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In electron inversion layers on InSb the cylotron resonance energies and linewidths are
found to exhibit a marked discontinuity in the vicinity of the bulk longitudinal-optical-phonon
energy. These features are attributed to resonant electron-phonon interaction in the two-
dimensional electron system. The experimentally observed mass discontinuity indicates
that the electron—optical-phonon interaction in a two-dimensionally confined electron sys-
tem is enhanced in comparison to the three-dimensional case.

PACS numbers: 73.40.Qv, 71.38.+i, 78.20.Ls

Here we report on the observation of magneto-
polaron effects in a two-dimensional electron
system (2DES) that is created by field effect' at
the semiconductor-oxide interface in a metal-
oxide-semiconductor (MOS) structure on p-InSb.
In our experiments we investigate the frequency
dependence of the cyclotron resonance (CR) of in-
version-layer electrons at discrete laser ener-
gies below and above the reststrahlen region.
Resonant electron-phonon interaction is observed
to cause discontinuities in the cyclotron energies
and linewidths of Landau transitions in different
electric subbands as the laser energy is varied
from below to above the longitudinal optical (LO)
phonon energy. Our investigations constitute the
first clear experimental evidence that the two-
dimensional confinement of the electron system
causes a significant enhancement of the electron-—
optical-phonon interaction.

The nature of the electron-optical-phonon coup-
ling in systems of reduced dimensionality in polar
semiconducting materials has recently attracted
much theoretical interest® ® and a variety of as-
pects of the surface polaron problem have been
pointed out. An electron near the surface of a
polar material not only couples to bulk LO phon-
ons, but also may interact with surface optical
phonons and purely two-dimensional optical-
phonon modes. It has been argued that the pres-
ence of the interface makes it possible for phonons
with arbitrary wave vectors perpendicular to the
surface to participate in the interaction process.?
This may alter the self-energy correction as
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compared to the bulk case. Because of the com-
plete quantization of a two-dimensional electron
gas in the presence of a magnetic field, the reso-
nant interaction of Landau electrons with LO
phonons is also expected to be much sharper than
in the bulk.

In inversion layers of MOS structures the elec-
tron motion normal to the surface is quantized in
electric subbands E; as a result of the surface
electric field, while the electrons are free to
move parallel to the surface.! If a magnetic field
B is applied perpendicular to the surface the par-
allel motion becomes quantized in Landau levels
n. With neglect of electron spin, the energy
spectrum is given by E; ,=E; +kw; ,(n +3)
where w; , =eB/m¢, 2 and m; , is the frequency-
dependent cyclotron mass of the n ton +1 Landau
transition in the subband ¢ .

Since CR in #-InSb has successfully been used
to study volume magneto-polarons,* ° and surface
CR in inversion layers on InSb has been inves-
tigated previously®’ 7 to determine CR masses in
their dependence on electric subband index and
inversion electron density, CR seems best suited
also to obtain information on the electron-optical-
phonon interaction in a 2DES. For such experi-
ments it is vital to fabricate MOS structures with
very high inversion-layer mobilities to be able to
extract the relatively small polaron effects. The
substrates of our MOS capacitors are Ge-doped
(N, =~10" cm™3%) p-type InSb(111) platelets with a
typically 400-nm-thick SiO, gate insulator® and a
semitransparent NiCr gate contact.
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The experimental techniques are similar to
those in previous reports.®”” Some of the present
experiments are also performed in tilted magnetic
fields, i.e., the magnetic field vector is tilted by
an angle O from the direction normal to the in-
version layer. Surface CR is observed in the
relative change in transmission AT /T =~ [ T(V,)
-T(Vy))/T(V,,) where V, is the gate voltage and
V:n the inversion threshold. The latter is deter-
mined from the onset of the high-frequency field-
effect mobility do(w)/dV, which is proportional to
dT/dv,.° At electron densities >10'' ¢m™ 2 the
mobile-electron density n is determined from
Shubnikov—de Haas (SdH) experiments® at micro-
wave frequencies. At densities n;,y 510! cm™ 2
where it is not possible to observe SdH oscilla-
tions clearly, the mobile-electron density is ex-
tracted from the integrated CR intensity” and is
significantly lower than the induced-electron den-
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FIG. 1. CR traces for various laser energies below
and above 7wy = 24.4 meV. Subband CR’s are indicated
by the subband indices 0 and 1. The structures on the
low-field side are impurity and bulk-electron reso-
nances. The shoulders at the high-field side are quan-
tum oscillations.

sity.

At high electron densities typical CR spectra as
shown in Fig. 1 for various laser energies fiw be-
low and above the LO-phonon energy Zwy o are
rather complicated. To extract the desired in-
formation on the electron-optical-phonon inter-
action, identification of the individual peaks in
Fig. 1 is necessary. Figure 2 shows the depen-
dence of the CR signal on electron density », and
tilt angle © at a laser energy w < Zw;o. The CR
maxima at high magnetic fields B shift with densi-
ty as is known for subband CR in InSb,*" 7 and de-
pend on tilt angle as is expected for surface CR.°
In contrast, the resonance positions of the sharp
peaks at low magnetic fields depend neither on
density nor on tilt angle within the precision of
our measurements (Am =+ 0,0002). The peak at
B =2.25 T lies below the bulk electron CR of InSb
and changes its intensity with gate voltage V,.
From fits to the line shape we find that the cor-
responding states start to be filled at about the
threshold voltage and are filled to a maximum
density of about 1.5X10° cm™2, Therefore we
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FIG. 2. CR traces for various densities ng and tilt
angles 6. The structures at B =2.25 and 2.39 T are
impurity and bulk-electron resonances, respectively.
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interpret this peak as a surface-bound-impurity
transition. The intensity of the small peak at B =
2.39 T does not significantly depend on gate vol-

tage, its width corresponds to a mobility of 3 X 10%5

cm? V™! g71, and its position always coincides
with the one of bulk CR in z-InSb.'° This leads
us to interpret it as a gate-voltage—induced con-
duction-band CR. This is surprising since the
substrate is p type, as is confirmed by the ob-
servation of a gate-voltage—independent CR sig-
nal of bound holes'! in the transmission T. How-
ever, from our fits to the CR signals such as in
Fig. 2 we find that below 7 ~1X10'"! ¢m™2 a large
fraction of the induced electrons is trapped in
surface states. Probably, slow charging of at
least part of these states as the gate voltage is
square-wave modulated at typically 10 Hz leads
to a small current of bulk electrons. This may
cause the small bulk CR signal that corresponds
to an electron density of about 5X10° cm™ 2. No
bulk-electron signal can be detected above fiwy o
in our experiments (see Fig. 1). This may be
explained by the bulk-electron-LO-phonon inter-
action® that is expected to increase the linewidth
of the bulk-electron signal by a factor of 5.

Because of the relatively high mobility in our
samples the resonant magnetic fields of the CR
transitions discussed above, i.e., the cyclotron
masses, can be read from the positions of the
maxima in traces like those in Figs. 1 and 2.
The thus-obtained frequency dependence of the
CR masses is shown for two densities in Fig. 3.
For comparison, volume conduction-electron
masses® are included in Fig. 3 as solid lines.

In Fig. 3, all masses show marked discontinu-
ities near the bulk LO-phonon energy Zw o.
Whereas in bulk n-InSb the discontinuous changes
of the cyclotron mass at Zw; o for conduction
electrons and impurities are reported to be iden-
tical,’ the discontinuity for the field-effect-in-
duced impurity transition observed here is en-
hanced by about a factor of 3 at ZAw =26.6 meV,
which is the closest energy to fiw; o in our ex-
periments.

The CR masses of the ground and first excited
subband, m, and m,, respectively, exhibit dis-
continuities that are significantly enhanced as
compared to the bulk case. The general increase
with frequency reflects the nonparabolicity of the
electric subbands. Deviations from this general
behavior (see Fig. 3) are relatively small and
are probably caused by quantum oscillations,® 2
which also have been found to be responsible for
the broad structures on the high-field side of the
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FIG. 3. Frequency dependence of CR masses for
subband and impurity (open circles) transitions for two
densities n,. At ng=2x10'! cm™ only masses of the
ground subband (solid circles) are observed, whereas
at ng = 1x10'2 em™ in addition to the ground subband
masses (squares) the masses of the first excited sub-
band (triangles) are observed. The masses as deter-
mined from the resonant fields are accurate to about
0.0002m,. For comparison, the conduction-band
masses of bulk InSb are given as solid lines (after Ref.
5). The reststrahlen band of InSb is indicated by the
hatched region.

traces in Fig. 1.

Discontinuities in the linewidths’” are observed
as an increased broadening only at Zw =26.6 meV.
This is consistent with theoretical predictions,?
where the resonant interaction of the totally quan-
tized two-dimensional Landau electrons is ex-
pected to be sharper than in the bulk case.

Quantitative comparison with theory would be
desirable to get a more detailed insight into the
nature of the electron-LO-phonon interaction in
two-dimensionally confined electron systems and
its effect on the electron energies. The influence
of screening should be incorporated, as is sug-
gested by recent studies of the cyclotron splitting
in GaAs-Ga, Al,., As heterostructures'® and
Hg,., Cd, Te MOS structures'* which are claimed
to provide evidence of a reduced electron—-LO-
phonon coupling in such 2D systems. At present
we may not even speculate on the relative change
of the polaron self-energy with increasing elec-
tron density, because both the 2D polaron effect
and the 2D screening effect are expected to de-
pend on density.

To summarize, we have found polaron effects
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in the CR absorption of inversion electrons in
InSb via discontinuities in the CR masses and
linewidths near the bulk LO-phonon energy. The
resonant self-energy correction of the two-dimen-
sionally confined electrons is enhanced as com-
pared to that of the bulk electrons, indicating an
enhanced electron-optical-phonon interaction
near the surface of a polar semiconductor.
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Nonlinear Conductivity and Noise in the Quasi One-Dimensional Blue Bronze K, ;(0Mo00;
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Nonlinear electrical conductivity associated with a large noise voltage has been observed
in the semiconducting charge-density-wave state of the blue bronze K;3M0O;. A well de-
fined and strongly temperature-dependent threshold field for the onset of the nonlinear con-
ductivity is found. Both broadband noise and quasiperiodic noise are detected above the
threshold field. These results, including the observation of long relaxation times, are dis-
cussed in relation with the current models for charge-density-wave transport.

PACS numbers: 72.20.Ht, 72.70.+m, 72.80.Ga

Much effort has been devoted these last years
to the study of the nonlinear transport properties
of two transition-metal trichalcogenides, NbSe,
(Ref. 1) and TaS,.? These compounds are quasi
one-dimensional metals at room temperature
and show Peierls transitions related to charge-
density-wave (CDW) instabilities below. In the
CDW state, the conductivity is non-Ohmic above
a sharp threshold electric field £,. In the non-
linear regime, both broadband and so-called
narrow-band noise involving well defined fre-
quencies and their harmonics have been found.®
These results support a model of a new type of
collective transport due to the sliding of the
CDW, related to either a depinning® or a tunnel-

ing® of the CDW, Up to now, the search for simi-
lar effects in other classes of compounds had
been unsuccessful.

We report now the observation of nonlinear con-
ductivity occurring above sharp threshold fields
as well as of broadband and quasiperiodic noise
in a transition-metal oxide, the so-called blue
bronze K, ;,0M00,. In addition to properties simi-
lar to those of NbSe, and TaS,, we have observed,
close to the threshold field, an intermittent re-
gime of voltage pulses, with a time scale of the
order of 18, and in all cases time-dependent ef-
fects suggesting the importance of metastable
states. We propose that these properties are due
to the sliding of the CDW under the effect of the
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