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The densities and mobilities of light and heavy holes were determined experimentally for p-type InSb crystals
at 77.4°K before and after plastic deformation. The deformation involved bending of the crystals at 360°C. At
this temperature both the light and heavy holes interacted strongly with dislocations generated in the crystals
and this was manifested by considerable changes in the hole densities and mobilities, compared with the
values obtained for undeformed control crystals. The final results depended strongly on the deformation
(strain) rate. At low rates the point centers appearing in a crystal as a result of plastic deformation diffused to
the dislocation cores and were activated by the microstrain fields in the crystal lattice near the cores. This
enhanced greatly the acceptor effect in the crystal. Changes in the densities in the light- and heavy-hole bands
were approximately proportional. The mobilities of both types of carrier then decreased considerably. At high
deformation rates there was a direct interaction between carriers and dangling bonds in the cores of the newly
formed dislocations, which enhanced greatly the donor effect in the crystal and was accompanied by a
considerable reduction in the mobilities of both types of carrier as a result of the scattering of the carriers by
the new dislocations. The changes in the densities in the light- and heavy-hole bands were again proportional.
All these results were deduced from the dependences of the magnetoresistance on the magnetic field applied
to control and to plastically deformed crystals, and from a subsequent analysis of the data carried out using a
two-band model and assuming that the relaxation time was independent of the carrier energy. At 77.4°K the
two-band approximation was sufficiently accurate for investigations of this type, as demonstrated for a large
number of crystals before deformation. Some electrical properties of p-type InSb crystals were determined

before deformation.

PACS numbers: 72.20.Jv, 72.80.Ey, 61.70.Jc, 62.20.Fe

In earlier papers'~ we reported studies on the in-
fluence of dislocations on the electrical properties of
InSb single crystals. We found that the dislocations
which formed in plastically bent InSb crystals interact-
ed strongly with the electron subsystem, causing con-
siderable changes in the carrier densities and mobil-
ities. These results were deduced from an analysis of
the Hall coefficient in a strong magnetic field and of the
electrical conductivity in the absence of a magnetic
field, which gave information on the carrier densities
and mobilities in control and in plastically deformed
samples. However, one should point out that in the
case of p-type InSb crystals these measurements can
give only the total density of light and heavy holes in a
crystal and the corresponding Hall mobility, which are
very close to the corresponding values for the heavy
holes, because in p-type InSb the heavy-hole density is
much higher than the light-hole density. This approach
fails to give the density and mobility of the light holes.
Therefore, it would be interesting to determine separ-
ately the properties of the light and heavy holes in ord-
er to study independently their interactions with dislo-
cations in plastically deformed crystals.

The aim of the present investigation was to determine
the influence of dislocations on the densities and mobil-
ities of both light and heavy holes in p-type InSb cry-
stals at the boiling point of nitrogen, T="77.4°K. The
investigation was based on an analysis of the magneto-
resistance of control and of plastically deformed sam-
ples on the magnetic field considered on the assumption
that the relaxation time was independent of the energy.*
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In the case of the undeformed material the dependence
of the Hall coefficient on the magnetic field was also
analyzed. We used samples bent plastically at very low
and very high deformation (strain) rates, which made it
possible to observe separately the features characteris-
tic of both mechanisms of the influence of dislocations
on the electrical properties of p-type InSb crystals.??

We also carried out a detailed investigation of unde-
formed p-type InSb which gave the densities and mobil -
ities of both light and heavy holes in a wide range of do-
pant concentrations. Moreover, we carried out a self-
consistent comparison of the carrier densities and mob-
ilities obtained from the dependence of the magnetore-
sistance on the magnetic field with the data deduced
from the dependence of the Hall coefficient on the mag-
netic field. This comparison allowed us to draw con-
clusions on the mutual consistency of the results ob-
tained by the two (magnetoresistance and Hall effect
methods.

1. PRINCIPAL RELATIONSHIPS

The valence band of InSb, like that of Ge, has three
components®: the heavy-hole band, the light-hole band
degenerate with the heavy-hole band at K=0, and a
third band separated from the other two by the energy of
the spin-orbit interaction which is sufficiently large to
allow us to ignore its influence in the interpretation of
the results of galvanomagnetic measurements. There
are grounds for assuming® that the maxima of the
heavy-hole band are shifted somewhat from the center
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of the Brillouin zone in the (111) directions. According
to Kane’s calculations,® this shift is of the order of
0.003 of the distance from the center of the Brillouin
zone to its boundary. The energy at a maximum ex-
ceeds the energy corresponding to K=0 by 10™ eV.
Since the carrier energy at 77.4 °K is considerably
greater than 10™ eV, we shall assume that the maxi-
ma of both bands are located at K=0 and that the con-
stant-energy surfaces are spherically symmetric.

In the case of the p-type material at 77.4 °K only the
heavy and light holes participate in the electrical con-
duction process, because the electron density in the
conduction band of InSb is negligible at this tempera-
ture. Therefore, we shall consider the magnetic-field
dependences of the magnetoresistance and Hall coeffi-
cient using a two-band model.

Further simplification is achieved by allowing for the
fact that the masses of the heavy and light holes in InSb
are very different.* It is known’ that the changes in the
magnetoresistance and Hall coefficient with the magne-
tic field are so large, compared with the corresponding
changes due to the thermal scatter of the carrier velo-
cities, that the latter can be ignored because they are
effects of higher order. Therefore, irrespective of the
carrier scattering mechanism, which depends on temp-
erature and the degree of doping of a crystal, calcula-
tions can be carried out on the assumption that the re-
laxation time is independent of the carrier energy.

Under these assumptions we have?*

Aplpo=bH?/ (1+cH?), (1)
ARz Ap 10%¢"

R, Po R0, !

(2)

where Ap /p, is the magnetoresistance of a crystal; R,
is the Hall coefficient in a magnetic field H(G); R, is the
Hall coefficient in the limit H=0; the constants b and ¢
are found from the experimental results. In the case of
p-type InSb at 77.4 °K the inequalities p, > p,, k< U,

are obeyed.* Under these conditions the transport equa-
tions in the two-band theory can be solved approximate-
ly* and the quantities p,, K,, p,, and W, of interest to us
can be expressed in terms of b, ¢, 0,, and R, deter-
mined from the experimental values:
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Here, p,, 4,, and pz; U, are the properties of the light
and heavy holes, respectively; o, is the electrical con-
ductivity in H=0; e is the electron charge.

It follows from the above discussion that the carrier
densities and mobilities in our crystals can be deter-
mined by two methods.

1. The experimental data on the change in the mag-
netoresistance with the change in the magnetic field
can be used to find the coefficients b and ¢ in Eq. (1),
selecting them so that the experimental data satisfy
optimally Eq. (1). The knowledge of the coefficients
b and ¢ makes it possible to calculate the carrier den-
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sities and mobilities using the expressions in Eq. (3).

2. The same results can be obtained from the exper-
imentally determined dependence of R ,on the magnetic
field. Substituting Eq. (1) for &p/p, in Eq. (2), we ob-
tain an expression for the dependence of R ,on the mag-
netic field:

10%bc":

v

Ru=R, — HY/(1+cH?) . (4)
As before, the coefficients b and ¢ are found from the
experimental data, in the present case from the mag-
netic-field dependence of R,. The carrier densities

and mobilities are calculated from the expressions in
Eq. (3).

We used both methods. A study of plastically de-
formed samples involved an analysis of the data on the
magnetic-field dependence of the magnetoresistance.

2. EXPERIMENTAL METHOD

We used p-type InSb single crystals grown by the
Czochralski method along the (112) axis. The density
of the growth dislocations deduced from the etch pits
(the etchant was CP-4M-Ref. 8) never exceeded 10?
cm™, The initial concentration of the active impurities
was determined by the Hall method at the temperature
of boiling nitrogen.

Ingots were oriented by an x ray method to within 1°
and were cut into plates of 2.2-3 mm thickness and with
a suitable orientation; samples used in the electrical
measurements were cut from these plates. The planes
of the bases of the plates used to investigate the prop-
erties of the original material and, consequently, the
bases of the samples cut from these plates were perpendi-
culartothe crystal growthaxis. The orientation of the
samples cut from these plates was not determined
apart from the base. The plates intended for
plastic deformation and also those from which control
samples were cut had the orientation shown in Fig. 1 of
Ref. 1. The plates were ground mechanically and
etched in CP-4M. They were bent relative to the [112]
axis by the four-point method. In the course of bending
the plates were kept at 360 °C in a furnace filled with a
90% N, + 109, H, gas mixture. The samples were load-
ed dynamically and the deformation rate was constant.
Plastic bending of InSb crystals under these conditions®
should result in the accumulation of an excess of a or
B dislocations, depending on the direction of bending.
The deformations producing these dislocations were
called o and 8 bending, respectively. It was assumed
in Ref. 1 that, for a given orientation of the crystal, the
above treatment caused accumulation of edge disloca-
tions directed along the {112] bending axis. The dis-
location density was deduced from the measured
radii of curvature of the deformed crystals. Two
samples were cut from each deformed plate and also
from the corresponding control plate: one of them in
the direction of the [112] axis (longitudinal sample) and
the other at right-angles (transverse sample).

In all cases the samples cut from the plates were in
the form of bridges (shown at the bottom of Fig. 1) and
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FIG. 1. Dependence of the magnetoresistance emf on the mag-
netic field obtained in weak fields for sample No. 12; H is the
magnetic field and u is the magnetoresistance emf.

their geometric dimensions were such that the ratio of
the length of the sample to the width was 7.5 for the
original material and 6 for the plastically deformed
samples. Before the measurements the samples were
ground mechanically and etched in solutions CP-4M
and H-100 (Ref. 9).

During measurements of the electrical properties the
samples were immersed in liquid nitrogen. A current
was passed through contacts 1-2 (Fig. 1). The mag-
netoresistance emf was measured across contacts 3-4
and 5-6; the Hall emf was determined across contacts
7-8. For each value of the magnetic field the magne-
toresistance and Hall emf’s were measured twice for
the opposite directions of the current. Next, the di-
rection of the field was reversed and the measurements
were repeated. All these values were then averaged.
The emf’s across the contacts were measured by the
compensation method employing R-348 potentiometers.
The magnetic field intensity was kept constant to within
+39.

3. DENSITIES AND MOBILITIES OF HOLES IN THE
ORIGINAL InSb MATERIAL

The densities and mobilities of the light and heavy
holes in p-type InSb single crystals were determined
earlier at the boiling point of nitrogen by Champness®
from an analysis of the magnetic-field dependence of
the magnetoresistance. Unfortunately, the limited
range of this determination (the results for just three
samples were analyzed) and the imperfection of the
crystals employed prevented the author from drawing
definite conclusions about the results. Moreover, con-
flict between the data on the magnetoresistance of one
of the samples and the data deduced from the Hall coef-
ficient measurements in a field H=5000 G, which was
revealed by the analysis of the measurement results,
caused Champness to doubt the method employed.

In the present section we shall give the results of our
investigation of the carrier densities and mobilities in
p-type InSb crystals at 77.4°K, which was carried out
on 18 samples with dopant concentrations in the range
5x 10''=2 x 10'® cm™,
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The samples prepared for investigating the original
material were checked for the homogeneity of the elec-
trical properties. This was done by measuring the Hall
coefficient in H="T00 G for all three pairs of contacts
(4-6,7-8,3=5) and the electrical conductivity across
the contacts 3-4 and 5-6. The results were used to
select the samples with the scatter of the values of 1/
eR ,and 0, not exceeding 10% from the average. The
electrical properties of the selected samples are listed
in Table I.

The magnetoresistance emf’s (emf’s across the con-
tact pairs 3—4 and 5-6) and the Hall emf’s across the
7-8 contacts were determined for the selected samples
in magnetic fields 50-10000 G (for samples Nos. 15-18
the range was 300-10000 G). The results of the mea-
surements were analyzed graphically. The values of
%, (maximum magnetoresistance emf in the limit as
H-0), R,, b, and ¢ governing the dependences of ap/
po=u —u,)/u, and R , on the magnetic field in Eqs. (1)
and (4) were used to calculate the densities and mobil-
ities of both types of carrier.

The results of the measurements and their analysis
will be illustrated by considering sample No. 12. We
can easily see from Eq. (1) that in weak magnetic fields
such that cH?<« 1 the experimental values of » and H?
should fit a straight line u =u,+u,bH® (the quantity H?is
plotted along the abscissa) and the position of this line
can be used to determine the parameters u, and b.
Figure 1 gives the results of measurements of the mag-
netoresistance of sample No. 12 in weak fields, show-
ing that the first experimental values of # and H? do in-
deed fit well a straight line. This was true of all 18
samples. The parameters u, and b were determined
from Fig. 1 using the ordinate of the point of intersec-
tion of the H? axis relative to this line. The values ob-
tained for sample No. 12 were u,=80 561.4 uV and b
=5.25%x10"® G2. The known value of u, was used to
calculate the experimental magnetoresistance (Ap/po),
= (u —u,)/u, for all the values of the magnetic field. The
parameter ¢ was found from Eq. (1), where the experi-
mental values of the magnetoresistance corresponding
to the magnetic fields 700, 800, and 900 G were sub-
stituted for Ap/p0 and the coefficient b was assumed to
have the value given above. These results were aver-
aged. For sample No. 12 the value of ¢ found in this
way was 7.93 x 10”7 G2, The parameters u,, b, and ¢

TABLE 1. Electrical properties of samples.

iaomple p. em-? 0o Q- «cm-! WH, cm? - V! +sec”!
1 573101 1.44-10-3 1.24-10%
2 247-1012 3,98-10-3 1.15-10¢
3 2.93.1012 5.21-10-3 1.41.10%
4 9.25-1012 1,60-10-2 1.08-10¢
5 2,59-1013 4,23.10—2 1.02-10¢
6 7.42-1013 1.20-10-1 1.07-10%
7 1.28-10t¢ 2.11.10-¢ 1,03-10¢
8 1,31-101% 2.08-10—1 9.94-10°
9 1.55-101% 2.78-10-1 1.42-10%
10 1.68-101 2.76.10-1 1.01-10¢
1" 3.47-10% 6.22.10-! 1,12-10%
12 4.66-10¢ 7.71-10-t 1.03-10%
13 5.43-10%¢ 9.49-10—1 1.09-10¢
14 6.82-1014 9.81-10—1 8.99-10°
15 1.12-10% 1,61 8,96-10%
16 2.83.1013 3.28 7.25-10°
17 2.43-10%¢ 138 3.55-10%
18 2.48.10'¢ 14.4 3.63-108
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and the expressions in Eq. (3) were then used to deter-

mine the carrier densities and mobilities in sample No.

12: p,=4.19%10" cm™; p;=1.09%x10* cm®-V™ - sec™;
p2=3.19x10"% cm™; p,=9.49 x10* cm?- V™« sec™,

The coefficients b and ¢ allowed us to use Eq. (1) to
calculate the theoretical values of the magnetoresistance
(8p/ 1), throughout the investigated range of magnetic
fields. The values of (4p/p), and (&p/p,), for sample
No. 12 were then compared (Fig. 2). This comparison
showed that the values of (&p/p,), and (8p/p,), were
practically identical for magnetic fields of the order of
2000 G. In stronger fields there was a systematic de~
viation from the theory: according to Eq. (1), the mag-
netoresistance should tend to saturate in fields in ex-
cess of 2000 G (Fig. 2, curve (4p/p,),, whereas the
experimentally observed magnetoresistance continued to
rise and there was no tendency for saturation. In a
field of H=10000 G the deviation from the theory was
about 150%, which far exceeded the experimental er-
ror. A comparison of the results obtained for the
other samples established that the point of divergence
of the experimental curve representing (Ap/p,), from
the corresponding theoretical curve (&p/ po), Was always
located near the magnetic field satisfying the condition
iH =1, so that in the case of heavily doped samples in
which the mobility was less the point shifted to the right
proportionality to 1/u,. Bearing in mind that the in-
equality uH =1 defines the range of magnetic fields
from which the quantization of the carrier orbits begins
in a magnetic field,” we assumed that the observed de-
viation of the magnetic-field dependence of the magneto-
resistance from the classical theory was due to the
quantization of the light-hole orbits in a magnetic field.
One could also explain this discrepancy by postulating
the influence of inhomogeneities of the dopant distribu-
tion.

We included in Fig. 2 the dependences of (4p/p,), on
the magnetic field obtained for several samples with
different dopant concentrations. In the dopant concen-
tration range from =5.73 x 10'* cm™ to ~3 x 10" cm™®
for each value of the magnetic field the values of (8p/

A/q//’ﬂ o/

wll-

0 | .
g w? ¢ 74
HG

FIG. 2. Dependences of the magnetoresistance Ap /py on the
magnetic field for undeformed p-type InSb crystals: O) sam-
ple No. 1; e) sample No. 2; L) sample No. 10; ®) sample

No. 12; A) sample No. 16; a) sample No. 18. Curve 1 repre-
sents the average value of (Ap/py), for the first ten samples in
Table I; curve 2 is the theoretical dependence (8p/py); for
sample No, 12; curve 3 is the average curve (Ap /py), for
samples Nos. 17 and 18.
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Pole were practically identical for all the samples, so
that the corresponding magnetic-field dependence of
the magnetoresistance was described by a single curve,
such as curve 1 in Fig. 2 obtained by averaging of the
data for the first ten samples in Table I. An increase
in the dopant concentration above 3 x 10" ¢cm™ reduced
rapidly the magnetoresistance, so that the curve fol-
lowed a lower path. When the dopant concentration was
of the order of 2 x 10'® cm™ this reduction in the mag-
netoresistance reached approximately one order of
magnitude (curve 3 in Fig. 2). Figure 2 demonstrates
also that in strong magnetic fields the magnetoresis-
tance always depended on the field in accordance with
the law &p/p,ec H*, and that for all samples the value
of @ was approximately the same o =0.84+0.02, ir-
respective of the doping.

As pointed out earlier, the carrier densities and
mobilities in the investigated samples could also be
obtained by analyzing the magnetic-field dependence of
the Hall coefficient. The results of measurements of
the Hall coefficient throughout the investigated range of
magnetic fields are plotted for sample No. 12 in Fig.
3a. Figure 3b gives the values of R ,as a function of
H? for the same sample but in weak magnetic fields; it
is clear that the first points corresponding to low values
of H fit well a straight line. The equation for this line
is obtained from Eq. (4) by dropping H? from the denom-
inator:

Ry=R,—10°bc"H?[0,.

This makes it possible to determine graphically both
R, and cb'/%/0,; having determined R 4 at any point in the
range of strong fields in Fig. 3a, we can then use Eq.
(4) to find the numerical values of the quantities of in-
terest to us: R;=2.07x10* cm®/C, 6=6.00x 10" G,
¢=1.05x10"° H2, The continuous curve in Fig. 3a
represents the results of calculations of R , carried out
using Eq. (4), where the parameters b, ¢, and R, have
the values just quoted. It is clear from the figure that
Eq. (4) describes well the dependence of R , on the
magnetic fields throughout the full range of the latter
right up to 10 kG. The carrier densities and mobilities
can again be determined from the expressions in Eq.
(3): p,=4.24x10" em™, u,=1.09% 10* cm? - V™
Xsec™!,p,=2.43x10% cm™, 1, =1.08x 10 cm - V™!

Ryt em3rC

7.0
15t
1 1 1 i
T 0’ A
R, 107 cm3iC H G
20
7.0
1.5
1.5 ° °
12 L 1.0 I
g @ w0 10 20 ] W w6 w0

#1m7 g2 (8p/p,)-10°
FIG. 3. Dependences of the Hall coefficient Ry for sample No.
12: a) on the magnetic field; b) on the magnetic field in the
range of weak fields; c) on the magnetoresistance Ap /p, in the
range of weak fields.

A. P. Krasnov and Yu. A. Osip’yan 726




Xsec”™!. The good agreement between these values and

those obtained earlier from the magnetoresistance data
clearly supports the simplfying assumptions formulated
at the beginning of the present paper. This is true of
all 18 samples in Table I. In all cases the carrier den-
sities and mobilities of the light and heavy holes de-
duced from the magnetoresistance and Hall coefficient
data agree to within +159 of the corresponding aver-
ages.

Champness* used Eq. (2) to check the self-consistency
of his experimental data within the framework of the
theory adopted in the present paper. An analysis of the
data for samples R and U (the notation is that of Ref.

4) in a field of H=5000 G gave the value AR, /R,=18%
for sample R and 36% for sample U. The Hall coef-
ficient data yielded 33 and 38%, respectively, which
was satisfactory in the case of sample U but represent-
ed a considerable discrepancy in the case of sample R,
Hence, Champness concluded that the magnetoresis-
tance data were insufficient to find the correct value

of c. In fact, this discrepancy was due to the fact that,
as pointed out above, in strong fields (particularly in
H=5000 G) the magnetoresistance data cannot be de-
scribed by the simple theory adopted here. This can
easily be seen in Fig. 3c, which gives the measured
values of Ap/p,and R,. The abscissa represents the
values of (4p/p,), for sample No. 12 and the ordinate
gives the corresponding experimental values of R 4.
According to Eq. (2), all the experimental points ob-
tained for a given sample should lie on the same
straight line. As expected, all the points up to about

H =2000 G do indeed fit well a straight line, but in
strong fields there is a significant deviation from the
adopted theory. We analyzed the data for sample R used
by Champness employing the graphical information given
for this sample in Ref. 8 and we concluded that the mo-
bilities and densities determined by the two methods de-
scribed above agreed to within 159 of the corresponding
averages.

Figure 4 gives the results of calculations of the car-
rier mobilities u, and p, and of the density ratio p,/p,,
representing averages of the magnetoresistance and Hall
coefficient data obtained for all 18 samples. We can
readily see that in the dopant concentration range from

F em?. v sec”

w0k A_AA—H_—\
1
4 o
w- o o
2,18y, %
1,5
7 f

° 1,0
S
° o o J 0‘7
/”J il 1 | L ! 1
i L il 7,47, em™3

FIG. 4. Dependences of the carrier mobilities and of the ratio
of the carrier densities in the light- and heavy-hole bands on
the degree of doping: 1) light-hole mobility; 2) heavy-hole
mobility; 3) ratio of the carrier densities in the light- and
heavy-hole bands; p; is the density of carriers in the heavy-
hole band and p, is the density in the light-hole band.
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5.73 x 10" ¢cm™ to ~3 x 10" cm™ the carrier mobilities
in the two bands are essentially constant, which gives us
grounds for assuming that the scattering of carriers by
the thermal lattice vibrations predominates in this
range of the dopant concentrations in the two bands.
The average values of the carrier mobilities in this
range of concentrations, averaged over the data for the
first ten samples of Table I, are 1, =1.10x 10* cm?
XVt sec™, nu,=1.07x10° cm®- V™ - sec™, and W,/
=9.73. At the dopant concentrations of ~10'° cm™ or
higher the scattering by ionized impurity centers pre-
dominates. In this range the mobilities of both types
of carrier decreases rapidly on increase in the dopant
concentration. The data for p,/p, are not as regular,
which is easily explained using the formula p,/p, =bu,/
cl, obtained from Eq. (3) by a simple comparison. In
fact, if we assume (for the sake of argument) that the
error in the determination of b, ¢, &;, and 4, is 15%,
then the possible error in the ratio p,/p, is 60%. Some
reduction in the relative density of the light holes at
high dopant concentrations was noted by Champness.*
Our experiments confirmed this tendency (Fig. 4): in
the dopant concentration range 5 x 10''=5 x 10'* cm™
the ratio p,/p, was essentially constant. There was
only some scatter of this quantity relative to the aver-
age value, which was 0.93% (average for the first ten
samples in Table I). At higher dopant concentrations
the ratio p,/p, fell considerably.

It is usually assumed that, in view of the degeneracy
of the light- and heavy-hole bands of InSb at K=0, the
relaxation times of the carriers in these bands are al-
most equal.” This can be used to determine the light-
hole mass. Applying the relationship

p=et/m' (5)

to each of the bands and assuming that 7, =7,, we find
that m}/m¥ =u,/1,. Substituting here the above aver-
age value W,/ (; =9.73 and the published® heavy-hole
mass m¥ =0.6m, (m, is the electron mass), we find that
m¥=0.062m,. On the other hand, since in the case of
a quadratic band the contribution of carriers to the cur-
rent is proportional to m*/ % we find that the applica-
tion of Eq. (5) and reduction in the relaxation time
yields

Wipy/epe=(my*[m;*) ",

Substituting here the above average values of u,/u, and
D2/p1, we obtain another value of the light-hole mass
m¥ =0.0049m,, which differs by an order of magnitude
from that just quoted. This contradiction means that
the relaxation times in the heavy- and light-hole bands
are different, although they may be of the same order of
magnitude. If the relaxation time is not cancelled out,
then the above relationships become

Bp_n (M)t

Mz P2 T\

L7} m," T,

)
P m' T,

Substituting here the above values of u,/u,, p,/p,, and
mj¥, we now find that m¥=0.027Tm, and 7,/7,=2.28.
The new value of the light-hole mass is in good order-
of-magnitude agreement with the values obtained by
other authors: infrared absorption data are used in
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Ref. 11 to show that the order of magnitude of m* is
0.012m,; the cyclotron resonance method at low temp-
eratures is used in Ref. 12 to find that 0.021m,.

The good agreement between the light-hole mass ob-
tained in the present study with the value found by the
cyclotron resonance method, and the agreement be-
tween the carrier densities and mobilities deduced from
the magnetoresistance and Hall coefficient measure-
ments as a function of the magnetic field show clearly
that the two-band theory and the approximation of in-
dependent relaxation times of the carrier energy de-
scribe well the electrical properties of p-type InSb cry-
stals at temperatures corresponding to the extrinsic
conduction region. Moreover, Eqs. (1) and (4) de-
scribe well the observed dependences of the magneto-
resistance and the Hall coefficient on the magnetic field
in a wide range of the latter. The exception to this rule
is only the dependence of the magnetoresistance in
strong magnetic fields, where the classical theory is
inapplicable. Therefore, in investigating the electrical
properties of p-type InSb crystals on the basis of the
magnetic-field dependences of the magnetoresistance
one should use only the data corresponding to such val-
ues of the magnetic field that Eq. (1) is still valid and,
consequently, the inequality u,H<1 is obeyed. It fol-
lows from the above treatment that the results obtained
are close to the real values of the quantities in ques-
tion.

4. INTERACTION OF LIGHT AND HEAVY HOLES
WITH DISLOCATIONS

In investigating the interaction of carriers with dis-
locations we shall proceed on the assumption that at
T="17.4°K the process of conduction in plastically de-
formed p-type InSb crystals and in the original material
involves only the light and heavy holes, so that a cry-
stal can be regarded as approximately of the two-band
type. This approximation is based on the results of
the investigations reported in Refs. 1-3, where it was
found that at the boiling point of nitrogen and higher
temperatures there is no anisotropy of the electrical
conductivity of plastically deformed p-type InSb cry-
stals within the limits of the experimental error, so that
the true dislocation conductivity, i.e., the component
due to conduction along dislocation cores, is almost
completely masked by the change in the bulk conduc-
tivity of a crystal caused by the plastic deformation of a
sample and there is no significant contribution to the
measurements described above. This is independent
of the type of conduction in the original material, but it
is important that the deformed sample should have p-
type conduction. In particular, it follows from Refs.
1-3 that in this range of temperatures the influence of
dislocations on the electrical properties of p-type InSb
crystals reduces mainly to a considerable change in the
carrier densities and mobilities in plastically deformed
crystals. Therefore, the purpose of the present in-
vestigation on plastically deformed samples is to de-
termine separately the changes in the densities and
mobilities of the light and heavy holes as a result of
plastic bending of p-type InSb crystals.
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We shall also assume that in the case of plastically
deformed crystals the inequalities p,<< p, and p,> u,
still apply.

The above assumptions allow us to describe plastical-
ly deformed p-type InSb crystals by a simple two-band
model using the approximation that the relaxation time
is independent of the energy. We can then use the above
methods for the analysis of the magnetic-field depen-
dences of the magnetoresistance and the Hall coefficient
at temperatures in the vicinity of the boiling point of
nitrogen to calculate the quantities p,, p,, 4,, and 4,
for plastically deformed samples. In the present in-
vestigation this was done separately in the calculation
of the densities and mobilities of the light and heavy
holes in plastically deformed and control p-type InSb
crystals at 7="177.4°K. The initial data were the de-
pendences of the magnetoresistance on the magnetic
field.

It was also shown in Refs. 1-3 that the electrical
properties of plastically deformed p-type InSb crystals
depend strongly on the rate of deformation. If this rate
is low (¢ <4.5x107° sec™), the point centers formed in
the course of deformation diffuse effectively toward the
dislocation cores. They are activated by the micro-
distortion fields near the cores and form electrically
active atmospheres around dislocations; these atmos-
pheres enhance greatly the acceptor effect. At high
rates of deformation (¢> 4.5 x 107 sec™!) these centers
cannot reach the dislocation cores in time and the ex-
perimentally observed considerable enhancement of the
donor action in plastically deformed crystals represents
the direct interaction of the dislocation cores with the
electron subsystem of the crystal.

In view of this, we shall report separately the results
obtained for slowly deformed crystals (¢ =4.5x 107
sec™) as well as those deformed rapidly (¢ =750 x 10~
sec™).

A. Slow bending

Crystals were bent plastically, in accordance with the
method described above, at a rate of € =4.5x 10" sec™.
A total of eight crystals was deformed. The plates cut
from the ingots were grouped in pairs, and the plates
in each pair were bent in opposite directions in order to
accumulate an excess of @ or B dislocations in a plate.
The density of the dislocations generated in a crystal
was of the order of 1.8 x 107 cm™. The plates in each
pair and the corresponding control plates were all cut
from the same ingot. The magnetoresistance of the
longitudinal and transverse samples was determined
in magnetic fields up to 10 kG. Typical results are
plotted in Fig. 5. The results of an analysis of these
measurements, made in the two-band model approxi-
mation, are listed in Table II.

We can easily see that the magnetoresistance of the
plastically deformed samples was considerably less
than that of the control samples and this was true
throughout the investigated range of magnetic fields.
According to Table II, this corresponded to a strong
increase in the densities of the light and heavy holes in
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FIG. 5. Dependences of the magnetoresistance Ap /p, on the
magnetic field applied to control and plastically deformed
samples. The deformation took place in the @-bending orien-
tation: a) at a low rate; b) at a high rate., The curves were
similar for the case of B bending. A) Control sample; O)
plastically deformed longitudinal sample; @) plastically de-
formed transverse sample.

the plastically deformed crystals. The occupancy of
the dangling bonds corresponding to the density of the
heavy holes and implying the direct capture of carriers
by these bonds in the dislocation cores was of the order
of 10. These results were in good qualitative and quan-
titative agreement (in the sense of the occupancy by the
heavy holes') with the results of Ref. 1, where we re-
ported that under these deformation conditions the plas-
tic bending of p-type InSb crystals was accompanied by
a considerable enhancement of the acceptor effect. The
changes in the carrier densities in the light- and heavy-
hole bands were approximately proportional. The mo-
bilities of the light and heavy holes in the plastically de-
formed crystals were considerably less than the corre-
sponding mobilities in the control samples. However,
these changes were in good agreement with the data of
Fig. 4, showing the dependences of the changes in the
carrier mobility on the carrier density in the relevant
bands in the original material: in both cases the re-
duction in the mobilities of the light and heavy holes
corresponded to a considerable increase in the den-
sities of both carriers in a crystal. Therefore, the
electrical properties of slowly deformed p-type InSb
crystals were largely similar, from the point of the
contributions of the light- and heavy-hole bands, to the
properties of undeformed p-type crystals which were
doped more heavily than the control samples.

There was no anisotropy of the carrier mobility in the
plastically deformed crystals (this was true within the
limits of the experimental error).

B. Fast bending

In this case the experiments were carried out exactly
in the same way as in the slow bending case, except
that the rate of deformation was now 750 x 10~ sec™,
i.e., it was over two orders of magnitude greater than
in the slow bending case. A total of six samples was
deformed. In all cases the crystals were bent to a rad-
ius of curvature of the order of 1.3 cm, corresponding
to the dislocation density of the order of 2.4 x 10" cm™,
Typical results of measurements and the corresponding
results of their analysis on the basis of the two-band
model are given in Fig. 5b and Table II.

It is clear from Fig. 5b that the experimental mag-
netoresistance curves of the rapidly deformed samples
are, as in the slow bending case, located much lower
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TABLE II. Properties of plastically deformed samples.

Sam- | Sam- {Type of o o M Ha LI
pleNo.| ple |bending | '™ P om cm?-V-'-sec” fem? -V~ esec™! [o
Slow bending
1 A | 2.03-10' | 1.94-10%3 8.90-10° 6.06-10* 09
2 control 1.44-10'% | 1.06-10t2 1.10-10*¢ 1.04-10% 0.7
3 B, | B 2.20-10'% | 1.27.10'3 8.13-10° 7.24-10¢ 06
4 control 1.63-10'* | 1.43-10'2 1,04-10* 1.01-10% 07
Fast bending
1 4, | a 1,45-10'¢ | 8.61-10%! 3.62-10° 4,63-10¢ 0.6
2 control 3.89-10' | 2,08.10' 1.03-10¢ 1.04-10° 0.5
3 B, | B 2.85-10'% | 4,70-10° 3.93-10% 5.54-10% 0.2
4 control 4.94-10% | 359.1012 7.23-10° 8.05-10¢ 0.7

than the corresponding curves for the control samples
and this is true throughout the investigated range of
magnetic fields. However, in the present case this does
not represent an increase in the carrier density in the
light- and heavy-hole bands, which is true of the slow
bending, but it corresponds to a strong reduction in
these densities, inplying a considerable increase in the
donor effect in the investigated crystals. As in the
preceding case, the changes in the carrier densities

in the light- and heavy-hole bands were approximately
proportional.

It should be pointed out that according to Table I and
Fig. 4, the rapidly deformed crystals with much lower
carrier densities in both bands (compared with the con-
trol samples) should exhibit some increase in the car-
rier mobilities. However, it is clear from Table I that
the carrier mobilities did not increase but decreased,
which in the case of the original material would corre-
spond to a dopant concentration of the order of 10
cm™ or higher, in obvious conflict with the true situa-
tion. This apparent contradiction is due to the fact
that, according to the results of Ref. 3, inthe case of
rapid bending the diffusion of point acceptor centers
to the dislocation cores in the process of deformation is.
greatly hindered and we are observing a new carrier
scattering mechanism corresponding to the direct in-
teraction between the dislocation cores and the electron
subsystem of the crystal. This result is in good agree-
ment with the results of Ref. 3 not only in the qualita-
tive but also in the quantitative sense, and this applies
to the carrier mobilities and also to the occupancy of
the dangling bonds calculated on the assumption that the
observed changes in the carrier densities are due to the
direct capture of carriers by the dangling bonds in the
dislocation cores: in both cases the occupancy assumes
a value of the order of unity.

However, it should be pointed out that in all cases,
irrespective of whether the deformation is slow or fast,
the electrical properties of p-type InSb crystals with
excess a and B dislocations bent to the same radius of
curvature are the same within the limits of the experi-
mental error.

In strong magnetic fields the magnetoresistance of the
plastically deformed samples does not saturate and the
magnetic-field dependence of the magnetoresistance in
strong fields is approximately the same as in the case
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of the original material.
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