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ABSTRACT

Measurements have been made of the aneular dependence
of magnetoresistance and Hall effect of indium antimonide at
room and liquid air temperatures in fields less than 7,000 oecrsted,
and of the transverse magnetoresistance at room temnerature of
indium antimonide and indium arsenide in transient fields un to
3x lOS‘oersted. The lower field results confirm the existence
of a small positive longitudinal magnetoresistance not due to
sample and field misalienment but due to either a cubical
anisotropy of conduction properties or to sampnle inhomogeneity.
Some structure in the angular variation is anparent at 77°K,

The high field results can be explained vorincipally by the
classical two band model but show a deviation at the hicher
fields which could be due to Landau gquantization of the con-
duction electrons. The measurements generally sugeest that
the scattering processes are only weakly dependent on the

energy of the carriers,
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INTRODUC TION

In general the resistance of an electrical conductor
changes in the presence of a magnetic field and the phenomenon is
referred to as the magnetoresistance effect. Usually the change
is an increase and in normal laboratory magnetic fields it is often
very small. It arises principally from the Lorentz force acting on
the charge carriers causing them to have a sideways component of
motion between collisions. Changes of resistance can also result
from the effect of the magnetic field on the concentration of
available electrons and on the scattering processes but these effects
are smaller in most situations. Frequently only longitudinal and
transverse field~current orientations are employed in magneto-
resistance investigations. The transverse magnetoresistance is

usually larger than the longitudinal effect.

Magnetoresistance can be used to help in understanding
the conduction processes in metals and semiconductors. The effect
in metals is complex but in semiconductors it is simpler and often
larger, This is to some extent due to their larger mobilities and

to their having a Boltzmann energy distribution of charge carriers,

This thesis presents the results of measurements of mage
netoresistance made on the compound semiconductor indium antimonide,
Some results on the similar semiconductor, indium arsenide, are
also given. The measurements were carried out at high magnetic
fields of around 200,000 oersted using pulsed techniques and at
medium fields of less than 7,000 oersted with a conventional electro-

magnet., The choice of the terms "medium" and "high"™ is made by

(1ii)



comparison with the reciprocal of the electron mobility (which

has the dimensions of magnetic induction) in the semiconductors,

The medium field work consisted of measurements of con=
ductivity, Hall coefficient and magnetoresistance at room and liquid
nitrogen temperatures., The main object of the work was to provide
values of the conduction parameters needed for analysing the high
field magnetoresistance., A second object was to find out if a
longitudinal magnetoresistance really exists in indium antimonide,
since this effect can shed light on the band structure in the
material., Accordingly,the samples used were oriented in specific
directions so that possible anisotropy could be detected in the
longitudinal magnetoresistance and measurements were made with
angular variation between current and magnetic field, Until
recently all previously reported work was carried out with un=-
oriented samples. Due to inhomogeneity in the samples this
rart of the study was not very conclusive, Wevertheless, the
examination in its limited way, was probably the most detailed
yet made and enables two explanations of the longitudinal magneto=-
resistance to be rejected. At liquid nitroeen temparature, the

angular denendence showed some new effects.

Up to the present time practically no high field measure-
ments have been made on semiconductors at room temperature, The
high field work presented in Part II of the thesis describes room
temperature measurements of transverse magnetoresistance made on
some of the indium antimonide and indium arsenide samples studied
in Part I. longitudinal measurements were not made because of
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orientation wncertainties in the pulsed field method,

Indium antimonide in many ways is suitable for high field
magnetoresi stance studies, The conduction electrons have a very
small effective mass so that relatively low fields are needed to
make them execute complete circular orbits in the magnetic field
before being scattereds Because of the small mass, the electron
mobility is very high and hence the magnetoresistance effect is
very large., Even more important, fields can be reached to make
the energy spacing between adjacent Landau levels much greater than
kT at room temperatures Thus the quantization at high fields
should be big enough to affect the conduction processes, Another
advantage of indium antimonide is that its effective mass can be
taken approximately to be isotropice In Part I it is shown that
any deviations of the conduction band from spherical symmetry are
small, This mekes a considerable simplification of the theoretical

treatments,

An examination at room temperature for the appearance of
transport effects; resulting from the quantization into Landau
levels; was the primary purpose for doing the measurements, A
second objective was to examine how far the classical conduction
theory would fit the magnetoresistance results and accordingly to
see what information could be obtained on the scattering processes
of the carriers. Such infomation could then be compared with
results from the medium field measurements, This aspect of the
work was given added interest by the recent analysis of Weiss

(1961), After allowing for spurious effects, he concluded that
(v)



magnetoresistance arising from a single band is as yet undetected

in indium antimonide,

The high field studies presented here are in a range
largely unexplored and the resistance increases are the greatest
yet reported at room temperature, A special point of the investi=-
gation is the comparison with two band classical theory using con-

duction parameters measured on the individual samples,
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PART I

MEDIUM FIELD

MEASUREMENTS



1. PRELIMINARY SURVEY FOR PART I

Measurements of magnetoresistance and Hall effect are
readily carried out in indiwn antimonide at medium fields because
of the high mobility of the charge carriers. They can be employed
to determine the concentration of carriers and their mobilities,
to estimate the total number of donors and acceptors and suggest
or rule out possible scattering mechanisms. To obtain such data
was the primary purpose of the measurements of Part I so that it

could be used to understand the magnetoresistance at high fields.

The second objective of the work regarding the existence
of longitudinal magnetoresistance was motivated by band structure
considerations. Any evidence of anisotropy in the longitudinal
effect could suggest deviations from spherical symmetry of the

constant energy surfaces in wave vector (5) space.

The band structure of indium antimonide according to some
theoretical speculations of Herman (1955) is shown in figure 1.
There are subsidiary ninima along [100] and [111] directions in
the conduction band but these lie at a higher energy than the
minimun at the centre of the zone where the electrons are situated.
The possibility of populating the subsidiary minima would give
rise to a component of longitudinal magnetoresistance. Hence the

special interest in this effect.

Before reviewing the magnetoresistance work, it is help-
ful first to review briefly the evidence favouring spherical
energy surfaces for the conduction band of indium antimonide.

Dresselhaus, Kip, Kittel and Wagoner (1955) studied microwave



cyclotron resonance at 1iquid helium temperature and found the
effective mass of the electrons to be isotropic under rotation in
a (100) plane. This indicates that the energy surfaces are either
spherical or are spheroids directed along {100 » axes at liquid
helium temperature. In the room temperature cyclotron resonance
experiments of Burstein, Picus and Gebbie (1956), of Keyes, Zwerd-
ling, Foner, Kolm and Lax (1956) and of Sosniak (1961), rotation
of the crystals was not carried out. Thus at room temperature

the possibility pf a small amount of anisotropy existing in the
effective mass remains unchecked by cyclotron resonance, Evidence
in favour of spherical energy surfaces at the centre of the
Brillouin zone was provided by piezoresistance measurements on

single erystals by Potter (1957).

Rggarding magnetoresistance,measurements of the dependence
on the angle between current (I) and magnetic field (H) were first
reported by Pearson and Tanenbaum (1953) on a polycrystalline
p-type sample. Later_the measurements were repeated (Tanenbaum,
Pearson and Feldman, 195)) on n- and p-type single crystal samples
cut with current axes parallel to [100] and [110] directions.
They reported that the magnetoresistance practically vanished
when I and H were parallel, as would be expected’for spherical
energy surfaces. Subsequent work by other investigators, however,
showed that the longitudinal magnetoresistance was not zero.
Mansfield (1955) found that in polyerystalline degenerate material
it was an appreciable fraction of the transverse effect.
'frederikse and Hosler (1957) found that at 78° K in purer single

crystal material it was an order of magnitude smaller than the



transverse effect. Complex behaviour was observed by these workers
when I and H were nearly parallel on two unoriented samples; one
of them showed a longitudinal magnetoresistance positive at small
fields which changed to negative at higher fields, while the other
sample showed a positive effect at all fields with I parallel to H
but underwent changes of sign to negative and then back to positive
again as the angle between I and H was increased. Using pulsed
fields ip to 180 kilo-oersted, Haslett and Love (1959) found longi-
tudinal magnetoresistance values up to 25 at 78°K. At this tempera-
ture they found that no "freeze out" (Keyes and Sladek, 1956)
effects occurred. Both Frederikse and Hosler, and Haslett and

Love state that the nonzero longitudinal magnetoresistance can be
explained on the basis of a quantum transport treatment such as
that of Argyres and Adems (1956). This explanation has, however,
not yet been substantiated by explicit theoretical calculations,
More recent work on tellurium doped indium antimonide by Rupprecht,
Weber and Weiss (1960) has given a longitudinal magnetoresistance

smaller than 1% from liquid helium to room temperature.

Magnetoresistance measurenents are sengitive to inhomo-
geneity in the samples. Influences of inhomogeneity on the trans-
verse magnetoresistance have been considered by a number of workers.
Anomalous results have been shown to occur in samples containing
conductivity gradients (Bate and Beer, 1961), discontinuities
(Bate, Bell and Beer, 1961) and periodic layers (Weiss, 1961).

Some of the inhomogeneities are related to the direction of crystal
growth (Rupprecht, 19613 Allred and Bate, 1961). The present

work and the work of Frederikse and Hosler (1957) shows the



longitudinal magnetoresistance to be even nore sensitive to inhomo-

geneity.

While there have been many previous investigations of mag-
netoresistance in indium antimonide few, until recently, have been
carried out on oriented single crystal samples., Accordingly, in
the work presented here, all the measurements were made on samples

cut in specific crystallographic directions.



2. THEORETICAL CONSIDERATIONS

The general theory of the magnetoresistance effect is very
complex and therefore it is usual in practice to deal with special
cases, such as weak or strong magnetic fields. The semiclassical
treatment of the effect using the Lorentz~Sommerfeld conduction
theory is, from a formal point of view, largely complete. On the
other hand the quantum mechanical treatment has been worked out
only in very restricted cases and generally is not in a suitable

form for direct application to experimental results.

A nondegenerate semiconductor in weak fields with a one
carrier system and acoustic lattice scattering is an example of an
ideal special case which cannot be realized experimentally. The
real situations are interuediate cases and hence comparison with
theory involves interpolation between extremes. The object in the
present section, nevertheless, is to state some of the theoretical
results for the special cases. The derivations of the formulae
are not given and can be seen in the literature. From the outset
consideration is limited only to the case where a nondegenerate
distribution of carriers of one type is present. '[fwo carrier

magnetoresistance is discussed in part II of the thesis.

2,1 Semiclassical Theory

2.11 Isotropic Semiconductor

If the conduction relaxation time T is independent of
the energy (€) of the electrons, the magnetoresistance, both trans-
verse and longitudinal is zero. In the siuplest trestuent of

conduction, the relaxation time is assumed to have an energy
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dependence of the form T=a€" where a and q are constants
depending on the mode of/scattering of the electrons, With acoustic
lattice scattering q = - 1/2, whereas with ionized impurity
scattgring q = + 3/2 (approximately), For electrons with an
isotropic effective mass and an isotropic relaxation time, application
of the Lorentz theory of conduction (e.g. Wilson, 1953) gives the
following resultss

- for the longitudinal case,

%ﬁ = 0 at all msgnetic fields

o

- and for the transverse case,

Ap
= . s(,,ﬁy)’ ereeees (1)

provided that f:H << | s l.e. for wesk m@gnetic fields only.

H is the magnetic field, /;( is the electron mobility expressed in
inverse magnetic units, ,g is the resistivity of the semiconductor
in zero magnetic field and AIO is the resistivity increase in the
presence of the magnetic field. The dimensionless coefficient s
deperids on the mechanism of scattering of the electrons and may be
shown to be given by the following function of the relaxation time

energy exponent q .

g (204 2)1] ( (33+2)N(5+2)
“ o+ 0" 2+ 20

A plot of the variation of s as a function of q accord-

- ’ essssses (2)

ing to this formula is given in figure 2. It will be noted in

particular that 8 = O when q = 0 and that for acoustic lattice



scattering s = 0.38. Under the same conditions the Hall coefficient
Ry is related to the electron concentration n and charge e by

the relation

Ry = © ceeee (3)

where r is a numerical factor of the order of unity., It is given
specifically by the formula,
4

32

3 (22 -r‘,z-).’
2

3 asoeceo

£ a+3)] )

which goes to unity when q = O. This expression squared is exact-
ly equal to the term in front of the main bracket in the formula
for s (equation (2)). Since the zero field conductivity &, 1is

given by G;::“ef‘ , equation (1) may be rewritten using equations
]

(2), (3) and (4) in the following form:

ap < 2
2 - (Reh)
0 r

In indiwm antimonide the room temperature Hall mobility Rya, for

the electrons is aboub 7 x 104 cm? volt™k sec™! (or 7 x 107" ganss™?).

Hence equation (5) would apply only for fields much less than

Lo 1. x 103 gauss.

Fa

For strong magnetic fields, fAl{ >>| , the theory shows
n

that the magnetoresistance saturates at a value given by

ap ¢ 3
2T T T (z+ 2)E-9) — | veeee (6)

For q = -1/2, the saturation magnetoresistance is 0,132 and for

ol |
q = 0, it is zero. Defining a quantity o= %’ [{;+§)!(—§-1)!]



(which will be useful later in section II of the thesis), equation

(6) may be re-expressed as
o8 _ o= -
P; a L 2 I IR )

The variation of & with g is shown in figure 2.

2,12 Semiconductor with Cubic Symmetry

(a) Weak Fields. A theory of magnetoresistance in crystals
having cubic symmetry in weak magnetic fields has been suggested
by Seitz (1950). In the work of Pearson and Suhl (1951) on the
magnetoresistance in germanium, it was shown that this theory

leads to the following expression for the magnetoresistance

A/o 2 — 2 2
PE 5+C(Z”I) +d o v eern (8)

where | and r, are respectively the directioh cosines of the
current I and the magnetic field H with respect to the cubic axes
of the crystal. The coefficients b, ¢ and d are related to the

conduction properties of the electrons concerned.

In general the effective electron mass in a crystal is
anisotropic. Thus the constant energy surfaces in k space are
ellipsoids rather than spheres. However, in a cubic crystal,
symmebtry requires the overall conductivity to be isotropic.
Hence the energy surfaces constituting the conduction band must
be several in number and arranged in the reduced zone so as to
maintain cubic symmetry. Similar considerations apply to the
relaxation time. Considering only ellipsoids of revolution,

¥
my and tb may be defined as the effective mass and relaxation



time respectively in the direction of axisl symmetry of each spheroid

and mt* and T as the corresponding quantities transverse to this
»*

me Tt

my Ty

of the conduction in a multi-spheroid band leads to expressions for

axis. A quantity K is then defined as « Consideration

the coefficients b, ¢ and d in terms of Ryog, , K and integrals over

energy involving the relaxation time (see Glicksman, 1958)., Since
2

all the coefficients turn out to be proportional to (RHGZ) s

new coefficients may be redefined as follows

b/ = b/ (RHO—O )2 Csece (9)
¢/ = ¢/ (rgo, )? cee. (10)
and a! = o (RHO‘a)2 , eeee (1)

so that equation (&) may be rewritten

bp _ 5/4- C/(ZL7>2+J/ZL172

2
FO(RHO.O H) e oo (8A)
Further simplification using the previously mcntioned results for
the isotropic weak field theory, gives the following expressions

for the coefficients

b’ (! + s—,) M'(K} — ceee (12)

r

(- (1 + %)Mz(K) ceee (13)
a = (1 + 5)MUK) e (1)

and the Hall coefficient is given by

o
[]

_ /- 3K (K+2)
R = r where r
H He © (2K + 1)2 L sose (15)

The functions J“]_(K), l/qZ(K) and ”30() take different forms accord-
ing to the spheroid model under consideration. Particular forms are

given by Allgaier (1958).
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If current flows in a fixed direction in the crystal and
the direction of the magnetic field is made variable, the variation
of A/O / h (RHO'; H)QJ can be mapped out in three dimensions in
terms of the coefficients b/, c/ and d/ using equation (8A). For
example, if the current I flows in a ClOOJ direction, Ap/é’ R a, H)}
is equal to b’ + %, for Hin a [IT0) direction and b+ % for H
in an EKH] direction. It may be especially noted that with I parallel
to H, longitudinal values in the [100} ’ [110] and f:lll] directions

/ / / / / / /
areb + ¢ + d, b’ + c'l+%. and b + ¢ + d respectively.

3

Abeles and Meiboom (1954) and Shibuya (1954) considered
three multi-spheroid systems for interpreting the magnetoresistance
effect in germanium. Their models were (a) 6 spheroids along the

{100y directions in k-space (b) 12 spheroids along < 110 )

directions and (c) 8 spheroids slong <111 > directions. For
these nodels certain symmetry relations were shown to hold between
the coefficients b’ ’ ¢’ and d/, These relations are tabulated

as follows:

Table I
Model Conditions
Spherical b +c =0 a’'=o0
(2) b +e’ =’ i‘<o0
(b) b’ +c’ =a’ i’ >0
(c) b’ +c¢’ =0 a‘>o0

[ .
Note that the coefficient d 1is zero for spherical energy
surfaces and nonzero in the other cases for K# 0; it mey thus be
thought of as the magnetoresistance anisotropy parameter. Using

" 2
these symmetry relations, longitudinal values of Af’/[/’; (RHOZH)}
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are given in table II for D.OO], ,C'lej and Ellﬂ directions with
the three multi-spheroid models. The longitudinal effect depends
only on dl, whose magnitude is in turn dependent on K and q.

If K= 1, the spheroidal energy surfaces become spheres and the

longitudinal magnetoresistance is zero in all directions. When this
happensﬂl =ﬂ2 = 1, Jag = d'= o0 and
!

= o / = 5
b C ;2 xR X (1'{))

(b) Strong Fields. Abeles and Meiboom (195)) and Shibuya (1954)

have worked out expressions for the saturation niagnetoresistance

in certain cases with the three wmulti-spheroid systems. The ex-
pressions for the longitudinal magnetoresistance are functions of

K only and are given in table II. For a given spheroid system it

1s apparent that the saturation longitudinal maenetoresistance, like
the weak field effect, is directionally dependent. Again if K = 1,

the longitudinal nagnetoresistance disappears.,

It is clear from taﬁle II that the longitudinal magneto-
resistance can, in principle, be used to find out the symmetry
model and the spheroid shape (K value) for a particulsr conduction
band. According to Herring (1955) the longitudinal magnetoresistance
contribution from a particular ellipsoid is zero if the applied
magnetic field is parallel to any principsl axis of the ellipsoid.
In the case of model (a) it is possible to do this for all the
six ellipsoids at the same time if H is directed along any < 100 >
axis. Table II shows the longitudinal niagnetoresistance is zero
for this case. With eight ellipsoids along < 111) axes however,
there is no diréction for which the longitudinal magnetoresistance

is zero; when the magnetic field is directed along a particular
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<111 > axis it is parallel to the principal axes of two of the
ellipsoids, but not parallel to those of the other six ellipsoids.
The same is true for ellipsoids along < 110) axes. While most models
will not have a direction where the longitudinal effect is zero,
they will show a characteristic variation with angle. In general
the effect might be expected to be a minimum when the magnetic
field is parallel to a principal axis and a maximum when it is in
a direction which is most oblique to the set of ellipsoids, Cal-
culations show that in many cases this rule holds., The various
conduction band models alsoc lead to a modification of the transverse
saturation magnetoresistance from its value for an isotropic band,

Special cases of this have been worked out by Shibuya (1954).

2.2 Quantum Mechanical Theory

The quantum treatment of magnetoresistance takes into
account the quantization of the electron orbits in a magnetic field.
Landau wave functions which also contain the electric field, are
used to determine the density metrix of the electrons and hence
the electric current. This has been done by Adans and Holstein
(1959) for various scattering mechanisms in the extreme quantum
limit of high magnetic fields when all the electrons occupy Jjust
the lowest Landau level, The longitudinal magnetoresistance is
somewhat easier to treat theoretically than the transverse effect,
In the longitudinal case the magnetic field only affects the trans-
ition probability and hence the relaxation time; the magnetic field

cannot alter the speed of the electrons parallel to the field.

In general it might be expected that the quantum mechan-

(73]
ical treatment would begin to become important when g = _k—TS > |
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i.e. when the energy separation ﬁ&Q between adjacent Landau levels
is greater than kT where h is Planck's constant divided by 2w ,
k is Boltzmann's constant, T is the absolute temperature and w,

is the cyclotron resonance angular freqguency.

The point which is specially interesting in the quantum
treatment is that it leads to a nonzero longitudinal magnetoresistance
for spherical energy surfaces. Hence even at small fields it may

be the only contribution experimentally observable.

2.21 longitudinal kagnetoresistance for an Isotropic Semiconductor

At weak fields, i.e. E’ << | the only expressions which
appear to have been worked out are for the longitudinal magneto-
resistance with acoustic lattice scattering. Even in this special
case there is little agreement in the literature as to the correct

expression for the effect, as can be seen from the following forimlae
2

A
Appel (1956) s F/°= Tg' ceee (17)

Schoenfeld (Argyres, 1958):

A Y -l
f;’o = [l + 174k +§Eﬁn§ +0(€)] — | L a8)

Miller and Omar (1961):

TAOE - [I"‘ §‘+0\025€2]_' — cees (19)

The last two formulae predict negative magnetoresistance
while the first one predicts it to be positive. The equation of

Schoenfeld predicts surprizingly large changes at small fields.

Barrie (1959) has made some numerical calculations for
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acoustic lattice scattering but his computations do not go to very
small values of E « However, extrapolating his data to smaller
fields for the case of a conductor with a degeneracy factor Z' / kT=092
( Z being the Fermi energy with respect to the bottom of the
conduction band), the longitudinal magnetoresistance is found to be
negative and to agree very roughly in magnitude to that predicted

by the formula of Miller and Omar. In the absence of better inforua-
tion the results of Miller and Omar are accepted. A somewhat more

accurate formula than equation (19) is

/AT:O = # E Cm“’"(%)wf?(—%) eve (20)

where F = 1 - (% + 033 ¢ + 007 ‘gz)exxf(—g) ceee (208)

Miller and Omar have given a quantum mechanical treatment
of longitudinal magnetoresistance for the multi-spheroid model (c)

which applies to the conduction band of germanium.
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3. SAMPLES

The indium antimonide samples were cut from three single
crystals which are labelled A, B and C. These crystals were kindly
supplied by Dr. T.J. Davies of Minneapolis Honeywell, Dr. M. Gransden
of Canadian Marconi and Dr. A.J. Strauss of the Lincoln Laboratory.
Details of the crystals are given in table ITI. Crystals A and C
were n-type while crystal B was p-type. At room temperature the
crystals were intrinsic. An approximate determination of the
density of scattering centres was made from the observed mobilities
using the impurity scattering formula of Conwell and weisskopf (19L46).
The concentrations are shown in table III and indicate by comparison
with the liquid air carrier concentrations the degree of donor-
acceptor compensation in the crystals., This reveals that the ap-
parent small hole concentration in crystal B was mainly the result
of compensation. OCrystal A has about four times as many extrinsic
electrons per cm as crystal C. The total number of impurity centres

was probably in about the saue ratio.

Details of a single crystal of n-type indium arsenide,
obtained from the Lincoln Laboratory through the courtesy of Dr.
Strauss, are also given in table III. Infrared cyclotron resonance
was observed in this crystal and in the two n-type indium antinonide

crystals A and C by J. Sosniak (1961).

The samples used to make the galvanomagnetic measuretents
were cut in the form of rectangular filaments from the crystals.
Te long axes of the samples were in [100], [110] and [111] direc-

tions with the lateral faces having the orientations shown in

figure 3.
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The cutting of the samples was done using a tungsten wire
saw and the crystallographic orientations were determined from
Laue X-ray photographs. The deviations from the specified crystal
directions were usually within 2° for the long axes but rather more
than this for the lateral faces of the samples. This error is
a consequence of the rather crude method of cutting with a wire
saw. However, the wire saw did not cause fractures in the brittle
indium antimonide samples as tends to happen with other methods of

cutting.

Indium antimonide and indium arsenide tend to cleave along
{:ll(ﬂ planes. This caused a number of breakages to occur particular-
ly with !;OQI samples . The cleavage property was also put to good
use in the preparation of indium antimonide samples Cla and Clb
and in indium arsenide sample X1 where the lateral faces were made

by cleavage.

The samples Cla, C2 and C3 all had the common orientaticn
property of possessing a {110} lateral face. This plane was used
as the plane of rotation in the angular dependence measurenents on

the C samples.
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L. METHOD OF MEASUREMENT

The measurements of magnetoresistance and Hall effect
were made as a function of the angle 6 between current and mag-
netic field and as a function of magnetic field strength with the

magnetic field parallel and itransverse to the current axis.

L .1 Mmagnets and Sample Holders

The measurements were carried out in a 6 inch rotatable
electromagnet on samples Ala, A2, A3 and B3. When this magnet
became unavailable, measurecients were continued on a L inch rotatable
electromagnet with samples Alb, Cla, Clb, C2 and C3. The magnets
were used with untapered pole pieces giving a sufficiently uniform
field over the sample. The sample was supported horizontally between
the pole pieces and the different angles between I and H obtained
by rotating the electromagnet about a vertical axis (figure L).

With the angular scale set to zero, alignment of the sample axis
parallel to the magnetic field was done by eye. The field of the
six inch electromagnet was calibrated by Dr. J.A. Carruthers
against current using proton resonance and the four inch electro-

magnet was indirectly calibrated in the same way.

The type of sample holder is shown in figure 5. It con-
sisted of a micarta rod one end of which was filed to a double
flat. Across this flat a small slot was filed, into which the
sample was inserted. The ends of the sample were soldered with
indium to two small brass screws tapped into the base of the
slot. These screws were specially made from thin brass wire using

a watchmaker!s die; one end of each screw was turned down to
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a very small diameter for ease of making contact to the sample.
The end contacts served both as current electrodes and to hold

the sample in place, .The potential probes consisted of four short
lengths of 0.003 inch diameter platinum wire coated with indium,
These were passed through small transverse holes drilled in 0-80
(N.F.) screws using a watchmaker's drill. The heads of the 0-80
screws were sawn off and screwdriver slots cut in the stems. By
twisting the screws in the holder, the platinum wires could be
made to be in spring contact with the sides of the sample. Good
electrical contact was then ensured by discharging a 2.5 /AF con=-
denser charged to 50 volts between each probe and one end of the
sample, Wire leads from both the probes and sample end contacts
were taken out from the opposite face of the holder and passed
along the length of the rod out to the measuring circuit. Partial
short circuiting of the Hall voltage by the finite size of metallic
probe areas can cause spurious magnetoresistance effects (Broom,
1958)., This should not hawve occurred with the small size of probe

wire contacts used here,

Li.2 Measurement Technique

The four probes on the sample (figure 6) enabled measure-
ments to be made of two Hall voltages (from probe pairs 1 and 2)
and two conductivity voltages (from the upper and lower probe
pairs). A constant current of about 10 mA at room temperature
and 2 mA at liquid air temperature was passed through the sample
and the potential differences between the probes were measured
with a Leeds and Northrup type K2 potentiometer. The current was

-measured with a Weston, model. 280 milliammeter. The particular

choice of probe pair connected to the potentiometer was made




- 19 -

using the five‘position selector switch (figure 7), one position of
which was a short circuit for checking purposes. There is always
a stray component of magnetoresistance between the Hall probes and
also a stray cowponent of Hall effect between the conductivity
probes. The two effects can be distinguished by reversing the mag-
netic field direction which was done throughout the course of the
measurements. The reversed polarity of the Hall voltage on re-
veréing the field wasrendered positive to the potentiometer by the
reversing switch Sii. The direection of the current through the sample
was also reversed during the measurements to eliminate any possible
thermoelectric effects. The sample current reversing switch S2 was
ganged to another reversing switch S3 which was connected between
switches S] and S} When the sample current was reversed, the
potential differences between the probes were also reversed; the
switch SL then reinverted the pelarity to give positive voltages

again so that they could be measured by the potentiometer.

With the magnet and sample in fixed positions, the routine
for taking the measurements was as follows. Four potentiometer
readings were taken between the probe pairs with no magnetic field.
Then four more were taken with the field on, four more with the
field reversed and finally four readings with the field off again.
The sample current was then reversed and a further set of sixteen
readings obtained. Differences between the readings with the
field on and off were taken to represent Hall voltages and voltages
resulting from resistivity changes. The four differences for each
pair of probes were then averaged in such a way as to eliminate

contributions to the Hall voltages which did not reverse with
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field and contributions to the magnetoresistance voltages which did
reverse, For the field dependence measurements, readings were taken

at different electromagnet currents with © set to 0° and 90°.

Because of the procedure of reversing the magnetic field,
the angular dependence measurements were only made over 180° of
rotation, However, viewed in retrospect, measurements over 360°
might not have been superflucus because of possibilities such as
the magnetic field direction not being exactly at right angles to

the axis of rotation of the electronagnet.

Bach set of measurements was made at room temperature and

with the sample holder immersed in liquid air or liquid nitrogen.

The sample diﬁensions were measured with a micrometer and
the spacing between the probes was determined with a travelling

microscope.
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5. EXPERIMENTAL RESULTS

In this section the experimental résults are presented.,
The data cavers well over a hundred experimental plots spread over
some 25 figures (figures 8 tg 32), To present this information on
indium antimonide in a cléar and convenient way it is treated in
parts for the particular measurements involved and the results are
described for the sets of samples within each part. The messure-

ments on indium arsenide are given in a single part.

5.1 Angular Dependence of the Hall Effect

Values of the quantity Vit/IH in units of om coulomb™l

vere werkéd out at each value of § for the Hall messurements on
the indium ;ntimonide samples using the averaged Hall voltage
:eading VH, the sample current I, the msgnetic field H and the
thickness pf the sample t. The thickness was the lateral sample
‘dimension lying in the I, H plane. The quantity_VHt/IH may be
referred to as the reduced Hall voltagé; it is equal to the Hall
coefficient Ry when I and H are perpendicular to one another and

for other angles it is equal ideally to RH sin @.

5.1 Crystal A Samples

For Samples Ala, Alb, A2 and A3 the variation of the
reduced Hall voltage with @ is shown in figures 8, 9,-10, 11 and
12, For samples Ala and Alb the magnetic field was rotated in
a (001) plane. For sample A2 it was rotated in both a (001) and
a (1T0) plane and for sample A3 in a (11 0) plane., All the measure-
ments were done at a fixed field of 4,880 oersted in the six inch

electromagnet except for sample Alb whose measurements were done

in the four inch elestromagnet at 4,350 oersted.
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The reduced Hall voltage in all the figures appears to vary
with angle as sin @. The angles where the Hall effeet passes through
zero are usually within a few degrees of the origin. The largest
deviation is about 7° for probe pair 1 on sample A2 at iiquid air
temperature (figure 11), The deviations can probebly be taken as

a measure of the error in alignment of fhe sarole in the electromasmet,

At room temperatufe the Hall voltages on the two péirs of
probes (separated on the average by about 0,15 cm) apree well with
each other indicating no significant pradient of electron concentra-
tion at this temperature along the sample axes, However, at liquid
air temperature the two Hall voltages differ from each other hy
amounts ranging from about 10 to LO%, Thus at this temperature
there are gradients of extrinsic electron concentration along the

samples of the order of 20% per mm,

S.12 Crystal B Sample

The variation of the reduced Hall voltage at h,ﬂﬂo‘oersted
" with angle for the p-type sample B3 shown in fiéure 13 is regular and
the average deviation of the Hall zeros from the origin amounts to
about 3%, At room temperature the sample is intrinsic and the Hall
voltage is characteristic 6f the electrons, Equality of the Hall
voltages on the two pairs of probes indicates no measureable

gradient of electron concentration at this temperature, This is

to be expected ?or intrinsically excited carriers, At liquid air
temperature, the Hall effect is characteristic both in sign and
magnitude of the numher of extrinsic holes, There is at this

temperature again a difference between the Hall voltages at the

two pairs of probes, As a percentage the difference is smaller
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than in the A samples indicatineg a smaller gradient of extrinsic

carriers,

5,13 Crystal C Samples

The plots of reduced Hall voltage against @ for samples
Cla, C2 and C3 are given in figures 1li, 15 and 16, The measurements
were all made at a field of l,350 oersted in the four inch electro-

magnet and the plane of rotation was {110} for all three samples,

The figures show the same features observed with the pre=-
vious samples namely an approximately sinusoidal variation with 6,
small deviations of Hall zero from the origin (not exceeding 3° in
these samples) and equality of the Mall voltares on the two prohe
pairs at room temperature, However, a difference from orevious
samples is that at liguid nitrogen temperature the Hall voltages
on the two probe pairs agree with one another, At least this is
true when I and H are mutually perpendicular, At smaller & ansles
a small difference does exist with a maximum difference near & = Oo,
Thus no significant extrinsic carrier concentration gradients were
evident in these samples so that crystal C had a more homogeneous

distribution of impurity centres than crystals A and R,

Closer inspection of the liouid nitroegen curves shows
small departures from sinusoidal behaviour which take the form

of slope changes on either side of the oriein,

5.2 Hall Coefficient and Conductivity Nata for the Samples

The reduced Hall voltages at the maxima near © = . 90°
obtained from the measurements given in the previous s~ction were

taken as the Hall coefficients, Table IV shows sueh Hall
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coefficient values averaged for the two pairs of nrobes for each
sample at two temperatures along with zero field coniuctivity

( O, ) values, The conductivities were obtained in each case
from the zero field potential difference between the conductivity
probes, the distance between the probes and the area of cross-
section of the sample., The values in the table are the averages
for the upper and lower probe pairs. The table also shows values

of the Hall mobility Ry, .

For a given crystal there are conductivity differences
between the different samples. Such differences cannot arise from
the particular crystal orientations of the sample axes because
the cubic symmetry of the zinc blende structure requires the con-
ductivity to be isotropic in the absence of external fields, The
differences are due probably to conductivity inhomogeneity in the
original crystals, to errors in the probe spacing measurement and

departures of the sample shape from exact rectangular form,

5.3 Field Dependence of the Hall Coefficient

The variation of the Hall coefficient with maenetic field
strength at room temperature and at liquid air or nitrogen temper-
ature is shown in figure 17 for practically all the indium anti-
monide samples. There is, for the most part, no significant change
~in Ry from 1000 to 6,500 oersted. The only exception to this
applies to sample B3 at liquid air temperature whose slicht fall
off in Rﬁ with increasing field is attributed to the presence of
light holes in addition to the normal heavy ones (Champness,

1958b) .
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5.4 Angular Dependence of Magnetoresistance

The magnetoresistance ratio Aﬁfb//g was found for each
@ angle setting from the conductivity probe potential difference
rea@ings;.~The;ratio~waﬁnmeasured‘aafth@~inqreaSe"of‘P,Du in ‘the

-presence of. thgmagnetic, field.-%e the.ateady. PiD. in zero field with
constant current through the source.
5.41 Crystal A Samples

The variation of magnetoresistance with angle @ is shown
in figures 18, 19, 20, 21 and 22 for samples Ala, Alb, A2 and A3,
The measurements were made at the same time as the Hall voltage
measurements in figures 9, 10, 11 and 12 so that same conditions

of field and rotation plane apply respectively.

The figures show that while the curves have roughly the
shape of a sinzte vgriation, which for weak fields would ideally -
correspond to spherical energy surfaces, there are considerable
deviations. These deviations may be 1isted as follows,
(a) The fﬁ? minima deviate from the origin by
angles ;hich are much larger than those of the
Hall zeros. In the largest case the angular
deviation was asbout 25°, The large size of
such angles and the fact that the deviations
are not the same for both pairs of probes
indicates that the effect is not directly
due to misalirmment of the sample. .

(b) The magnetoresistance values at the minima

or at & = 0° are not zero and differ in mag-

nitude from one pair of probes to the other,

There appears to be a tendency that the
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larger the deviation of the minimum is from

the origin, the greater is the absolute value
of the mapnetoresistance at the minimum,
Negative values of fﬂ? occur for some of
of the minima at room ;émperature and at liquid
air temperature. Uowever, negative values do
not appear together on the two pairs of con-
ductivity probes;y if one nair gives a negative
value, the other gives a positive one, This
suggests some sort of inhomogeneity effect,

The maxima near © = . 90° are in general dis-
placed in the same direction as the corres-
ponding minima, Most of the minima are dis-
placed to the right of the origin, This
apparent one-sidedness is prohably not due

to a versonal error on the part of the

observer in aligning the sample because

of the much smaller Hall zero angular
deviations,

A
The values of P at the minima for

-]

the [ioo] sample Ala are larger than for the
other samples, In particular no negative
magnetoresistance is observed either at

room temperature or at liquid air tempera-
ture on this sample. However, the other [iOd]
sample Alb shows a practically zero magneto-

resistance at its minimum at room temperature

although at ligquid nitrogen temperature the
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average longitudinal magnetoresistance is
approximately the same as in sample Ala,
While none of the curves exhibits a subsidiary maximum near @ = 0°
at liquid air temperature such as was observed by Wrederikse and
Hosler (1957), some complex behaviour is seen to occur in sample

Alb near the origin,

5.42 Crystal B Sample

Figure 23 shows the variation of ZNP//fg with 6 at
room temperature and liquid air temperature for sample B3, As for
the Hall measurements in figure 13 the rotation was in a (112)

plane and the field l;;880 ocersted.

The curves are rather more regular than those for the
A samples. The magnetoresistance minima lie nearer to 6 = 0° than
for the A samples and the values at the minima are all positive,
At room temperature the magnetoresistance is greater than that for
the A samples at all angles and at @ = 0° in varticular. At liquid
air temperature the magnetoresistance is characteristic of holes
with their smaller mobility and cannot be compared with the re-
sults on the A samples. However it is noted that the magneto-
resistance near @ = 0° is appreciable considering the magnitude
of the transverse effect in the sample. The fact that both
pairs of probes give about the same longitudinal value means that
the relatively large effect may have fundamental siemificance,
The reason for the step in‘A/ﬁ/7z between & = +5° and +1oo on

the lower probe pair is not known,
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5.h3 Crystal C Samples

> iati i es O G2

The variation of éﬁfv/fz with 6 for samples Cla, (2 and
C3 is shown in figures 2l, 25 and 26 which correspond respectively
to the Hall voltage measurements as a function of @ in fisures 1l,

15 and 16.

Mixine attention on the room temperature measurements
first, it may be noted that the curves are more resular than those
found for the A samples. The minima lie closer to @ = OO, no
negative magnetoresistance values occur and the values on the two
pairs of probes agree with each other much better than with the
A samples. The nonzero values at the minima would apnear to in-
dicate the existence of a positive longitudinal magnetoresistance,
The average Z»o//fi value at the minima is slightly greater in
the [100] sample Cla than in the [110] and [111] samnles €2 and C3.
The same tendency was found in the A samples. The difference in
the C samples is, however, much smaller, The greater recularity
of the maghetoresistance variation compared with the A samples is
probably due to the absence of significant pradients of extrinsic

carrier concentration or to the hisher nurity of crystal C.

At liquid nitrogen temperature the behaviour is more
complex than at room temperature. Wor all three samples there
appears to be a central maximum near © = 0° with at least one
subsidiary minimum on either side of it. The subsidiary minima
seem to occur at roughly the same angles as the points of in-
flection in the Hall curves referred to in 5.13. The two pairs

of probes show approximately the same magnetoresistance wvariation.
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Indeed inspection shows that even minor peaks on the curve for

one pair of probes are reproduced peak for peak in the angular
variation of the other. The liquid nitrogen behaviour is some-
what similar to that observed by Frederikse and Hosler (1957)

on their unoriented n-type sample No., 3 except that in the present
case the variations for the most part stiil leave a nositive mag-

netoresistance,

5.5 Transverse and Loneitudinal Magnetoresistance Data

In order to compare the measurements on the different
samples, transverse and longitudinal magnetoresistance values are
collected togzether in table V. The observed deviations of masneto-
resistance near @ = 0° indicate that the longitudinal marmeto-
resistance is often a somewhat uncertain quantity. FHence for the
values given in table V loneitudinal magnetoresistance was taken
as the average ZSfL/?% value at the central minima of the two
probe pairs, However, in the case of the C sampies at 1iguid
nitrogen temperature a single central minimum did not exist and
the lonzitudinal value was taken as the average value at @ = 0°,

For the transverse magnetoresistance each entry in the table

represents the average £¥%?1 value at the maxima near 8 = : 900°

The table shows more clearly some of the features pre«
viously mentioned. The Eloo] samples Ala and Cla hoth show at
room temperature a greater longitudinal mammetoresistance than
the other samples of their respective sets. Samnle Alb is an
exception in this trend. At liquid air temperature both [100]
samples Ala and Alb give a longitudinal effect greater than the

other A samples but the same trend is not followed in the
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C samples, This effect anpears to sugeest anisotropy in the longi-
tudinal magnetoresistance althourh the trend is not definite enough
to be established with certainty, The largest room temperature
longitudinal magnetoresistance in the table is shown by sample B3

which also shows the largest transverse effect,

Turnine now specifically to the transverse case, it may be
noted that the magnetoresistance values show no obvious evidence
of anisotropy. Both the A and C sets of samples show the [il¥]
samples A3 and C3 to give the smallest transverse magnetoresistance
at liquid air or liquid nitrogen temperature but this may not be
significant. Rupprecht (1961) has reported anisotropic effects
associated with the direction of crystal growth, In n=doped indium
antimonide crystals the transverse mapnetoresistance was found to
be greatest with the current in the sample parallel to the null
direction and smallest at right angles to it. No such trend is
apparent in the present results due possibly to the lower doping

levels,

5.6 TField Dependence of the Magnetoresistance Tffect

The field dependence measurements were made with 8 set

o
to 90° (transverse) and 0° (longitudinal). Tt was not convenient
+
to take measurements at the maxima of _fﬂ? near - 90° and the
L]

- o
minima near 0", The results for the two temperatures are ore-

sented separately,

5.61 Room Temperature Results

The variation of the transverse and longitudinal mage-

netoresistance with magnetic field strength is shown in figure
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27 (a), (b) and (¢) for the A samples, figure 28 (a) for sample

B3 and figure 29 (a), (b) and (e¢) for the C samples.

For the transverse effect there is fairly rood agreement
between the two pairs of probes., The variation with field is clear-
ly shown and is approximately quadratic for all the samples,
Detailed discussion of the room temperature transverse effect
is, however, postponed until part II of the thesis where it is

treated in conjunction with the high field measurements,

The longitudinal magnetoresistance is in general about
an order of magnitude smaller than the transverse effect., Tt lies
in a measurement range vwhere at smaller fields it is barely de-
tectable, The errors of measurement are therefore large especlally
at fields of about 1000 oersted., The two sets of probes give
very different values, particularly in the case of sample B3 and
in the A samples where negative values sometimes occur. Notwith-
standing this, lines are drawn between the two sets of points in
each case where possible, to ascertain the trend of the field
variation. With the C samples the slope of the variation apnears
to fall off to a certain extent at the higher fields while in
general all the samples show an average slope which is somewhat
less than that of the transverse effect, Tt would thus anpear
that the measured longitudinal effect is not due, for the most
part, to a stray component of the transverse effect resulting
from misalignment of I and H (e.g. in a vertical plane). There
may be an exception to this for the sample Ala where the slope

of the longitudinal variation is approximately the same as that

of the transverse effect in the other samples. The large size
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of the longitudinal effeet in this sample, however, suggests

that if misaliemment is the cause, it must be internal (inhomo-
geneity for examole) rather than external, Tor sample B3 the
difference in the longitudinal and transverse slopes suggests
that here misalignment is not the cause of the large loneitudinal

effect.

5.62 Liquid Air Results

The field variation of marmetoresistance at liquid air
temperature is shown in figure 30 (a), (b) and (¢) for the A samnles,
in fieure 28 (b) for sample B3 and at liquid nitrogen temverature

in figure 31 (a), (b) and (¢) for the C samples.

The transverse magnetoresistance does not increase with
field as steeply as it does at room temperature. The variation for
the A and C samples goes very roughly as fle2 but it will be noted
that the curves for the C samples are sliehtly concave whereas
those for the A samples are, if anvthineg, slichtly convex, The
magnitude of the magnetoresistance in the C samples is about twice
that in the A samples. The approximately linear increase with
field in this range has been observed previously by Frederikse and
Hosler (1957) and by Bate (Beer, 1961) and is attributed by these
workers to the effect of Landau quantization on the conductivity.
The magnitude and curvature of the transverse field variation in
the p=-type sample B3 is due to the combined conduction by light

and heavy holes,

The longitudinal magnetoresistance is about an order

of magnitude smaller than the transverse effect, as was the case

at room temperature. This was also found to be true in the results
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of Frederikse and Hosler (1957). As at room temperature also,
there is a large difference in the longitudinal effect between
the two probe pairs, The lines drawn between the points represent
the average variation, No common trend is apparent in the re-
sults for the various samples., However, in general the shape is
different from that for the corresponding transverse effect; the
A samples show a steeper curve and the C samples show a slope
which falls off at the hirher fields to hecome less steep than

the curve for the transverse effect.

The slope of the line for sample Al is about the same
ag that for the transverse results on sample Alb, The remarks
about sample Ala at room'temperature therefore also apply here,

5.7 Magnetoresistance and Hall Coefficient Measurements in
Indium Arsenide

The results of measurements of Hall coefficient, con-
ductivity and transverse magnetoresistance on the two indium ar-

senide samples X1 and X3 are summarized in table VI,

Measurements of the field wvariation of the Hall coefw
ficient and the transverse magnetoresistance at room and liguid
air temperature are shown in fipure 32 (a) and (b) for the two
samples. With on extrinsic carrier concentration of about

6 .
! cn 3 there is little change in the Hall coefficient

6 x 10
from liquid air to room temperature. FEssentially no change
is observed in Ry with field variation at room temperature and

only a slight fall off with Increase of field at liquid air

temperature,
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The transverse magnetoresistance at liquid air temperature
is about five times that at room temnerature while the variation
with field is approximately the same at both temperatures, varying
roughly as H1'8. However, a slight fall off in slope at the high-
er fields is apparent in the field variation at liquid air tempera-

ture.




6. ANALYSIS OF RESULTS

The magnetoresistance measurements previously des-
cribed were done on samples with different mobilities and
sometimes different magnetic fields, To discuss them together

the magnetoresistance values were reduced to an approximately
ap

I?, (RHC"BH)z

Weak field theory shows that the magnetoresistance is in

common denominator by evaluating the quantity .
general proportional to this quantity. However, the magnetic
fields used in the experiments cannot be considered as weak since
even at the lowest field of 1000 oersted, ﬁ:H for the electrons
is of the order of unity. Furthermore, the conduction is not
always due to one type of carrier; at room temperature, for
instance, both electrons and holes contribute to conduction.
Remembering such invalidations, values of the magnetoresistance

coefficient at two fields, where possible, are given

_8r
L (Rys. H)*

in Table VII, Theoretical weak field expressions for the co=-
efficient from equation (8A) are also shown in the table for the

particular directions of current and field,

6,1 Magnitude of the Transverse Magnetoresistance Coefficient
Ap
1% (RuooH)?

fields for the transverse magnetoresistance are approximately

The average values of at the smaller

0,015 for the A and C samples at room temperature, 0,0L43 for the
A samples at licuid air temperature and 0,011 for the C samples
at liquid nitrogen temperature, Such magnitudes are very small
considered on the basis of weak field theory and scattering

mechanisms such as that by acoustic lattice modes, Fig.2 shows
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that to get s values of the order of 102 the exponent q of the
relaxation time energy dependence would have to be amall,
According to equation (2) the above values would in fact give
[a|<0.3. Such a weak dependence of the relaxation time on
energy might occur in polar scattering or by the right com-
bination of acoustic lattice scattering and ionized impurity
scattering, When the two latter scattering mechanisms are
combined by adding reciprocals of the relaxation times, the
theoretical s value first decreases from a value of 0.38 as
the impurity concentration is increased; it then goes through
a minimum (Champness, 1958a) and finally rises to the value of
2,16, The fact that the coefficient for the A samples is
four times that for the C samples at low temperatures could be
due to the larger concentration of impurities in the A samples.
Since the q value for impurity scattering is positive (= + 3/2),
the direction of this change indicates that the effective g

in the samples is also positive. Thus for the indium anti-

monide samples it would appear that 0 {q (0.3

Table VI shows that the indium arsenide samples also

exhibit small magnitudes for the coefficient Values

Y
LRSH)*
are 0,011 at room temperature and O,OLl at liquid air temperature,
Therefore a small q value would seem also to apply to this

material,

The small value of q means that the Hall coefficient
- factor r (equation (3)) must be near to wnity. In fact if

|q|<o.3 equation (4) gives r - 1 < 0.0L. Since Ryo, = r/A R
n
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the Hall mobility Ry Oy for practical purposes is equal to the
conductivity mobility /41‘ . It should be noted that any con-
tribution of the holes to the transverse magnetoresistance at

room temperature means that the effective s value for the electrons
is even smaller than the above values. In fact the indications
from Part II are that mixed conduction effects do predominate

at room temperature, This leads one to ask if the magnetoresiétance
at liquid air temperature is also not a result of mixed conduction,
If the minority holes were to make a significant contribution in the

n-type samples at liquid air temperature this would mean that

7L > (%)
fo mixed > ,00 elcctrons

Using weak field equation (1) and equation (31B) from Part II, this

becomes
P 2 2,2
w by HE > s H
or
po>skn
[
Putting in the relevant numbers this means p > 10 16 cn -3 for the

A samples and p >10 15 em =3 for the C samples, At liquid nitro-
gen temperature the concentration of intrinsic holes would be
smaller than these numbers by many orders of magnitude., Therefore
the possibility of mixed donguction may-be rejécted as the zause ‘of
the magnetoresistance, at least as far as minority holes are con-

cerned,

)
The value of the coefficient —L, as a parameter
L (R H)

for comparison pufposes is brought out strongly in Table VII by

the transverse values at liquid air temperature for the p-type
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sample B3, While the values are only very approximate, they
stand out in magnitude from the values on the other samples,
The large effect is due, as mentioned previously, to the presence

of light holes,

6,2 Examination for Anisotropic Effects

ap
,?, (RH Co H )2
given in Table VII show no strong evidence of directional depend-

The transverse magnetoresistance coefficients

ence so that b/ = 3 (equation (16)). The differences from
sample to sample could, however, be accounted for (see eighth
column) with a d/ value which is somewhat smaller than b’ in
magnitude but of negative sign, The longitudinal magnetoresis-
tance coefficients ought to be more sensitive to any nonzero
values of the anisotropy parameter d!. Comparison with weak
field theory (last colum of Table VII), however, yields in-
consistent values for d'. The C samples give values of
differing sign and the A samples give positive values of differing
magnitude, It is apparent that some of the differences in the
longitudinal values are statistical rather than being associated

with crystal direction,

Possibly a better method of examination of the longi-
tudinal magnetoresistance is by synthesis rather than analysis,
Accordingly in Table VIII theory and experiment are compared
using ratios of longitudinal magnetoresistance coefficient in
the three directions [100] ’ [110] and [lll]. The predictions
of both the weak and the strong field theories when compared with

the experimental results appear to rule out model (a) as a
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possibility since the observed longitudinal magnetoresistance is
not smallest in the [100] ssmples, Model (¢) which predicts the
largest effect in the [100] direction appears to accord more with
the experimental results on the A samples, Model (b) with a K

value between 0,1 and 0,5, giving the anallest magnetoresi stance
in the [110] direction, appears to be more consistent with the

results on the C samples; to a lesser extent model (e¢) with a X

valus of 10 could also apply to the C semples,

Notwithstending these remerks, the experimental ratios
suggest that the longitudinal magnetoresistance may be greatest in
the [100) direction and least in the [110] direction, This seems
generally to point to model (b) for the conduction band,

The maghetoresistance subsidiary maxima observed st
-amall O angles at liquid nitrogen temperature in the C samples
are now considered, The weak field equation (8) can be used to
plot the varlation of magnetoresistance as & function of angle
in a {110} plane for the three sample C orientations and for each
of the three multi-spheroid models (&), (») and (¢), Such
considerations show the possibility of obtaining subsidiary maxima
centred at p = 0° provided a’ is compsrable (or greater) in
magnitude to v/ + No maximum is possible for the situation in
sample Clewith model (a) as has already been seen, Furthermore,
no maximum is possible for the situstion in sample C3 with model
(¢), This was not found experimentally, Thus wesk field
examination of the angulsr dependence again suggests model (b)

for the conduction band,
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7.  DISCUSSIN

The investigation shows the existence of a longitudinal
magnetoresistance in indium antimonide. It is now necessary to
answer the question: is the effect spurious of fundsmental and if
fundamental what is the mechanism? There are at least four

possible causes for the longitudinal effect. These are:

a) anisotropy (consistent with cubic symmetry) in

the effective mass or relaxation time;
b) conductivity inhomogeneity,
¢) quantum transport,
d) geometrical misalignment.,

In the writer's view the order given represents the order of like-

lihood. Each possibility is now discussed in turn,

7.1 Effective Mass or Relaxation Time Anisotropy

The experimental results, without giving any really
clear cut evidence of anisotropy in the longitudinal magneto-
resistance, do tend to support a model for the conduction band
consisting of spherical energy surfaces at the centre of the
reduced zone with the possibility of oblate spheroidal surfaces
along ¢ 110 > directions. To account for the magnitude and
isotropy of the transverse magnetoresistance and the isotropy
of cyclotron resonance, it must be supposed that most of the
electrons reside in the central minimum, with the ¢ 110 ) minima

at a slightly higher energy so as to be only partly populated.
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. However, according to Parmenter (1955) energy bandvminima (or
maxima) along (110 > directions are theoreticall‘yrnot possible
for a zinc blende structure. If this is i'ealiy\so , the: above
model must be rejected in favour of the one with < 111 > .sub-
sidiarfr minima or alternatively to assume anisotropy in the
relaxation time rather than the effective mass, The latter
idea seems the more attractive and it could be supposed that

the relaxation time has maximum values along < 110 > directions.
This would seem to be equivalent to having the conductivity
compounded from an array of conductivity tensors whose principal
axes lie along (110 » directions. Such a model might not be
unrelated to the fact that cleavage occurs along {110} planes.
These are electrically neutral planes containing equal numbers

of indium >and antimony atoms. One could readily understand if
the conductivity were smaller normal to cieavage planes thaﬁ at
right angles to them; isotropy of the zero field conductivity
would still presumably be maintained in such a situation.‘ The
anisotropy trend in the experimental ~iongitudina1 magnetoresistance
such as it is, however, points to  a Cmdﬁctivvitjl greater barallel

to a <110 > direction than transverse to ite

The t_ransverse room _t’emperature ma@etore‘s:istance is
mostly ciﬁe to mi:téd conduction, This fact may help to explain
the isotropy of the transverse effect; it also suggests that the
longitudinal effect could be due to holes anci valence band
properties, The'p-‘.-typev sample B3, intrinsic at room temperature,
does indeed show the largest longitudinal magnetoresistance,

While this may be true at room temperature, it has been shown that
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intrinsic holes do not contribute anything in the n-type material
at liquid air temperature so that here the magnetoresistance effect
is characteristic of the conduction band alone, The central sub-
sidiary maxima observed in the C samples lend support to the ideas
discussed above for the conduction band, The fact that the A
samples do not show such maxima may be due to the higher impurity

concentration in these samples,

7.2 Inhomogeneity Effects

The most noticeable features of the angular dependence
experimental results on the A samples are inhomogeneity effects,
These may have been due to the gradient of extrinsic carriers along
the sample axes which were apparent from the Hall effect measure-
ments at liquid air temperature. Bate and Beer (1961) have
considered the influence of such a gradient on the transverse
magnetoresistance with two different probe orientations. They did
not, however, consider the influence on the longitudinal magneto-
resistance, It seems that the negative effects could result from
conductivity inhomogeneity. The two pairs of probes on either side
of the sample could be in contact with regions of different con-
ductivity. Any difference of magnetoresistance between regions
would cause a redistribution of current when the magnetic field is
present. It is possible to think of simple models for the in-
homogeneity where such a redistribution of current could lead to
increases of potential gradient in some regions of the sample and
to decreases in other parts; if probes were present such changes

would be interpreted as apparent positive and negative magneto-
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resistance effects, The type of 'see-saw" effect (see 5.41(c))
observed on the A samples wherein the two pairs of probes gave
effects of opposite sign, could possibly be explained along such

lines,

Inhomogeneity effects were less in evidence in the C
samples showing no "see-saw!" effect and no negative magneto-
resistance at room temperature, This was due, no doubt, to the
absence of an extrinsic carrier concentration gradient. Therefore,
it is assumed that the subsidiary minima observed at liquid nitrogen
temperature are not due to inhomogeneity effects. It is signifi-
cant that the effects did not occur in the more inhomogeneous A
samples. The asymmetry in the angular variation at liquid nitrogen
temperature for the C samples cannot, however, be fundamental., A
regular asymmetry in the results for sample C3 might have been
acceptable since in a {110} plane a {111 ) direction is not an axis
of two-fold symmetry like <110 » and <100> directions but such was
not observed, Therefore despite the cother indications some in-
homogeneity would seem to te present. Some of the asymmetry may
be due to a mixing up of Hall effect and magnetoresisiance, The
method of sevarating the two effects by magnetic field reversal
may be invalid in inhomogeneous materisl where a Hall effect might
arise depending on an even power cof H and a magnetoresistance on an

odd power.

Bate, Bell and Beer (1961) found that in samples con-
taining abrupt changes of conductivity, the Hall coefficient field

dependence showed large anomalies and the transverse magneto-
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resistance could be negative, No such anomalies were found in

the present measurements so that while the A and B crystal samples
contained concentration gradients, they did not contain discontin-
uities of conductivity., 1In addition to the above mentioned work,
galvanomagnetic effects arising from stratification of conductivity
in indium antimonide samples have been discussed by Weiss (1961)

using a theoretical treatment due to Herring (1961).

7«3 Ouantum Transport

Nonzero longitudinal magnetoresistance can result from a
dependence of the relaxation time on magnetic field arising from
orbital quantization, As indicated in 2.2 explicit calculations
at weak fields are only available for acoustic lattice scattering,
which from the apparently small g values would seem not to be
entirely applicable in the samples. With a value of E==%%?=02_
for the electrons, corresponding approximately to a field of 5,000

oersted, an effective mass ratio of 0.0l and room temperature, the

formula of Omar and Miller equation (20) gives Lyo = 0,08,

In view of the fact that the experimental results ;how for the most
part a positive longitudinal magnetoresistance, it may be concluded
that this mechanism is not the important one, Whether other
scattering mechanisms could give a positive effect at weak fields

is not known. The quantum treatment has been suggested for
explaining the approximately linear field dependence of the trans-
verse effect in n-type material at liquid nitrogen temperature, where
at 5,000 oersted,é’ approaches unity. !lowever, the only really

definite evidence of Tandiu cuantization effects in the magneto-

resistance of indium entimonide has been szt ligquid helium



temperatures (e.g., Frederikse and Hosler, 1957).

7.4 Sample Misalignment

An important question is whether the nonzero longitudinal
magnetoresistance is a result of misalignment of field and sample
axes in a vertical plane, Alignment in a horizontal plane is
checked by the angular dependence measurements, These show only
small deviations in the Hall zeros and in such symmetrical magneto=-
resistance minima as occur in the C samples at room temperature,
Suppose that when 6 is set to zero there is still a nonzero angle
¢ between I and H in a vertical plane, A rough estimate of the
magnitude of this angle ¢ can be made from the observed variation
of magnetoresistance with 6 by supposing all the magnetoresistance
at the minimum to be due to misalignment, Values of ¢ estimated
in this way for the C samples at room temperature in figs.2L, 25 and
26, are from 14° to 17°, Such angles are too big to go undetected.
Hence it is believed that lack of perfection in aligning the mag=-
netic field to the sample axis is not responsible for the larger part
of the observed longitudinal magnetoresistance., Internal misalign-
ment is another matter, although even here the small Hall zero
deviation angles suggest that the current flows, for the most part,
parallel to the axis of the sample, Furthermore, the field vari-
ation of the longitudinal magnetoresistance has, in general, a some-

what different character from the transverse effect,

An effect thought to be due to misalignment was found in
the angular dependence measurements on sample Claat 77°K. At

e = =20°, it was foud that the potential difference between one



pair of conductivity probes was negative with the magnetic field

on in one direction but had a2 normal positive potential difference
with the field reversed. This apparent reversal of current near
the probes in the first case could be explained as an inhomogeneity
effect and in fact a similar effect was observed by Bate, Bell and
Beer (1961) in a sample containing an abrupt conductivity change.
dowever, in the present case the relative wniformity of the sample
indicates that a more likely explanation could arise from the axis
of rotation of the electromagnet not being exactly at right angles to
the sample plane containing the probes. In this situation if the
probes were not exactly in line with the sample axis, the magnetic
field would be able to "see" a component of current between the
conductivity probe pairs, and as a result a Hall voltage could be
developed between them, If this voltage is sufficiently large and
negative, it could exceed the normal conductivity voltage and give a
resultant negative potentisl difference, In other words, the
effect was due to a large inclination of the equipotentials across
the "thickness" of the sample. Not enough information is avail=-
able for estimating the angular deviation of the sample causing

this effect,

For completeness, it should be mentioned that, besides
inhomogeneity and misalignment, spurious effects could also arise
from surface conduction and contamination and from the small but
finite area of the potential probe contacts. However, there is no
indication that such influences were important in the samples investi-

gated.
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The trends reported in this part of the thesis will have

to be studied further before their certainty can be established,
While further work on p-type material could be undertaken with
profit, it seems that at the present moment there is little point,
from a fundamental aspect, in repeating the work on n-type samples
umnless these are of extreme uniformity and purity. These two
requirements for the material do not necessarily go together,
Uniformity is required to avoid spurious effects and purity is
required to reduce or even eliminate the impurity band which may

be masking fundamental properties of the conduction band,



PART 1II

HIGH FIELD

TRANSVERSE MAGNETORESISTANCE

MEASUREMENTS
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8. PRELTSINARY SUKVEY FOr PART II

The technique of obtaining high transient4magnetic fields
by capacitor discharge through'a solenoid offers the possibility
of measuring galvanomagnetic effects in semicenductoers in a field
range never yet investigated. Indium antimonide, apart from its
brittleness, is an excellent material for study, particularly
because the magnetoresistance effect in it is so large. Some
high field studies on the material have already been made but these

have mestly been belew room temperature.

* Busch, Kern and Lithi (1957) made transverse measure-
ments on n-type material up te 100 kilo-oersted from L.2° teo
80°K and found oscillatory effects at the lowest temperatures.,
Haslett and Love (1959) made measurements of longltudinal mag-
neseresistance up te 170 kilo-oersted at 3.9°, 14° and 78°K and
observéd'large resistance changes but no escillations with field
variatien. Meaaurements at 77°K were carried out by Amirkhanev,
Bashirev and Zakiev (1966) up te abeut 500 kile-eersted for
longitudinal magneteresistance and up te 900 kile-eersted for
the transverse case but ne escillatery effects were found.

These workers examined one of their samples (Ne. 2 with Np - Nj =

16

10 cm“3) up to roem temperature where it had a transverse

magnetoresistance of about 9. The only other transverse measure-
ments reported at roem temperature were obtained by Haslett (1959)
who found the magneteresistance to have an appreximately quad-

ratic dependence on field and at 170 kile-oersted te have a value

sppreaching 120.




In the present investigations, transverse magnetoresist-
ance at room temperature was measured up to 300 kilo-oersted in
intrinsic indium antimonide and extrinsic indium arsenide. For
the possible observation of effects arising from the discreteness
of the Landau levels it might have been better to have uéed de-
generate extrinsic indium antimonide since in such material the
Fermi level is sharply defined and conduction is predominantly
by the electrons. However, it appears that heavily doped material
presently available suffers from being very inhomogeneous and so
measurenents on it might have been of doubtful value. Because
of difficulties of alignment of magnetic field and sample axis
in the high field solenoids, longitudinal magnetoresistance was
not neasured. Hence, hereafter whenever the word magneto-
resistance occurs by itself it is understood to mean transverse

magnetoresistance,

A new feature of the present measurements is that they
were carried out in a field range which has for the most part not
previously been investigated. A more important feature however
is that the measured variation with field was subjected to
a quantitative comparison with theory arising frowm the knowledge
of the conduction parameters of the individual samples investi-

gated.
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9. THEORY FOR ISOTROPIC StiMICONDUCTORS

This section contains the theory of the transverse wag-
netoresistance 1in <an isotropic nondegenerate semiconductor
specially oertinent at high wagnetic fields. It deals primarily
with the classical two band conduction model but results for

a single band quantum treatment are also given.

9.1 Classical Two Band Theory

As mentioned in 2.11 transverse magnetoresistance in
a single band of electrons only appears if q # O (where the
scattering relaxation time T o€ E,q); when /un H >7| it saturates
at a value equal to E% -1l. If q 4is of the order of unity,
positive or negative, as occurs for many scattering mechanisms,
figure 2 shows that E% - 1 is also of the order of unity. Hence
in such a case the increase of resistance at very high fields
would be expected to be of the order of the zero field resistivity

A? itself. When two systems of carriers are present, such

as electrons and holes however, the magnetoresistance can be very
much larger due to the Lorentz force being able to exert a greater
effect on the carriers. This comes about because of a reduction
in the transverse Hall field. Equilibriws can be maintained by
separate but equal transverse current conponents of the holes
and electrens flowing in opposite directions across the saumple.
Formal treatment by the Lorentz theory of conduction (see Wilson,

1953) in the notation of Champness (1957) gives for the two

carrier case of electrons and holes:
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9.11 Energy Independent Relaxation Time

Great simplification results if it is assumed that the re-
laxation time is independent of energy by putting q = 0. The inte-

grals (22), (23), 24) and (25) then reduce te

X =Y= [! +(H H)zfl cees (26)

and

X,=Y= [f +(/“p/‘/)2]—l oo (27)

Substituting these into equation (21) gives after some

algebraic rearrangement

2 2
& _ nprp H (v + 1) e (28)

This equation holds, under the assumptions made, at all fields

from weak (H << A ,l‘) to strong (H > —L;-i ). It can alse

K
be derived in an Q&eme;tary way without thfluég of Lorentz con-
duction theory by treating the motion of the electrons and holes
under the influence of electric and magnetic fields, supposing
only that the drift velecities are proportional to the applied
fields through the mobilities fﬁxand Fp' The formula corres-

ponds to that of MacDenald and Sarginson (1952) where relaxatien

times rather than mobilities were used.

2 42 2
If ,u:/; H >>(’—4-/—Jrn—%'ffﬁ) s )

equation (28) shows that the magnetoresistance saturates to obtain



(A—'O) SR T ceee (30)
fohat  (n=PPHH1

With inequality (29) reversed, the mapgnetoresistance

well below saturation from equation (28) is given by

O ppee [N
g = Lfe 'b(wﬁfﬂp ceee (31)

Thus below saturation a quadratic field denendence holds down

to the smallest fields.

In an intrinsic semiconductor where n >>n-p, equation

(31) becomes

AN 2
oF _ popu H ceee (310
gl

and the saturation magnetoresistance (equation (30)) can be ex-

tremely large.

In an extrinsic semiconductor where n>>p, if also/«l _))/;;
n
(which is approximately true in indium antimonide and

indium arsenide), the saturation magnetoresistance is just

(éf) _ P M veee (300)
o/t N My

which from inequality (29) occurs when M H)} 1. This is the
f)

same condition as for magnetoresistance saturation of the lowest

mobility carriers by themselves, When ,JP H<< 1, equation (31)

gives

n

A 2
;/_0 P mp H veee (31R)
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9.12 Energv Dependent lielaxation Time

If q # 0 the inteerals (22), (23), (24) and (25) have,
in general, to be computed., For acoustic lattice scattering in

which q = -%, X=K and V = 3rl where ¥ and 1, are ex=-
8

pressable in terms of tabulated functions (Willardson, Harman

and Beer, 195);), However, some simplification occurs at high

fields. If p H>> | vees (32)

and /J H >>l P sec e (33)
P

then integrals (22), (23), (2L) and (25) become

_ ! | evae (3)
X—()

/ / : eene (35)
>< = — 7 iz
A H
P (pH)
o vene (36)
h - (pH)
Y _ L veew (37)

P (BH)

Substitution into equation (21) gives

ar _ a(ft 5 ) (rt e | ee ()
f; 0‘2(/4 +‘/§) + H (n_/J)Z

The condition corresponding to inequality (29) recuires
in peneral a stronger field than conditions (32) and (33). This
enables us to obtain expressions from equation (38) not only for
the magnetoresistance at saturation but also for the aznproach to

saturation in the case of a near intrinsiec semiconductor,



- 55_

(a) Saturation Region, If the following inequality holds (note

the difference from (29))

2 2 2 2 n/“’, +F/"n 2
[~ 4 /l’/l’ H >> (‘le—) ) seee (39)

equation (38) shows that the magnetoresistance attains a saturation

value

(ff) _ (nHe + PR (71 + PF) 1, ceee (LO)
/Oo sat “M/MP(" 'F)z

which after some algebraic manipulation becomes

(9/_") I Ry L cee (OID)
P fat. X(N=PF PN x

The second term on the right hand side is just the saturation

A
magnetoresistance for a sinple band (_'O sat, so that
1 band

equation (Li1) can be written as ?

(%f)sat. ) (%,,E) st T (%f)sat'

2 band %1 band ... (L10)

If =0 then & =1 and equation (L1) is identical with

A
equation (30). In an intrinsic semiconductor n>)n-p, (__F)
sat

would be negligible compared with ﬁ’ 1 band
AF and therefore
F sat,
o/ 2 band
2 2
(%), = +(=) (futte) s (17
(% /sat. K \n=p/ M}

If ,un / He >> 1 this is just

2
(?)_:o)mz $ (,}i—f,) }%‘ vere (110)
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To see the magnitude of the effect suppose X =1,

- -1
/qn = 6,5 x 10 b gauss /JP = 7,5 x 10"6 gauss"l, n=1,89 x

lo16 -3 16

em ~ and p = 1.5L x 10 cm-3. The saturation masneto-

resistance is then about 2,500, which from inequality (39) occurs
approximately when H is much greater than lO6 oersted, TFor an

extrinsic semiconductor n)p, and with M % Mo it follows that

(éf) :_l_f_/i'l_*_'_-z € ....()417-))
/2 sat X n f; X

which according to inequality (39) holds if

ff+ﬁ

S, H >> o .

Since Fe )_f ¢ | and X~/ , the above condition is necessarily
n

N
true by condition (33) for the holes,
6 -
Taking X = 1, n = 5,85 x 101 cm 3, p = 6.9 x 1015

-1 -1

s

3 o < 107 -6
em © /An‘ = 1,69 x 10 gauss and /4p = .6 x 10 gauss

the extrinsic saturation magnetoresistance from equation (l;1D)
is found to be about l.3. Tt is thus smaller than in an intrinsiec

semiconductor. However; it is still 1ikely to be larger than in

sinple band saturation where for examole with q = =%
A of m
_/_o = x-! ~ 0413 .
/0 Saf o
© ] band
(b) Presaturation Region. It has just been shown that for an

extrinsic semiconductor the condition /"po 2’2 1 for the high
field spproximation also ensures saturation. Therefore equations

(35) and (37) and hence (38) are invalid below saturation and
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an equation corresponding to (31R) cannot readily bhe found,

However, this state of affairs does not prevail for an intrinsie

semiconductor,

Suppose that inequalities (32) and (33) hold and also

that (if possible)

2 2 2,2 np, +f°,“,,)2
oM /uFH K« (T vene (12)

Since usuallylun > lup, the condition (33) that
IupH » 1 is more stringent than condition (32)1 l“nH» 1. Combining

(33) with condition (L2) gives

n P
[ << po < Smp f:"" * &[n=p)

This means that inequality (L2) is only nossible if p>) n-p

(assuming X is near unity) i.e. for an intrinsic semiconductor.

Proceeding now to apply ineaquality (1,2) to equation (38)

this yields

4 rft Pl 2

X et H o es 02
° an—F’Vt

which apart from the -1 term indicates a quadratic field de-

pendence. In any case because of inequalities (32) and (33)

,;anHz)) 1 so that with only small error

_/0 ,‘+fFPH
p Tl S

In an intrinsic semiconductor n = p and then it hecomes

see s (hBA)

simply



FP = o(/un/,{P Hz_} eees (L3B)

or with sufficient accuracy

o
£ = o(/«(lup eeee (L30)

Another way of expressing condition (l;2) using equations (L0) and
(L413) is seen to be just
4P & BP\ | as micht be exvected.

/2 non sat Po sat

Summarizing the previous analysis it may thus be said
that the approach to saturation would be expected to have a quad-
ratic field dependence for (a) an intrinsic semiconductor at
fields above l/',l'p and (b) for any semiconductor and any fields

sufficiently below saturation provided gq = O.

At weak fields when IMnH, ,ApH 1, equation (21) for an
intrinsic semiconductor can be shown to lead to
4p

F— - s/t:sz + (rz_s)/J"/uP HE , ceee (W)

which is just the single band magnetoresistance nlus a two band
term. The two band term involves the familiar /.4 ,JpHZ product
n

which occurs at higher fields,

9.2 Guantum Treatment

A quantum mechanical treatment of the transverse
magnetoresistance of a single band of electrons at high fields

leads to monotonic increases with no saturation., Adams and
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Holstein (1959) have worked out field and temperature dependencies

for the transverse resistivity /O in the so-called extreme quantum
T

limit when all the electrons are in the lowest Landau quantum level,

how,
Thus occurs for a semiconductor when E" kT >>/ . Omitting

the dependence on t emperature, the approximate field dependence
results for the various scattering mechanisms considered by Adams

and Holstein are reproduced below in table IX,

TABLE IX
Scattering Mechanism Magnetic Field Denendence
of P
) 5727
Low temp, acoustical
High temp. acoustical H2
Point defect H2
2
Low temp, piezoelectric H3/
High temp. piezoelectric H
High temp., optical H
Ionized impurity HO

The table shows that only with ionized impurity scattering would
saturation be at all possible. An extension to two bands can be
done formally but the detailed implications have not wyet been
worked out, However, in general, it might be expected that the
variations would be superimposed on the classical two band
effect. Thus where two-carrier saturation would be expected

to take place, the fields would be well into the quantum regime
and either no saturation, or only a tendency to saturate, would

occur, However, the magnitude of the classical two band
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magnetoresistance is so large at high fields, even before saturation,
that Landau quantization effects would have to be large to show up
clearly. No oscillation component would be expected in the field
variation unless the material was degenerate enough so that Z/ kT >
@n addition to the requirement of ﬁa1>7/(r) + This condition

is not readily met at room temperature and was in fact not met in
the samples used in the experiments described in the following

sections,

For the electrons in indium antimonide, E’ =1 in a field
of sbout 25 kilo-oersted at room temperature whereas for the holes,
the field recuired for the same condition is about 500 kilo-oersted,
Thus any quantum effects which occur up to fields presently attain=-
able in the laboratory would be likely to be due to the electrons

rather than the holes,
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10, EXPERIMENTAL METHOD

10.1 Experimental Techniques

10.11 Arrangement

Measurements of transverse magnetoresistance were made
on five indium antimonide and two indium arsenide samples. Tour
of the indium antimonide samples were n-tyne (A2, A3, Clb and C3)
and one p-type (B3) but at room temperature all were nractically
intrinsic, The two indium arsenide samples (X1 and X3) were n-type
and still extrinsic at room temperature., Details of crystals and
samples are discussed in part I and their properties summarized

in tables IIT to VII,

The measurements were made by charging up 2 2,OOOf4F
bank of capacitors to a definite woltage and discharging through
a hiegh field solenoid containing the sample. The probe holders
for the samples were the same as those used for the medium field
measurements except that in each case the sample and probes were
embedded in epoxy resin, This was to minimize the effect of
mechanical disturbance during the discharges, since in earlier
experiments before encapsulation was tried the sample had been
shaken out of the holder, The sample in the holder was trans-
verse to the solenoid axis so that the masnetic field was normal
to the two sample faces carrying the probe wires, In this re-
spect it differed from the transverse orientation in the medium
field work where the magnetic field was in the plane of these

faces,

The magnetoresistance was measured by observing the

potential change on one or other of the two pairs of probes
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with a type 551 Tektronix dual beam oscilloscope and tyoe D pre-
amplifiers ( fipure 33 shows the circuit arrangement). The traces
were photographed with an attached type 12l),5 Beattie Oscillotron-
Polaroid camera, Ourrent through the sampnle was maintained normally
at 30 mA supplied from a constant current source consisting of

0 = 400V D.C. power supply with series rheostats. A reversing
switch was also included in the current circuit. Plots of the
variation of the zero field probe potential difference were made

on all the samples from O to 50 mA. In all cases the variation

with current was linear indicating that no appreciable joule

heating of the sample was taking place,

The capacitor bank could bhe charged to any desired volt-
age up to a maximum of 3,000 volts, although in the present measure-
ments 1,800 volts was the largest voltage employed. Reversal of
the initial current, and therefore the magnetic field in the solenoid,

was done by opposite charging of the condenser bank,

10.12 Stray Electromagnetic Pickup

In the initial stages of the work one of the higgest
problems was the very large stray pickup voltaee which appeared
between the sample probes. This was due to e.m.f!s induced hy
the changing magnetic field in stray loops in the probe circuit
despite the efforts made in making the holder to minimize this
possibility. The oscilloscope trace of the pickup voltage
showed it to be the differential coefficient of the field trace.
While it was repeatable from one discharge to another at the

same condenser voltage, it was often one or two orders of



..63.,

nagnitude larger than the magnetoresistance voltage changes, at

least with small sample currents of around 30 mA,

The first attempt to buck out the pickup voltace using
a many turn coil located just outside the solenoid was unsuccesse
ful, Neither by axially moving the compensating coil or using it
with a potentiometer was it possible to balance out sufficiently
the unwanted voltage due apparently to differences of wave form
and phase, However success was obtained with a bucking out
coil located inside the solenoid near the centre, This coil con-
sisted of two turns of fine wire wound on the sample holder near
the sample itself, cemented in position and connected to an ex=
ternal low resistance potentiometer to give an adjustable ovposing
emf in the probe circuit., By making a number of low voltage dis-
charges snd observing the oscilloscope, the potentiometer was
adjusted until as near balance as possible was obtained, pro-
gressively increasing the oscilloscope sensitivity in the orocess,
Any remaining pickup sipgnal after this was small and could in any
case be clearly distinguished from the mametoresistance effect

by its nondependence on sample current,

10,2 High Field Solenoid

The high field solenoid used was similar in design to
that employed by Foner and Kolm (1956), It consisted of a ten
turn helix with an inner diameter of 3/8 inch and an outer dia-
meter of 1% inches turned out of a solid rod of Berylco 25,
each turn being about 1/16 inch in thickness, Before use the

helix was heat~treated for maximum hardness, The turns were

insulated from each other by discs of impregnated teflon and
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the helix was compressed between end plates of brass and steel

by means of six insulated bolts. The outer diameter of the helix
| was embedded in Sauereisen cement and left to harden, A few turns
of copper wire were wound in the Sauereisen to restrict its violent
breakup in the event of deformation or explosion of the solenoid.,
More details of the solenoids and the care necessary in their

construction are given by Stevenson (1961),

The measurements were carried out mostly in one solenoid
(No. 1) which, however, fractured eventually in an 1,800 volt dis-
charge, After this, another similar solenoid (No. 2) was used,
The breakage in solenoid No, 1 occurred after many discharges at
lower voltages and appeared to bhe due to excessive heat developed
at a particular point where perhaps some non-uniformity existed.
The fracture split the solenoid into two parts with no swelling
or other evidence of distortion, Solenoid No, 2 was used for
the measurements on the indium arsenide samples and was only tsaken
up to 1,400 volts., Some internal sparkinge between turns which
first occurred in this solenoid was later nrevented by coating

the inner surface of the helix with a layer of epoxy resin.

A check on the variation of field aloneg the axis of
solenoid No. 2 was made using a pickup coil at different posi-
tions during a number of 1,000 volt discharges, The variation
of the maximum field with distance is shown in fisure 3}, While
the field changes rapidly along the axis, the variation over the
width of the sample (about lm.m,) at the centre of the solenoid
is less than 1%, The field variation in solenoid No. 1 is ex-

pected to be somewhat less, since it was longer than solenoid
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No. 2, The radial variation was not measured but calculation
indicates (Montgomery and Terrell, 1956) that it amounts to

a deviation of less than 17 over the inner diameter of the solenoid.

10.3 Magnetic Fiecld Measurement

The magnetic field in the solenoid was measured with
a pickup coii connected to the second input of the oscilloscope
throush an R.C. integrator. The pnickup c¢oil consisted of five
turns of fine wire wound on a paper tube large enoush for the
sample holder to pass through and inserted in the solenoid so that
the coill encircled the sample at the centre. The maenetic field
at any instant was obtained from the heipht of the oscilloscove
trace, knowing the total area-turns of the pickup coil and the
time constant of the integrastor (1 millisecond). The initial
voltage rise from the pickup coil and integrator was used to trig-
ger the two oscilloscope traces (field and probe sirmals) simul-
taneously. The field trace showed the usual damoed sinusoidal
variation with time and had a half neriod of approximately
100 microseconds. Usually durine the measurements the trace
sweep speed was set at 2C microsecands per om, so that only the
first two half cycles appeared on the oscilloscope screen as

shown in figures 37 and 38,

At the higher discharge voltaces, damacse was caused
| to the pickup coils. Above 1,500 volts a coil would start to
lose its circular shape and become irregular with a smaller

inductive area and thus to give a smaller voltage for a given

field, No doubt this distortion was due to the mammetic forces
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and the weakness of the paper tube in being unable to withstand
them, Unfortunately the size of the solenold and sample holder
used did not permit a coil former of thicker material to be used,
Successive destruction resulted in eight pickup coils heines used
in the measurements. Errors due t6 distortion were carefully
watched for by comparison of one coil with another. Plotting the
measured maximum field against discharge voltace as in ficures

35 and 36 showed a clear and definite relationship characteristic
of the solenoid concerned. So much so in fact that discharge
voltage was used to give the maximum field in doubtful cases wvhere

distortion had evidently taken place,

10.)li Measurement Procedure

For measuring the magnetoresistance the following ex-
perimental routine was adopted. At a given voltapge a discharge
was made with a sample current of 30 mA., Then another discharge
was made at the same voltage with no sample current and finally
a2 third discharge was made with a reverse current of 30 mA, The
three discharges were recorded on a sinsle photograph which showed
three coincident field traces and three probe signal traces,

Next a second photograph was obtained showing three more single
traces taken during reversed discharges at the same voltage,
Figure 37 shows such a pair of oscilloscope photogranhs at a dis-
charge voltage of 500 volts and figure 38 shows another pair at
800 volts. The middle zero current trace in each photograph
shows the residue of the stray pickup voltase left after thé
balancing out process., The difference between this curve and

the other two is due to stray Hall effect and masnetoresistance,
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The stray Hall effect component appearing on the conductivity
probes arose probably because the probes were not exactly in line
with the sample axis, With the magnetic field normal to the
probe carrying sample faces, this can have a larger effect than
in the medium field orientation. However, just as in the medium
field work, the effect can be eliminated by reversal of the mag-
netic field, Accordingly at a given field the averase voltage
difference, between the middle trace and the upper and lower
traces, was measured on one of the vhotographs. Suppose this was
3 (AViH —FAAY%H). The same measurement was then made at an
equal but opposite field on the second photograph to get
i (AV&_H'+AAY£_H). The magnetoresistance increase was taken

ags the algebraic average of these two voltages

PG+ M) (A% sy )] e e
only components depending on an even function of H were retained,
At the smaller fields in some cases the Hall voltace exceeded that
of magnetoresistance hut in most cases the magnetoresistance was
predominant. To determine the sign of the voltages, it was help-
ful to identify the same current direction on the two photographs,
This was done by makinec one of the traces thicker using increased
spot brilliancy on the oscilloscope during the discharge with

current in a certain direction.

The magnetoresistance ratio éyo/’g, was obtained
at each field from the ratio of the average probe voltage increase
to the steady zero field voltace measured hetween the nrobes with

a high resistance galvanometer,
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11. EXPERIMENTAL RESULTS

Fige39 shows a pair of photographs for sample Clb taken
with 600 volt discharges at a number of sample currents, The
change of voltage in the presence of the magnetic field is shown
clearly to depend on current. A plot of the maximum voltage
increases against sample current (Fig.L0O) taken from these two
photographs and from two others obtained in a second experiment
(with a different oscilloscope) shows the relation to be linear.
In other words, the observed magnetoresistance effect was in-
dependent of sample current at least up to 50 mA. It will be
noted in Fig.39 that the thicker traces are uppermost in both
photographs and in both half cycles as well indicating that the
sign of the probe signal was the same for the two field directions.
However, the difference of magnitude on reversal in the trace dis-

placements is due to the presence of a stray Hall voltage.

It might be expected that a single pair of photographs
would give magnetoresistance values over a large range of fields
below the maximum. However, in practice, only a few values
covering less than a decade in magnitude could be obtained with any
accuracy at one discharge voltage. Hence to get a sufficiently
large range of values it was necessary to obtain photographs at
many different discharge voltages. In fact, in the present
measurements some 350 photographs were taken on the seven samples,
with discharge voltages ranging from 100 to 1,800 volts correspond-

ing to maximum fields of roughly 10Ll to 3 x 10S oersted,
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The transverse magnetoresistance plotted against field
strength is shown in figs.Lhl, 42, L3, LL and 45 for the indium
antimonide samples, and in figs.u6 and L7 for the two indium
arsenide samples, The experimental points below 7,000 oersted
were taken from the medium field measurements in Part I and appear
to line up well with the pulsed field measurements. This shows
in particular that the different arrangements of field direction
and probes did not produce any significant difference in the
magnetoresistance effect. Differences, however, can apparently
arise in the two arrangements in samples with axial concentration
gradients (Bate and Beer, 1961), The gradients of extrinsic
carriers in the samples A2, A3 and B3 (see figs .10, 11, 12 and 13)
were thus not important enough at room temperature to cause dif-

ferences in the transverse magnetoresistance,

Another satisfactory feature of the results is that the
magnetoresistance is essentially the same on the two pairs of
probes in all the samples except Clb, This sample showed some

anomalous values on the upper pair of probes at lower pulsed fields,

Considerable scatter is shown in the pulsed field values
at the lower fields where the method is not very accurate, Below
about 200 volts in indium antimonide for example the magnetoresistance
voltage increases were of the order of millivolts compared with very

nearly one volt at the highest fields,

Particulars of the results on the two materials are now

given separately.



11,1 Indium Antimonide

The indium antimonide results in figs.ll to L5 are
collected together in fig,L,8 which shows an average line obtained
from the experimental points for each sample., The curves show

the following features:

1) Very large increases of resistance occur at the
highest fields. In sample Clb for example, there
appears to be more than a four hundred-fold increase

at 300 kilo-oersted.

2) The variation with H is approximately quadratic for
all the samples over nearly five decades of resistance

change.

3) Although no marked tendency towards saturation is shown
at the highest fields, a slight bending over seems to

occur in samples A2 and A3.

L) The magnitude of the magnetoresistance does not differ so
very much from one sample to another, However, the B3,
C3 and Clb samples do have somewhat higher values than

the two A samples.

5) The lines for the samples A2 and A3 are nearly colncident
showing no anisotropy of the transverse effect up to the

highest fields.

6) There is no evidence of oscillations of magnetoresistance

with field strength at the higher fields,
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Measurement of the slopes of the lines at 105 ocersted
gives field dependencies of H 1.8 for samples A2, A3 and C3 and
H 1.96 for samples B3 and Clb, The curves for the last two
samples bend up slightly at the highest fields, This could have
been due to heating up of the solenoid and sample., Some heating
of these two samples was apparently taking place because of increases
observed in the zero field probe voltages just after each high
voltage discharge. Possibly this heating was due to deterioration
of the solenoid prior to its final fracture with sample B3, The
order in which the measurements were done on the samples in solenoid

No.,l was A3, C3, A2, Clb and B3,

The already mentioned anomalously large magnetoresistance
on the upper pair of probes of sample Clb was disregarded in draw-

ing the average experimental line in fig.}8.

Some room temperature results on a sample 29H obtained by
Haslett (1959) are also shown in fig.L8. They agree essentially

with the present measurements,

11,2 Indium Arsenide

Average lines drawn through the experimental points in
figs 16 and L7 are reproduced together in fig.L9. The results

show the following special features:

1) The magnetoresistance is much smaller than in indium
antimonide with approximately a five-fold increase

near 300 kilo=-ocersted,



2)

3)

L)

5)
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The scatter of the experimental points is larger than
in indium antimonide, This is a result of the relative
smallness of the effect which is barely detectable at the

lower fields with the pulsed technique.

The two samples show no significant difference in their
field variations except poésibly at the highest fields
where sample X1 has a higher ﬁagnetoresistance than

sample X3,

At the lowest fields there appears to be a terndency to
a quadratic dependence while above this there is gradual
curvature of the variation with a suggestion of saturation

at the highest fields,

No oscillations of magnetoresistance with field variation

are apparent,
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12, COMPARISON WITH THEORY

To compare the experimental results with theory it is
first desirable to calculate the magnetoresistance on the two band
classical model from equation (21)., The simplest way of doing
this is to assume q = O and then to use equation (28). This was
done and in fig.50 the theoretical variation of magnetoresistance
with field is shown for all the samples on which high field measure-
ments were made except Clb (which should be similar to C3), The
curves were calculated using room temperature values of n, p and
f& obtained from the Hall and conductivity data given in tahle IV,
taking p to be n - (Np -Np). The quantity Np =N, is the difference
between the donor and acceptor concentrations and was taken to be
equal to the extrinsic carrier concentration at liquid air tempera-

ture., The values for /J were taken as 7.5 x 102 and Lb x 102
P

em? volt =1 sec =1 (Hilsum and Rose-Innes, 196l) for indium anti=-

monide and indium arsenide respectively.

As e xpected from algebraic considerations, the curves
exhibit two carrier saturation at the highest fields and a quad=
ratic variation at fields below this. The range of fields used
in the measurements is indicated in the fipure. It is clear that
for the indium antimonide samples the magnetoresistance remains
practically quadratic over the whole range and is given approximately
by /:f@ F/z (equation (314)), Furthermore, saturation would not
be approached with any presently available laboratory high field,

For the indium arsenide samples the magnetoresistance in the

2

experimental range is given approximately by.lirlﬂl4 (equation
ninlp
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(31B)) .at the lower fields but shows a tendency towards saturation
at the higher fields. In this case saturation would seem to be
possible at fields near 106 cersted. These theoretical lines are
shown separately with the corresponding experimental points in
figs.4l to 4L7. The comparison with theory is now treated separately

for the two semiconductors,

12,1 Indium Antimonide

Considering the simplicity of the theory the measure of
agreement with the theoretical lines over such a large range of
magnitudes is remarkable, The best agreement occurs for sample
B3, All the samples show deviations from the theoretical curves
at the lower fields and in the case of samples A2, A3 and C3 at

the higher fields as well,

At the lower fields the experimental points lie slightly
above the theoretical lines, This could be due to the magneto-
resistance of the electrons alone which should exceed the two
carrier effect at low fields if q = O. To see how important this
is a calculation was made for sample A2 using equation (21) taking
q = -3 (corresponding to acoustic lattice scattering). This value
of q was chosen not because it was particularly appropriate, but
because the integrals (22), (23), (24) and (25) in this case come
out to be expressions involving tabulated functions. Fig.51
shows the resultant magnetoresistance variation together with the
appropriate theoretical q = O curve for sample A2, At small
fields, the q = =1 curve lies higher than the q = O curve and is

characteristic mainly of the conduction band, It shows a
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saturation tendency around 5 x 103 oersted where fafJ is about 3,
after which it merges into the g = O curve, crosses below it and
finally recrosses it again to saturate at a slightly higher value,
Most of these features can be shown from the algebraic treatment
of special cases already given., For instance with q = -%, fig,2
gives 8 = 0,38 and « = 0.883, so that &P s equal to 0,38
(fifl)z at low fields, 0,132 at single carrier saturation,

0.863 p PPHZ at higher fields and is 1.132 times the corresponding
q = 0 value at saturation. The theoretical q = =} curve is shown
again in fig.kl (broken line) for comparison with the experimental
points for sample A2, It is clear that below th oersted the

q = =% line gives values which are too high. Hence if single
carrier magnetoresistance is responsible for the experimental
points being above the q = O line, the effective g value must be
nearer to O than to -}, In Part I, q was in fact estimated to be
between 0 and 0,3, The « value corresponding to g = 0.3 from
fig.2 is 0,95 which is sufficiently near unity to explain the
agreement of the experimental points with the q = O line at the

N

fields just greater than 10~ ocersted.

It is important to realize that the vertical position
of the theoretical q = O line is particularly dependent on the
values chosen for /ﬁ and./; « If the values used were too
small it would cause the curve to be lower than it should be.
However, considering the constancy of the Hall coefficient with
field (from which the mobility was obtained) and the small q value,
this is an unlikely possibility so far as f; is concerned, The

two f4 values, on the other hand, were not ones measured on the
P
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samples concerned and error could be possible here,

At the higher fields the experimental points fall somewhat
below the g = O line for samples C3, A2 and A3, The amount by which
the theoretical q = =3 line falls below the q = O line for sample
A 2 (fig,L4l) is not sufficient to account for this discrepancy.
Hence energy dependent scatiering mechanisms and also any possible
associated variation of hole mobility with field ( /ﬂ;ff approaches
unity at 105 oersted) can be ruled out as likely causes for the
deviation. Another explanation is that two carrier saturation is
occurring earlier than expected. This would arise for example
if the n - p value used for the calculated curve was too small,
However, for sample C3 an error of something like two orders of
magnitude in n - p would be required to obtain such an early
tendency to saturation. A third and more plausible possibility
is that it is due to quantum processes since at 300 kilo-oersted

. ho,
€ 1

is about 12,
T

In fig,52 the average deviation expressed as the ratio

4
{::(PI? //(3§£? is plotted against field strength for the three
o lexp o /t

‘\COY :
samples C3, A2 and A3. The variation is somewhat similar in

shape and magnitude in all three cases., This leads to specu-
lation that the deviation might be due to a change of the elec-
tron mobility with field arising from quantum effects. In the
range of fields concerned the magnetoresistance should be given
by equation (L3) or more approximately by & /«L /.,4' H 2(equation
(L3c)). The last expression may alternatively be written as

2
/4 /4 /J where /M is the saturation electron mobility equal
snl p Sn
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to Cx/4n . Thus the variation of ¥ could correspond to a
variation of /llsh with field., With Landau quantization in mind,
a scale in units of E' T?f for the electrons is also given in
fig.52, If fér\ is taken to be proportional to ¥ then the
resistivity fJ of the electrons alone is proportional to 7? .
Fig.53 shows a double log plot of —%—agalnst Hes The slope of the
plots indicates that on the average -% is proportional to H O‘h.
While this field dependence does not correspond with any of those
predicted by Adams and Holstein (1959), a mixture of scattering

mechanisms could presumably yield the form of dependence observed,

12,2 Indium Arsenide

The theoretical curves assuming q = O fall well below the
experimental points (figs.ué and 47) in both indium arsenide samples,
Nevertheless, the theoretical curve is nearer to the experimental
results than would be the case assuming the conduction either to be
completely intrinsic or to be due to the conduction band alone.

In the latter case for example if a q value of =% is assumed,

the magnetoresistance at the lowest fields would be more than an
order of magnitude larger than the observed values., Therefore

the smaller magnetoresistance in the indium arsenide compared with
indium antimonide is due, not only to its smaller mobilities, but
more particularly to its extrinsic condition. This point regard-
ing extrinsic material is brought out more strongly in the measure-
ments of Amirkhanov, Bashirov and Zakiev (1960) on an indium anti-
monide sample (No.2) with Np =Np = 1016 cm =3 where the magneto=-

resistance was found to be only about 9.
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The difference between the theoretical curve and the
experimental points may be due in part to the use of too small a
value of p, the hole concentration. This quantity was obtained
from a rather small difference between the electron concentrations
at room and liquid air temperatures. An upward displacement of the
theoretical curve to produce agreement at the higher fields would
therefore not be out of order, particularly for sample X3, Doing
this would still leave the theoretical curve below the experimental
points at the lower fields., However, this deviation could then be
explained by a magnetoresistance contribution from the electrons
alone arising from a small but finite q value, probably less than
0.3 (see Part I). With an average electron mobility of 1.7 x 10k
em? volt ~L sec "1 (= 1.7 x 10 =L gauss ~1) a so-called weak field
in the indium arsenide is one less than 1%7 x 104 = 6,000 oersted,
Hence weak field theory would be applicable below this value where

a tendency to a quadratic dependence is in fact observed,

It thus seems that while the effective q value is as low
as it is in indium antimonide, its effect is much greater in the
extrinsic indium arsenide. For comparison with the results at
intermediate fields, computed theoretical curves with small g
values are therefore necessary, since simplified theoretical
treatments such as that in 9,12(b) for qQ =% 0 do not apply to an

extrinsic semiconductor below saturation.



13. DISCUSSION

The treatment in the previous section shows that the
classical two band theory accounts well for the observed trans-
verse magnetoresistance in the intrinsic indium antimonide and
fairly well in the intrinsic indium arsenide., However, the
agreement requires a weak dependence of the relaxation time on
energy with a q value probably less than 0.2, Thus in indium
antimonide the observed magnetoresistance is almost entirely the
result of twWwo carrier conduction. Put another way, the results
corroborate the conclusion reached by Weiss (1961) from an analysis
of Hall effect measurements at high magnetic fields that the mag-
netoresistance effects of a single band alone have not yet definitely

been detected in indium antimonide at room temperature.

The results and the calculations (particularly in indium
arsenide) demonstrate the important role played by the holes in
magnetoresistance. It might be thought that in an n - type
extrinsic high mobility semiconductor the magnetoresistance would
be characteristic of the electrons and would give small saturation
values around unity or less. While at very low fields the holes
can probably be neglected they have a very profound effect at
higher fields, where despite their inferiority in number and
mobility, they can enhance the magnetoresistance considerably above
that for electrons alone. One is therefore lead to wonder if a
two carrier model would not also explain the magnetoresistance in
other situations such as in indium antimonide at liquid nitrogen

temperature where quantum effects have been suggested to explain



the observed results (Bate, Willardson and Beer, 1959).

The success of the two band model would suggest that high
field transverse magnetoresistance could be useful as a tool for
determining unknown conduction parameters of semiconductors, 1In
intrinsic material for example M’ could be determined in the
quadratic region if I":\ and o are known and in extrinsic material p
can be found if & , n, ,L: and /; are known. If the two carrier
saturation plateau can be reached and if x , n and /: /qu* are known,

thenp and hence n - p = Np -Nj can be determined,

The reasonable agreement with the classical theory is
surprizing when looked at from a quantum point of view, At 300
kilo=oersted E is about 12 for the electrons at room temperature,
The Landau levels thus have a separation of 0,3eV which is greater
than the intrinsic energy gap in indium antimonide and the thermal
broadening only accounts for Tlé' of the spacing. A calculation of
the collision broadening puts this at only 2%50- of the spacing
between the levels, Why then are quantum effects not more pro=-
nounced? The reason is probably connected with the weak energy
dependence of the scattering process., For example, any change in
the energy of the electrons resulting from quantization would lead
apparently to no change in the conductivity if T were independent
of energy. The observed deviation of the experimental results
from the q = O line at high fields could well be due to Landau
quantization effects, It would indeed be interesting if a theor=
etical treatment using a hypothetical scattering mechanism with

a relaxation time proportional to 50‘2 would give a mobility
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variation for the electrons proportional to H—O’h as was found
experimentally for ¥ . The quantum explanation however must be
regarded with reserve not only because of the slight possibility of
earlier saturation being the cause of the deviation but because of

the relative inaccuracy of the pulsed field method.

The question of the observed magnetoresistance being a
result of spurious effects such as inhomogeneity and short cir=-
cuiting by the end contacts is now raised., If such effects were
present they were either very small or very regular because of the
following facts: (a) the relative voltage changes on the two pairs
of probes were the same, (b) the magnetoresistance was not very
different from one indium antimonide sample to another and (c)
the lining up of the medium and pulsed field results was good
despite a difference of probe~field orientation, Short circuiting
by end electrodes would cause an enhancement of the magnetoresistance
and would make the curves bend up rather than down sc that this
cannot be the cause of the high field deviation already referred to
in samples C3, A2 and A3, A slight bending up at the highest
fields occurred in samples Clb and B3 as was already mentioned in

11.1,.

The possible existence of Landau quantization effects and
the examination of the validity of the classical two band theory
suggests that work at much higher fields would be worth while on
indium antimonide. The use of smaller samples and the further
miniturization of the sample holder necessary for insertion in a

3" or even a 3/16" solenoid could probably be done, Heavily doped
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degenerate material would be more likely to show up quantum
effect oscillations provided such material was uniform and the
mobility was not too much reduced. Such measurements could be
made at room temperature but work at lower temperatures is likely

to be more fruitful,



now be summarized,
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FINERAL CONCLUSTINS

The main results and conclusions of the whole study may

For the medium field work in Part I these

may be stated as follows:

(1)

(2)

(3)

(L)

(5)

In n-type indium antimonide at room and ligquid air
temperature there is nonzero longitudinal magneto-
resistance which is not predominantly due to mis=-

alignment of sample and magnetic field,

The possibility that the nonzero longitudinal magneto-
resistance is due to inhomogeneity in the electrical
properties within the sample cannot be entirely ruled

out.

Negative longitudinal magnetoresistance at room and
liquid air temperature observed in some samples is

almost certainly due to conductivity inhomogeneity,

There are indications of a tendency for the longitudi-
nal magnetoresistance to be greatest in a <{ 100 -
direction and least in a <110 > direction., This
anisotropic effect is not definite enough to be

established with certainty.

At liquid nitrogen temperature, the purer and more
miform C samples all show a subsidiary maximum near
@ = 0° in the magnetoresistance variation with angle

b between I and H.



(6)

(7)

(8)

(9)

(10)

- 8l -

The anisotropic effect, if it exists, and the sub-
sidiary maxima just mentioned could be accounted for
by cubically symmetrical ¢ 110 > anisotropy in the

electron effective mass or relaxation time.

The transverse magnetoresistance at liquid air temper=
ature shows no definite evidence of anisotropy. This
indicates that any deviations from spherical symmetry
for the conduction band must be small and the anisotropic
effects referred to in (6) can only apply to.some of the
electrons, Another reason for the transverse isotropy
could be the domination of mixed conduction over single
band conduction at room temperature,

Ap
R (R,%H*

transverse effect in n-type material indicate a very

Small values of the coefficient for the
weak dependence of the relaxation time T on energy.

Tt would appear that if TOCE?;, g lies between O and
0.3 in both indium antimonide and indium arsenide. The
purer material C gave a smaller q than the more impure
material A at liquid air temperature,

A
PRy H

at liquid air temperature is about a hundred times that for

The transverse value of )1 for the p-type material
the n=type material, This is due to the presence of light

holes °

At liquid air temperature the p=type material has a longi-

tudinal value of about a hundred times that

__4r
R (Ryso )



(11)

results

(12)

(13)

(1)
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for the n-type samples., It also has the largest ratio
of longitudinal to transverse magnetoresistance., This
suggests that the longitudinal effect may, like the

transverse effect, involve mixed conduction processes,

The available theoretical quantum treatments of longi-
tudinal magnetoresistance at weak fields cannot explain

the observed results,

From the high field work in Part II, the following main

and conclusions may be stated:

The transverse magnetoresistance in the indium anti-

monide and indium arsenide can be largely accounted for
by the combined classical motion of electrons and holes
over the range 103 to 3 x 105 oersted, In particular
in the intrinsic indium antimonide the field variation

2
is given approximately by H™ .
n /'

Very large magnetoresistance increases of several hundred-
fold can occur in intrinsic material at high fields while
in extrinsic material increases of about an order of

magnitude are possiblee.

In indium antimonide no significant contribution from the
electrons (or holes) alone is found down to the lowest

fields of lO3 oersted in agreement with analysis of Weiss
(1961). The weak dependence of the scattering processes

on energy appears to be the reason for this,



(15)

(16)

(17)
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Discrepancies from classical theory appear to occur at

the highest fields in indium antimonide. This could be
explained by supposing the electron mobility to have a
field variation proportional to H =0k as might arise in
quantum transport in a magnetic field. Other explanations

for the discrepancy however also exist,

The absence of more pronounced Landsu quantization effects
on the magnetoresistance is surprizing considering that
at 300 kilo-oersted the spacing between adjacent ILandau
levels is some 12 times kT. The reason for this may be
the weak energy dependence of the scattering process and

also the preponderance of classical two band conduction.

Spurious influences such as those due to inhomogeneity,
end contacts, probes etc, are apparently not responsible

for the observed magnetoresistance effects at high fields,
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APPENDIX

NONSYSTEMATIC sEASURENENT ERRORS

Part I Errors

The accuracy of the tabulated figures in Part I as limited
by random measurenent errors is now discussed. These errors are esti-

mated in general to be as follows.

Hall Coefficient Ry I 3%
Conductivity % T Lz
Hall Mobility Rgo, I 5%
‘Transverse liagnetoresistance - _A_@. ¥t 24 room temp. '1
I + 1% 1iq. Np temp.
o e . - . At
Longitudinal Magnetoresistance % = 6% roon temp. 5000
4 I t 4% 1iq. N2 temp. roer'
2
42 /[pRuH)] * us
: 2
" o ] T
Ap / [/j (R, ~H) % J

For R, and 6; (and ne.c. R, ), the errors in the potentio-
meter and sample current readings can be neglected in coimparison with
errors in determining the sample dimensions and the magnetic field H.
For exauple, the Hall voltage, \{, can be measured to within an error
of £ 0.3% which is reduced to % 9.3 g =~ % 0.1% in averaging over
the sixteen readings taken each time; this figure is negligible in
comparison with a uniformity error in the sample thickness t of ¥ 2%
and an error in measuring H of * 2.5%. Since F, is equal to \{,t/IH,

the error in RH is therefore given by
AR" ~ + (9_\/2)2 (ﬁ—)z (_A_I)z _A_Hz
2 o,
- Tl + @) + (05V+ 29" %

= i 3:2 %

Relative errors in R,, and g; measured On the same sample are smaller

than the above values.
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The errors in the Qﬂﬂg values arise mainly from the error in
measuring the magnetoresistance potential change, which in some cases
only amounts to a few microvolts. Averaging overAeight or sixteen
readings reduces the error by a factor between about three and four,
The accuracy is sufficient, at least at the higher fields of around
5000 oersted, to justify the analytical discussion in sections 6 and 7.
The largest measurement error occurs in the quantity Af’/ [f; (R” L) H)ﬂ
where the main contribution comes from the (%ﬁ,G}IJ)a term due to

the separate errors in RH » G5 and H.

The measurement errors in the longitudinal magnetoresistance
are probably smaller than deviations which arise from conductivity
inhomogeneity ih the samples. For example, a calculation from the
formula given by Weiss (1961) can be made of the spurious magneto-
resistance effect in a Sample containing stratified conductivity
variations. This shows that the observed average room temperature
longitudinal magnetoresistance could be obtained in such a sample
having a 20% conductivity variation from one layer to the next and
the plane of the layers inclined at an angle of 20° to the plane

normal to the sample axis.

Part 11 Errors

The high pulsed field magnetoresistance values show a large
amount of scatter even though they are plotted against field on log=
_arithmic scales, The scatter is particularly large at the smaller
fields. Nonsystematic errors in H can arise from such causes as move-
ment of the sample and the pickup coil in the inhomogeneous solenoid

field from one discharge to another, changes in the area of the
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pickup coil and to errors associated with measuring the pickup coil

voltage on the oscilloscope. These errors altogether could amount to

an error in H of between * 5% and X 8%. The errors in measuring

A/O 4.//?, explicitly would arise from noise, drift and trace height

measuring errors in the determination of the potential change on the

probes using the oscilloscope., This could amount in indium antimonide

to an error of about ¥ 12% at a discharge voltage of 200V, where

A/o / £  is relatively small, and * 3% at 1500V. This error in gen-

4 o

eral would be larger than that resulting from angular error in the

transverse setting of the sample in the solenoid. Assuming A/o/,o oc H2
/70

approximately, the errors combine to give a total error in Aﬁ_ / /%

of about * 18% at 200V and * 12% at 1500V in indium antimonide.
The former figure is about half and the latter figure about equal to
the vertical deviation of the experimental points from the average

values.

For indiwm arsenide the errors arise mainly from the meas-
urement of the small magnetoresistance changes and amount to about
* 50% and £ 10% at 200V and 1500V respectively. This is in rough

agreement with the observed vertical scatter about the average values.



TABLE II

LONGITUDINAL MAGNETORESISTANCE

Direction
£ Model (a) Model (b) Model (c)
° <100 > Spheroids <110 > Spheroids <111> Spheroids
I&H Weak Field Saturation Weak Field Saturation ~ Weak Field Saturation
ap Ap Ap
£ Ry, A i 2, 4F R 7
£ Gy H - £ &5 H 7 ; (s, 7
(4'<0) i (d>0) ° (d>0) °
2 2
K-1 2 sK - 12
[100] 0 0 2d' K (X +5 a' 9K
2
q' (k - 1) 3d' 3 (K - 1)° q' 3KK 5
110 - R (EIN d +
119) 2 KK+ 5) 2 K* + 20K + 3 2
24! 2 (kK - 1)3 Lhd' k - 1)%> a' 2 (k- 1)?
pu] 3 9K 3 3K (K +2) | 3 3 (7K + 2




TABLE 1III

(A,J, Strauss)

i

i
}
{
'
i
1

DETAILS OF THE SEMICONDUCTOR CRYSTALS

[ ~ o Carrier Concentra- Mobii;ties - -
Mateglal 29n§zc- tion (em=3), (em?/volt sec)
]C ant N T1v1 y Y Tie Air Concentration of
Dry§ a ype Room Tem oiqii er Room Ter o;qii + N Doping Direction| Ionized Impurity ' Source

esigna- emp T q. N2 p T 9. %> |Material | of Growth|Centres (estimated;of Crystal
tion emp emp from mobilities)

(cm3)
, 7 Minneapolis
[nso A | n |15 x 10| 287 x 107 | 64 x20*9.4 x20% | T ! 101 Honeywell
| ; (T.J, Davies)
| i T ! RS i | o
1.69 x 10 1,87 x 10 6,7 x 1071~ 3 x 10 16 Canadian
| InSb B P (electrons)| (holes) | (electrons) (holes) |undoped | <1il> 10 Marconi
; ; (M, Gransden) .
{Insb C n 191 x 10%° | 6.65 x 10 [ 6.8 x 10%{2.7 x 10° Te o> 107 - 10t :Ilggggigory
; i (A,J, Strauss)
| I 1
! 16 16 b b ? 17 Lincoln
Imke | n (568107 15.20x 107 | 171 x 100|190 x 20 S 10 Laboratory
;




TABLE IV

AVERAGE CONDUCTIVITY AND HALL COEFFICISNT

OF THE InSb SAMPLES

Faces Conductivity | Hall Coefficient Ry Magnetic Field Hall Mobility Rya,
Cond| Current 100 Whicd & (2-1 cmrl) (102 em3/coulomb) |for Hall Coeff, (104 em?/volt sec),
Sample Type |Direction probes Room| Liq, {Liq, NJ Room [Lig, Air:Liq, No!Strength Room|Liq, Air{Liq, N
were Direction 2
Temp|Air | Temp, | Temp | Temp | Temp |(ocersted) Temp| Temp | Temp
placed Temp
Mla |n | [log | (oo1)jés |28. 3.7 | =32 | 480 | PO 6.1 | 9.0 |
Alb | n log | (oon) 1196 |38 {-27 {26 | 4350 19 |5.4 8.9 |
(oo1) [199 |55 -3.3 | -17.9 weso | [I0) |66 | 9.9 |
A~2 n [nq (1T0) 197 |53 -3.3 | =17.7 4,880 [ooy | 6.5 9.4
A |n | M | Moy209 53 | |-3.2) 177 | | 480 | [T fe.6 | 9.4 |
B3_ |p | [ |(I2) her 0.1 =37 +360 | | ses0 | (110 |67 | (033)|
cla |n | [og | (ou)faos. 32 |-3.5 -2 | w50 | [om) |7.2 | 30
c2 n [0 (1T0) peg. - 26 1-3.3 -99. 4350 (001) 6.3 26.
c3 n | M1 (T10) 227 29, [-3.0 -89 | 4350 (TI2] |6.9 26
Measurement Errors: o * LR RH + 3% R 4O, X 5%



TABLE V
AVERAGE MAGNETORESISTANCE VALUES

|
{
\
. 0
* Average values taken at the maxima near + 907,

|

| Magnetic Transverse Magnetoremstance* ’ Longitudinal Magnetoresistance**
Field ar/p Magnetic apr/ A
Current Room | Liq, Liq, . Room Liq, Liq,
Sample Direction Strength Temp Air N, Field Temp Air N,
(oersted) Temp Temp Direction Temp Temp
Ala [100] 4880 0,116 0.46 [010] 0,028 0,061 ]
Alb [100] 4350 0.089 0,41 [010) 0,00 0,058
A2 [110] sgto:r | 0117 | 0.51 R.To] 0.005 | 0.01
0,110 0.41 [001) 0,008 | -0,02
A3 f11] 4,880 0,105 0,30 [12] -0,006 0,008
B3 [L11] 4,880 0.149 | 0,034 [T10] 0,032 | 0.0070
Cla 100] 1350 0,127 0.7 oTh] 0,016 0.18
c2 110] 4350 0,106 0,68 [oo1] 0.008 0.11
c3 ARy 4350 0.106 “0.63 | [T 0.014, 0.20
'+ 0,002 + 0,005 ' | #0001 |+ 0,001 3la, €2, C3 |
Measurement Errors | B3 % 0.0005 ' A 834-0 0005 +’0 065 :

** Average values taken at the minima except for samples

Alb, Cla, C2 and C3 which were taken at © = 0



TABLE VI

CONDUCTIVITY AND GALVANOMAGNETIC DATA

FOR THE N.-TYPE IpAg SAMPLES

c ent Face on | Magnetic Field Zero Field Hall Coeff, Hall Mobility Transverse
Urrent which Direction for Conductivity RH B.HO" Magnetoresi-
Direc- Temp i :

Sample tion probes and A o ( ‘2 em (104 om /volt sec) stance Coef-
were Transverse &f ° 301‘9 oerste ds ficient
placed

° (cm” /coulomb) ,ﬁ.‘w
at 3040 oersted
Room| 154 -110 1.7 1,3 x 1072
InAs X1|[100] | (011) (oI} EaEh e
Liq, -2
Adr 152 =12l 1.9 4,2 x 10
Room| 156 -110 1.7 1.1 x 1072
InAs X3 |11 | (T20) (113 ,
Liq, : -2
Air 167 -116 199 l’o 6 x 10
A/o <
Measurement Errors: g + + 3% + 5% —— 3 + 10
, X 4% R' +3 R"o; +5 /S(Rud'oH)z




TABLE VII

A
VALUES OF —Pz
/?,(Kuoi H) o _
Sample |Magnetic TRANVERSE __ ' __ LONGITUDINAL***
and Field Magnetic Ap, Y PR
Current ?trengtl)i Field R (RusH)? . 2 (R H)* —
Direction| (oersted) |Direction Lig, Air|liq. Npj Weak Field Liqg, Aiix Liq, Ny| Weak Field
Room Temp Temp Temp |Theory Coeff, Room Temp Temp Temp | Theory Coeff,
1,880 0,003 | 0024 | | [ o0.0029 | 0.0029] 1
Ala [100]| [0 {>10] 0°0055 | 0.0095 o
bl : - b +c¢ +d
- 6625 0,015 0,018 -0,00026 0,0038 ' ' ‘
Alb [100] 1560 [>10] 0,028 0,047 0,00045 0,0073
: Lo o I
4,880 {1io] 0,011 0,022 b + g 0,00044 | 0,00043
A2 [110] [T %880 [o1] 0,011 0,020 ! 0,0011 | 0,0028 +c' 4 g
1260 0,014 0,045 0,0012 | 0,0043 7
1,880 — 0,010 0,014 0,0006 | 0,0010
A3 (1 | Toeo (112) | o012 | o037 0.00041 |~0.00022
(1990 C,
b' + ¢ oer) +c +d
W £33 3
80 , 0.014 | 2.6%% 3 0.00,2 | 0.3
B3 (L1 | 4580 M9 | oo | 103 0.0088 | 0.4
(1990
oer,)
662 0,011 0,0033 ' 0,0011 0,00052 N !
Cla [100] 156(5) o1 0.017 0.011 b 0.0031 0,0018 +ec +d
6625 0,013 0,0042 ; 0,00070 0,00072 . .
c2 9] | Jsg0 foo) 0.016 0.012 b 0,0023 0.00092 b *¢ * iu—-
7
662 0,011 0.00 8 bq + di 0,&13 ° 2 - ¢ & g‘
c3  [111] 1563 2] | ooy 070 g 020030 20023 gt

* See equation (8A)

** Mobility not knownaccurately

*#* Moagured at 0 = 0°

2
Measurement errcr in transverse and longitudinal A/o /[ /O ( /?Hc; H ) ]
(o]

values

+ 10%



TABLE VIII

LONGITUDINAL MAGNETORESISTANCE

[100] : [10] : [111) DIRECTIONAL DEPENDENCE RATIOS
Theoretical
, B , 4p
_ Weak Field » (RHO.; H)? ratios Strong field 4 sat ratios
Model (a) Model (b) Model (c) Model (a) Model (b) Model (c) K
0:0,88:1 1.24 2 0,38 : 1 9+ 6,43:1 0.1
] 0:0,82:1 1.36 : 0,85 = 1 3,66 + 2,2 : 1 0.5
0:075:111.5:1.125:13:1.5:1
0:0,64k:1 1,71 1,53 : 1 2,66 : 1 1 2
0:203:1 2.4 ¢ 3,56 : 1 2,4, 20,30 :1 10
Experimental
Ma?netic Field #_2.
Samples oersted) L Ry9H)* ratios
Room Temp - Mdq, air or 2
Temp,
A 4,880 4.9 1.9 :1 2,8:27:1
1260 15 :3,2:1 48 19 :
6625 0.86 : 0.55 = 1 0.65 : 0.89 = 1
¢ 1560 1.02 : 0,77 = 1 0.75 £ 0.40 : 1
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Figure 1 Schematic energy band diaegram for indium entimonide
(after Herman 1955).




VARIATION OF WEAK FIELD COEFFICIENT s
AND STRONG FIELD TWO CARRIER COEFFICIENT ox
WITH aq_
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Fig. 2 Variation of the weak field megnetoresistance coefficient s
and the strong field two-band magnetoresistance coefficient o

(see section 2.11).
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Fig. 3 The orientations of the samples used in the measurements.
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Fig. 4. Schematic dlagram showing the angle of rotation of the

magnetic field.
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Fig. 5 Seample holder used in the measurements.
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MEASURING CIRCUIT FOR THE MEDIUM FIELD STUDIES

Br Gr
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K2 POTENTIOMETER

Fig. 7 Measuring circuit used for the medium field galvano-

magnetic measurements.
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Fig. 8 Vagiation in sample Ala of the reduced Hall voltage
10°vyxt/IH for current in the [100) direction with
rotation of the magnetic field (4880 gauss) in an

(001) plane.



o8
=
- SAMPLE Alb
N
(o] 2
; 2 |9
r |5 I lod
< o
2 .-
3 8% H (00!
=" 3 g
Q
S 3
nz 8
S I\
o =
52 (&)
~ |4F2>
-90 70 50  -30 -0\ 10 30  so 70 90
ANGLE BETWEEN SAMPLE AXIS AND MAGNETIC FIELD (degrees)

LiQuio N, TEMP
probes | =

probes 2 -B—

'ZF
6\
ROOM TEM?’\"‘
probes | —X—
robes 2 —O-—
-3 P

Fig. 9

variation in sample Alb' of the reduced Hall voltage
10°Vyt/IH for current in the [100] direction with
rotation of the magnetic field (4350 gauss) in an
(001) plane.




LOMB)
e

I [11Q
H (00l)

/cou

/i
R SCALE lozucw"

(ROOM TEM

SAMPLE A2

PROBES | | PROBES 2
ROOM
X © TEMP
LIQ, AR
o 0} TEMP,

ANGLE BETWEEN CURRENT

fiauo am TEMR scate 16° cm>/Coutoms)

-4d

30 50 70 90

AND MAGNETIC FIELD
(degrees)

Figure 10 Varlation in suuple A2 of the reduced Hall voltege

10° Vyt/IH for current in the [110] direction with

rotation of the magnetic field (4500 gauss) in an

(001) plane.




4, @
1[ng 3%
- 3 (3 SAMPLE A2
H (110) § 3
&\ O
© n\ n\
T3 PROBES 1 | PROBES 2
~ % ROOM
© In © TEMP,
o
u LIQUID)
S |w ° a AIR
8,2 TEMP,
(5]
o (7]
i
o
C |3
§ -
g e
<
9
N
.90 70 60 -30 10 1% 30 . 50 70 %0
ANGLE BETWEEN CURRENT AND MAGNETIC  FIELD
(degrees)

.“

-3

Figure 11 Variation in sample A2 of the reduced Hall voltage

108 V4t/IE for current in the [110] airection with

rotation of the magnetic field (4880 gauss) in a

(110) plane.




F 3

I [|||] e | a SAMPLE A3
o
T .
H (110) 3|3
[&] (8]
;>'3. 'g;
3| o PROBES | | PROBES 2
= ROOM
w X ® TEMP.
gzi. [
o o o LIQ. AIR
§ | TEMP,
=S I~
a x
e 4=
c | e
b
o
o
90 70 ' 50 ~ 30 -0 U110 30 80 70 90
ANGLE BETWEEN CURRENT AND MAGNETIC FIELD

-2 +

-3 4

(degrees)

Figure 12 Variation in sample A% of the reduced Hall voltage

108 v t/IH for current 1n the [111) airection witb

rotation of the magnetic field (4880 gauss) in &

(110) plage.




SAMPLE B3
g I [0
o - H (112)
L o 3t %
K
+— X @
> ¢ | =
[+ 4 .
o
_ S
o 2
5
5 ) LiQuiD AIR
b 5 TEMPERATURE
" )
g 8 probes | —e—
" probes 2 (G-
[
Q
o
90 0 50 -0 -10 10 30 80 710 90

ANGLE BETWEEN SAMPLE AXiS AND MAGNETIC FIELD  (degrees)

ROOM
TEMPERATURE

probes | —X—
probes 2 ~—O—

Fig. 13 Vggiation in sample B} of the reduced Hell voltage
1 VHt/IH for current in the [111] direction with
rotation of the magnetic field ( gauss) in a
(112) plane.




)

LiQuio N2 TEMP.)

ROOM TEMP)
(@)

®

N

H
-

(106°> cm®/couLoms

_n

SAMPLE Cla

[ [100]
H (o)

-90  -70 _ -50
ANGLE BETWEEN

30 -0

SAMPLE AXIS
-21

_lai

30 50 70 90
AND MAGNETIC FIELD
‘ (degrees)

ROOM probes | -x-
TEMP. Probes2 -o-

LIQUD N, TEMR
probes | ——
probes 2 -G

Fig. 1 vapiation in sample Cla of the reduced Hall voltage
10%V4t/IH for current in the [100] direction with
rotation of the magnetic field (4350 geuss) in an

(011) plane,




TEMP)

l2r &
- | SAMPLE C2
o
8 10 2N
I
Ze |2 110
+~ o 81 ¢ T
3273 H (0
o
(%]
o 61 2
3 |3
o [}
o 419
- n;\\
=
o
21"o
-90 70 -50 -30 -0 |Rw_ 30 50 70 90
ANGLE BETWEEN SAMPLE AXIS AND MAGNETIC FIELD
-2 (degrees)
-4 ROOM TEMP,
probes | ~—
probes 2 -O—
-6
-8
LIQUID N2 TEMP
-0 probes | —e—
probes 2 —-B-—
-2

Fig. 15 vVariation in sample C2 of the reduced Hall voltage
10%V.t/IH for current in the [110] direction with _
rotation of the magnetic field (4350 gauss) in a(110)
plane.




o

SAMPLE C3

I Chi]
H (110)

ROOM TEMP.)

o)

(@)
LIQUID N, TEMR)

Vut/TH

CM>/COULOMB

»
( 103 cM3/ couLoms

30 50 70 90
ANGLE BETWEEN SAMPLE AXIS @ AND MAGNETIC FIELD
(degrees)

-2
ROOM TEMP
-4 probes | ~X—
probes 2 -0O-
-6
-8
LIQUID N2 TEMP.
(0]
probes | ——
probes 2 -B—
-|2 L

Fig. 16 Vaﬁiation in sample C3 of the reduced Hall voltuge
10°V, t/IK for current in the {111] direction and
rotation of the magnetic field (4350 gauss) in a
(110) plane.




IRyl (cm® coulomb ' )

HALL COEFFICIENT

SAMPLE SYMBOL COND.
Ab ® } TYPE

LIQ. AIR TEMP, A2 @ n
& ’ e A3 &
83 &
Cle ’
ce + } n
C3 x

4 LIQ. NITROGEN TEMP.
0~ = 1 ] $ t=
B —_X X x Kt —
i LIQ. NITROGEN TEMP.
P ® "o ®
" B8 m m ® WLIQ AR TEMP.
03—
R ROOM TEMP.
= 5 $ ’
= Y =iy o—0
'oz Iy | N ] 1 ] A | 1 | s { 1 {
1) 1000 2000 3000 4000 8000 6000 7000

MAGNETIC FIELD STRENGTH (oersted)

Fig. 17 Variation of Hall coefficient with magnetic field
strength for the various indium antimonide semples.




I [lod

H (0O0l)

)
¢

Ap
R

MAGNETORESISTANCE

043

°
o

s 'y " Fy .

SAMPLE Ala

LIQUID AIR
TEMPERATURE
LOWER PROBE PAIR —o—

UPPER PROBE PAIR ——

ROOM TEMPERATURE
LOWER PROBE PAIR —X—

UPPER PROBE PAIR —O—

90 “10

ANGLE BETWEEN CURRENT AND

MAGNETIC FIELD (degrees)

Fig. 18 Variation of the magnetoresistance in the [100] direction
of sample Ala with rotation of the magnetic field
(4880 gauss) in an (001) plane.



06

05

op
E =

o
IS

MAGNETORESISTANC
o
&

SAMPLE Alb

I [100]
H (00l)

LIQUID NITROGEN
TEMPERATURE

upper probe palr -~
lower probe palr e

s ROOM TEMPERATURE
upper probe pair -O-

lower probe palr =x—

-90 70 -850 -30 10

0

30 50 70 90

ANGLE BETWEEN SAMPLE AXIS AND MAGNETIC FIELD (degrees)

Fig. 19 variation in sample Alb of the magnetoresistance for
current in the [100] direction with rotation of the
magnetic field (4350 gauss) in an (001) plene.




06
1 [ig) SAMPLE A2
. H (00l
os
1 3 \o
8 ost t LIQUID AIR
E TEMPERATURE
%’ LOWER PROBE PAIR—¢~—
E UPPER PROBE PAIR-B—
S
(]
2
g 0-3%
2 [#]
a 0-2
ol "
. ROOM TEMPERATURE
> LOWER PROBE PAIR —X—
o UPPER PROBE PAIR —0—
R ../ ) |
90 70 50 30 -Q io 30 50 70 90

ANGLE BETWEEN CURRENT AND MAGNETIC FIELD (degrees)

Fig. 20 Varistion of the magnetoresistance in the [110]
direction of sample A2 with rotation of the magnetic
field (4880 gouss) in an (001) plane.



¢ SAMPLE A2

I [no]
H (110)
051
Q (4
< LIQUID AIR TEMPERATURE
LOWER PROBE PAIR —¢—
UPPER PROBE PAIR -8-—
S :
z o]
< 0.4
D
7]
(17}
g;
=
W
& '
<
3 o3

ROOM TEMPERATURE

LOWER PROBE PAIR —X~—
UPPER PROBE PAIR — @-—

(3 )

St
-90 -0 -50 -30 -0 Y'sj'so"rb 90
ANGLE BETWEEN CURRENT AND| MRGNETI¢ FIELD (degrees)
\‘ ,

-~

Fig. 21 Variatiod of the magnetoresistance in the [110]
direction of sample A2 with rotation of the magnetic
field (4880 gauss) in a (1I0) plane.



06
I
I SAMPLE A3
H (110)
06}
Q
| e
W
(@)
> 0.4]
=
n
Q LIQUID AIR TEMPERATURE
8 LOWER PROBE PAIR ~o—
g UPPER PROBE PARR —@—
. S o3 )
¢ ;g Bl"
0-2}
\1’ ) O.|-- . (#)
~ _/ROOM TEMPERATURE
LOWER PROBE PAIR—X—

N
'y
o\
-0

12}
(8]
\ |

UPPER PROBE PAIR—-0—

90 -70 -50 -30 -0 5
ANGLE BETWEEN CURRENT AND MAGNETIC

-y

80 70 %0

FIELD (degrees)

Fig. 22 Variation of the magnetoresistance in the [111] direction
of sample A3 with rotation of the magnetlc fleld (4880 gauss)

in a (110) plane.



016

SAMPLE B3 o
\ I ] )
H (112)
01471
X
0124
Jlee
W d
S
S o0t
0
) ROOM
L TEMPERATURE
S
I~ o008
W UPPER PROBE PAIR ~@—
\ % LOWER PROBE PAIR —X—
< L
=
0-06} P
0-044
UPPER PROBE PAIR —[—
LOWER PROBE PAIR —*—

-90 -70 -50 -30 -10 10 30 80 70 90
ANGLE BETWEEN SAMPLE AXIS AND MAGNETIC FIELO (degrees)

Fig. 23 Variation of the mugnetoresistance in the [ 111] direction
of sample B3 with rotation of the magnetic field (4880 gausa)
in a (1I2) plane.



08

SAMPLE Cla
07 I [100]
H (Oll)
06
g—lq_ao-s
1Y
) O LIQUID NITROGEN
<ZI TEMPERATURE
- 04 upper probe pair -O-
% lower probe palr -o—
wl
(1 of
O
-
¥iw
+ &
s

ROOM TEMP
“upper probe palr —O—
lower probe pair —x—

P

90 -70 -50 -30|
ANGLE BETWEEN SAMP

10 30 50 70 90
AXIS AND MAGNETIC FIELD
(degrees)

Fig. 2l Varlation in sample Cla of the magnetoresistance for current
1n the [100] direction with rotation of the magnetic field
(4350 gauss) in an {01l) plane.




08

0.7..

4p
’

o
&

Ll
(&
Z
F—.
n
n o.
B 04
(0
O
'._-
W
2
2o
s 93

SAMPLE

[

C2

(110]

H (110)

LIQUID NITROGEN
TEMPERA TURE
upper probe pair -
lower

probe pair —e—

ROOM TEMP

upper probe palr ~-O—
lower probe pair ~x—

90 -70 -s0 -30 \]
ANGLE BETWEEN SAMPLE

<0t

10 30
AXIS AND

50 90
MAGNETIC FIELD
{degrees)

70

Fig. 25 variation in sample C2 of the magnetoresistance for current
in the [110] direction with rotation of the magnetic field
(4350 gouss) in a (110) plane.



08¢

SAMPLE C3

o7l I [
H (110)

MAGNETORESISTANCE
o
E-3

o
o

LIQUID NITROGEN
TEMPERATURE
upper probe pair -8
lower probe pair —o—

o
o

ROOM TEMP
upper probe palr _®—
lower probe palr —X—

-90 -70 -850 ~-30
ANGLE BETWEEN SAMPLE

-10 10 30 50 70 90
AXIS AND MAGNETIC FIELD
{ degrees)

Fig. 26 Variation in sample C3 of the magnetoresistance for current
in the [11)] direction with rotation of the mognetic field

(4350 gauss) in a

(110) plene.



MAGNETORESISTANCE

MAGNETORESISTANCE

IN InSb AT ROOM TEMPERATURE

' SAMPLES Ala ond Ab| | SAMPLE A2 SAMPLE A3
I oo] I N110] I )
[
i (a) N (b) (¢)
| TRANSVERSE | TRANSVERSE | TRANSVERSE
C H[010] H [ool]) C W (i)
— x
E K
L ,xl
/
LONGITUDINAL ’x'
&‘ ’2 °
’ [ ]
) . LONSITUDINAL
I I I L1 L 11
) 2 3 4 567 2 3 4 2 3 4 5678
MAGNETIC FIELD STRENGTH  (10°oersted)

Fig. 27 Magnetic field dependence of the transverse and longitudinal
megnetoresistance in indium antimonide ssmples Als, Alb,
A2 and A3 at room temperature where the points ¢ and ©
refer to the upper pairs of probes and X and + t6 the lower

probe pairs.

Underlined points represent negative values.



MAGNETORESISTANCE IN InSb_SAMPLE B3
1 (i)

- ROOM TEMPERATURE - LIQUID
AIR TEMPERATURE

(T RANSVERSE

10
Qe

TRANSVERS
H(110] ¥ .

— / 10—

L AL B

103 |—x

) | AL 2 )

X
LONGITUDINAL LONGITUDINAL

MAGNETORESISTANCE
S,
N
|

o3 ] | | 1 ~4 I
10 2 3 4356 190 2 3 4 356

MAGNETIC FIELD STRENGTH (10° oersted)

(a) (b)

Fig. 28 Magnetic field dependence of the transverse and longitudinal
magnetoresistance in sample B3 at room and liquid air
temperature vhere the points e refer to the upper probe
pair and X to the lower probe pair.



F
le

\

MAGNETORESISTANCE

MAGNETORESTANCE IN InSb_AT ROOM TEMPERATURE

SAMPLE Clo SAMPLE C2 | SAMPLE C3
I [100]) I (o) ' 1 Ouy
i (a) i (b) r (c)
»
r | - /
16"'[. TRANSVERSE | TRANSVERSE __TRANSVERSE
s " H [oo1] C M 072)
02 . . __
! - - %,
l03 L] | IIJ' | l 11 ] .
| 2 3 4 5678 2 3 4 5678 1| 2 3 4 5678
MAGNETIC FIELD STRENGTH (10’ oersted)

Fig. 29 Magnetic field dependence of the transverse and longitudinal
magnetoresistance in the indium antimonide samples Cla, C2
and C3 at room temperature where the points e refer to the
upper probe palrs and X to the lower probe pairs,



°\|°:
d T}
w
(&)
4
-
n
({]
17
S
F 192
= 1
b4
(U]
-
s

MAGNETORESISTANCE IN InSb AT LIQ AR TEMPERATURE

(a)
':-‘-SAMPLES Ala AJb
1 noq

-,
-
-
e

(b)

SAMPLE A2
1 [noj

-
o

(C)

SAMPLE A3
I [l

T I

'TRANSVERSE /"
| H[TT2) f
./

. _k
[ [ X [
LONGITUDINAL [ o X(LONGITUDINAL
* [ ]
X {
|54 | [ 1 11t l [ 111 I
| 2 3 45678 | 2 3 4 5678 2 3 435678

MAGNETIC  FIELD STRENGTH

( IO3 oersted )

Fig. 30 Magnetic field dependence of the transverse and longitudinal
magnetoresistance in the indium antimonide samples Ala, Alb,
A2 and A3 at liquid air temperature where the points e and
® refer to the uppz: probe pairs and){ and 4 to the lower
Underlin:d points represent negative values.

. probe pairs.



MAGNETORESISTANGE

MAGNETORESISTANCE IN

InSb AT LIQ. NITROGEN TEMPERATURE

'o of 3
L b
(a) L (b) - (C)
SAMPLE Cla SAMPLE C2 [ SAMPLE C3
I [100] 1 [1ho] I I Qi)
X "
I - -
Q t TRANSVERSE [ TRANSVERSE X/ [ TRANSVERSE /
H (oIl H toon L Wiz S
S B4
. ¢*
10" |- . — —
LONGITUDINAL LONGITUDINAL
'62.— — —
. . :
L1 1 11Lt L1 111 [ A
| 2 3 4 5678 1 2 3 4 5678 2 3 4 5678

MAGNETIC  FIELD

STRENGTH  (10° oersted)

Fig. 31 Magnetic field dependence of the transverse and longitudinal

magnetoresistance in the indium entimonide samples Cla, C2
and C3 at liquid nitrogen temperature where the points e

refer to the upper probe pairs and X to the lower probe

pairs.



InAs

MAGNE TORESISTANCE
10! 10" ¢
[ SAMPLE InAs XI " SAMPLE InAs X3
[ 1 pom I I o
H o1 M LiT2)
4 Q LIQ, AIR LiQ. AR

[ TEMPERATUR TEMPERATURE
8
z -2
10—
g n
(7] 3
2 g x
3 - /
-
= |
s I x
[
= ROOM
L TEMP
]
x -
g 0
§ x
[ T [ I I
I 2 3 48567 | 2 8 4867
7y
= § HALL EFFECT
5 S 3 ‘ 3
gns LIQ. AIRTEMA "
w £ Lo
gﬂ ] aal F2[— 110, AIR TENP
° ‘:::
- M e e T S
3. +RooM TEMP. + RooM TeEwmP
ig vo 1111 L1 1
i 2 3 4867 2 ; 456

MAGNETIC FIELD STRENGTH

(a)

(10” oersted)

(b)

Fig. 32 Mognetic fleld dependence of the transverse magnetoresistance
(/ r/po) end Hall coefficient (Ry) at room and liguid air
‘tel

cliperaitl es,

prot .

For ""f’//’o the points s refer to the upper

pairs and X to the lower probe puirs;

for Ry, the

1’

peints o rofer to probe puir 2 and 4 refer to average
values mensured on the two probe pairs 1 and 2.




PULSED FIELD MEASURING CIRCUIT

0-400V

e e -

MAGNETIC FIELD

' |FieLo
IMEASURING 0SCILLOSCOPE
BiCKUP CoIL UPPER PROBES
1 _
s} ‘\ .
" . e e
SOLENOI COIL FOR LOWER PROBES

BALANCING OUT
STRAY PICKUP

ANSNINVIAN NN VAR N NN S S QN

— =
IW_LI
I T .1

L _——__J
RC INTEGRATOR

OO NN NN NONUONONNANNAY
AN NN

Fig. 33 Schematic experimental arrangement for the high pulsed field
measurements.



AXIAL FIELD VARIATION IN SOLENOID No 2

I \
l |
— — 1 -:-- — SOLENOID No2—{— {1+ — —

’::f_’,: _——
Z/’l’
//\/
NN

TN

N
1
1

MAXIMUM FIELDS OBTAINED
WITH 1000V DISCHARGES

5\

o
-
]

o

(&)
1

L

MAGNETIC FIELD STRENGTH (105 oersted)

1 L

L L

-1-5 -0 -05 0 05 |0 IS
DISTANCE FROM CENTRE OF SOLENOID (cm)

Fig. 34 Vvariation of the peak value of megnetic field along the axis
' of solenoid No. 2 measured with a pickup coll during 1000 volt
discharges.



MAXIMUM MAGNETIC FIELD STRENGTH (10° oersted)

3.0
- VARIATION OF MAXIMUM PULSED FIELD
- WITH DISCHARGE VOLTAGE a /
L : o
O
- SOLENOID Nol /"
25 — PICKUP COIL No 4
: + 3 @
= o 4 C/
a
- e 6 g
22 g X T //,
_ /S
i /
5 ~ /E
- -
_ %/X
I /
|- 4
_ u/u
N ®
/
i '3
B /
05 |- B
_ +/
- B
. B
o
c) F- | | ] | | 1 |
o) 400 800 1200 1600

DISCHARGE VOLTAGE

Fig. 35 Plot of peak magnetic field in solenoid No. 1 against discharge
voltage using various plckup coils.




MAXIMUM MAGNETIC FIELD STRENGTH (10° oersted)

3:0F
- VARIATION OF MAXIMUM PULSED FIELD

- WITH DISCHARGE VOLTAGE $
- SOLENOID No2 ./
25— (PICKUP COIL No8) S/

]
05 |-
i /
()A | | : | | | ] | |
0 400 800 1200 1600

DISCHARGE VOLTAGE

Fig. 36 Plot of peak magnetic field in solenoid No. 2 against
discharge voltage.



OSCILLOSCOPE PHOTOGRAPHS TAKEN DURING 500V DISCHARGES

500V DISCHARGE -500V DISCHARGE

&-FIELD

~
~ -30mA
PROBE SIGNAL

TIME —> TIME —>
DETAILS
DATE 4™ JANUARY 196! SAMPLE CURRENTS ; 30mA (thicker troce),0ond -30mA
SAMPLE ! InSb Cib OSCILLOSCOPE: 55| SER. No 1030
PROBES : LOWER PAIR MAG. FIELD SCALE: IV/cm

SOLENOID: Nol

PROBE SIGNAL SCALE. S50mV/cm

PICKUP COIL: No6 TIME SCALE ' 20usec/cm

Fig. 37

Oscilloscope photographs showing the magnetoresistance
effect (plus a stray component of Hall effect) in an
indium antimonide sample taken during six 500V discharges
through the high field solenoid.



OSCILLOSCOPE PHOTOGRAPHS TAKEN DURING 800V DISCHARGES

800V DISCHARGE -800V DISCHARGE

PROBE SIGNAL

PROBE SIGNAL
TIME — TIME ——
DETAILS
DATE . 4t JANUARY 196l SAMPLE CURRENTS @ 30mA (thicker trace),0 ond-30mA
SAMPLE ! InSb Clb OSCILLOSCOPE. 551 SER. No 1030
PROBES : LOWER PAIR MAG. FIELD SCALE:. 2V/cm
SOLENOID: Nol PROBE SIGNAL SCALE: 100mV/cm
PICKUP COIL. No6 TIME SCALE . 20usec/cm

Fig. 38 Oscilloscope photographs showing the magnetoresistance
effect (plus a stray component of Hall effect) in an
indium antimonide sample taken during six 800V
discharges through the high field solenoid.




SAMPLE
CURRENTS
~

(mA)

OSCILLOSCOPE PHOTOGRAPHS TAKEN DURING 600V DISCHARGES WITH DIFFERENT

SAMPLE CURRENTS

600V DISCHARGE

-600V DISCHARGE

SAMPLEI
CURRENTS

(mA)

PROBE SIGNAL

DETAILS

\/\ oy
S 5 \—‘/
50
35
3
520
-35
=50 PROBE SIGNAL
TIME ——>
DATE 6" JANUARY 196
SAMPLE ' InSb Clb
PROBES UPPER PAIR
SOLENOID:  Nol
PICKUP COIL: No7
Fig. 39

OSCILLOSCOPE :
MAG. FIELD SCALE.
PROBE SIGNAL SCALE:
TIME SCALE !

TINE———2

551 SER. No 1030
2V/cm
200mV/cm
"20 u sec/cm

Oscilloscope photographs showing the magnetoresistance

effect (plus a stray component of Hall effect) at
various currents in an indium antimonide sample taken
during 600V discharges through the high field solenoid.



INCREASE OF MAX. PD. BETWEEN PROBES (millivoit)

400

300

200

100 -

VARIATION OF RD. INCREASE AT PROBES
WITH SAMPLE CURRENT

SAMPLE Cib
600V DISCHARGES

»x®

e OSCILLOSCOPE SER. No 002358
x OSCILLOSCOPE SER. No 1030

10 20 30 40
SAMPLE CURRENT (mA)

Fig. 40 Variation with sample current of the peak signal at the
conductivity probes, on an indium antimonide sample during
600V discharges {one set of points was obtained from the
photographs in fig. 39).



TRANSVERSE MAGNETORESISTANGE

| R L LA

In Sb SAMPLE A2
1 [10]

eand + UPPER PROBE PAIR
oond ® LOWER PROBE PAIR
— THEORETICAL WITH q=*O

| —— THEORETICAL WITH q=%

LA |

4“ PULSED
FIELDS

H [o01]

L B ) r[lll ;

STEADY
10" - FIELDS
i H[oo] &
- H[IT0] &

1 1 lllllll 1 [ W

10-2

10° 108
MAGNETIC FIELD STRENGTH (oersted)

Fig. 41 Variation of transverse magnetoresistance with magnetic
field strength in indium antimonide sample A2. The
theoretical lines shown were calculated from the carrier
concentrations and mobilitiesa in the somple assuming
relaxation times for the electrons and holes to be
indepondent of energy (€ ) or to have an & -l/2
dcpendence.

103



Ap
Pe

TRANSVERSE MAGNETORESISTANCE

LELLLEL

In Sb SAMPLE A3

1 [in]

]

L]

o
™

C « UPPER PROBE PAIR
[ a LOWER PROBE PAIR
. — THEORETICAL WITH q*0

! &

10

ll]lll'
~
.

rlllll'

S
l‘llllllﬁ r

-2
IO I ] lllllll 1 1 Iillljl | T——|

PULSED
FIELDS

H[Ti0]

STEADY
FIELDS

H[iT2]

LA 2 Ll

103 104 10°
MAGNETIC FIELD STRENGTH (oersted)

Fig. 42 vartation of the transverse magnetoresistance with maghetic
field strength ia indium antimonide asample A3. The theoretical
1ine shown was calculated for the sample assuming the electron
and hole relaxation times to be independent of energy.

108



Ar
Py

TRANSVERSE MAGNETORESISTANCE

10!

In Sb SAMPLE G Ib
1 [i00]

L

T1Tl]

* UPPER PROBE PAIR
t o LOWER PROBE PAIR
- —— THEORETICAL WITH

N

q=0

ﬁlf[ml

R LN l—fllill

o

1 IglllJlJI ] 1 I]lll_L'

] ]

PULSED
FIELDS

H [o1l]

STEADY
FIELDS

H[on]

L1 1Ll

104 10°
MAGNETIC FIELD STRENGTH

Fig. 43 Variation of the transverse magnetoresistence with magnetic
field strength in indium antimonide sample Clb. The
theoretical line shown wes calculated for the sample
assuming the electron and hole relexation times to be
{ndependent of energy.



TRANSVERSE MAGNETORESISTANCE

C InSb SAMPLE C3
L. 10m] -
)
0% & g
C « UPPER PROBE PAIR v SULSED
[ a
[ 4 LOWER PROBE PAIR / FELDS

H [Ti0]

«THEORETICAL WITH q=0 é"

o
L fiflr L

L} ITUII

STEADY

FIELDS
H[1T2)

10~

| L llll"

lLllJllI [ 1 lllllll _ ] [ L Liit
104 03 108
MAGNETIC FIELD STRENGTH (oersted)

Fig. bb variation of the transverse magnctoresistance with magnetic
field strength in indium antimonide sample C3. The theorctieal
line shown was coleulated for the sample assuming the electron
and hole relaxation times to be independent of encrgy.



103

i In Sb SAMPLE B3 a
I 10l 8
/
- A
:
2 J
I0° ==  LOWER PROBE PAIR 4
[ — THEORETICAL WITH q=0 A SULSED
[« EARLIER MEASUREMENTS 8
o ba FIELDS
d|e® |} a LATER MEASUREMENTS K B
w n (different probe spocing) A’ H [”2]
O A
2
5 IO' — A
D - Iy
< - /
a - a
o /
- B a
:
s i ? _
W -
m =
m =
@ -
> el
m =
2 L
<
m =
"_ a -
- A./
./ STEADY
10” |- ] FIELDS
- / H [Ti0]
: ol
o & p
IO-2 /| L s a2l ] IR 1 L L 1t
103 104 10° 108

MAGNETIC FIELD STRENGTH (oersted)

Fig. 45 vVariation of the transverse mognetoresistance vwith magnetic
field strength in indium antimonide sample B3. The
theoretical line shown was calculated for the sample assuming
the electron and hole relaxation times to-be independent of
energy .
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Fig. 48 varistion of transverse magnetoresistance with magnetic
field strength in the indium antimonide samples obtained
from average lines drawn through the experimental points

in figs. 42 to U5.
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Fig. 50 Calcu‘llated variation of transverse magnetoresistance with
magnetic field strength for the various samples using the
equation shown which assumes relaxation times to be
independent of energy.
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HIGH FIELDS IN In Sb
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Fig. 52 Variation at the higher fields of tle ratio of the average
measured magnetoresistance to theoretical values (assuming
g = 0) for the samples A2, A3 and C3.
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Fig. 55 Log-log plot of the ratio of the theoretical magnetoresistance
(assuming 7 = 0) to the average measured values for samples
A2, A3 and C3.



