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The electric field dependence of galvanomagnetic properties in n-type InSb has been measured
at 77 'K by employing a special method in which the transverse magnetic field B is applied
parallel or at small angles to the surface of very thin specimens to reduce the influence of in-
homogeneities in the impurity concentration. The advantages of this magnetic fieM orientation
are illustrated by comparisons made with measurements done for B normal to the surface.
It is experimentally determined that (i) quantum effects become noticeable at 2kG; (ii) impurity
scattering is less important in the quantum region; (iii) the electron mobility becomes inde-
pendent of both impurity concentration and magnetic field at high electric fields; (iv) the elec-
tron mobility shows an E; (where E; is the electric field component parallel to the current) de-

pendence in the high electric field region, which is consistent with acoustic-phonon scattering;
and (v) time-dependent effects, believed to result from changing surface conditions, are noticed
at magnetic fields above 2 kG when B is normal to the surface. These spurious effects are
not observed when transverse magnetoresistance is measured with B parallel to the surface
of the specimen, i. e, , when the Hall field is along the thin (-25@) dimension.

I. INTRODUCTION

Magnetic and electric field effects in n-type
InSb have been studied by many investigators, in-
asmuch as the very small electron effective mass
and consequent high electron mobility give rise to
many interesting phenomena. Effects due to
quantization of electron orbits can be observed in
magnetic fields readily attained from ordinary
laboratory magnets. Moreover, the electrons in
InSb are easily heated by the electric field because
of their small effective mass. Therefore, the
importance of quantization of the electron orbits
can be controlled by the electric field as well as
the magnetic field.

Several investigations, reported earlier in the
literature, were done on galvanomagnetic prop-
erties in the Ohmic region and in high electric
fields at 77'K where only the electrons in the
conduction band contribute to the electric current.
In the Ohmic region, experimental data of Sladek'
and others showed a linear dependence of the
transverse magnetoresistance in a high magnetic
field, which appeared consistent with certain
theoretical results for the quantum limit. Sat-
uration of the longitudinal magnetoresistance was
found by Huff et al. ' at 77 K for fields of 4 kG.
Work by Herring has, however, cast some doubt
on the meaningfulness of high magnetic field ex-
perimental data. Herring showed that a linear
magnetic field dependence for the transverse
magnetoresistance is expected even classically

under conditions when certain inhomogeneities
in distribution of the impurities in the specimen
exist. Other investigators' ' have also examined
the influence of inhomogeneities on galvanomag-
netic effects. As a result, it appears that many
experimental results on magnetoresistance in

high magnetic fields are of dubious validity.
More recent measurements of Hall effect and

resistivity in strong electric and magnetic fields
were done by Miyazawa and Ikoma' at tempera-
tures ranging from 1.8 to 77 K. The low-tem-
perature behavior of the Hall coefficient, some-
what reminescent of two-band conduction, was
subsequently interpreted by Crandall in terms of
temperature variations of the Hall coefficient
factor. ' The data relevant to our studies were
taken at 53 and 77 K and show an initial decrease
in resistivity with electric field for all magnetic
fields above 0. 9 kG, followed by a subsequent
increase in p with E for E) 20 V/cm. This be-
havior is consistent with the theoretical results
of Kazarinov and Skobov. ~' However, Miyazawa
and Ikoma were not able to establish the indepen-
dence of resistivity on magnetic field at high
electric fields —which is also predicted by Kazar-
inov and Skobov. ' It is likely that inhomogene-
ities in impurity concentrations in their specimens
were responsible for the observed large magneto-
resistance at the high electric fields. Large Hall
angles augment the effects of inhomogeneities.
Therefore their influence becomes more serious
in the high electric field region, where increases
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FIG. 1. Geometry of samples.

in mobility and consequently larger Hall angles
are expected, as the importance of the quantization
is reduced by the heating of the electrons.

The possibility that p(B) is independent of 8 at
strong electric fields is suggested by the results
obtained by Komatsubara and co-morkers, ' '7 al-
though their data fall short of establishing experi-
mentally this independence.

The problem of sample nonuniformity is of
major concern when measurements are extended
to higher fields. High-quRllty specimens Rle es-
sential. In addition, certain special techniques
can be used to mitigate effects resulting from
material nonuniformities. It is the purpose of this
paper to investigate the electric field dependence
of galvanomagnetic properties in z-type InSb at
77'K by employing a special method 8 which re-
duces the influence of inhomogeneities and surface
phenomena, and then to discuss quantum effects
and scattering mechanisms. The technique in-
volves the use of specimens that are very thin along
the direction of the major component of the Hall
field.

II. SAMPLE PREPARATION

Bridge-shaped samples, as shown in Fig. 1,
mere px'epRx'ed by photoetchlng techniques from
lapped and etched thin wafers of InSb. One sur-
face mas glued to a glass plate with Epoxy resin
to reinforce the thin specimens. Both surfaces
were chemically etched.

Properties of the four specimens used in the
investigation are listed in Table I, along with data,

on an additional specimen that was used in inves-
tigations of yossible size effects. The lengths and
widths were measured under R microscope. The
thickness of the samples was estimated from Hall
voltage measurements at room temperature, mhere
the InSb was in intrinsic conduction. The electron
concentrations given in the table were determined
froIQ the high mRgnetlc field Hall coefficient RH

by using the relation n= 1jeR„„. The Hall coef-
ficient used in these calculations was measured
by the conventional method in which a, transverse
magnetic field is applied perpendicular to the sur-

TABLE I. Properties of InSb Specimens at 77'K.

Electron Electron
Specimen concentration mobility

No. n (cm ) Po (10 cm /V sec)

Sample
dimensions

)X foal Xt (61Sg)

678-2
678-3
358-1
358-2
358-3

6.75x10"
7.02 x10"
4. 28 x10"
3.13x10'4
4.12x10"

7.06
7.24
4. 52
5.19
4.59

3.00 x0.540 x 0.0276
3.00 x0.470 x0.0291
3.00 x 0.481 x 0.0185
3.00 x 0.490 x0.0238
3, 00 x0.504x0. 0191

face. For specimens 358-1 and 358-2, the Hall
coefficients at 77'K are essentially constant at
magnetic fields of 2 ko and higher, as shown in

Fig. 2(a). There is no difficulty in establishing
the electron concentration. For specimens 678-2
and 678-3, however, the Hall coefficients gradually
decrease with incxeasing magnetic field, even in
the high magnetic field region [Fig. 2(b)]. This
failure of R„ to saturate became less noticeable
as more time elapsed after preparation of the

sample, as shown in Fig. 3. This effect can be
expla, 1ned by R surfRce conduction which will be
discussed in the Appendix. Figure 3 also indicates
that the surface effect is negligibly small at mag-
netic fields below 2 ko. Therefore, the Hall coef-
ficient at 2 kQ was regarded as the saturation value
and mas used to calculate the electron concentra-
tions. Our data indicate such a, field t;o be high

enough to approximate the high magnetic field Hall-

coefficient plateau and low enough to avoid the

surface effects.
The electron mobility p.0 mas calculated from

the resistivity p0 and the high magnetic field Hall
coefficient RH„, where p, 0 and p0 are the electron
mobility and resistivity in the absence of a mag-
netic field. Therefore, the mobility p0 may be
regarded as the conductivity mobility rather than

the Hall mobility.
Because of the thinness' of the samples, the

question may be raised as to whether the proper-
ties me measured differ noticeably from true bulk

values. To estimate the magnitude of possible
size effects, bvo samples 35S-3 and 678-2 mere
thinned by successive etchings. Resistivity mas

measured both with and without the presence of
a magnetic field. In the former case, the field
mas applied normal to the current, but parallel
to the surfaces of the samples for the reasons
which will be discussed in Sec. III. Results are
shown in Fig. 4. No appreciable change mas ob-
served in the resistivity domn to around 20 JLt

for 678-2 and to around 10 p. for 358-3. In the

case of specimen 678-2 it is seen that the resistiv-
ity increases with decreasing thickness below 20 p.
The precise reason for this behavior mas not
established. It might be due to size-effect phenom-
ena or other surface effects. It is interesting to
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FIG. 2. Magnetic field dependence of Hall coefficient. The transverse magnetic field ~as applied perpendiculm to
the surface of the specimen.

note that specimen 67S-2 had also exhibited the
time-dependent characteristics mhich mere at-
tributed to surface effects. The important point
to be stressed here, however, is that for the
specimens listed in Table I, si.ze effects mere

seen to be small.

III. METHOD OF MEASUREMENT

The magnetic field mas applied at small angles
to the surface of the specimen and perpendicular

x IO
t2

SPECIMEN 67S-& ~ ABOUT I MONTH AFTER PREPARATION

0 ABOUT 2 MONTHS AFTER PREPARATION

ABOUT 5 MONTHS AFTER PREPARATION

I
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FIG. 3. Variation of Hall coefficient for sample 67$-3 with time elapsed since preparation.
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SPEC1WEX 67S-2 (a) SPEC1MEN 355-3 (b)
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FIG. 4. Thickness dependence of the resistivity of
two specimens, rvith and without magnetic fi.end. The
magnetic field was applied perpendicularly t0 the current
and parallel to the surface of the specimen.
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to the current, when measuring the electric field
dependences of the resistivity and the Hall coef-
ficient. In this arrangement, the Hall electric
field is almost normal to the surface of the speci-
men. Therefore the distortion in current distri-
bution due to a nonuniform Hall electric field may
be considered to be small. In addition, since
the component of the electric field parallel to the
surface is very small, short-circuit effects due to
a nonzero surface conductivity are also expected
to be minimal. For measurements of magneto-
resistance in the Ohmic region, the magnetic field
was strictly parallel to the surface. Of course in
the case of the Hall coefficient, a nonzero angle
with the surface was necessary to obtain a voltage
across the Hall probes. It is important to note,
however, that this small-angle technique was used
only to measure the ratio B„/[R„]z o that „is—, the
change in the Hall coefficient with electric field—
inasmuch as the setting accuracy (about 0. 2 ) of
the small angles was not sufficient to permit a
precise determination of the absolute value of R„.
The absolute value of R„was measured under a
transverse magnetic field perpendicular to the
surface of the specimen, as mentioned in Sec. II.
For the high electric fields, pulse measurements
were employed to avoid Joule heating. The pulse
was 2-20 p,sec in width with a 15-30 Hz repetition
rate. An oscilloscope with differential amplifier
was used to measure the voltage difference between
two electrodes. All data wex'e taken at 77 'K.

way did not change with elapsed time after prep-
aration of the sample. Qn the other hand, magneto-
resistance measured in a magnetic field perpen-
dicular to the surface was always larger than that
shown in Fig. 5 and had a tendency to decrease
with time. This behavior is consistent with the
change in the Hall coefficient noted in Fig. 3. The
larger magnetoresistance can be attributed to sur-
face conduction and other inhomogeneities.

It is seen in Fig. 5 that the magnetic field de-
pendence of the transverse magnetoresistance
undergoes a transition from one characteristic to
another in the region between 500 G and 2 kG. This
is apparently where effects due to Landau-level
spacings became noticeable.

B. Electric Field Dependence of Mobility

Figure 6 shows the electric field dependences of
the electron mobility in transverse magnetic fields.
The angles between the magnetic field and the sur-
face of the specimen were l0' for 1 and 2 kG, 5

for 5kG, and 2 for 10 and 15kG. The electron
mobility was calculated from the Hall coefficient
and the resistivity by using the relation p= R~/p.
Since the measurements were made in a high mag-
netic field region (8 = 1 kG), the mobility p. can be
considered to be the conductivity mobility. In the
absence of a magnetic field, the electron mobility
p, o was calculated by assuming the electron con-

IO,

IO

IV, EXPERIMENTAL RESULTS AND DISCUSSION

A, Transverse Magnetoresistance in Ohmic Region

Figure 5 shows the magnetic field dependence of

the transverse magnetoresistance in the Ohmic

region. The magnetic field was applied parallel to

the surface of the specimen and transverse to the

curxent. The magnetoresistance measured in this

IO'

IO IO

8 (gauss)

IO4

FIG. 5. Magnetic fieM dependence of the transverse
magnetoreslstRnce ~ The 1Tlagnetlc fleM wRS Rpp]&ed pRrRl-
lel to the surface of the specimen.
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centrati. on to be independent of the electric field.
%hen the electric field increases beyond the

Ohmic region, the electron mobility in a strong
magnetic field is seen to increase. The rate of
increase is larger the higher the magnetic field.
Two possibilities might be considered to explain
such an increase in the electron mobility, namely,
a decreased importance of either impurity scat-
tering ~' or of quantum effects. The electric
field dependence in the absence of the magnetic
field, on the other hand, does not show any increase
in the electron mobility even in the case of speci-
mens 358-1 and 358-2 [Figs. 6(c) and 6(d)] with
the larger impurity concentrations, although the
importance of impurity scattering is greater in the
absence of the magnetic field, as will be mentioned
later. Possible mobility increases resulting from
decreased impurity scattering would be veiled by
decreases due to other scattering mechanisms,
such as acoustic phonons, for which the relaxation
time decreases with electron energy. Therefore,
the initial tendency of the electron mobility under
the magnetic field to increase with increasing
electric field can be attributed to a decrease in the
importance of quantum effects because of heating
of the electrons. According to this criterion, we
see from Figs. 6(a)-6(d) that quantum effects are
already noticeable at fields of 1 or 2 kG. This
finding is consistent with results obtained from
magnetoresistance data measured under Ohmic
conditions (Fig. 5), where the onset of quantum
effects is also apparent at around 2 kG.

A further increase in the electric field gives
rise to a decrease in the electron mobility. Ulti-
mately, at sufficiently high electric fields, the
electron mobility shows an E dependence re-
gardless of the magnetic field, a dependence which
is predicted theoretically for acoustic-phonon scat-

tering via deformation potential. "' ' In addition,
the electron mobility becomes completely indepen-
dent of the magnetic field, although the resistivity
still shows a slight dependence. The apparent
decrease in the electron concentration, as indicated
in Fig. 7, which has not been explained so far, is
presumably responsible for the magnetic field de-
pendence of the resistivity. Surface states might
play some role in this effect, since the samples
are very thin. The disappearance of the magnetic-
field dependence of the electron mobility at high
electric fieMs is also predicted by the theory of
Kazarinov and Skobov" for the region where
hz, «kT* (&u, being the cyclotron frequency and
T* the effective electron temperature). The quan-
tum effects are obscured at high electric fields be-
cause of increased electron tempera, ture.

C. Impurity Effect

The electric field dependence of the electron
mobility for two specimens having different im-
purity contents (678-3 and 358-2) is shown in Fig.
8. Figure 9 shows the magnetic field dependence
of the electron mobility in the Ohmic region. In
the absence of a magnetic field, these bvo speci-
mens have different electron mobilities under
Ohmic conduction. The difference decreases with
increasing magnetic field. There is almost no
difference in the electron mobility at a magnetic
field higher than 5 kG. This behavior is consistent
with theories appearing in the literature, which
predict decreased importance of ionized impurity
scattering relative to that by acoustic phonons in
quantizing magnetic fields. ~

As the electric field increases beyond the Ohmic
region (Fig. 6), impurity scattering becomes
noticeable because of the decreased importance
of quantum effects as the electrons are warmed.
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onset of quantum effects and the importance of
impurity scattering in the quantum region.

In the high electric field region. Impurity scat-
tering is relatively unimportant, because of the in-
creased energy of the electrons. In addition, the high
electron temperature minimizes the quantum ef-
fects. Therefore, the electron mobility becomes
independent of both of the impurity concentration
and the magnetic field. Furthermore, the observed
E dependence of the electron mobility is an
argument for postulating a dominance of acoustic-
phonon scattering (via deformation potential) in
the high electric field region.

With yet further increases in- the electric field, the
electron mobility again becomes independent of
the impurity concentration, regardless of the
magnetic field. This behavior is reasonable, since
impurity scattering is not the controlling scattering
mechanism for the high-energy electrons.

V. SUMMARY

A special method has been employed to measure
magnetic field effects, with reduced influence of
inhomogeneities in the impurity concentration, in
n-type InSb. In this method, the transverse
magnetic field is applied parallel or at small angles
to the surface of a very thin InSb sample. Several
interesting results were observed in the Ohmic
and in the bigh electric field regions at 77'K.

In the Ohmic region. Quantum effects seem to
be noticeable for magnetic fields higher than 2 kG
—at which field 5+, = —,

' kT. In addition, impurity
scattering is less significant in the quantum region.
At magnetic fields above 5 kG, the electron mobil-
ity is almost independent of the impurity concen-
tration.

In the intermediate electric field region. At
magnetic fields of 2 kG or higher, an increase in
electron mobility with E, and a dependence of the
mobility on impurity concentration can be observed,
which is consistent with the decreased importance
of quantum effects resulting from an increased
electron temperature. The results obtained at
intermediate electric fields lead to the same con-
clusions as in the Ohmic region as regards the
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APPENDIX

0
0 IO

pgB

g d/dg
He Hb (1 g)2 p2B2 (Al)

where g= ot, dt/o, d„and the quantities o, p, p, ,
R„, and I3 have their usual meanings. It is to be
noted, however, that ILL, is the Hall mobility. The
dimensions d, and d, are the thicknesses of the
bulk and surface layers, respectively, and d=—d,
+ds

An expression for the effective resistivity fol-
lows at once from lieder's relations for R„and

e
p,„namely,

The effects of a surface layer on the magneto-
resistance and the Hall coefficient were calculated
by %'ieder. He used a model consisting of two

layers, as shown in Fig. 10. For p, ,» p., and
p, ,B «1, where subscripts b and s refer, re-
spectively, to values for the bulk material and for
the surface, Wieder obtains the following expres-
sion for the effective Hall coefficient:

FIG. 11. Effect of surface layer- on magnetoresistivity.

~p
d g(1+g+ p~B')

py dy (1+g) + pt B

Equations (A,l} and (A2) are valid even if p, is
magnetic field dependent [i.e. , p,

-=p(B)= Its(B}o(-B)]
provided, of course, that the proper values of
g(B), R„,(B), and p, (B) are used. It is seen from
Eq. (A1) that a significant magnetic field depen-
dence of the measured Hall coefficient can be ex-
pected in a high magnetic fieM region, even if
R„, and R„have negligible field dependencies.
Still more striking is the magnetoresistance ef-
fect. This is shown in Fig. 11, where a plot is
presented of Eq. (A2). Even a surface layer with
a large value of g can play a very important role
in the magnetoresistance if the magnetic field is
high enough.
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By means of electroreflectivity measurements at room tempera'ture and at 77 'K perforined
at pressures up to 10kbar, we have experimentally determined the volume dependence of the
40 and &l spin-orbit splittings in CdTe and the &0 spin-orbit splitting in germanium. The vol-
ume dependence of the 40 and ~& (at I-) spin-orbit splitting has also been obtained for Ge, GaAs,
and CdTe from a relativistic orthogonalized-plane-wave (OPW) calculation. Our experimen-
tal and theoretical results are in agreement and indicate that the volume dependence of the
spin-orbit splitting is considerably smaller than would be expected if the valence-electron
density in the core region increased in proportion to the decrease in the crystal volume.
These results are interpreted as an indication that the valence-electron density in the core
region is little affected by the crystal volume and may be relatively unchanged from that of
the free atom. The plausibility of the conclusion and some consequences are discussed. In
some cases a reversible change in the electroreflectivity line shape as the pressure is cycled
can give rise to erroneous results if the change in line shape is not taken into account. It is
shown that all of our experimental results are consistent when reasonable corrections are
made for the change in line shape, and it is suggested that such effects may not be accounted
for in the experimental results of Bendorius and Shileika on GaAs which disagree with our ca]-,
culated results.

I. INTRODUCTION

In the past few years, through a combination of
experimental and theoretical efforts, the energy-
band structure of many semiconducting crystals
has become better known. Experimental investiga-
tions have usually involved optical studies and have
recently been aided in accuracy and information
content by the use of various modulation tech-
niques, ' while theoretical calculations' ' have
made use of better initial models, improved cal-

culational procedures and facilities, and well-es-
tablished experimental information at isolated
points in the Brillouin zone to calculate the optical
constants for the crystal as wel. l 8,$ the energy-»&&
structure throughout the Brilloubi zc}ni..

The work reported in this payee is the resul«f
using improved experimental and ca.lculational
techniques to investigate the pressure dependence
of the spin-orbit splitting in representative semi-
conductors. The results are of interest bot»n
terms of assessing which of various calculational


