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Optically detected magnetophonon resonances in GaAs
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Magnetophonon resonances are found forvc5vLO/N with N51,2,3... in thepolaron cyclotron resonance
~CR! linewidth and effective mass of bulk polar semiconductors. The CR mass and the linewidth are obtained
from the full polaron magneto-optical absorption spectrum which are calculated using the memory function
technique. The amplitude of the resonant peak in the linewidth can be described by exponential law at low
temperature.@S0163-1829~99!09139-0#
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I. INTRODUCTION

Magnetophonon resonance~MPR! occurs when two Lan-
dau levels are a phonon energy apart that leads to a reso
scattering due to emission or absorption of phonons. S
the pioneer work by Gurevich and Firsov,1 this effect has
been extensively studied in bulk2,3 as well as low-
dimensional semiconductor systems.4–9 The resonant charac
ter makes it a powerful spectroscopic tool. Magnetophon
resonances have been used to obtain information on b
structure parameters, such as the effective mass and th
ergy levels, and on the electron-phonon interaction. The
majority of work on the MPR has been done on the transp
properties of semiconductors, usually the magnetoresista
which inevitably involves a complicated average of scatt
ing processes. The oscillations in the magnetoresistance
the results of a combination of scattering and broaden
processes that can lead to a quite complicated dependen
the resonance amplitudes on doping, sample structure, ca
concentration, and temperature. However, the MPR can
be observed directly through a study of the electron cyc
tron resonance~CR! linewidth and effective mass, i.e., th
so-called optically detected MPR~ODMPR!, as was demon-
strated in two-dimensional~2D! semiconductor systems o
GaAs/AlxGa12xAs heterojunctions by Barneset al.10 The
ODMPR allows one to make quantitative measurements
the scattering strength for specific Landau levels and yie
direct information on the nature of the electron-phonon
teraction in semiconductors.

In this work, we extend the theory for ODMPR to thre
dimensional~3D! systems and present a theoretical study
the magnetophonon resonances in the frequency-depen
conductivity in bulk polar semiconductors. Our calculatio
show strong oscillations of both the linewidth and the effe
tive mass in a 3D system of GaAs that indicate that
ODMPR should also be observed experimentally in bulk
lar semiconductors.

The present paper is organized as follows. In Sec. II,
present our theoretical formulations of the problem. The
merical results and discussions are given in Sec. III, and
summarize our results in Sec. IV.
PRB 600163-1829/99/60~24!/16513~6!/$15.00
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II. THEORETICAL FRAMEWORK

Magnetophonon resonance is essentially a single-par
effect and, consequently, can be treated as a one-pol
problem. We consider a polar semiconductor in a unifo
magnetic fieldB directed along thez axis. The system unde
consideration can be described by the following Ham
tonian,

H5He1Hph1H int ~1!

with

He5
1

2mb
~pW 1eAW !2 ~2!

and

Hph5(
qW

\vqW~aqW
†
aqW1 1

2 !, ~3!

wheremb is the bare electron effective mass, the vector p
tential AW 5B/2(2y,x,0) is chosen in the symmetrical Cou
lomb gauge,qW (rW) the momentum~position! operator of the
electron,aqW

† (aqW) the creation~annihilation! operator of an

optical phonon with wave vectorqW and energy\vqW . The
electron-phonon interaction HamiltonianH int is given by the
Fröhlich interaction Hamiltonian

H int5(
qW

~VqWaqWe
iqW •rW1VqW

* aqW
†
e2 iqW •rW!, ~4!

where

VqW52 i\vLOS \

2mbvLO
D 1/4A4pa

Vq2
, ~5!

anda is the electron-LO-phonon coupling constant.
First, we calculate the optical-absorption spectrum of

polaron in magnetic fields from which we are able to inve
tigate the polaron CR spectrum and the MPR effects.
convenience we use units such that\5mb5vLO51. Within
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16 514 PRB 60G.-Q. HAI AND F. M. PEETERS
the linear-response theory, the frequency-depend
magneto-optical-absorption spectrum for cyclotr
resonance11–13 is given by

A~v!52
1

2

Im S~z!

@v2vc2ReS~z!#21@ Im S~z!#2
, ~6!

wherevc5eB/mb is the unperturbed electron cyclotron fr
quency,S(z) is the so-called memory function, andz5v
1 ig and g is a broadening parameter. Notice thatg is in-
troduced semiempirically to remove the divergence of
Landau-level density of states. We takeg as a constant. Fo
the magneto-optical-absorption spectrum in the Fara
~active-mode! configuration, which corresponds to the cycl
tron resonance experiments, the memory function is gi
by12

S~z!5
1

2mb
(

qW
q2uVqW u2FqW~z! ~7!

with

FqW~z!52
2

zE0

`

dt~12eizt!Im^@bqW~ t !,bqW
†
~0!#&, ~8!

wherebqW5aqWe
iqW •rW, and the correlation function is given by

^@bqW~ t !,bqW
†
~0!#&5@11n~vLO!#e2 ivLOtS* ~2qW ,t !

2n~vLO!e2 ivLOtS~qW ,t !, ~9!
nt

e

y

n

where

n~vLO!5
1

ebvLO21
~10!

is the number of the LO phonons and

S~qW ,t !5^eiqW •rW(t)e2 iqW •rW(0)& ~11!

is the space Fourier transform of the electron density-den
correlation function. In Eq.~10! b51/kBT, wherekB is the
Boltzmann constant. For a weak electron-LO-phonon c
pling system, i.e.,a!1, the density-density correlation func
tion is calculated for a free electron in a magnetic field wh
is given by

S~qW ,t !5eqz
2D(t)e2q2DH(t) ~12!

with

D~ t !5
1

2
~2 i t 1t2/b! ~13!

and

DH~ t !5
1

2vc
@12eivct14n~vc!sin2~vct/2!#.

From the above equations, we obtain the memory fu
tion for g50. The calculation proceeds along the lines o
similar calculation which was presented in Ref. 12. The
sults for the memory function are
ReS~v!5
aAb

2pv

vc tanh~bvc/2!

sinh~b/2! (
n,n850

`
@2 cosh~bvc/2!#2(n1n8)

n!n8!
E

0

`dx

x
En1n811S x2

vc tanh~bvc/2! D
3H expS bvnn8

2 D F2DSAbx

2
1

Ab

2x
vnn8D 2DSAbx

2
1

Ab

2x
~vnn81v! D 2DSAbx

2
1

Ab

2x
~vn8n2v! D G

1expS 2
bvn8n

2 D F2DSAbx

2
2

Ab

2x
vn8nD

2DSAbx

2
2

Ab

2x
~vn8n2v! D 2DSAbx

2
2

Ab

2x
~vn8n1v! D G J , ~14!

and

Im S~v!52
aAb

4Apv

vc sinh~bv/2!tanh~bvc/2!

sinh~b/2! (
n,n850

`
@2 cosh~bvc/2!#2(n1n8)

n!n8!

3E
0

`dx

x
En1n811S x2

vc tanh~bvc/2! D
3FexpS 2

bx

4
2

b

4x
~vnn82v! D1expS 2

bx

4
1

b

4x
~vn8n2v! D G , ~15!

wherevnn8511(n2n8)vc , D(x) is the Dawson’s integral function, and

En5E
0

`

dt
tne2t

t1x
. ~16!

In the case ofgÞ0, the calculation is more tedious. We obtain the following results of the memory function,
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ReS~v!52
a

A2p~v21g2!
@vI 1~v!1gI 2~v!# ~17!

and

Im S~v!5
a

A2p~v21g2!
@vI 2~v!1gI 1~v!# ~18!

with

I 1~v!52A2b
vc tanh~bvc/2!

sinh~b/2! (
n,n850

`
@2 cosh~bvc/2!#2(n1n8)

n!n8!
E

0

`dx

x
En1n811S x2

vc tanh~bvc/2! D
3S expS bvnn8

2 D H DSAbx

2
1

Ab

2x
vnn8D

2
Ap

4 F Im WSAbx

2
1

Ab

2x
~vnn81v1 ig! D 1Im WSAbx

2
1

Ab

2x
~vn8n2v1 ig! D G J

1expS 2
bvn8n

2 D H DSAbx

2
2

Ab

2x
vn8nD

2
Ap

4 F Im WSAbx

2
2

Ab

2x
~vn8n2v2 ig! D 1Im WSAbx

2
2

Ab

2x
~vn8n1v2 ig! D G J D , ~19!

and

FIG. 1. ~a! ReS(v) and ~b! Im S(v) as a function of frequencyv in GaAs at different magnetic fieldsvc /vLO50.3 ~dotted curves!,
0.4 ~dashed curves!, and 0.5~solid curves!. The corresponding absorption spectra are given in~c!. The broadening parameterg50 and
temperatureT577 K.
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I 2~v!52
Apb

2A2

vc tanh~bvc/2!

sinh~b/2! (
n,n850

`
@2 cosh~bvc/2!#2(n1n8)

n!n8!
E

0

`dx

x
En1n811S x2

vc tanh~bvc/2! D
3H expS bvnn8

2 D FReWSAbx

2
1

Ab

2x
~vnn81v1 ig! D 2ReWSAbx

2
1

Ab

2x
~vnn82v1 ig! D G

1expS 2
bvn8n

2 D FReWSAbx

2
2

Ab

2x
~vn8n2v2 ig! D 2ReWSAbx

2
2

Ab

2x
~vn8n1v2 ig! D G J , ~20!
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whereW(z)5e2z2
erfc(2 iz) is the complex error function.

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we are going to present our numeri
results on the magneto-optical-absorption spectra and
study the magnetophonon resonant effects. As an examp
weak electron-LO-phonon coupling, we apply our theory
semiconductor GaAs wherea50.07. First, we show some
numerical results for temperatureT577 K and level broad-
ening parameterg50. Due to the importance of the memo
function in the absorption spectrum, we plot the real a
imaginary parts of the memory function in Figs. 1~a! and
1~b!, respectively, as a function of frequency at differe
magnetic fields. We see that, atv5uvLO2nvcu (n
50,1,2, . . . ), ReS(v) exhibits a jump while ImS~v! di-
verges logarithmically. The discontinuity of ReS~v! and the
divergency in ImS~v! reflects the resonant coupling betwe

FIG. 2. The magneto-optical-absorption spectrum at around~a!
vc /vLO51/2 and~b! vc /vLO51/3. T577 K andg50.
l
to
of

d

t

the stateE01vLO and Landau levelEn5(1/21n)vc . The
stronger this coupling, the larger the discontinuity
ReS~v!. Actually, the real part of the memory functio
ReS~v! is responsible for the shift in the observed CR e
ergy which is due to the electron-phonon interaction, wh
the imaginary part leads to a broadening of the spectr
which is a result of scattering. When ImS~v!50 like in a 2D
system, the absorption is ad function, and its position is
determined by the equationvc* 2vc2ReS(vc* )50. Figure
1~b! shows that in the present system the ImS(v) is always
non-zero, which reflects the 3D character of the elect
states. The scattering in the direction parallel to the magn
field results in a finite ImS(v) and, consequently, a finite
linewidth even forg50. In Fig. 1~c!, we show the corre-
sponding magneto-optical-absorption spectra. The posi
of the absorption peak corresponds to the cyclotron reso
frequencyvc* at which the cyclotron resonance occurs. W
see an asymmetric double peak structure aroundv5vLO/2
for vc5vLO/2 ~the solid curve!, and the aborption become
zero atv5vc5vLO/2. The zeros in the absorption spe
trum are a consequence of the divergences in ImS~v! and
can be traced back to the divergent nature of the densit
states. The double peak structure is a consequence o
magnetophonon resonance which leads to an anticross
havior in the CR spectrum. When the unperturbed CR f
quencyvc deviates fromvLO /N, this splitting becomes very
weak and difficult to be observed in the absorption spectru
As we will see below, however, the magnetophonon re
nance will strongly affect the linewidth of the magnet
optical absorption and the CR mass. From the dashed
dotted curves,

FIG. 3. The magneto-optical-absorption spectra as a functio
frequencyv in GaAs for g/vLO50 ~solid curve!, 0.001 ~dashed
curve!, 0.01 ~dotted curve!, and 0.1 ~dash-dotted curve! at
vc /vLO50.5 andT577 K.
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we observe that the absorption peak appears atvc* ,vc due
to the polaron effect which shifts the cyclotron frequency
lower frequencies. The latter is often interpreted as an
crease of the cyclotron mass, i.e.,vc* 5eB/m* . In Fig. 2, we
show the absorption spectrum around~a! vc5vLO/2 and~b!
vc5vLO/3. The double peak structure disappears whenvc
deviates fromvLO /N (N52,3). The absorption spectra als
demonstrate clearly a nonlinear magnetic-field depende
of the peak position and linewidth aroundvLO /N.

Figure 3 demonstrates the effect of the broadening par
eterg on the absorption spectrum. Notice that, with incre
ing g: ~i! the double peak structure disappears forg
.0.01vLO, ~ii ! the zero in the absorption spectrum disa

FIG. 4. ~a! Polaron CR mass and~b! FWHM as a function ofvc

at different temperatures from 60 K to 200 K withg/vLO50.05.

FIG. 5. The CR mass oscillation amplitude as a function
temperature atvc /vLO51/2 ~dots! and vc /vLO51/3 ~solid
squares! with g/vLO50.05.
-

ce

-
-

-

pears wheng.0, and~iii ! the position of the absorption pea
shifts to higher frequency. This indicates that the anticro
ing behavior in the CR spectrum will be difficult to be ob
served experimentally atvc5vLO/2, due to broadening ef
fects which are a consequence of scattering on e
impurities and acoustical phonons.

As soon as the polaron CR frequencyvc* is determined
from the position of the magneto-optical-absorption pe
the CR mass of the polaron is obtained by

m* /mb5vc /vc* . ~21!

The numerical results of the polaron CR mass and
FWHM ~full width at half maximum! for g50.05vLO are
plotted as a function of the unperturbed CR frequency
different temperatures in Figs. 4~a! and 4~b!, respectively.
One observes that the polaron CR mass is an oscilla
function of magnetic field. Figure 4~b! shows that the
FWHM of the polaron magneto-optical-absorption spectr
reach a local maximum atvc5vLO /N where the polaron
mass has an inflection point. This result demonstrates
derivativelike relation between the polaron CR mass and
linewidth which are due to the fact that the real and ima
nary part of the memory function are related to each ot
through a Kramers-Kronig relation. One finds that, for te
peratureT,100 K, the resonance grows rapidly with in
creasingT. This effect can lead to a direct measure of t
optical-phonon scattering rate. We also show an overall
crease of the linewidth with temperature but an overall
crease of the effective mass forT.80 K. The resonant po-
sition is slightly larger than the unperturbed resona
conditionvc5vLO /N and is almost independent of temper
ture. A detailed analysis indicates that, atN52 and 3, the
peak position both in the FWHM and in the derivative of t
CR mass is at about 0.504vLO and 0.336vLO , respectively.
Experimentally, this position determines the so-called fun
mental fieldB05m* vLO /e, which is an important quantity
to study the effective mass, nonparabolicity of the ene
band, as well as the LO-phonon frequency. The linewidth
a direct measure of the lifetime of the state. Notice that
conventional MPR occurs in the resistivity, which is give
by rzz52ImS(v50). But ODMPR is related to both the

f

FIG. 6. An activation plot of the amplitude of the resonant pe
in the FWHM at vc /vLO51/2 ~circles! and vc /vLO51/3 ~tri-
angles! as a function ofT21. The solid line}exp(2\vLO/2kBT)
and the dotted line}exp(22\vLO/3kBT).
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16 518 PRB 60G.-Q. HAI AND F. M. PEETERS
real and imaginary part of the memory function which occ
for vÞ0 and is a dynamical MPR.

Figure 5 shows the CR mass oscillation amplitude
vc /vLO51/2 and 1/3 as a function of temperature. W
increasing temperature, the number of phonons incre
and, consequently, the oscillation amplitude increases.
the other hand, the background electron-phonon scatte
~coupling! increases, which results in a suppression of
oscillation amplitude. Figure 6 shows an activation plot
the amplitude of the resonant peak in the FWHM
vc /vLO51/2 and 1/3 as a function ofT21. We find that, for
the resonance aroundN52, the linewidth can be describe
rather well by the exponential law
exp(2\vLO/2kT) for T,240 K, while that aroundN53
can be described by exp(22\vLO/3kT) for T,140 K. This
exponential behavior can be understood as follows. MPR
proportional to the number of LO phonons which are pres
and therefore should increase asn(vLO). On the other hand
thermal broadening of the Landau levels, which is prop
tional to n(vc), will diminish the resonant structure i
DFWHM. Thus, this contribution decreases the reson
character, and consequently we expect thatDFWHM
t,

s
.

r,
-

ta

.

s

t

es
n

ng
e
f
t

is
t

-

t

;n(vLO)/n(vc)'exp@2\(vLO2vc)/kBT# which agrees
with the exponential laws found forN52 andN53.

IV. SUMMARY

We have extended the theory for ODMPR to thre
dimensional~3D! systems and present the first detailed th
oretical study of the magnetophonon resonance in
magneto-optical-absorption spectrum in bulk GaAs. In co
parison to the corresponding 2D systems, the theoretic
obtained amplitudes for the oscillations of both the linewid
and the effective mass in a 3D system are for GaAs predic
to be about half of those in 2D. Therefore, we believe t
ODMPR can also be observed experimentally in bulk po
semiconductors. Our numerical results indicate that the
plitude of the resonant peak in the FWHM can be describ
by exponential law at low temperature.
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