the ODMPR amplitude is observed as
incident photon frequency is increased, and~7! unlike low
magnetic-field side, clear peaks arising from the optica
detected magnetophonon resonance are observed in
magnetic-field side.

In addition, strong oscillations of the magnetoconduct
ity both in bulk materials such asn-Ge andn–GaAs, and in
Ge-based and GaAs-based superlattices are expecte
terms of the optically detected magnetophonon resona
which indicate that the ODMPR should also be observ
r,
-

ni

. B

15520
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e
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d

experimentally in such bulk semiconductors, as pointed
by Hai and Peeters.14

Some comments related to this work should be made:
single-particle picture has been used throughout this wo
thus electron-electron interactions have been ignored.
effect of electron-electron interactions can be taken into
count approximately by replacing the electron-phonon int
action C(q) with a screened electron-phonon interacti
C(q)5 iD\1/2/(2rvLOV)1/2(11l2(q)/q2)7 because the in-
verse screening lengthl(q) depends on the electron densi
ne , which in general depends on the temperatureT and the
magnetic fieldB. Therefore, we would expect the screeni
to be significant only if the electron densityne exceeded a
critical valuencr(T,B). In that case, the effects of electron
electron scattering would be significant, the relaxation r
would be changed, and the temperature dependence o
heights of the ODMPR peaks would be affected by electr
electron scattering.

In addition, the influence of spin splitting has been n
glected. Despite the above shortcomings of the theory,
believe that our results make it possible to understand a
lytically the essential physics of ODMPR in bulk materia
such asn-Ge andn–GaAs, and in Ge-based and GaAs-bas
superlattices with nonpolar and polar properties, respectiv
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