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Polaron cyclotron resonance (CR) has been studied in three modulation-doped GaAsyAl 0.3Ga0.7As
multiple quantum well structures in magnetic field up to 30 T. Large avoided-level-crossing splittin
of the CR near the GaAs reststrahlen region, and smaller splittings in the region of the AlAs-
optical phonons of th AlGaAs barriers, are observed. Based on a comparison with a detailed theor
calculation, the high frequency splitting, the magnitude of which increases with decreasing well width
assigned to resonant polaron interactions with AlAs-like interface phonons. [S0031-9007(97)0440

PACS numbers: 71.38.+ i, 71.70.Di, 78.20.Ls
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The interaction of charge carriers with optical phonon
in quasi-two-dimensional (Q2D) systems has been
considerable interest both experimentally [1–6] an
theoretically [7–12] for several years, since the electron
properties of semiconductors, particularly energy los
mechanisms for hot carriers, are strongly affected b
this interaction. For bulk polar materials, the dominan
interaction is between the charge carriers and longitudin
optical (LO) phonons [7]. Interface and confined phonon
[11,12] and their interaction with charge carriers in quan
tum wells have received considerable attention recent
and it has been shown theoretically that these mod
can play a significant role in narrow wells. However
a number of issues remain unresolved. In particula
a sum rule [13] makes it difficult to deconvolve the
relative important of interactions with the various phono
modes of confined systems from measurements whi
are not phonon-frequency specific [14]. There has al
been some controversy about the importance of interfa
and confined phonon modes in the region of resona
magnetopolaron interaction with GaAs phonons [6,11,12
Raman scattering studies of short period GaAsyAlAs
superlattices [15,16] have provided experimental eviden
for both confined and interface modes, but there ha
been no experimental measurements of the strength
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the interactions in either GaAsyAlAs or GaAsyAlGaAs
quantum wells, there has been no experimental wo
showing the effects of interface phonons in quantum we
structures with alloy barriers, and there has been no wo
demonstrating clearly the importance of this interactio
in “normal” well width range (the order of greater than
100 Å) for practical devices (e.g., intersubband detector

The resonant magnetopolaron effect, which has be
studied for a number of years in bulk [17,18] and Q2D [4
6] systems, provides a means of determining the streng
of interactions with specific phonons. When the cy
clotron resonance (CR) frequency,vc  eBympc, is tuned
through the frequency of an appropriate optical phono
a resonant avoid level crossing occurs. The magnitu
of this avoided-level-crossing resonance is a direct me
sure of the strength of the effective interaction. Althoug
such effects have been studied for some time, much
mains unknown or poorly understood. Enhanced [1,19
comparable [20], and reduced [3,5,21] resonant polar
effects (relative to 3D) have been previously reported
Q2D systems. The detailed mechanisms leading to the
observations have been obscured in some cases by in
equate theoretical models for the specific structures, a
in other cases by incomplete experimental data due
an insufficient magnetic field. Nevertheless, appropria
© 1997 The American Physical Society
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experiments spanning the resonant region can reveal
existence of interactions with particular phonon mode
and, when combined with theoretical calculations, can
used to determine the strength of the interaction.

We have carried out an experimental study of ele
tron CR vs magnetic field in three modulation-dope
GaAsyAl 0.3Ga0.7As multiple-quantum-well samples in
magnetic fields up to 30 T. Strong resonant avoide
level-crossing behavior was observed in the region of t
GaAs optical phonons with a large splitting of the CR int
upper and lower branches. In addition, and of paramou
importance, a weaker splitting was observed at higher f
quencies in the region of the AlAs-like optical phonons o
the barriers. This splitting increases with decreasing w
width from 240 to 120 Å, and is attributed to the resona
magnetopolaron interaction of electrons in the GaAs we
with barrier AlAs-like interface phonons. This permits th
direct measurement of the importance of the interaction
a function of well width. The magnitude of the splitting
is in good agreement with theoretical calculations carri
out in the framework of the memory-function formalism
[11] including effects of interface optical phonon mode
as well as screening and occupation effects. Our m
surements, which are sensitive to specific phonons
the spectral specificity of the technique, demonstrate th
even for barriers containing only 30% Al and relativel
wide GaAs wells, the AlAs-like interface phonon mode
associated with the barriers interact significantly wit
electrons in the GaAs wells. A detailed comparison
theory and experiment for the upper and lower branch
in the GaAs optical phonon region for two samples wit
different carrier densities suggests that screening a
occupation effects are significant at the higher density a
are of nearly equal importance.

The far infrared transmission measurements were c
ried out with a Bruker 113v Fourier transform interfero
metric spectrometer in conjunction with a metal light-pip
condensing-cone system and a 4.2 K silicon bolometer
tector on samples maintained at 4.2 K in a 30 T resisti
magnet. The three GaAsyAl 0.3Ga0.7As multiple-quantum-
well (240 Å barrier) samples were grown by molecula
beam epitaxy with fifteen and ten 240 Å wells, and eig
120 Å wells for samplesA, B, and C, respectively. All
samples are doped with silicon donors in the barrie
samplesA andB over central13 and sampleC in a planar
sheet. The measured (from the quantum hall effect) el
tron densities per well for samplesA andB are1.5 3 1011

and 3.0 3 1011 cm22, respectively; the nominal doping
for sampleC is 1.5 3 1011 cm22. The maximum 30 T
magnetic field permits CR measurements that span the
tire GaAs and AlAs optical phonon regions.

Figure 1 is a plot of the measured CR frequency
magnetic field for these samples; the solid lines a
the calculated unperturbed single particle CR transiti
frequencies, which include the conduction band no
parabolicity. The data for all samples show clear, larg
CR splittings in the GaAs reststrahlen region. The fr
the
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FIG. 1. Experimental data for all three samples. The tilte
straight lines in the figures are the calculated CR transitio
including nonparabolicity only.

quencies of the lowest energy branch start to deviate fro
those of the unperturbed CR well below the GaAs-lik
optical phonon energies, and the intermediate branch
proaches the GaAs-like LO phonon frequency from abo
as the field is decreased. The CR frequencies of samp
A andB are indistinguishable at fields below 10 T. Large
differences are observed at higher fields, particularly f
the intermediate branch in the region of resonance w
the GaAs optical phonons.

At higher frequencies there are smaller splittings o
served in the AlAs-like phonon region for samplesA and
C. Raw magnetotransmission spectra for these samp
are shown in Fig. 2, at magnetic fields between 25 a
29 T. For sampleA at 25 and 29 T, there is only one
observable resonance minimum at 348 and391 cm21,
respectively. However, when the CR is tuned throug
the AlAs-like optical phonon region of the barriers
s,26 28 Td, the resonance is clearly split into two
branches. The intermediate energy branch loses inten
gradually when the field is increased, while the highe
energy branch gains intensity over this same region. N
that the pinning frequencys,370 cm21d lies betweenthe
AlAs-like LO and transverse optical (TO) frequencies
The minimum separation between the two branches
27.5 T is approximately8 cm21. A much clearer and
larger splitting is observed in sampleC with a minimum
separation of20 cm21 at 27 T, and pinning frequency
3227
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FIG. 2. Transmission spectra at several different fields d
vided by a zero-field reference spectrum for samplesA and
C. The traces are spaced every 0.5 T, except the lowest tr
in (b). (a) sampleA, (b) sampleC.

close to 370 cm21. The interaction which causes the
splitting clearlyincreaseswith decreasing well width.

There are two possible origins for this splitting
(1) electrons localized in the GaAs wells interacting wit
the AlAs-like slab LO phonons in the barriers due t
electron wave-function penetration into the barriers,
(2) electrons in the GaAs wells interacting with AlAs-like
interfacephonons due to the tail of the interface mode
in the GaAs wells. To estimate the importance of (1
we have calculated the fraction of the probability densi
of the ground confinement subband wave function pen
trating into the Al0.3Ga0.7As barrier for the structures of
samplesA and C. For a 240 Å 3 240 Å structure this
fraction is 3 3 1024; for a 120 Å 3 240 Å structure it
is 2 3 1023. Since the splitting of the CR at resonanc
with the GaAs LO modes is approximately40 cm21 (see
Fig. 1), observed splittings (8 and20 cm21) cannot be
due to the interaction of the electrons in the wells wit
the AlAs-like LO phonons in the barriers, which shoul
scale with the fraction of electron probability in the
barriers because the Fröhlich electron-phonon coupli
constant is approximately the same for GaAss,0.068d
and Al0.3Ga0.7As s,0.073d. Another strong argument
against possibility (1) is the fact that for both wel
widths the pinning energies clearly liebelow the AlAs-
like LO phonon frequency for Al0.3Ga0.7As at helium
temperature [22].

The interaction between electrons and the symmet
pure AlAs interface optical (IO) phonon modes has be
calculated [11]. In order to compare with the prese
experimental results, the contribution from the pure AlA
IO phonon modes is multiplied by 0.3. The modifie
theoretical calculation gives splittings of approximate
10 and16 cm21 near 371 cm21 for the 240 and 120 Å
wells, respectively, in reasonable agreement with t
measured values. This is taken to be a confirmation of t
3228
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assignment. For sampleB the splitting into two branches
is not resolved. It is likely that screening and Paul
principle effects reduce the effective interaction since th
electron density for sampleB is twice that of sampleA.

Dielectric artifacts can also give rise to apparent spli
tings [5,23] in the reststrahlen region due to the resona
dielectric function of the material at the TO frequency. A
computer simulation of the classical dielectric effects [24
in the reststrahlen region in the multilayer structure of ou
samples was performed to examine the possible effect
dielectric artifacts. For the present sample parameters,
measurable CR splitting in the GaAs reststrahlen regio
or in the region of the AlAs-like barrier phonons appear
in the simulation.

To test the above conclusion, detailed theoretical calc
lations for the sample structures are compared with th
experimental results in Fig. 3. Thedifferencebetween
the measured polaron CR frequency and the unperturb
CR frequency is plotted vs the measured frequency. Th
electron-phonon interaction Hamiltonian is given by th
Fröhlich model, with the phonon modes modified due t
confinement and the presence of the interfaces. Thr
types of optical phonon modes can interact with the ele
trons in the wells: (1) symmetric interface optical (IO)
phonon modes, (2) antisymmetric IO phonon modes, an
(3) confined GaAs slab LO phonon modes in the wells
The solid line in Fig. 3 was obtained by considering th
effects of symmetric IO phonon and confined slab LO
phonon modes in a single electron picture. This calcu
lation agrees well with the experimental results over th
entire resonant region. A calculation was also performe
for coupling with only bulk GaAs 3D LO phonons (other
lines in the figure). The results are nearly the same fo
the wider well samples (A andB), except near the AlAs-
like phonon frequencies. This is to be expected for rela
tively wide quantum wells. But the agreement for sampl
C is clearly significantly worse. Confined and interface
modes must be accounted for to get good agreement
this case. The GaAs-like interface phonon modes do n
play an important role over the range of fields and fre
quencies for which the polaron CR is observable sinc
their interaction with electrons is smaller than that of th
GaAs confined phonon modes, and the experiments
not probe into the reststrahlen region where the resonan
occurs. On the other hand, the AlAs-like IO modes d
play an important role since there is no strong interac
tion with any slab modes, and the total AlGaAs thicknes
is small enough that the reststrahlen effect does not o
scure the interaction. The symmetric AlAs-like IO mode
are responsible for the splittings near370 cm21, and in-
clusion of this interaction provides good agreement wit
experiment.

The doping concentrations of the samples lie in a
intermediate regime for which both screening and oc
cupation effects must be considered. The dashed lin
in Fig. 3 are calculated results for coupling with only
bulk GaAs LO phonons, and the dash-dotted lines a
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FIG. 3. Plot of frequency shift vs frequency for three sample
The dots are experimental data. The dashed curves are
coupling with only bulk GaAs optical phonons, the dash-dotte
curves include screening effects within the RPA in addition t
the coupling with the GaAs bulk phonons, and the solid curve
consider the effects of IO phonon and slab LO optical phono
modes.

calculated results in which both screening (within th
static random-phase approximation [10]) and occupatio
effects are taken into account in addition to the couplin
with bulk GaAs optical phonons. It can be seen tha
when occupation and screening effects are included, t
agreement between the calculations and the experim
tal results are further improved in the GaAs region fo
sampleB.

The importance of screening and Landau level occ
pation can also be seen from the region of AlAs-lik
phonons. Since the contribution to the interaction from
screening and occupation effects are both important [2
in this region, the fact that a splitting in the AlAs-like
phonon region is not observed in the higher doped samp
B shows these effects play a strong role here.

Experimental work was performed at the National Hig
Magnetic Field Laboratory, which is supported by NSF
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