5 TRANSPORT IN RELAXATION SEMICONDUCTORS

851n early experiments by T. M. Buck (private communi-
cation), a similar sample (but with a Ga end contact) gave
the sublinear range, while one from a nearby region of the
same crystal did not.

%H, C. Casey, Jr. and F. Ermanis (unpublished).

8" Though well suited for the junction case of Sec. II D2,
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the independent variable W would be less convenient here
than F.

8By considering dM/dy along the hyperbola short of the
minimum-conductivity point, <0 can be shown to hold
for p type, and y >0 for » type.
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The low-temperature galvanomagnetic properties of p-type PtSbh, are reported for magnetic
fields up to 60 kG, using samples with extrinsic current-carrier densities from 6 x 1016 to

1.5x% 10 cm™3,

From the low-field properties and the Shubnikov—de Haas oscillations it is

found that the valence-band maxima are six ellipsoids on (100) axes, the principal inertial
effective masses being in the ratio 0.61:1:1.64, the least cyclotron mass (0.168 + 0.005)m,

and scattering close to isotropic.

The band parameters are found to be independent of the

energy of the current carrier, suggesting a direct band gap greater than 0.4 eV; cf., indirect

band gap of about 0.1 eV.

The ratio of effective masses was obtained by analyzing small

beats in the amplitude of the oscillations in the resistivity.

I. INTRODUCTION .

In this paper we report the valence-band struc-
ture of platinum antimonide PtSb,, a narrow-band-
gap semiconductor of the pyrite structure, A num-
ber of inquiries into the preparation, transport
properties, optical properties, and band structure
of this material have been published. !=® Here we
give measurements of the magnetoresistance and
Hall coefficient of p-type PtSb, at low temperatures
1.3-4.2°K, in magnetic fields up to 60 kG, for
samples with extrinsic carrier concentrations be-
tween 6x10' and 1. 5x10" cm™,

From prior work? we know the valence-band
maxima of PtSb, to be centered on the (100) axes.
The pyrite structure is of cubic class T,, invariant
under twofold rather than fourfold rotations about
the principal axes. From the point of view of this
paper the most interesting consequence of this sym-
metry is that a band maximum on one of the prin-
cipal axes, at [k00] say, is characterized by three
unequal principal effective masses (m,, m,, m3).
Masses at the equivalent stationary points are ob-
tained by a cyclic permutation of the indices; e.g.,
at [0£%0] the effective masses are (m3, my, my).
One result of this symmetry is that when a current
flows in the [100] direction the transverse magneto-
resistances with #11[010] and with H 11 [001] need
not be the same, and generally are not.

The band gap of PtSh, is small, about 0.10 eV, *°
so it would not be surprising to find that the effec-
tive masses are dependent on the Fermi level. A
calculation by one of the authors® suggests that the

warping of the bands may be unusually large in this
material. Our investigation was therefore carried
out over the wide range of carrier concentrations
noted above; no sign of a dependence of any of the
effective masses on the energy of the holes was
found.

Section III is rather long and involved. We brief-
ly outline this discussion so as to indicate clearly
which results we believe to be the most important
and what conclusions may be drawn from them.

We first examined that part of the low-field mag-
netoresistance that is quadratic in the field
strength. From the data one can find the ratio
my/Ty:my/Ty: my/Ty, m,; and T, being principal ef-
fective masses and relaxation times. The results
provide a test of the multivalley model and pre-
liminary values of the effective-mass ratios if the
relaxation time is presumed isotropic. The inter-
pretation of these results is made difficult by the
presence of a negative magnetoresistance in most
of the samples. At high fields Shubnikov-de Haas
oscillations are observed in both the magnetoresis-
tance and the Hall coefficient. We obtain the peri-
ods and amplitudes of these oscillations as a func-
tion of carrier concentration, temperature, and
orientation of the magnetic field. Each period is
inversely proportional to a stationary area of the
Fermi surface measured normal to the direction
of the field; for a general field direction the six
valence-band maxima have three distinct stationary
areas. The observed oscillations are due to the
smallest of these areas, since oscillations due to
the greater areas are more strongly damped by
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scattering. The existence of weaker oscillations
with shorter periods results in interference effects;
these effects are quite marked in PtSb, because the
valence-band maxima are not very far from being
spherical, so oscillations due to the greater areas
are not very much less in size than those due to the
principal area. The interference effects are not
strong enough to insert extra zeros into the oscil-
lations,

An accurate determination of the angular depen-
dence of the periods is sufficient to give the geome-
try of the Fermi surface. We are unable to find
the periods well enough to obtain accurate values
of the effective-mass ratios since we can resolve,
at best, three complete oscillations, and even these
few are made irregular by interference effects.

The results, however, do verify that the shape of
the Fermi surface does not depend on the number
of current carriers.

The temperature dependence of the amplitude at
fixed field is, as usual, used to determine the cy-

- clotron masses. After making allowance for inter-
ference effects it is found that these masses are in-
dependent of the carrier concentration, and that
their angular variation matches the angular varia-
tion of the areas. It is concluded that the energy

of a current carrier is quadratic in its wave num-
ber.

The field dependence of the amplitudes extrapo-
lated to absolute zero is the only part of our high-
field results that enables us to improve on the ra-
tios of inertial effective masses that were esti-
mated from the low-field magnetoresistance. When
only one period is present, HI [111] for ellipsoids
centered on the (100) axes, the amplitude is ex-
ponentially dependent on H™!, a preexponential fac-
tor H1/? being easily allowed for. When two or
more periods are present interference effects re-
sult in deviations from this rule. These deviations
are clearly visible in our measured amplitudes and
can be fitted to an ellipsoidal model of the band
structure by adjusting the ratios of the principal
inertial effective masses.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Conventional dc techniques were used to measure
the galvanomagnetic coefficients. The sample cur-
rent was supplied by a North Hills CS-12 current
source. The magnet was a Westinghouse super -
conducting solenoid with a maximum field of about
60 kG. Current contacts were soldered to the bar-
shaped specimens. The voltage probes were
pressed point contacts of Be-Cu held in place by
springs of Be-Cu or silver solder. In the usual
way, four voltage probes were used so that two
values each of the resistivity and Hall coefficient
were measured on each sample.

To facilitate the accumulation of the large
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amount of data required to study the Shubnikov-de
Haas oscillations we employed an automated data-
acquisition system. Figure 1 is a schematic dia-
gram of this apparatus. The programmer, con-
sisting of stepping switches and time-delay circuits,
first switched on a motor which drove a potentiome-
ter to increase the magnet current for a preset
time. Simultaneously the programmer switched the
digital voltmeter into an integrating mode which
measured the change in the magnetic field strength
as the time integral of the voltage induced in a
small coil placed near the sample. Next the pro-
grammer switched the digital voltmeter into a volt-
meter mode and selected voltages which the volt-
meter measured. Sequentially the sample current,
the galvanomagnetic voltages for both directions of
current, a zero voltage (measured with the volt-
meter terminals shorted in order to check the ad-
justment of the voltmeter), and the magnet current
were measured. The programmer then switched

to the position where the magnetic field was again
increased by a small amount and the above pro-
cedure was repeated until the highest possible field
strength was reached. The magnet current was
then reduced to zero, the magnet-current direction
reversed, and the same measurements made for
this field direction. All the measurements reported
here were made with the samples immersed in li-
quid helium under a controlled vapor pressure.
Thus, we could be sure that a complete run, that
might take as long as 3 h, was made at a tempera-
ture constant to +0. 01 °K.

The measured voltages were recorded on paper
tape using Hewlett-Packard model Nos. 2545 A tape
punch coupler and 2545C paper tape handler. The
tapes were read into the Westinghouse Research
Laboratory computer which reduced the measured
voltages to magnetoresistance ratios and Hall co-
efficients. The procedure for obtaining values of

Hewlett Packard 20100
Data Acquisition System
A

Voltage
Signals
9 Programmer [ Preamp D.V.M. Pur:cp:er
Signals to Initiate Switchin }
g 9 Veltage Signals
Recorded on Piper
Controls Tape
Magnet Current
and
Sample Current Computer
Sample
in Superconducti
Solenoid Tables and Graphs
0
a4.2°K ufRandpAP-vsH

FIG. 1. Schematic flow diagram of the apparatus. A
stepping switch in the “programmer” controls the magnetic
field strength and the accumulation of the galvanomagnetic
voltages.



5 VALENCE-BAND STRUCTURE OF PtSb,

the magnetic field strength was as follows., A mag-
netic field strength in the neighborhood of 30 kG
was calculated from one measured value of the
magnet current using the calibration constant sup-
plied by the manufacturer. All other field strengths
were calculated from this point using the measured
integrated flux. This procedure gives field
strengths accurate within 100 G. Between 10 and
60 kG the fractional error is less than 1%. At low
fields (below 5 kG) one sees the error in a spurious
field dependence of the Hall coefficient. Since the
galvanomagnetic voltages were not measured at
exactly the same field strengths for the two direc-
tions of field it was necessary to interpolate all
measured voltages to values appropriate to a pre-
selected set of equally spaced field values. At these
fields the usual averages over both directions of
field and current were then taken to calculate the
magnetoresistance ratio 5p/p, and the Hall coef-
ficient R. These results were obtained in the form
of tables and graphs as a function of field strength,
The samples were cut in the form of rectangular
parallelepipeds about 10X2X 1 mm from Czochral-
ski ingots. The preparation and characterization
of our material has been described elsewhere, *
Table I lists values of the Hall coefficients and
resistivities of the samples used in this investiga-
tion. Ir and Rh substituted for Pt and Sn substituted
for Sb act as acceptors in PtSb,. As is indicated
in the table most of the sample used in this investi-
gation were Rh doped. Where comparisons can
be made the mobilities are in good agreement with
most of the results reported by others.3~5 We draw
attention to two of the samples. Sample 1, like all
samples with low carrier concentration, shows a
mobility at 4. 2 °K that is much less than that at
77 °K; no oscillations were observed in such sam-
ples., Sample 5b is much the same as 5a, being cut
from a neighboring site in the ingot with its length
along another of the (100) axes; this sample was
prepared so as to check the apparently anomalous
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effective mass obtained from 5a, and confirmed it.

Longitudinal and transverse magnetoresistance
ratios for fields in the [100] direction are exhibited
in Fig, 2, for sample 1 of low carrier concentration
and mobility, and in Fig. 3 for several samples of
higher carrier concentration and mobility in which
Shubnikov-de Haas oscillations can be observed.
Individual points are omitted because they are only
0.4 kG apart and the scatter is too small to be
shown on these figures. For comparison, note that
the longitudinal [100] magnetoresistance is zero in
degenerate samples at 77 °K, and the transverse
magnetoresistance is positive and proportional to
H? at low fields; this behavior is expected for el-
lipsoidal bands on the principal axes. By contrast,
the low-temperature results in Fig. 2 show initial
negative and later positive magnetoresistances in
both longitudinal and transverse directions. The
positive and negative components are markedly
temperature dependent; we have not investigated
the effects shown at these low carrier concentra-
tions.

At higher carrier concentrations, Fig. 3, the
non-oscillatory part of the longitudinal magnetoresis-
tance is always negative; it will be seen that sam-
ple 2, R=13 cm®/C, apparently belongs in the low
concentration regime if one judges by the exception-
al behavior of its longitudinal magnetoresistance.
The non-oscillatory part of the transverse magneto-
resistance in the other samples appears to be a
sum of the longitudinal magnetoresistance and a
normal positive component that is virtually inde-
pendent of temperature.

Oscillatory components of the magnetoresistance
and Hall coefficient are shown in Figs. 4 and 5,
after the smooth variation has been subtracted out.
Figure 4 shows points on the [100] longitudinal os-
cillations at three temperatures for sample 4a, R
=1,9 cm®/C. In fairness, we should note that these
points are unusually regular; there is generally a
discernible scatter in the neighborhood of the max-

TABLE I. Characteristics of p-type PtSb, samples; the low-field Hall coefficient R (cm®/C), resistivity p (@ cm), and
Hall mobility uy (em?/V sec), at 77 and 4.2 °K.

Sample Current 77 °K 4.2°K

number Dopant direction R Hy R P My
1 ? [001] 98 4.1x10"2 2450 150 0.169 890
2 Sn [100] 14.5 6.3 x 108 2460 13.0 6.4 x 103 2030
3 Rh [100] 8.1 4.0% 10™3 2030 7.87 3,05 % 103 2600
4a Rh [100] 2.0 1.18 x 1073 1700 1.87 9,14 x 10~4 2050
4b Rh [110] 1.96 1.16x 10™3 1700 1.84 9.3 x 10 1980
5a Rh [100] 1.26 8.0x 10~ 1580 1.17 6.4 x 10" 1830
5b Rh [010] 1.18 7.76 % 10~ 1520 1.11 6.0 x 104 1850
5¢ Rh [011] not measured 1.13 6.25x 104 1810
5d Rh [001] not measured 1.19 6.32% 104 1880
6 Rh [100] 0.426 3.6x 10" 1180 0.422 3.3 x 10~ 1300
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ima.

We shall remark here on a couple of points that
are not clearly related to the band structure and
will not be mentioned in Sec. III. The negative term
in the longitudinal magnetoresistance is greatest
at low concentrations and temperatures; as Roth
et al.” observed, it appears to exist primarily at
concentrations near to or somewhat greater than
those at which an impurity band is formed. The
functional dependence at fields above 5 kG can be
represented by Ap/py=A — aH", in which A is small
and almost independent of temperature, and o de-
creases while » increases with increase in tem-
perature; for sample 3, R~8 cm3/C, we find »
~(0, 36+ 7/60.

In Fig. 5 oscillations in the Hall coefficient are
shown that are roughly the same size as those in
the transverse magnetoresistance and nearly out
of phase with them. Variations in the diagonal
components of ¢ alone produce variations in R=o0,,/
H(o,,0,, + 0%,) that are in phase with those in p=o0,,/
(0,4 0,y + 02,) provided that 0%, <o,,0,,, a condition
that is satisfied in this case., The behavior of R
and p implies oscillations in o, that are out of
phase with those in the diagonal components, and
of comparable size. The variations in o,, are not
due to any redistribution of electrons between bands
that might result from variations in the relative
free energies of different bands, since similar be-

1.6 T T ] T T

Sample 1, R= 150 cm>C "

L2 = (a) Transverse:

Current (0011
Field [210]

0

Magnetoresistance Ratio, A p/p
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o
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0 10 20 30 40 50 60
Magnetic Field, kG

FIG. 2. Transverse and longitudinal magnetoresistance
ratios for sample 1, of low carrier concentration and with
a small mobility at low temperatures. Note scale changes.
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FIG. 3. Transverse and longitudinal magnetoresistance
ratios of four samples with moderate-to-high carrier
concentration, at low temperature. Note scale for longi-
tudinal magnetoresistance of sample 2.

havior is observed when the field is along a [111]
direction and all bands are then equivalent.

The non-oscillatory part of the Hall coefficient is
only slightly field dependent. In all cases except
sample 1 it increases steadily with increase in
field; at the highest fields it is 3-7% greater than
the low-field value. In sample 1 a similar de-
crease occurs.

III. DISCUSSION
A. Low Fields

The negative part of the magnetoresistance ap-
pears to be independent of both the field and cur-
rent divections for a given carrier concentration
and temperature, except in the two samples with
lowest carrier concentration; these samples are
omitted from the following discussion. Subtraction
of the longitudinal magnetoresistance from a trans-
verse resistance taken at the same temperature
yields a smoothly varying positive resistance that
is quadratic in H for fields below 15 kG and is in-
dependent of temperature. This we consider to be
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FIG. 4. Oscillatory part of the longitudinal magneto-
conductivity ratio of sample 4a at three temperatures,
plotted against 10%/H; the slowly varying part of the mag-
netoconductivity has been subtracted out. All high-field
points taken at 1.39 °K are shown; some of the points taken
at the two higher temperatures are omitted because of
overlap. Measurements taken at three other tempera-
tures are omitted altogether.

a normal quadratic term given by the usual expan-
sion in powers of H.

From prior work, ? the valence bands are el-
lipsoids centered on the (100) axes, having three
unequal principal effective masses m,, mjy, ms,
and principal relaxation times 7,, T,, T;. As-
suming degenerate statistics, the galvanomagnetic
coefficients of such bands are®

R=v/nec ,
ap (1)
Vil brce(lyy)?+di3Yivee 1342,

in which €y, is the unit antisymmetric tensor and
the double-suffix summation convention is implied.
Here R is the Hall coefficient, » the number of cur-
rent carriers, Ap the change in resistivity at mag-
netic field H, and 7;, v; are the direction cosines
of the current and magnetic field referred to the
crystal axes. The constants b, ¢, d, e, and 7 are
given in terms of the band structure and Hall mo-
bility uy by

. K, +K,+ K K,
2K Ky(1+K,+K,)?

b
=-1
vy
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X(Kf+K§+K1K§+KfK2+K1+K2),
£ 4 _ 3K+ K+ K K))
ug 1+K,+K,)?
e (K + Kp+ KK (K, = Kp) (K, = 1) (K~ 1)
mA 2K K,(1 + K, + Kj)°
d=-(b+c), r=1-c, 2)
where

Ki=mgTy/myTy, Kp=m Ty/myT, .

These relationships hold for crystal class T,,
and differ from the better-known relationships® for
class O, primarily in the existence of the coeffi-
cient e. For class O, one must have either K, or
K, equal to unity, or K;=K,, and the above equa-
tions then reduce to more familiar forms.

At low temperatures, samples 3-6 give similar
magnetoresistance coefficients b, d, and e, the
scatter being 10% about the mean values; the rela-
tionship b+ c+d=0 holds approximately, but ¢ is
difficult to obtain accurately since it is smaller
than the others. In all of the samples, the coeffi-
cients found at 77 °K are smaller than those found
at 4. 2°K; even sample 3, which is at best partially
degenerate at the higher temperature, shows a
diminished value of b. The high-temperature co-

Sample 4a, R =1.9 em? ¢! —

Field [001}, Current [100]
< T=1.74°K

] | |

| .

0.15 0.20 0.25 0.30 0.35 0.40
107k 67h
FIG. 5. Oscillatory part of the transverse magnetore-

sistance and Hall coefficient in sample 4a at two tempera-
tures, plotted against 10%/H; the steady part of the varia-
tion with field has been removed. No measurements were
taken at other temperatures.
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efficients found from these samples are 5-10%
greater than the best results of our prior work.
Our best estimates of the independent coefficients
b, ¢, and e are shown in Table II together with the
band parameters K; and K, and the value of 7 de-
duced from them.

These results are anomalous; the relative mag-
netoresistance Ap/py(uy H)? decreases with increase
in temperature even for samples that are only
partially degenerate at the higher temperature.
Nondegenerate samples do, however, show the ex-
pected increase. 1 The effect results from an al-
teration in the ratios m,/7T,:my/Ty: ma/T5, which
change from 0.7:1:1. 6 at the low temperature to
0.7:1:1.4 at 77°K. The natural place to look
for such an effect is in an alteration in 73 relative
to 7, and 7,; some straightforward explanations
are listed and dismissed below.

(i) The low-temperature scattering is aniso-
tropic. Anisotropic mechanisms can drastically
affect the low-temperature magnetoresistance, but
only when the mobility is much greater than in
these crystals. Moreover, it will be found later
that the effective-mass ratios are roughly
0.61:1:1, 64, so the low-temperature relaxation
time is the more isotropic of the two.

(ii) Intraband phonon scattering is most likely
to be anisotropic for bands that are nearly spherical
and not centered on £=0. ' The observed effect
cannot be due to this source of anisotropy since the
decreases in mobility that result from the rise in
temperature are variously between 10 and 30% for
different samples. A fixed degree of anisotropy
in the phonon scattering would therefore give a
large scatter in the 77 °K results.

(iii) The effect may be altogether hallucinatory,
since the low-temperature results involve subtrac-
ting away a negative magnetoresistance that is not
understood. However, in the sample with the
greatest carrier concentration the negative compo-
nent is zero, while in that with the least carrier
concentration the negative component is greater
than the quadratic part. These samples give values
for b and e that are within 10% of each other, so no
essential error can be involved in the subtraction
process.

We do not understand the unusual temperature
dependence of the magnetoresistance; the low-

TABLE II. Low-field magnetoresistance coefficients
b, ¢, and e at low temperatures and at 77 °K for degenerate
samples, and the ratios Kj, K,, and » found from them.

Temperature
(°K) b/uy  c/uy e/vy K, K, P
=4.2 0.12 ~0.05 0.022 1.6 0.7 0.94
™ 0.080 ~0.03 0,014 1.4 0.7 0.96
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temperature results give a good preliminary esti-
mate of the effective-mass ratios if 7 is presumed
isotropic.

B. High Fields
1. Intvoduction

Many accounts of Shubnikov-de Haas effects
have been given; the equations that follow are taken
from a review article by Roth and Argyres'? and
hold for the region wy 7> 1, wy being the cyclotron
frequency. At such high fields oscillations in the
Hall coefficient are small; the oscillations we ob-
serve have been used only to help determine the
period P. All our measurements are taken in the
region w731, but the observed variations in the
magnetoresistance fit the high-field theory reason-
ably well and we have used it throughout.

For a simple band the calculated magnetoresis-
tance is of the form

Ap/po=R(H)+A(H, T) cos(2r/PH ~ 17) (3)

in which R(H) is a smoothly varying function, R(H)
=0 for the longitudinal magnetoresistance; A(H, T)
is the amplitude of oscillations that are of period
P in units of G!. A(H, T) and P are given by

P=2re/lic &, A(H, T)=A  (H)x/sinhx , (4)

in which

x=2m2kT/wy , AyH)=CEHP)Y 2™/ “nTs
and C is 3 in the transverse case and 1 in the lon-
gitudinal case. In these relationships @ is a sta-
tionary area of the Fermi surface, @=7kZ for a
spherical surface; 7,is a relaxation time for scat-
tering, and for anisotropic scattering is expected
to be smaller than the momentum relaxation time
7, that is involved in conduction processes; m g and
wy are the cyclotron mass and frequency, respec-
tively,

O X _eH
H or 9E wH“ch .

2. Peviods and Cyclotvon Masses

A general characteristic of our results is that
only one period P is observed when the field is in
any particular direction, but that the amplitudes
and intervals between zeros are plagued with ir-
regularities resulting from interference by oscilla-
tions of shorter period; the interfering oscillations
are smaller in amplitude than the main component
since they are more strongly damped by scattering.
For example, when the field is in the [110] direc-
tion on sample 5d the intervals in 105/H between
consecutive zeros in the magnetoresistance are
0.21, 0.22, 0.24, 0.22, 0.21, 0.19. With the field
in the [111] direction on sample 5c, all valleys being
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expected to be equivalent in this case, a correspond-
ing set of intervals is 0.17, 0.19, 0.19, 0.19, 0.17,
0.19.

Despite this irregularity the samples as a whole
fit together well. Zeros in the magnetoresistance
are expected to occur at values of 1/PH=%, §,
%,..., from Eq. (3). Figure 6 shows the positions
of the zeros in the longitudinal magnetoresistance
for all [100] samples plotted against half integers;
results for different samples are close enough for
us to be satisfied that only one main period is in-
volved and that interference effects are not drastic.
If the argument of the cosine in Eq. (3) is written
as (2r/PH - ¢), then from Fig. 6 one finds ¢ =(0. 2
+0.12)m; the expected value is i7.

Cyclotron masses are found from the temperature
dependence of the amplitude at fixed field. This
amplitude is expected to obey the relationship

Al T) 1
T sinh(aH/T) °’ )

@ being proportional to the effective mass; see Eq.
(4). Figure 7 shows fits of A/T to the 1/sinh law
using effective masses estimated by a system de-
scribed below. In Fig. 7(b) the field is in a [111]
direction for which all valence-band maxima are
equivalent; the 1/sinh law is obeyed reasonably well
and a single effective mass fits the variation at all
of the higher fields; low-field amplitudes are too
small to measure accurately. In Fig. 7(a) the field
is in a [110] direction for which the various valence-
band maxima are inequivalent; interference effects
complicate the results, and no single effective mass
will fit the variation in amplitude with temperature
at all of the higher fields. Note that the effective

9( L T a T T T
gl P~ Ptsh, 11001 Periods

ol v e i e}

oo

-1
(P Ho)

=1 0 1 2 3 4 5 6 7 8 9

FIG. 6. Values of 1/PH at the zeros in the oscillatory
part of the [100] longitudinal magnetoresistance plotted
against the half-integers, for all [100] samples that ex-
hibit oscillations.
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mass used in drawing the curves of Fig. 7(a) is not
the same as that listed below because the highest
field amplitudes are shown in the figure; these
were discarded in determining the “best” effective
mass for reasons mentioned below.

Irregular results such as those of Fig. 7(a) are
difficult to analyze graphically since a variety of
masses can be chosen as the best fit depending on
the criteria used. The following method of de-
termining the cyclotron masses was adopted and
used in all cases, regular or irregular, so as to
stop preconceptions from leaking in. A series of
amplitudes as a function of temperature was found
at each of the various magnetic fields at which Ap
was stationary. For fixed H, the run of amplitudes
was either retained, given a weight of one-half, or
discarded, depending on the apparent accuracy of
the measurements; the amplitude of the stationary
point observed at the highest field in any run was
always discarded because the zero cannot be de-
termined accurately in its neighborhood unless the
envelope of the amplitudes is regular, which it gen-
erally is not. This weighting was undertaken be-
fore finding any effective masses, so as to avoid
bias. For a given field the value of a [see Egs.

(4) and (5)] such that the product (A/7T) sinh(aH/T)
was most nearly constant was found; there is gen-
erally little latitude in the choice. The weighted
mean of the series of a’s found at different fields
was then taken and gave the effective mass. The
scatter in each series of a’s is generally random
in appearance; no systematic variation with field
was found. Taking all series of a’s into account,
the standard error in the mean of a series is found
to be 4.2% on average, so the greatest probable
error in 8%.

Periods were determined from as many as pos-
sible of the magnetoresistances and Hall coefficients
for a particular field direction; they are subject to
a possible 2-3% error from the irregularities in
the position of the zeros. Table III shows the peri-
ods P and cyclotron masses my found according to
the above system; samples with current in the [100]
direction have results for all three (100) field di-
rections together and should yield the most accurate
results.

The quantity Pygis the period calculated from the
Hall coefficient for six equal and spherical valence-
band maxima. The ratio P/Pyg shown in the fifth
column of Table III is independent of carrier con-
centration if the Fermi surface has the same shape
at all energies. P/Pyg should then be a function of
orientation only, and within experimental error it
is; the error includes a possible 2% error in Pyg
due to errors in the Hall coefficient resulting from
uncertainties in sample geometry.

The quantity m y P/mPyg shown in the sixth column
of Table III is independent of both orientation and
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FIG. 7. Temperature dependence of the amplitudes

A(H, T) at various fields H for (a) field in the [110] direc-
Solid lines are the

calculated temperature dependence for the masses shown,

tion and (b) field in the [111] direction.

with arbitrary positions on the vertical axis.

carrier concentration if the energy is of second

order in the wave number, since in this case P
This quantity shows nc sys-
tematic drift with carrier concentration, so the

~1/@ and m z~ G/ Gys.

|on

bands must be presumed quadratic.

The last two columns of Table III exhibit a cor-
rection to the effective masses for the effect of in-
terference by shorter periods. The correction is
described at the end of this section; it involves the
band structure, the scattering time 7¢, and the de-
tails of the way in which the effective mass was cal-
culated. We show it here primarily because there
is a very substantial discrepancy between the [100]
effective masses obtained from samples 4a and 5a,
and we wish to show that this difference (which is
greater than the experimental error) is explicable.

The results in Table III are not sufficiently ac-
curate to determine the three principal axes of the
constant-energy surfaces (not even ellipsoids of
revolution can be ruled out, though unequal axes
are expected). This inaccuracy comes from the
fact that we can resolve, at best, three complete
oscillations, and that even these few are made ir-
regular by interference effects. It will be shown
later, from an analysis of interference effects on
the amplitude of the oscillations, that the principal
inertial effective masses are in the ratio
0.61:1:1.64. The principal areas are @,
~(mymg)t’? etc., and are proportional to the cyclo-
tron effective masses. For magnetic field in the
direction [lmn] the stationary area of an ellipsoid
with principal areas @;, @,, @; is given by

1/a6%=1%/@é+m? ai+n?/ak.

Table IV compares ratios of areas calculated
from the principal effective masses with the ob-
served values obtained from Table III, using P
~1/@. The observed ratio is in each case suffi-
ciently close to the least calculated ratio; the
greater calculated areas do not contribute to the
observed period because the oscillations that they
cause are more strongly damped by scattering.

The last column of Table IV shows P10/ Pys;
the calculated value takes full account of the ef-
fective masses and relaxation times, while the ob-
served value is the most accurate such ratio that
we have. The discrepancy between the two, though
small, is genuine, and we are not able to account
for it. Similar disagreements are found in ma-
terials with simpler band structures. !®

3. Amplitudes

It has been noted that when more than one period
is present the smaller periods, though not resolved,
cause erratic variations in the intervals between
zeros, the low-temperature amplitudes, and the
temperature dependence of the amplitudes. Of
these, only the low-temperature amplitudes Ay(H)
can be found well enough for conclusions to be
drawn about the ratio of the effective masses.

The calculation that follows is intended to give
only the direction in which Ay(H) varies with field,
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TABLE III.

2183

Periods P and effective masses my for all samples in which Shubnikov—de Haas oscillations are observed.
Pyg is the period derived from the Hall coefficient assuming six equivalent and spherical valence-band maxima. Corrected

masses allow for interference by periods other than the principal observed period [text Eq. (8)].

Observed values

Corrected values

Sample I H Px10° (GY)  my/m (& 8%) P/Pyg myP/mPyg my/m myP/mPyg

2 [100] (100) 2.(6)* 0.1(6)* 1. (5)? 0.2(4) e
3 [100] (100) 1.72 0.16; 1.41 0.23 0.17; 0.25
4a [100] {(100) 0.64 0.18; 1.36 0.25 0.17; 0.24
4b [110] [170] 0.577 0.18; 1.24 0.23 0.18 0.22

[171] 0.540 0,19; 1.16 0.23 0.19; 0.23
5a [100] (100) 0.475 0.154° 1.39 0.22 0.16; 0.23
5¢ [110] [1T1) 0.367 0.19; 1.09; 0.21 0.19; 0.21

[112] 0.40 0.19; 1.19 0.22 0.19 0.22
5d [100] [011] 0.44 0.19 1.27 0.24 0.19 0.24

3Very inaccurate; sample shows single poorly-resolved oscillation.

not its absolute magnitude. Three bands with peri-
ods Py, P,, P4(P;>P,, P,)give an oscillatory
magnetoresistance that is approximately of the form

Ap) 1 1/2[ -n/H < 2 >
— ~ C($ HP,) e/ "cos
(ﬂo T=0 z ! P\H
-va/ H 2 ) -v3/ H (_ 2m )
+e cos(P ) e cos( 5 g , (6)

transverse , B
longitudinal , 717

in which

5
et
13

and the phase factor i has been dropped for clarity.
It has been assumed that the bands are of not very
different conductivities and periods, and so contri-
bute equally to the oscillations in the absence of
damping.

The magnitude of the oscillations is dominated
by the term e/ # that multiplies the principal per-
iod Py. Analysis is simplified if one multiplies the
amplitudes by the expected exponential variation,

2 1/2 Iy
Ay(H) <_~HP ) e
1

= 27 ~(rg=m)/ H 2 )
=envelope of C[COS(P1H> +e cos P,H

2m
P,H) |’

mm ;C
eTs

+e" B/ H g <

(7
Y1=C¥ 11001/ Qra00 -

Such analysis depends on finding one of the damping
constants ¥, others being obtained from it through
Eq. (7) with the aid of the calculated ratios of areas
in Table IV. In this material, all periods P are the
same when H is in a [111] direction, so a logarith-
mic plot of Ay/HY 2 vs H™! yields a straight line of

bConfirmed by sample 5b, similar to 5a.

slope ¥y31; for this orientation of the field.

In finding Ay(H) from the measured amplitudes
A(H, T) we eliminated the higher-temperature am-
plitudes because effects due to greater areas are
more strongly reduced by temperature. Two or
three of the lowest-temperature amplitudes A(H, T)
(or one only on two temperature runs) were extrap-
olated back to T'=0 using the x/sinhx temperature
dependence given in Eq. (4); the effective mass used
in the extrapolation was the observed value reported
in Table III. This is a small extrapolation, the ob-
served amplitudes being increased only by 10-30%,
so we expect the effect of greater areas to be well
represented.

As is expected from Eq. (8), it was found that
a logarithmic plot of Ay(H)/H? vs H-! was not
usually a straight line, except when H is in a [111]
direction. The prescription of Eq. (7) was there-
fore followed. Ay(H)was multiplied by the expected
exponent obtained from the slope of the [111] plot,
and the results are shown in Fig. 8 compared with
the calculated envelopes. Calculated values are
not expected to do better than follow the trends of
the observed values, and they do this reasonably
well except in the case of sample 5a—bottom right
of the figure—which is commented on later. The
effective-mass ratio used is the result of a rather
tedious attempt to fit the experimental amplitudes
to Eq. (7).

TABLE IV. Ratios of observed cyclotron masses and
areas, compared with those calculated for may : my : mg
=0.61:1:1.64. The last column is @yg/@ 1007=Priooy/ Prs-

[100] [110]  [111)] [211] HS
obs m/mp 1.0 1.11 1.16 1.1
Q/Q 40 1.0 1.11 1.23 1.17 1.39
cale 1.0 1.12 1.23 1.10 1.33
1.28,1.64 1.21,1.43 1.25,1.39
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The calculated [110] amplitude is exceptional. It
will be seen from Table IV that the two lowest areas
are nearly equal when H is in a [110] direction, so
their dampings are not very different and pronounced
beats can appear in the envelope. One such beat
occurs at 1/HP=6. 3; the resulting minimum is
shown by the dotted line in Fig. 8, and is shifted
from its expected position through the action of a
third frequency of lesser amplitude. Such phenom-
ena are sensitive to the weightings of the component
frequencies. The full [110] envelope shown in Fig.
8 was obtained by weighting the component due to
each band according to the low-field conductivity of
that band in the direction of the current. This pro-
cedure should not be grossly in error, but is clearly
not well justified in a transverse measurement with
Hall angle near 45°.

Results from sample 5a—bottom right of Fig. 8—
have been ignored in finding the ratio of masses that
will fit the amplitudes. The current in this sample
is in the [100] direction. The transverse magneto-

resistances H11[010] and H 1l [001] can differ, since
the crystal is of class T, rather than O,; an esti-
mate of this difference is given by assigning the
component amplitudes from each band a magnitude
proportional to the conductivity of the band in the
direction of the current. It is then found that the
two transverse amplitudes do not differ by more than
20%, and that the ratio of longitudinal to mean-
transverse amplitude should be very nearly constant.
These rules are obeyed by sample 4a, of lower car-
rier concentration, but not by 5a, as Fig. 8 makes
plain. Moreover, for a given value of HP the am-
plitude obtained from 5a should be close to that ob-
tained from 4a (cf. the [111] and [110] results),
but is not. Though results obtained on 5a have been
ignored, we must note that the longitudinal ampli~
tudes obtained from it were confirmed by 5b, a
similar sample cut from the same part of the ingot
as 5a but along another [100] axis.

The value of ypyq; is 1.7X10° G for both of sam-
ples 4b and 5¢c. We relate this to the mean momen-
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tum relaxation time for conduction 7,: In a spheri-
cal band one has

y=1H/wyTs=(m/Ro)(1,/7,) .

Calculation is only a little more complicated when
allowing for ellipsoids; the numerical result for the
two samples is 7,/7,=0.69 for sample 4b, and 7,/
7.,=0.76 for sample 5c. This is close to the equal-
ity of 74 and 7, that is expected in the case of com-
pletely isotropic scattering; it is usual that 7, be at
least somewhat smaller than 7.

4. Correction to Effective Masses

The cyclotron masses in Table III are listed to-
gether with corrected values obtained through taking
account of interference effects. The procedure fol-
lowed in making the correction is straightforward.
From Eq. (4) for the amplitudes we note that at low
temperatures A(H, T)~ (1 - xm?T?), X being a con-
stant for fixed magnetic field. For, say, two com-
ponents of magnitudes B;, B, at a particular field,
and etfective masses m, and m,, the temperature
dependence of the total magnetoresistance at low
temperatures and fixed magnetic field is approxi-
mately

ap~ By(1 = xm? T%) + By(1 = xmi T?)
=(B;+B,) (1 = m2, T?),

m2,, = (Byms + Bymi)/(By+B,) . (8)

Here m,,, is the apparent mass that is derived from
the temperature dependence. Note that the ampli-
tudes B, and B, are the values of the oscillatory
magnetoresistance at the field in question, not the
envelope functions; i.e.,

B;=Ay; (H) cos(2r/P; H-41) ,

not Ag;(H). The ratios m,/m, and B,/B, can be ob-
tained from the calculated areas in Table IV and
the damping constants y of Sec. III B3; this must
be done for each field at which the apparent mass

2185

was found, and m,,, corrected to give the value of
ny.
IV. CONCLUSIONS .

The valence-band maxima in PtSb, are six el-
lipsoids centered on the (100) axes. The principal
inertial effective masses m,, m,, and mgy are un-
equal, being in the ratio 0.61:1:1.64; at low tem-
peratures the momentum relaxation time is almost
isotropic, the quantities m,/7; being in the ratio
0.7:1:1.6. The least cyclotron mass (m, m,)!/?
is (0.168+ 0.005)m, and the density-of-states ef-
fective mass per band, (m,myms)’?, is 0.22m.

In a search for band interactions, effective
masses and areas have been investigated over a
range of carrier concentrations corresponding to
Fermi levels from 0.004 to 0.015 eV, and no de-
pendence of mass or shape on energy has been de-
tected. The strongly energy-dependent bands sug-
gested by one of us (P.R.E.)® are definitely not
present. Most models of band interaction give an
effective mass that increases with increase in Fermi
energy; the results in Table III suggest, if anything,
that the mass decreases at greater carrier concen-
trations. We can certainly exclude any increase
greater than 5% over the range of energies mea-
sured. A simplified version of Kanes’s'* model of
band interactions (which is not strictly appropriate
for bands not at k=0) gives for the energy depen-
dence of the cyclotron mass m(E)=m(0) (1 + 2E/E; )™,
E; being the direct band gap. Since m changes by
less than 5% when E increases by 0.011 eV, we see
that E; >0.4 eV. One must conclude that the small
magnitude of the observed indirect band gap, 0.10
eV, is accidental; the valence and conduction bands
do not interact strongly with each other.
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