
VOLUME 14, NUMBER 16 PHYSICAL REVIEW LETTERS 19 ApRIL 1965

INTERFEROMETRIC MEASUREMENT OF MICROWAVE HELICON DISPERSION
AND THE HOLE DAMPING EFFECT IN INTRINSIC InSb

Jacek K. Furdyna

National Magnet Laboratory, * Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 2 March 1965)

Helicon wave propagation was investigated
in intrinsic InSb at 35 Gc/sec in the tempera-
ture range from 200 to 400 K in magnetic fields
up to 100 kG. In this range InSb affords an op-
portunity to study electromagnetic wave inter-
action with a fast plasma of electrons moving
in a much slower hole plasma, rather than
in the usual fixed ion background. Well-defined
Rayleigh-type interference patterns, obtainable
even at the highest temperatures of the inves-
tigated range, indicate that the hole contribu-
tion to the helicon dispersion is negligible in
practically the entire available field region,
and in this sense the role of the slow carriers
is similar to that of fixed positive ions. How-
ever, even at moderate fields, the hole plas-
ma provides the dominant damping mechanism
of the helicons, manifested by a radical trun-

cation of the interference pattern at B= 1.7
x (pgge) "', where gp, and pe are the hole and
electron mobilities. The envelope of the inter-
ference pattern can then be used to measure
the mobilities of both carrier species. Our re-
sults, obtained by using the classical helicon
model, are in reasonable, though not spectac-
ular, agreement (=25%) with the known dc mo-
bilities, and point to the inadequacy of the mod-
el in the proximity of the quantum regime as
a likely cause for the discrepancy. Rayleigh
patterns have also been obtained by varying
the concentration via temperature at fixed field.
This provides a method of direct, quick, and
precise determination of carrier concentration
and magnetoconductivity as a function of tem-
perature. The agreement between the results
and the known temperature dependence of the
intrinsic concentration in InSb is excellent. A
microwave analog of the Rayleigh refractometer
was used to study the above phenomena. This
approach is in many ways superior to the Fa-
bry-Perot dimensional resonance technique
used in previous helicon experiments in this
frequency range, particularly where consider-
able losses are involved. It provides, for the
first time in semiconducting plasmas, a means
of determining the helicon dispersion relation

with precision comparable to that attained at
lower frequencies in metals, ' and in addition
can be used for quantitative study of damping
processes.

Propagation constants for the helicon mode
in an intrinsic material characterized by the
conditions p.e& =- ~e» 1, pI, & -=~g «1 have been
given by Libchaber and Veilex in terms of the
classical model. ' We merely generalize their
expressions to energy-dependent statistics,
and retain higher order terms which are im-
portant at high fields. Thus the phase constant
becomes
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Here A is the wavelength in the medium, co the
angular frequency, p, o the permeability of free
space, nz the intrinsic concentration, and e
the electronic charge, and the angular brackets
denote Boltzmann averages. The second term
in the square brackets of Eq. (2) is the hole
damping term, which truncates the helicon am-
plitude at higher fields.

Earlier observations of the oscillatory nature
of microwave transmission through intrinsic
InSb were made at 195 K by the author, who
at that time described the phenomenon empir-
ically. Libchaber and Veilex' have introduced
the classical dispersion relation for the intrin-
sic case and have observed the effect at room
temperature. Their work has demonstrated
the basic features of helicon propagation in
fields below the onset of hole damping, and they
were able to obtain a quantitative estimate of
n~ despite the limitations inherent in the Fabry-
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Perot technique under conditions of severe at-
tenuation.

In the present experiment a microwave ver-
sion of the classical Rayleigh refractometer
was used. This approach is basically analogous
to the "leakage" technique used in microwave
Alfven wave measurements in Bi, and in radio-
frequency helicon experiments in metals. ' The
arrangement consists essentially of a micro-
wave bridge, one arm containing a circular po-
larizer and the sample placed in a cylindrical
wave guide concentric with a Bitter solenoid,
and the other arm containing an attenuator and
a phase shifter. The power in the reference
arm considerably exceeds the power transmit-
ted through the sample. The interference con-
dition for the present arrangement is (5+ N)X

=d, where N is an integer, d is the thickness
of the specimen, and 6 is a constant depending
on the phase-shifter setting. The interference
pattern is periodic in B "', with the period
b given by

6 =(2m/d)(ep, n.e)
0 i

With the arrangement as described, signals in
the sample arm 40 dB below noise level could
be observed under conditions of high bridge
unbalance, and this figure was further signif-
icantly improved by modulation of the signal
in the sample arm and synchronous detection.
A very significant feature of the highly unbal-
anced bridge is also the fact that the envelope
amplitude is proportional to the first power
of the transmitted amplitude regardless of the
power response of the detector, thus making
the technique particularly suitable for the study
of damping processes.

Figure 1 serves to illustrate several features
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When, as in the case at hand, multiple reflec-
tions can be ignored due to high attenuation with-
in the specimen, the amplitude of the interfer-
ence pattern is, to first order in 8I„
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where E, is the incident amplitude, Ap the free-
space wavelength, and the factor 4(A/Xo) is the
transmission modulus across the two bounda-
ries. The latter quantity must be taken into
account since, through Eq. (1), it is 8 depen-
dent. By measuring the period and taking the
logarithm of the amplitude at three fields, the
parameters in Eqs. (3) and (4) are, in princi-
ple, determined. In particular, it can easily
be seen that the envelope of an interference
pattern will exhibit a "knee" when p.ep,~B'=3.
Note that d is eliminated in Eq. (4) through a
measurement of 4, and quantitative experiments
may therefore be conducted on samples with
nonparallel faces or unknown thicknesses. Since
the technique does not rely on multiple reflec-
tions, it can be used to study highly attenuat-
ing specimens. The unbalanced bridge is, of
course, basically a microwave phase detector.
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FIG. 1. &-Y recorder traces of Hayleigh-type inter-
ference patterns as a function of magnetic field, con-
trasting helicon propagation in extrinsic and intrinsic
media. The overlapping curves represent consecutive
sweeps corresponding to 180 out-of-phase settings of
the interferometer bridge. The upper curve, obtained
with highly doped n-type InSb, illustrates the familiar
case of propagation through an electron plasma mov-
ing in the background of fixed positive ions. The strik-
ingly different behavior of the intrinsic case, where
the electron plasma moves in the background of com-
paratively heavy tbut not localized) holes, is shown be-
low. In the latter case, the hole background does not
contribute appreciably to the period except at the high-
est fields, but provides the major damping mechanism
at moderate fields, radically truncating the helicon
amplitude beyond ca. 20 kQ.
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of the Rayleigh-type experiment and to contrast
the behavior of hole-damped helicon propaga-
tion through intrinsic material with the behav-
ior in extrinsic plasmas. The upper curve
was obtained with a heavily doped n-type lnSb
sample at 285'K, and the lower one with pure
InSb at 355'K. The overlapping curves repre-
sent two consecutive sweeps obtained by chang-
ing the phase in one of the bridge arms by 180'.
Note that the crossover points provide an ex-
tremely precise method of determining the
helicon phase velocity. Note further that an
arbitrary number of such crossover points
can be generated by appropriate phase settings,
and can be used to determine the dispersion
relation even under conditions when less than
one complete oscillation can be observed. The
latter feature emphasizes the basic similarity
of the helicon phenomenon and the high-field

Faraday rotation. Note finally the striking
contrast between the envelope of the interfer-
ence pattern for an intrinsic plasma, trunca-
ted by the onset of hole damping (shown in the
lower curve), and the typical uniformly rising
envelope of an extrinsic plasma (upper curve). '

Figure 2 shows Rayleigh patterns obtained
for pure InSb at three temperatures in the in-
trinsic range. The concentrations indicated
are in excellent agreement with the relation
n~' = 3.6Ts exp(-0. 26/kT) giving the intrinsic
concentration in this material. ' At the highest
fields the periodicity of the interference pat-
tern is slightly, but observably, affected by
the hole contribution to the helicon dispersion
[see Eq. (1)], marking the beginning of a grad-
ual transition to the (damped) Alfven wave mode.
Note the increasing amplitude in the high-field
limit, particularly pronounced at lower tem-
peratures, arising due to the 8I,

' terms which
tend to decrease the effect of the hole damping
term in Eq. (2). A quantitative analysis of the
envelopes of the interference patterns at vari-
ous temperatures throughout the intrinsic range
consistently yields the quantity e/(me~6'e '))
higher than the known electron mobility by ca.
20 to 30% and e(v)/m& ~ lower by a comparable
amount than the corresponding hole mobility.
The room-temperature values thus obtained
are e/(me*be ')) = 9.5 and eh)/mf, '= 0.55 m'/V
sec, compared with typical dc values of 7.8
and 0.075 m'/V sec, respectively. ' This dis-
crepancy points to the inadequacy of the mod-
el used, since, unlike dispersion, the absorp-
tion term is not free from quantum effects, af-
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FIG. 2. Recorder traces of helicon interference
patterns in intrinsic InSb observed at temperatures
indicated using a 35-Gc/sec microwave bridge. The
sample thickness was 4.32 mm. The electron concen-
trations shown were calculated from the observed
period, and are in excellent agreement with the known
intrinsic values. Note the truncation of the amplitude
due to hole damping. Note also that the "flat" portion
of the curves is shortened as the temperature de-
creases due to the increasing importance of quadra-
tic p~ terms at high fields [cf. Eq. (2)j.

fecting me* and 7e as well as the statistics in-
volved in the 7 averages to a varying degree
as the field is increased. ' Although the quan-
tum limit I~~~ =kT is not reached, the elec-
tron-cyclotron frequency ~ is sufficiently
high to account for some departure from the
purely classical case. It must be remembered
that the success of the classical plasma model
in predicting the correct helicon dispersion
is somewhat fortuitous, arising from a fortu-
nate cancellation of the terms affected by the
quantum contributions in the expression for
the high-field dielectric constant. The same
degree of success is therefore not expected
in describing the associated losses. A more
rigorous theoretical formulation applicable to
the present case is currently being developed.

In an intrinsic semiconductor the helicon dis-
persion varies rapidly with temperature through
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obtained from these plots, as well as similar
data covering the range 220 to 400 K, are in

excellent agreement with the dependence T'
&& exp( —0.26/kT). The temperature dependence
of damping is also contained in the data, although,
as pointed out above, a more satisfactory model
is required for a detailed quantitative interpre-
tation of the envelope.
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the variation of n . Interference patterns ob-
tained as a function of temperature at fixed B
are shown in Fig. 3. Such patterns, periodic
in n&", provide an automatic recording of the
variation of ni with temperature. The results

FIG. 3. Recorder traces of helicon interference in
pure InSb as a function of temperature at two fixed
fields. The x axis was obtained by the output of a
thermocouple in contact with the specimen. The Ray-
leigh patterns are periodic in n~~ 2, providing a direct,
quick, and precise method of determining the tempera-
ture dependence of the carrier concentration. Note the
characteristic difference in period and losses for the
two cases. The envelope (indicated by dashed lines
for the lower field curve) provides a simultaneous
measurement of the temperature variation of helicon
damping.
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