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Polaron cyclotron resonance (CR) has been studied in three modulation-dopedAGa/3a, ;AS
multiple quantum well structures in magnetic field up to 30 T. Large avoided-level-crossing splittings
of the CR near the GaAs reststrahlen region, and smaller splittings in the region of the AlAs-like
optical phonons of th AlGaAs barriers, are observed. Based on a comparison with a detailed theoretical
calculation, the high frequency splitting, the magnitude of which increases with decreasing well width, is
assigned to resonant polaron interactions with AlAs-like interface phonons. [S0031-9007(97)04404-9]

PACS numbers: 71.38.+i, 71.70.Di, 78.20.Ls

The interaction of charge carriers with optical phononsthe interactions in either GafA8lAs or GaAsAlGaAs
in quasi-two-dimensional (Q2D) systems has been ofjuantum wells, there has been no experimental work
considerable interest both experimentally [1-6] andshowing the effects of interface phonons in quantum well
theoretically [7—12] for several years, since the electronistructures with alloy barriers, and there has been no work
properties of semiconductors, particularly energy losgslemonstrating clearly the importance of this interaction
mechanisms for hot carriers, are strongly affected byn “normal” well width range (the order of greater than
this interaction. For bulk polar materials, the dominant100 A) for practical devices (e.g., intersubband detectors).
interaction is between the charge carriers and longitudinal The resonant magnetopolaron effect, which has been
optical (LO) phonons [7]. Interface and confined phononsstudied for a number of years in bulk [17,18] and Q2D [4—
[11,12] and their interaction with charge carriers in quan-6] systems, provides a means of determining the strength
tum wells have received considerable attention recentlypf interactions with specific phonons. When the cy-
and it has been shown theoretically that these modesiotron resonance (CR) frequeney, = eB/m*c, is tuned
can play a significant role in narrow wells. However, through the frequency of an appropriate optical phonon,
a number of issues remain unresolved. In particulara resonant avoid level crossing occurs. The magnitude
a sum rule [13] makes it difficult to deconvolve the of this avoided-level-crossing resonance is a direct mea-
relative important of interactions with the various phononsure of the strength of the effective interaction. Although
modes of confined systems from measurements whicbuch effects have been studied for some time, much re-
are not phonon-frequency specific [14]. There has alsonains unknown or poorly understood. Enhanced [1,19],
been some controversy about the importance of interfaceomparable [20], and reduced [3,5,21] resonant polaron
and confined phonon modes in the region of resonangffects (relative to 3D) have been previously reported in
magnetopolaron interaction with GaAs phonons [6,11,12]Q2D systems. The detailed mechanisms leading to these
Raman scattering studies of short period Ga&Wds  observations have been obscured in some cases by inad-
superlattices [15,16] have provided experimental evidencequate theoretical models for the specific structures, and
for both confined and interface modes, but there havén other cases by incomplete experimental data due to
been no experimental measurements of the strength @i insufficient magnetic field. Nevertheless, appropriate
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width from 240 to 120 A, and is attributed to the resonant § 350

magnetopolaron interaction of electrons in the GaAs wells @

with barrier AlAs-like interface phonons. This permits the E 300

direct measurement of the importance of the interaction as 250

a function of well width. The magnitude of the splitting 200

is in good agreement with theoretical calculations carried 150

out in the framework of the memory-function formalism 100

[11] including effects of interface optical phonon modes, s Sample B a

as well as screening and occupation effects. Our mea- . . | | . . .

surements, which are sensitive to specific phonons via 0 5 10 15 20 25 30 35
the spectral specificity of the technique, demonstrate that, ]
even for barriers containing only 30% Al and relatively Field (T)
wide GaAs wells, the AlAs-like interface phonon modesg|g, 1. Experimental data for all three samples. The tilted
associated with the barriers interact significantly withstraight lines in the figures are the calculated CR transitions
electrons in the GaAs wells. A detailed comparison ofincluding nonparabolicity only.
theory and experiment for the upper and lower branches
in the GaAs optical phonon region for two samples withquencies of the lowest energy branch start to deviate from
different carrier densities suggests that screening anthose of the unperturbed CR well below the GaAs-like
occupation effects are significant at the higher density andptical phonon energies, and the intermediate branch ap-
are of nearly equal importance. proaches the GaAs-like LO phonon frequency from above
The far infrared transmission measurements were caas the field is decreased. The CR frequencies of samples
ried out with a Bruker 113v Fourier transform interfero- A andB are indistinguishable at fields below 10 T. Larger
metric spectrometer in conjunction with a metal light-pipedifferences are observed at higher fields, particularly for
condensing-cone system and a 4.2 K silicon bolometer dehe intermediate branch in the region of resonance with
tector on samples maintained at 4.2 K in a 30 T resistivehe GaAs optical phonons.
magnet. The three GafAal;Ga);As multiple-quantum- At higher frequencies there are smaller splittings ob-
well (240 A barrier) samples were grown by molecularserved in the AlAs-like phonon region for samplesand
beam epitaxy with fifteen and ten 240 A wells, and eightC. Raw magnetotransmission spectra for these samples
120 A wells for samplest, B, and C, respectively. All are shown in Fig. 2, at magnetic fields between 25 and
samples are doped with silicon donors in the barriers29 T. For sampled at 25 and 29 T, there is only one
samplesA and B over central% and sampleC in a planar  observable resonance minimum at 348 &$d cm™!,
sheet. The measured (from the quantum hall effect) eledespectively. However, when the CR is tuned through
tron densities per well for sampldsandB arel.5 X 10!'  the AlAs-like optical phonon region of the barriers
and 3.0 X 10'" cm™2, respectively; the nominal doping (~26-28 T), the resonance is clearly split into two
for sampleC is 1.5 X 10" cm 2. The maximum 30 T branches. The intermediate energy branch loses intensity
magnetic field permits CR measurements that span the egradually when the field is increased, while the highest
tire GaAs and AlAs optical phonon regions. energy branch gains intensity over this same region. Note
Figure 1 is a plot of the measured CR frequency vshat the pinning frequencf~370 cm™!) lies betweerthe
magnetic field for these samples; the solid lines areAlAs-like LO and transverse optical (TO) frequencies.
the calculated unperturbed single particle CR transitiorThe minimum separation between the two branches at
frequencies, which include the conduction band non27.5 T is approximately8 cm™'. A much clearer and
parabolicity. The data for all samples show clear, largdarger splitting is observed in sampt& with a minimum
CR splittings in the GaAs reststrahlen region. The freseparation of20 cm™!' at 27 T, and pinning frequency
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T T T T T T T T assignment. For samplRthe splitting into two branches
—\/\W is not resolved. It is likely that screening and Pauli
i ] principle effects reduce the effective interaction since the
W electron density for sampl® is twice that of sampld.
T~ Dielectric artifacts can also give rise to apparent split-
e S8 Sl tings [5,23] in the reststrahlen region due to the resonant
T ~————"] dielectric function of the material at the TO frequency. A
e~ —] computer simulation of the classical dielectric effects [24]

D U in the reststrahlen region in the multilayer structure of our
] samples was performed to examine the possible effect of

1 [ ~~——"~_ dielectric artifacts. For the present sample parameters, no
] w measurable CR splitting in the GaAs reststrahlen region
Sample A ] Sample C ] or in the region of the AlAs-like barrier phonons appears
L ] Lo ] in the simulation.
WO WD w0 F0 W0 E0 M0 w0 w0 w0 w0 e To test the above conclusion, detailed theoretical calcu-
lations for the sample structures are compared with the
FIG. 2. Transmission spectra at several different fields diexperimental results in Fig. 3. Thdifferencebetween
vided by a zero-field reference spectrum for sampleand  the measured polaron CR frequency and the unperturbed
C. The traces are spaced every 0.5 T, except the lowest trageg frequency is plotted vs the measured frequency. The
in (b). (a) samplet, (b) samplec. electron-phonon interaction Hamiltonian is given by the
Frohlich model, with the phonon modes modified due to
close t0370 cm™!. The interaction which causes the confinement and the presence of the interfaces. Three
splitting clearlyincreaseswith decreasing well width. types of optical phonon modes can interact with the elec-
There are two possible origins for this splitting: trons in the wells: (1) symmetric interface optical (I0)
(1) electrons localized in the GaAs wells interacting withphonon modes, (2) antisymmetric 10 phonon modes, and
the AlAs-like slab LO phonons in the barriers due to(3) confined GaAs slab LO phonon modes in the wells.
electron wave-function penetration into the barriers, ofThe solid line in Fig. 3 was obtained by considering the
(2) electrons in the GaAs wells interacting with AlAs-like effects of symmetric IO phonon and confined slab LO
interface phonons due to the tail of the interface modesphonon modes in a single electron picture. This calcu-
in the GaAs wells. To estimate the importance of (1)lation agrees well with the experimental results over the
we have calculated the fraction of the probability densityentire resonant region. A calculation was also performed
of the ground confinement subband wave function penefor coupling with only bulk GaAs 3D LO phonons (other
trating into the A};Ga;As barrier for the structures of lines in the figure). The results are nearly the same for
samplesA and C. For a240 A x 240 A structure this the wider well samplesA( and B), except near the AlAs-
fraction is3 X 107%; for a 120 A X 240 A structure it  like phonon frequencies. This is to be expected for rela-
is2 X 1073, Since the splitting of the CR at resonancetively wide quantum wells. But the agreement for sample
with the GaAs LO modes is approximatel) cm~! (see C is clearly significantly worse. Confined and interface
Fig. 1), observed splittings (8 ar@h cm™!) cannot be modes must be accounted for to get good agreement in
due to the interaction of the electrons in the wells withthis case. The GaAs-like interface phonon modes do not
the AlAs-like LO phonons in the barriers, which should play an important role over the range of fields and fre-
scale with the fraction of electron probability in the quencies for which the polaron CR is observable since
barriers because the Frohlich electron-phonon couplingheir interaction with electrons is smaller than that of the
constant is approximately the same for GaAs0.068)  GaAs confined phonon modes, and the experiments do
and Abs;Ga;As (~0.073). Another strong argument not probe into the reststrahlen region where the resonance
against possibility (1) is the fact that for both well occurs. On the other hand, the AlAs-like I0 modes do
widths the pinning energies clearly ligelowthe AlAs-  play an important role since there is no strong interac-
like LO phonon frequency for AkGay;As at helium tion with any slab modes, and the total AlGaAs thickness
temperature [22]. is small enough that the reststrahlen effect does not ob-
The interaction between electrons and the symmetriscure the interaction. The symmetric AlAs-like IO modes
pure AlAs interface optical (I0) phonon modes has beerare responsible for the splittings ne3t0 cm™!, and in-
calculated [11]. In order to compare with the preseniclusion of this interaction provides good agreement with
experimental results, the contribution from the pure AlAsexperiment.
I0 phonon modes is multiplied by 0.3. The modified The doping concentrations of the samples lie in an
theoretical calculation gives splittings of approximatelyintermediate regime for which both screening and oc-
10 and16 cm™! near371 cm™! for the 240 and 120 A cupation effects must be considered. The dashed lines
wells, respectively, in reasonable agreement with thén Fig. 3 are calculated results for coupling with only
measured values. This is taken to be a confirmation of thibulk GaAs LO phonons, and the dash-dotted lines are
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