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We present the first observation of the magnetophonon eff'ect in the frequency-dependent conductivity
of electrons in a polar semiconductor. The cyclotron-resonance position and linewidth oscillate as a
function of magnetic field and show resonances for mLo=Nco, . The resonances grow rapidly with in-

creasing temperature, giving a direct measure of the optic-phonon scattering rate. Good agreement is
found with a one-electron theory of the absorption spectrum, showing that the oscillations have the same
origin as magnetophonon-resonance oscillations in the resistivity.

PACS numbers: 71.38.+i, 78.65.Fa

Magnetophonon resonance (MPR) occurs when two
Landau levels are a phonon energy apart, leading to an
increase in the probability of absorption or emission of
(usually) optic phonons. The vast majority of authors
have investigated the influence of this resonant scattering
on the transport properties of semiconductors, usually
the magnetoresistance, in what is inevitably a complicat-
ed average of the scattering processes. In this Letter we

describe a direct measurement of the resonant scattering
through a study of the cyclotron-resonance (CR) line-
width, which shows strong temperature-dependent reso-
nances close to the conventional MPR condition:

Ncoc =NL~,

where to, is the cyclotron frequency (eB/m*) and toLo is
the longitudinal-optic- (LO-) phonon frequency. In ad-
dition, we have developed the theory of this eA'ect in a
calculation of the high-frequency conductivity using the
memory-function approach. This clearly predicts the os-
cillatory linewidth, and shows a simultaneous shift in the
CR position caused by the interrelation of the real and
imaginary parts of the memory function. This is also ob-
served experimentally.

MPR was first predicted by Gurevich and Firsov, '

who calculated that resonant structure should appear in

both the transverse and longitudinal magnetoresistance.
It has been extensively studied both in bulk materials
(see Refs. 2 and 3 for reviews) and more recently in 2D
systems. The oscillations in the magnetoresistance are
the result of a combination of scattering and broadening
processes which can lead to a quite complicated depen-
dence of the resonance amplitudes on doping, sample
structure, carrier concentration, and temperature. Our
observation of the optically detected MPR (ODMPR)
allows us to make quantitative measurements of the
scattering for transitions between specific levels. The
theory and experiment also show that the resonance posi-
tion can provide a very direct measure of the resonant

scattering.
CR was observed in three conventional high-mobility

GaAs-(Ga, Al) As heterojunctions [A, 8, and C, with
spacer layers of 800, 200, and 100 A, and carrier concen-
trations (n„in units of 10'' cm ) of 0.8 (1.6), 3.4
(5.2), and 6.2 in the dark (light)] over a range of tem-
peratures (4.2-100 K). Data were taken using either a
Fourier-transform spectrometer or a far-infrared laser.
The linewidths (AB) were measured directly as the half
width at half absorption, and were uncorrected for the
finite carrier concentrations. Previous work on CR
linewidths at high temperatures has shown that at rela-
tively low fields (—6 T), 68 is dominated by non-
resonant optic-phonon scattering for temperatures above
60 K. AB was found to be well described by the analytic
form of the expression first derived for short-range
scatterers,

(2)

where C is an experimental constant and zo is the optic-
phonon-limited scattering time calculated by Walukie-
wicz et al. These data were modeled by Wu and
Peeters, who found a good fit when a Landau-level
broadening of around 0.16coLg was introduced.

Figure 1 shows a typical series of resonances, together
with plots of the energy dependence of the linewidth and
cyclotron eAective mass for three temperatures. These
show an overall increase in linewidth with temperature,
together with the very obvious appearance of a strong
peak at an energy (field) of around 140 cm ' (8=10.5
T). This is close to the 1V=2 MPR condition; MPR is
known experimentally to occur at submultiples of a field
of 21-22 T. ' Weaker features are also visible in some
cases close to the N=3, 4 conditions. The magnitude of
the additional magnetophonon contribution to the line-
width appears to be almost independent of sample and
carrier concentration; however, the position of the peak
moves up in energy as the temperature and carrier con-
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quantitatively, but will not be included in this first
description of the theory. The CR absorption spectrum
is calculated from the complex conductivity cr„,(co),
which is the Fourier transform of the velocity-velocity
relaxation function [r„(t),r, (0)1. ' This can be written
as

cyclotron frequency, and X(co) is the memory function,
which contains the efIect of the electron-phonon interac-
tion. Z(co) is in essence a force-force correlation func-
tion, which is well treated by second-order perturbation
theory in a weakly polar material such as GaAs. Follow-
ing Refs. 18 and 19 we find

cr(co) =i
2e n, /mb

(3)
co —co, —Z(co)

'

where n, is the carrier concentration, co, is the "bare"

f oo

Z(co) =— dt (1 —e'"') ImF(t),M~0 (4)

2

F(t) = —2 I Vt, I f(k) [[I+n(~t o)]I(k, t) n(~~o)l ( k t)~e
k mb~

(5)

where n(co) is the LO-phonon occupation number, and f(k) is a form factor to describe the nonzero width of the real
2D gas. The Fourier transform of the density-density correlation function is calculated for finite temperature

I(k, t) =exp
62k2 I 2

[1 —e'"'+ 4n (co, )sin'(co, t/2) ]-
mb cue 46

with I a collisional broadening parameter. I is intro-
duced semiempirically to remove the 6-function diver-
gence of the Landau-level densities of states (DOS).
Note that I is not simply related to the true Landau-
level DOS broadening, and will in practice depend on the
magnetic field, temperature, and Landau-level index. '

We initially take I as constant, and then adjust it to ob-
tain a quantitative agreement with experiment.

The experimental results are simulated using Eq. (3),
from which we can see that ReZ(co) is responsible for
the shift in the CR frequency, which is governed by the
reactive part of the interaction. ImX(co) gives the width
of the CR peak, representing the dissipative part of the
interaction. These two components of the memory func-
tion are related, as mentioned above, by the Kramers-
Kronig relation

! clearly the nonlinear shift of the cyclotron peak with
magnetic field. The resonance has developed an an-
ticrossing behavior, with the intensity switching from the
lower- to higher-frequency components. At this temper-
ature over 90% of the carriers are in the lowest electronic
Landau level (l=O); however, the finite optic-phonon
population leads to a considerable probability of being in
an I i =0)+ 1 phonon state. This anticrosses with the
Il =2) Landau level, causing the total transition to split,
with a splitting which is found to increase in size with in-
creasing temperature.

Quantitative fits are shown in Fig. 4, with the CR
linewidth and mass as a function of magnetic field for

20
~ + oo

Rex(co) = —— Imx(x)
dx (7) 00 .21 23

y=O. l

which is exactly satisfied by our theoretical result. '

The zero-frequency limit of Eq. (3) gives the resistivi-
ty directly from p„,= —ImX(co=0), which results in

conventional MPR, as studied by Warmenbol, Peeters,
and Devreese. This comparison shows us the consider-
able interest and additional information given by the
ODMPR. The oscillations are from a common origin,
but the study of the frequency-dependent conductivity
now allows us to observe both components of the
memory function, in a direct manner which is much less
infIuenced by the other scattering processes present.

Numerical results for the absorption spectra as a func-
tion of frequency are shown in Fig. 3 for magnetic fields
(measured in terms of co,/coLo) close to the N=4 and
%=2 resonances for perfectly 2D electrons in GaAs.
The broadening is y=0. 1 (y =I /AcoLo) and the temper-
ature kT =0.216coLo (=90 K). The cyclotron peak
around %=4 sho~s the expected broadening, while the
simulations at co,/coLo =0.48-0.52 demonstrate very
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FIG. 3. Theoretical calculations of the absorption (arbitrary
units) as a function of frequency for magnetic fields (defined
by co, ) close to the N =4 and N =2 MPR conditions. The tem-
perature is 90 K and the broadening is 43 K. Alternate curves
are dotted for clarity.
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magnetophonon resonance (ODMPR). The comparison
between theory and experiment shows that the study of
the frequency-dependent conductivity will generate much
more specific and direct information about the nature of
electron-phonon interactions in semiconductors than pre-
vious methods for studying MPR. ODMPR should be
easily detectable in a variety of both bulk and 2D semi-
conducting materials.
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FIG. 4. Theoretical results for the frequency dependence of
the cyclotron linewidth and eA'ective mass at 60 and 80 K. The
broadening is y=I O(co, /coqo) ~; the dashed and solid curves
are for I 0=0.25, and the dotted curve is for I 0=0.2.

conditions corresponding to those of Fig. I (n, =3 x 10' '

cm ). The broadening was taken as y =I o(ro, /
C0LQ) '~, with results shown for I o =0.25 and 0.2. The
figures clearly show the derivativelike relation between
the mass and the linewidth as found in the experiment.
The magnitude of the oscillations in both the linewidth
(58=0.01ruLo=3 cm ') and eA'ective mass (hm*/m*
= 0.01) are in good agreement with the experimental re-
sults at 80 K, using I 0=0.25. The calculations also
show a small shift away from the exact resonance condi-
tion (1), as found in the experiment. The amplitude of
the oscillations increases rapidly with temperature, as ex-
pected, and further calculations show that it is propor-
tional to the square root of the LO-phonon occupation
number for a wide range of temperatures. This is also in

agreement with the experimental results above (Fig. 2),
and is due to the internal self-consistency of the theory.
A similar temperature dependence is observed for the
nonresonant scattering [Eq. (2)l. The relatively strong
damping required to fit the experimental results explains
why no strong asymmetry or splitting of the resonance
was observed close to the resonance condition N=2.

In summary, we have demonstrated the first experi-
mental detection of and theory for optically detected
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