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Microwave helicon transmission is investigated in n-type InSb and InAs
in the quantum region. Experiments are performed at 4.2°K on highly
degenerate samples in fields up to 150kG using a 35 Gc microwave inter-
ference technique. Quantum oscillations of the helicon amplitude are
observed, and the effects of spin-splitting are resolved. Slight quantum

oscillations are also observed in the helicon dispersion.

Helicon damping

seen beyond the oscillatory range is related to the behavior of the diago-
nal conductivity in the presence of ionized impurity scattering in strongly

degenerate plasmas.

Theoretical

§1.

The problem of helicon wave propagation is
conveniently formulated in terms of the con-
ductivity tensor. For propagation along an
external magnetic field B (taken in the z-
direction) in materials with spherical constant
energy surfaces, we have"

a=(powaly)* (1)
!

p=%aZz | (2)
Ozy

where a and g are the dispersive and absorptive
parts of the propagation vector, g, is the perme-
ability of free space, » the frequency, and the
single prime indicates the real part of the com-
plex components g;; of the conductivity tensor.

It was pointed out in a recent publication"
that in the parameter range corresponding to
the helicon limit, the ¢;; components in egs.
(1) and (2) can be, as a good approximation,
replaced by their dc counterparts. This formula-
tion is particularly useful in cases for which
the explicit general high frequency model is not
known or is too cumbersome for direct appli-
cation, as in the case of degenerate quantum
electron gas involving collisions. The above
approximation will be used throughout this
paper, and the prime on g;; will henceforth be
dropped.

It is well known from the dc theory that
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in strong magnetic fields ¢,, is given by ne/B,
and is independent of quantum contributions as
well as of the form of the distribution function.?
On the other hand ¢,,, With its explicit depend-
ence on carrier scattering, will be drastically
affected by both degeneracy and quantization.
In the case at hand, i.e. in the strongly de-
generate quantum region in InSb and InAs,
helicon damping will then display an oscillatory
character. The condition for maxima in g,,,
which correspond to minima in helicon trans-
mission, can be obtained on the basis of the
theory for the spin-dependent Shubnikov-de Haas
effect’ by eqgs. (6) and (7) of ref. 1).

§2. Experimental

Helicon wave transmission in n-type InSb and
InAs in the degenerate quantum region was
investigated at 35 Gc. A series of samples with
concentration n ranging from 10" to 10" cm™
was studied. Experiments were performed in
fields up to 150kG, i.e. extending well into the
extreme quantum limit for the lower concentra-
tions. The Rayleigh-type microwave interfero-
meter technique, described earlier,”” was adapted
to measurements at liquid helium temperatures.

a) Microwave Shubnikov-de Haas effect

Figure 1 shows typical X-Y recorder data of
a set of Rayleigh interferograms, taken at 4
phase settings of the interferometer bridge, as
indicated. The period of the patterns yields «
(and thus n), and the envelope displays the
behavior of g (and thus ¢,,) as a function of
the field.¥” The dashed lines indicate the inter-
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Fig. 1. XY recorder data showing Rayleigh interference patterns obtained at 4 phase shifter
settings 90° apart as a function of magnetic field. Sample thickness is 4.0mm. The dashed
lines indicate the envelope of helicon transmission obtained when the sample was warmed up
to 77°K. The arrows indicate theoretical positions for transmission minima.

ferogram envelope obtained under identical con-
ditions at 77°K. The fields satisfying eqs. (6)
and (7) of ref. 1) for the concentration 7.1 x 10
cm™®, obtained from the interference period, are
indicated by the arrows. Note the spin splitting
of the N=1 level. Note also that the last
transmission minimum occurs at a field ap-
preciably lower than the corresponding theo-
retical value. It was recently pointed out® that
there exist several mechanisms, notably carrier
collisions and a possible departure of » from a
constant value in the vicinity of the last singu-
larity, which will tend to lower the value of
B,". Tt is important at this point to indicate the
distinction between the helicon data and the dc
galvanomagnetic measurement. It is easily seen
that the helicon extinction coefficient varies as
GuaOay *=0,.B"%|(ne)'/?, while transverse dc
magnetoresistance  equals  6,,04, " =0,,B°/n’e".
Thus, in the case of broadening of the ¢,, ex-
trema (as by collisions) the helicon 8 is expected
to yield an amplitude minimum closer to the field

corresponding to the actual singularity. On the
other hand, it must be born in mind that the
helicon amplitude varies as B exp (—gz), and
the presence of the B'/* term provides additional
background tending to shift the minima to lower
fields. The latter effect becomes relatively in-
significant when thick samples are involved.
The advantage of taking data with multiple
phase settings lies not only in a precise definition
of the envelope (as illustrated in Fig. 1), but
in addition offers closely spaced crossover points
which permit one to study the details of dis-
persion variation as a function of magnetic field,
e.g. within the span of a single quantum oscil-
lation. Dispersion data obtained in this manner
reveal a small but systematically reproducible
oscillation in « as a function of the field. This
oscillation, superimposed on the B~"/* variation,
is typically of the order of 19 or less in the
magnetic field region below B;, but rises to
about 5% in the vicinity of B,". The behavior
corresponds closely to that observed for the dc
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Hall effect.” 1t can be shown that in a more
exact form eq. (1) will contain a factor
(1+36%,/0%,)"/?, which makes a small oscillatory
contribution to the helicon dispersion.” How-
ever, the phase of the oscillation in « with
respect to the g-oscillation, as well as its mag-
nitude, show that the above correction is in-
sufficient to explain the observed results. As
suggested in connection with the dc Hall effect
data,” it is possible that the total carrier density
fluctuates somewhat near B, and is thus re-
sponsible for the observed effects in helicon
dispersion. An alternate mechanism which can
affect the phase relationship between the respec-
tive quantum oscillations in ¢,, and ¢, Wwas
recently discussed by Antcliffe and Stradling,”
also in connection with dc measurements. Be-
cause of their complimentary nature, it should
be interesting to compare the dc and the helicon
data in detail.

Figure 2 summarizes the helicon amplitude
measurements obtained on n-type InSb crystals.
The theoretical lines representing By* vs. n
were obtained through eqs. (6) and (7) of ref. 1).
Non-parabolicity of the conduction band was
taken into account in the g-factor® and the
effective mass® involved in the calculation. The
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Fig. 2. Summary of InSb absorption data. The
lines represent fields corresponding to singulari-
ties in the density of states calculated using
the Gurevich-Efros expressions as a function of
carrier concentration. Concentration for the
experimental points was obtained from the cor-
responding helicon dispersion data. Note the
systematic departure of theory and experiment
in the case of By*. Experimental data for other
extrema are also slightly shifted to lower fields,
though much less appreciably than in the Bo*
case.
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experimental points indicate positions of the
observed helicon transmission minima. The
concentration for each sample was determined
from corresponding helicon dispersion data. Spin
splitting of the N=1 level is unambiguously
resolved in all samples with concentration above
5x10"®cm™. Significant broadening of the
minima corresponding to higher levels was also
observed. The observed position of the B,*
minimum occurs consistently at lower fields than
the corresponding calculated value for all sam-
ples studied. A slight but systematic shift to
lower fields is also present in the minima cor-
responding to higher Landau levels.

Absorption data obtained on the InAs samples
at 4.2°K are summarized in Fig. 3. Theoretical
lines were calculated using m*=0.024m, and
g=—16 in egs. (6) and (7) of ref. 1). The
shift of the experimental points to lower fields
is somewhat more pronounced than in the InSb
case. No spin splitting of the N=1 level is
resolved, although the presence of the B," ex-
tremum indicates, of course, the splitting of the
N=0 level.

b) Extreme quantum limit

Figure 4 shows helicon transmission data for
InSb with relatively low doping. The theoreti-
cal fields for the ¢,, maxima are indicated by
the arrows. The envelope was obtained by
continuous phase-shifter variation as the field
was swept.” The small “‘dents’ in the envelope
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Fig. 3. Summary of InAs absorption data. The
lines are calculated using the Gurevich-Efros
expressions with m*=0.024 mp and g=—16. The
shift of the experimental minima to lower fields
with respect to the theoretical values is some-
what more pronounced than in the InSb case.
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Fig. 4. X-Y recorder data showing Rayleigh interference patterns for two phase positions. Sample
thickness was 1.6mm. Theoretical fields corresponding to ¢,; maxima are shown by the arrows.
The dashed lines indicate the envelope of the interference pattern obtained on the basis of ad-
ditional data. The ‘‘dents” in the envelope near maximum transmission are caused by multiple
reflection effects. Note the damping out of the waves at high fields, and the final tendency to

increasing amplitude above 80 kG.

arise due to dimensional resonances detectable
in the vicinity of the large transmission peak.
Note the damping out of the helicon amplitude
beyond the last quantum oscillation. This is
consistent with the behavior of g¢,, in the ex-
treme quantum limit in the presence of ionized
impurity scattering.” The increased damping
of helicon transmission in this field limit was
reported in ref. 1), and independently in mega-
cycle range experiments by Libchaber,'” who
observed a gradual decrease in the Q of the
dimensional resonances as a function of increas-
ing B. The interesting feature illustrated by
the data in Fig. 4 is the tendency of the trans-
mission to increase again at highest fields
(beyond about 80kG). This effect is clearly
observable because of the relatively high trans-
mission of the present sample (1.6 mm thick).
The mechanism for this behavior is not clear.
It should be born in mind in this connection

that the degree of degeneracy for this concen-
tration is relatively weak, and may be further
modified by the presence of the field, while the
high-field increase in g,, is characteristic of
strongly degenerate media. Our measurements
on a sample with n=2.5x10"cm™ at 4.2°K
indicate in fact a rapidly increasing transmission
in the extreme quantum limit. It should also be
remembered that the transmitted helicon ampli-
tude is actually proportional to*’ B'*exp (—pg2),
and the continuously rising background due to
the B factor competes with the effect of in-
creasing ¢, in §. Further experiments involv-
ing higher fields, as well as measurements as a
function of varying thickness, should resolve
this interesting point.
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DISCUSSION

Nagata, S.: What do you think about the phase difference between the ¢,, maxima and
transmission minima of helicon wave ?

Furdyna, J. K.: The helicon transmission minima should occur very close to the g,
maxima. They should in fact occur closer than dc magnetoresistance maxima. The reason
for this is that dc magnetoresistance varies essentially as 0..B%/n*e¢®, while helicon attenu-
ation coefficient varies like ¢,,B%/(ne)*/?. Thus in the presence of broadening of the g,
singularity (as by collisions), helicon transmission minimum will correspond much closer
to the ¢,, maximum than will the magnetoresistance maximum, because of the B? term in
the latter.

Neuringer, L. J.: The theoretical expressions which you have used to calculate the posi-
tions, with respect to magnetic field, of the ¢,, maxima were derived under the assumption
of a parabolic conduction band, which is not the case.

Furdyna, J. K.: We have in fact taken non-parabolicity into account in the expressions
to which you refer, by using values of the effective mass and the g-factor appropriate to
each concentration. It turns out that, because the above quantities appear as a product
m*g, non-parabolicity introduces only a very minor correction to fields calculated on the
assumption of a parabolic band.

Neuringer, L. J.: We have compared our dc magnetoresistance data with the recent
theory of Pidgeon and Brown, which includes the effect of non-parabolicity. We find no
systematic deviation of the B," data from the theoretical values as you do.

Furdyna, J. K.: The value of B," will depend strongly on the variation of the Fermi
level with magnetic field. This is of course not included in the theory of Pidgeon and
Brown, and consequently their theory cannot be used self-consistently to determine B,".
It may of course give somewhat better values for fields corresponding to higher quantum
numbers.

Mitchell, D. L.: I would like to suggest a possible physical origin for the small and
unexplained effects you observe in the real part of the propagation through a4y. If band-
population effects are included, then there can be quite large interband contributions to
oby) for materials with large spin-orbit interactions. These contributions, which have been
calculated for PbS, have de Haas-van Alphen oscillatory as well as non-oscillatory terms.
The calculation is being extended to InSb and InAs so that a direct check should be possible
in the near future.

Furdyna, J. K.: Although in principle the mechanism which you suggest may contribute
to the total dispersion, I suspect that this contribution will be exceedingly small comparec
with the free carrier term. The free carrier term in the dispersion does itself contain
higher order oscillatory terms in the dc Hall effect, and I suspect that these terms are
primarily responsible for the small dispersion oscillations.





