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Cyclotron resonance of both magnetopolaron branches for polar and neutral optic-phonon coupling
in the layer compound InSe
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Resonant polaron coupling has been observed by cyclotron resonance of two-dimensional electrons in

the polar semiconductor InSe. Both upper and lower branches of the magnetopolaron are seen over a

wide range of field (B=18-34 T), allowing an accurate test of polaron theories. A homopolar phonon

is also observed to give resonant coupling, via a deformation potential, and we present a theoretical
treatment of this coupling mechanism. This gives an accurate value of g =0.001+0.0005 for the

coupling constant.

The most powerful technique for studying electron-
phonon coupling in semiconductors is cyclotron resonance.
Scanning the magnetic field allows one to induce resonant
coupling by bringing the cyclotron frequency (to„=eB/
m*) into resonance with the phonon frequency coo, where
a strongly renormalized magnetopolaron state is
formed. ' This causes a splitting of the resonance which
is a direct measure of the polaron coupling strength.
Several elegant works have been reported in which this
coupling has been observed through the transfer of inten-
sity between the upper and lower polaron branches in

weakly coupled systems such as the III-V semiconductors
InSb, GaAs, and InAs for both bulk and two-
dimensional ' (2D) systems. Unfortunately simultaneous
observation of both branches has not yet been possible in
these systems as even the polar coupling to longitudinal-
optic (LO) phonons remains a relatively weak perturba-
tion and other factors such as band nonparabolicity com-
plicate the experimental results. For more strongly cou-
pled systems, such as CdTe and AgBr, ' ' the high masses
and strong lattice absorption have prevented any success-
ful studies near to the resonance. This paper describes the
observation of the resonant Frohlich coupling in a more
polar system, InSe, where the splitting has reached over

40% of the phonon energy due to the large Frohlich con-
stant (a) of 0.29, and both branches of the resonance have
been observed simultaneously over a wide field range.
This material also shows a second much weaker example
of resonant phonon coupling, and we have performed
theoretical calculations to demonstrate that this is a spec-
troscopic observation of deformation potential -mediated-
coupling. We use this to measure the coupling strength to
this second phonon which is shown to be much lower than
previously thought.

The material system chosen for study is the layer com-
pound InSe. This has the unusual characteristic that it
contains a number of naturally occurring 2D electron
gases (2DEG), as first demonstrated by Portal etal. '

The 2DEG systems are formed at stacking faults in the
layers, and can exhibit both high mobilities, and well-
defined quantum transport phenomena. ' ' The structur-
al properties allow us to cleave very thin layers of material
(a few tens of micrometers) which contain several in-

dependent 2D layers giving a large total sheet density of
order 2x10' cm, and hence a large total absorption.
The individual 2DEG's are of low density (of order
1 x 10" cm carriers), and are therefore in the quantum
limit at relatively low magnetic fields ()4 T). This is im-
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portant, as occupation effects have been shown to strongly
suppress resonant polaron coupling in high-density sys-
tems. ' ' The anisotropic crystal structure results in an-
isotropic band structure and phonon properties, so that the
polaron coupling constants are also anisotropic. The
Frohlich constant a& defined as
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gives a& =0.29 for motion perpendicular to the c axis, us-

ing accepted values for the phonon frequencies, '

masses, ' and dielectric constants. ' In contrast, motion
along the e axis would couple with an aII of only 0.08.

The experiments consist of direct transmission measure-
ments, close to but outside the reststrahl region (22.3-
27.3 meV), using an optically pumped far-infrared laser,
and both continuous and pulsed magnetic fields (up to 40
T). Sample temperatures were typically 10 K. Experi-
mental recordings for the upper polaron branch, taken in

single shots of the pulsed-field system are shown in Fig. I,
and the accurate field positions were taken from the aver-
age of several different pulses. No difference was detected
between the resonance positions measured in dc fields (up
to 30 T) and the pulsed-field measurements.

The resonance and effective masses are plotted as a
function of field in Figs. 2(a) and 2(b). The latter shows
the very large renormalization effects present in this ma-
terial, with a splitting between the upper and lower
branches of 11 meV at resonance (-40% of the LO pho-
non energy). The splitting of the cyclotron resonance
peak is larger than the reststrahlen band, in contrast to
previous work on weakly polar semiconductors, where its
presence has prevented the simultaneous observation of
both branches. The effective mass varies by over a factor
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FIG. 2. (a) The resonance position and (b) effective mass

plotted as a function of magnetic field. The lines show the re-
sults of theory in the limits of 3D and 2D, and after correction
for the finite spatial extent in the third dimension (Q2D). The
two branches of the polaron are inverted by the effective mass
plot.
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of 2. The strength of this coupling, and the wide range of
fields over which both branches are observed (-16 T),
makes this experiment an excellent test of the existing
theories for resonant polaron coupling. The data have
been fitted using the memory function approach, '

starting from the Frohlich Hamiltonian
2

1 e
H = p+ —A +g hrokai, ai,
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FIG. I. Typical experimental recordings from single-shot
pulsed-field measurements of the upper branch of the magneto-
polaron. The transmission is measured using a fast Ge detector,
and accurate resonance positions are obtained by averaging
several shots.

+g (Vqaqesi; r+ Visa Je sk r)—
where roi, = roLo, and ( Vis~

=a(4n/V) (h/2mbroLo)
x (h roLo) /k, with V the crystal volume and mb the elec-
tron band mass. In Fig. 2 the dashed, dotted, and solid
lines show the results of theoretical calculations for cou-
pling to the LO phonon in bulk (3D), sheet (2D), and
quasi-2D (Q2D) systems with a =0.29. The agreement is
reasonable for the 3D case, but is better for the quasi-2D
system, where account is taken of the finite z extent of the
2DEG in the symmetric planar layer by fitting with a
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wave function ~+(z)
~

—e i i~', with a =36 A. This
value is in good agreement with the effective Bohr radius
for shallow impurities in this material (41 A), which give
binding energies very similar to those found for the 2D
layers. A small additional mass increase of 0.14%/T
was added to account for the estimated band nonparaboli-
city, using a conventional Kane model with a band gap of
1.32 eV. The reduction in the splitting from the perfect
2D case is obviously quite large, as can be seen by com-
parison of the experimental mass splitting
(Am*/m* = ~0.20) with either the exact numerical re-
sult (hm*/m* = ~ 0.32) or the analytical formula for the
weak-coupling limit of hm*/m* = ~ —,

' a'~'rr'~, which

gives a splitting of 0.31. The reduction in splitting is
thus in good agreement with early predictions of this
eA'ect.

One further noticeable factor in the resonant-coupling
region is a splitting of the resonance into two components
very close to the LO phonon frequency, for the traces at
42. 16 Ittm (29.4 meV) and 41.35 pm (30.0 meV). We
cannot be definite about the cause of this but it is probably
due to the presence of more than one polytype of InSe
(Ref. 24) close to the 2D layers with slightly different LO
phonon frequencies. The resonance position will be very
strongly dependent on the exact phonon frequency at this
point. A further possibility which cannot be ruled out is
the presence of 2D layers of slightly diA'erent carrier con-
centrations which contribute separate resonances, al-
though this is thought to be less likely as no splittings are
observed at lower frequencies.

Careful examination of the eAective mass plots shows
that a second resonant coupling also occurs in the region
17-18 T, as shown in the expanded plot of Fig. 3. In our
earlier work on this material we have attributed this be-
havior to a coupling to a homopolar optic (HO) phonon at
14.6 meV. This is a new observation of polaronic behavior
as there is no macroscopic electric field associated with
this phonon mode, and the only coupling mechanism is via
a deformation potential. The coupling is, however,
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FIG. 3. An expanded portion of the plot of effective mass

against magnetic field in the region of the homopolar optic
(HO) phonon coupling. The lines show the results of theory for
the LO coupling alone (polaron) and using three different values

of the HO phonon coupling constant g .

thought to be quite strong, as this mode modulates the in-
dividual layer thicknesses, and it has been reported that
it can make significant contributions to limiting the car-
rier mobilities at intermediate temperatures. The obser-
vation of resonant polaron behavior mediated by a defor-
mation potential oA'ers a different and much more accu-
rate way to assess the importance of this coupling, and is
direct evidence of polaron formation via a deformation po-
tential. Deliberate tilted field experiments have shown
that this feature cannot be attributed to any sample
misorientation and consequent resonant subband-Lan-
dau-level coupling, which occurs at lower energies.

The strength of the HO phonon coupling in layer corn-
pounds has been a subject of some controversy recent-
ly, ' and direct comparison with experiment. has been
precluded until now due to the lack of a polaron theory
which has treated deformation potential coupling in mag-
netic fields. We have treated the resonant coupling using
the memory function formalism and the Hamiltonian [Eq.
(2)) in the same way as for the Frohlich polaron. For the
HO phonon interaction the matrix element becomes

=g (4x/V)(hnIHo) /kHo, where g is the dimen-
sionless electron HO phonon coupling constant, and
kHo=(2mbcoHo/h) ' . We note immediately that this is

independent of wave vector k, in contrast to the LO pho-
non matrix element. The finite wave-function extent was
again taken into account using the symmetric wave func-
tion fitted to the LO coupling. This factor is very impor-
tant for the homopolar interaction, as a result of the
different wave-vector dependence of

~ Vk~ and the larger
polaron radius (-45 A compared to 33 A for the
Frohlich polaron).

The results are shown in Fig. 3, where a direct fit has
been made to the data which includes both the non-

resonant LO phonon coupling, and the resonant HO pho-
non terms. As can be seen the inclusion of both terms pro-
vides an excellent fit to the data, using a value for the cou-
pling constant g =0.001+ 0.0005. Calculations are also
shown for the limits of perfect 2D or 3D coupling to the
HO phonon, which clearly demonstrates the much greater
sensitivity of the interaction to the finite wave-function ex-
tent. If 3D coupling is assumed the value deduced for g
is still very small, only increasing to 0.004. In previous
work, where g was fitted to the high-temperature mobili-

ty, a value over an order of magnitude larger was deduced.
This was probably due to difficulties in simultaneously in-

corporating both the HO and LO phonon scattering,
which have rather similar temperature dependences, along
with a number of other sample-dependent parameters.
For cyclotron resonance in the coupling region the split-
ting of the resonance is only sensitive to the HO phonon
interaction, while the LO phonon coupling and band non-

parabolicity only shift the average position of the split res-
onance.

In summary, we have been able to observe both
branches of the resonant magnetopolaron for two diAerent

types of optic phonon in the same material allowing a
rigorous comparison with theory. The polar LO phonon
produces large renormalization of the eAective masses due
to its stronger coupling, which is well described by exist-
ing theory. The deformation potential HO phonon is very
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weakly coupled, and we present the first theoretical results
for a deformation potential mediated magnetopolaron,
which allows us to show that its coupling constant is much
smaller than previously thought.
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