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Cyclotron resonance of conduction electrons in InAs and InP has been measured in the far infrared spec-
tral region. The effective masses obtained for InAs show a variation with magnetic field indicative of the
nonparabolic nature of the conduction band of this material.

I. INTRODUCTION

NFRARED cyclotron resonance of conduction elec-
trons in InSb has been measured by Burstein ef al.!
and by Palik et al.? using steady magnetic fields and by
Keyes et al® using pulsed fields. With pulsed fields
between 150 and 250 kgauss, Keyes et al.? have ob-
served cyclotron resonance at room temperature in
InAs and obtained a conduction-electron effective-mass
ratio of about 0.030. Lax and Mavroides?* have recently
reviewed cyclotron resonance work to date. They
discuss additional data by Keyes giving an effective
mass ratio for InAs of about 0.015 at the bottom of the
band.

We have observed cyclotron resonance absorption in
InAs and InP in the spectral region between 50 and
160 » using steady magnetic fields up to 75 kgauss.
From these data for InAs and InP the effective mass
variation with magnetic field has been obtained. Also,
the mass at zero magnetic field (at the bottom of the
conduction band) has been deduced. A preliminary
report of some of the present work® was given at the
International Conference on Semiconductor Physics,
Prague, 1960.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

The detailed experimental techniques are reported
elsewhere.? The samples were polycrystalline made up
of a few large single crystals and were made into thin
sections about 20 x thick mounted on silicon or crystal
quartz backings. They had the following carrier con-
centrations NV and mobilities u at liquid nitrogen tem-
perature. For InAs, N=7X10%/cm® and u=70 000
cm?/v sec. For InP, N=6.1X10'/cm?® and u=18 600
cm?/v sec. The crystal orientations of the samples
were not determined. It is probable that the conduction
bands are spherical and the masses isotropic. In each
case a magnetic field of 60 kgauss was enough to bring
the cyclotron frequency into the accessible spectral
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region. Then, w,7=uH/108>1, and a distinct resonance
was observed. Measurements were made in the far
infrared using a reststrahlen monochromator to obtain
seven narrow bands of wavelengths. The wave numbers
of the average wavelengths used are: KRS-5, 65 cm™;
CsI, 70 cm™; CsBr, 85 cm™; KI, 111 cm™; KBr, 131
cm™!; KCl, 164 cm™!; and NaCl, 192 cm™. The mag-
netic field was varied from zero to 75 kgauss to move
the cyclotron resonance band through the wavelength
at which the observations were made. Typical results
from InAs are shown in Fig. 1. Here the relative trans-
mission of the sample at 111 cm™ (90 p) is plotted as a
function of magnetic field. At room temperature the
band is slightly asymmetrical, but becomes symmetrical
at low temperature. As in the case of InSb,? the tail at
high magnetic fields is probably due to transitions for
k.70 between the same spin states of the nonparabolic
Landau- sub-bands /=0 and /=1 and transitions be-
tween higher Landau levels such as /=1 and I=2.
Within experimental error, no difference was observed
between the mass obtained from room temperature and
low temperature data.

For InP, because of the large effective mass, the
cyclotron resonance absorption band was observed only
at the longest wavelengths and highest magnetic fields.
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Fic. 1. Cyclotron resonance absorption in InAs at 111 cm™ (90 u).
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At room temperature the band was quite broad, but it
sharpened appreciably at low temperature. For InP
there appeared to be no difference between the respec-
tive room temperature and low temperature effective
mass ratios.

The effective masses were computed using” the for-
mula m*=eH/wc, where H is the magnetic jfield at
which resonance occurs. In Fig. 2 are shown the results
for InAs and InP. Here, the effective mass ratio m™*/m
is plotted against magnetic field. The data show that
the mass increases with increasing magnetic field. This
is indicative of the nonparabolic nature of the conduc-
tion band in which the mass increases with increasing
energy. The variation of mass with magnetic field has
been discussed by Palik ef ¢l.2 in connection with InSb.
The theory outlined there yields that the energy differ-
ence AE between the two lowest Landau levels is given
by

AE=%w[1— (hw,/Ee)(A—B)].

Equating AE=7%eH/m*c, an effective mass m* is ob-
tained which has a magnetic field dependence. Then
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Eg is the band gap, A is the spin-orbit splitting, mo* is
the effective mass at the bottom of the band in zero
magnetic field, and m is the free-electron mass.

For the materials and magnetic fields considered in
this paper, the quantity (fw.,/Eq)(A—B) is always
small compared to unity. The expression for m* can
then be written in the approximate form,

which illustrates the linear dependence of m* on H.
The results given by Egs. (1) and (2) take into account
only interactions between valence and conduction
bands. In principle, interactions with higher bands
could be included as discussed by Bowers and Yafet.®
A rough estimate indicates that inclusion of higher
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F1c. 2. Effective-mass ratio vs magnetic field for InAs and
InP from cyclotron resonance data obtained at liquid nitrogen
temperature. Open circles indicate data obtained with orientation
I and solid circles data obtained with orientation II.
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bands might increase the slope of the m*/m vs H plot
for InAs by a few percent and for InP by possibly 209.
Assuming for InAs at liquid nitrogen temperature that
E¢=0.41ev," A=0.43 ev,” and me*/m=0.023, the de-
pendence of the effective mass on magnetic field was
calculated using Eq. (1) and the results are given by
the solid line for InAs in Fig. 2. The pulsed field work
of Keyes et al? giving an effective mass of ~0.03 at
fields between 150 and 250 kgauss at room temperature,
is consistent with the present results. Lax and Mav-
roides? present other room temperature cyclotron reso-
nance data of Keyes which suggests a zero-magnetic-
field mass ratio of ~0.015. The present data indicate
at most a very slight temperature dependence of the
effective mass in InAs. We have estimated the tem-
perature change of effective mass due to dilation of the
lattice and the subsequent change in band gap? and the
temperature change in mass due to the distribution of
carriers in the nonparabolic band.® The first effect in-
creases the effective mass by about 69 as the tempera-
ture decreases from room temperature to liquid nitrogen
temperature while the second effect decreases the effec-
tive mass as the temperature decreases. For the InAs
sample used, these two effects roughly cancel indicating
little or no change in effective mass with temperature
in agreement with our observations. In view of these
considerations, it seems unlikely that the discrepancy
between the value of 0.015 discussed by Lax and
Mavroides and the value 0.023 reported here can be
attributed solely to a temperature dependence of the
mass.
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Matossi and Stern” use a value of 0.021 for the con-
duction electron effective mass ratio in their discussion
of optical absorption of p-type InAs. Also, electrical
measurements by Sledek®'? and Frederikse and Hosler!t
give values of about 0.020.

For InP, assuming at liquid nitrogen temperature
that E¢=1.31ev,? A=0.24 ev,”? and m*/m=0.077, a
theoretical curve based on Eq. (1) has been calculated
and is shown as a solid line in Fig. 2. A comparison
between cyclotron resonance and Faraday rotation
masses for InP can be made in analogy to the com-
parison for InSb discussed by Palik et al.2 The work of
Moss and Walton'2 yields an effective-mass ratio of
0.075:£0.008 for a sample with N=1.07X10!/cm?.
This point is shown on the plot of Fig. 2. The Faraday
rotation and cyclotron resonance data agree to within
experimental error.

In the present work the uncertainty in wavelength is
about =+£29, and the uncertainty in the resonant
magnetic field is about +=5%,. We estimate the effective

mass ratios for InAs and InP to be 0.0234=0.002 and

0.077+0.005, respectively.

In calculating the effective mass from the position of
the cyclotron resonance line as observed in transmission,
corrections arising from magneto-plasma effects may be
necessary if measurements are made near the plasma
frequency w,. A particularly important correction? in-
volving the so-called depolarization factor L occurs if
the sample surface is parallel to the magnetic field H.,
and the radiation electric field E, is plane-polarized
perpendicular to H,, hereafter referred to as orienta-
tion I. In this case for the rectangular thin sections used,
the pertinent depolarizing factor is unity. For wr>1,
the resonance condition leading to a maximum in the
real part of the conduction is

wltwl—w?=0
or

&)

where wy?=L4rNe*/egm*. If L=1, wr=w,, the usual
plasma frequency.

For the other orientation with the plane of the sample
perpendicular to H, and the radiation field E, perpen-
dicular to H., hereafter referred to as orientation II, the
pertinent depolarization factor is zero and no correction
of this kind is necessary. For InAs with w,=40 cm™!
both orientations were used. For a specific orientation,
the room temperature and low temperature data were
essentially the same. At high magnetic fields the data
for both orientations were the same giving the same
effective masses. However, at low magnetic fields where

9R. J. Sledek, Phys. Rev. 105, 460 (1957).
1 R. J. Sledek, Phys. Rev. 110, 817 (1958).
( 1 H) P. R. Frederikse and W. R. Hosler, Phys. Rev. 110, 880
1958).
2T, S. Moss and A. K. Walton, Physica 25, 1142 (1959).
3 A. K. Walton, (private communication).

IN -TYPE InAs AND InP 133
the resonance occurred at w<2w,, there were differences
in the data for the two orientations. The low tempera-
ture data for both orientations are shown in Fig. 2.
These data indicate that the correction for orientation
I discussed above is not important when w> 2w,. For
the low field data where w<2w,, the correction for orien-
tation I specified by Eq. (3) gives qualitatively reason-
able results. Quantitatively the corrections appear to be
somewhat too large compared to the data for orienta-
tion II. :

The data of Fig. 2 for orientation II fall on a straight
line except for the lowest field point observed with
KRS-5. Ignoring the low points, a straight line given by
Eq. (2) fits the other points for both orientations.

There is another allied reason why the line observed
in transmission deviates from its expected position when
w is only slightly larger than w,. Whereas the real part
of the conductivity and the imaginary part of the di-
electric constant peak at w, for orientation I1, the ab-
sorption constant and transmission do not peak at w,.
The transmission can be altered by the rapidly varying
reflectivity in the region near w, when the magnetic
field is varied for both orientations I and I1.# The trans-
mission of a sample taking into account the varying
reflectivity can be estimated by extensive calculations.
Such calculations qualitatively suggest that for w near
wp the transmission as a function of magnetic field is
altered so that the minimum transmission occurs at a
lower field than that corresponding to the maximum in
the real part of the conductivity. A correction of this
kind appears to be necessary for the KRS-5 data in
Fig. 2 for orientation II. The raw data provide further
evidence that the line is distorted due to large changes
in reflectivity, for as the field is increased beyond the
apparent resonance line, the transmission increases
appreciably above the zero field value.

The quantitative determination of the corrections to
be applied when w is near w, may be complicated by the
presence of inhomogeneities in the particular InAs
sample used. If the carrier concentration is non-uniform,
the proper plasma frequency for making the corrections
may not be the same as that calculated from the mean
carrier density.

For InP at liquid nitrogen temperature w,=24 cm™!
(417 p). The measurements made at high magnetic
fields using KRS-5, CsI, and CsBr reststrahlen plates
were sufficiently far removed from w, that no significant
correction was necessary.

We have made Faraday rotation measurements on a
sample of InAs taken from the-same larger piece of
material from which the cyclotron resonance sample
was made. The measurements were made at liquid
nitrogen temperature in the spectral region from 15 to
20 p using low magnetic fields. The usual straight line
variation of rotation angle with magnetic field was
observed at several wavelengths. For the InAs sample
at liquid nitrogen temperature with a thickness d=0.138
cm and carrier concentration N=7X10'%/cm?, an effec-
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F16. 3. Parabolic conduction band of InAs with m¢*=0.023 and
nonparabolic band as deduced from cyclotron resonance.

tive mass ratio of 0.02640.003 was obtained. For the
pure sample used, this represents the mass ratio near
the bottom of the band. The uncertainty here is large
because of the fact that six quantities must be measured
to determine the effective-mass ratio, carrier concentra-
tion X, thickness d, magnetic field H, wavelength A,
index of refraction #, and rotation angle 6. Uncertainty
in N contributes the largest uncertainty in m*. The
effective-mass ratio obtained from low-field Faraday
rotation is in reasonable agreement with the one
obtained from cyclotron resonance. We feel that cyclo-
tron resonance gives the better value.

Also, Faraday rotation measurements were made at
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liquid nitrogen temperature on a sample of InAs with
9.6X 106 carriers/cm3. An effective-mass ratio of 0.030
was obtained. The Faraday rotation and cyclotron
resonance masses for InAs were compared in a manner
analogous to the comparison carried out for InP above.
The effective-mass ratio point 0.030 falls at an equiva-
lent magnetic field of about 80 kgauss, in reasonable
agreement with the cyclotron data considering experi-
mental uncertainties.

Faraday rotation measurements were also made at
room temperature for the InAs sample with 9.6 106/
cm?®. A room temperature effective-mass ratio of 0.032
was obtained. The change of effective mass with tem-
perature is discussed by Cardona'* who finds that
dilational effects of the lattice and carrier distribution
effects in the nonparabolic band can account for such
changes in masses measured by Faraday rotation. For
a degenerate sample with half the carrier concentration
used in the present experiment, Cardona calculates
that the two temperature effects will produce a net
decrease in mass of about 89, in going from room
temperature to liquid nitrogen temperature and meas-
ures a 59, decrease. This is in agreement with our
observations.

The results for InAs have been used to calculate the
shape of the conduction band. In Fig. 3 the parabolic
band given by E=7%2%k2/2m¢* for a fixed effective-mass
ratio of 0.023 is shown along with the nonparabolic
band given by E= (4%k%/2mo*)+#%18.5*7k%2 The energy
in ev and cm™! is plotted against the wave vector in
cm™ and a.u. (atomic units).
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