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ABSTRACT 

lleasurements have been made of the anrmlar deoendence 

of magnetoresistance and Hall effect of indium antimonidfl at 

roora and liquid air temoeratures in f'ields less than 7, nnn o8rsted, 

and of the transverse magnetoresistance at room temnerature of 

indium antimonide and indium arsenide in transient fields un to 

3 x 1oS oersted. The lower field results confirm the existence 

of a, small positive longitudinal magnetoresistance not due to 

sample and field misalip:nment but due to either a cubical 

anisotropy of conduction properties or to samnle inhomogeneitv. 

Sorne structure in the anfSUlar variation is apnarent at 77°K. 

The hi~h field results can be explained nrincipally by the 

classical two band model but shoH a deviation at the higher 

fields 1.Jhich could be due to Landau quantization of the con­

duction electrons. The measurements ~enerally sug~est that 

the scattering processes are only ~..Yeakly denendent on the 

ener~J of the carriers. 

( i) 
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TIJTRODUCTION 

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 affect 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 meta ls is complex but in semiconductors i t i s simpler and of ten 

larger. This is to sorne 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 mag­

netoresistance made on the compound semiconductor indium antimonide. 

Sorne 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 ,ooo oersted wi th a con ven tional electro-

magnet. The choice of the terms "medium" and 11high1t is made by 

(iii) 



comparison with the reciprocal of the electron mobility (which 

has the dimensions of magnetic induction) in the semiconductors, 

The medium field work consisted of mes surements of con­

ductivi ty, Hall coefficient and magnetoresistance at room and liquid 

nitrogen temperatures. The main abject of the 'lrV"ork was to provicle 

values of the conduction parameters needed for analystng the high 

field magnetoresistance, A second abject vms to find out if a 

longitudinal magnetoresistance really exists in indium antimonide, 

since this affect can shed light on the band structure in the 

mate rial. Accordingly,the samples used were oriented in specifie 

directions so that possible anisotropy could be detected in the 

longitudinal magnetoresistance and measurements were made wi th 

angular variation between current and magnetic field. Until 

recently all previously reported work was carried out wi th un-

oriented samples. Due to inhomogeneity in the samples this 

part of the study vras not very conclusive. Nevertheless, the 

examinntion in its limi ted way, was probably the most detailed 

yet made and enables two explanations of the longitudinal magneto-

resistance to be rejected, At liquid nitroqen temn"!rAture, thr> 

angular denendence shmved SOPle nm·! effects. 

Up to the present time practically no high field measure­

ments have been made on semiconductors at room temperature. 'fhe 

high field work presented in Part II of the thesis describes room 

temperature measurements of transverse magnetoresistance made on 

sorne of the indium antimonide and indium arsenide samples studied 

in PartI. I,ong;itudinal measurements were not made because of 

(iv) 



orientatioo. uncertainties in the pulsed field method. 

Indium antimonide in many ways is suitable for high field 

magnetoresistance studies. The conduction electrons have a very 

small effective mass so that relatively law fields are needed to 

make them execute complete circular orbite in the magnetic field 

before being scattered. 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 temperature. 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 isotropie. In Part I it is shawn that 

any deviations of the conduction band from spherical symmetry are 

small. This makes a considerable simplification of the theoretical 

treatments. 

An examination at room temperature for the appearance of 

transport affects~ resulting from the quantization into Landau 

l.evels, 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 infonnation 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) 



magne tore si stance aris:i.ng from a single band is as yet undetected 

in indium antimonide. 

The high field etudies 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-

gatien is the comparison w.i th two band classical theory using con­

duction parameters measured on the individual samples. 

(vi) 



PART I 
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1 • PRELDliNARY SURVEY FOR PART I 

Heasurements of magnetoresistance and Hall effect are 

readily carried out in indiwa 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 nun1ber 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 Inagnetoresistance at high fields. 

The second objective of the work regarding the existence 

of longitudinal magnetoresistance was motivated by band structure 

considerations. Any evidence of a.nisotropy in the longitudinal 

effect could sugge~t deviations from spherical synuuetry of the 

constant energy surfaces in wave vector (~) space. 

The band structure of indium antimonide according to some 

theoretical speculations of Herlilan (1955) is shawn in figure l. 

There are suosidiary minima along [100] and (111] directions in 

the conduction band but these lie at a higher energy than the 

minimwn at the centre of the zone where the electrons are situated. 

The nossibility 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 sphcrical 

energy surfaces for the conduction band of indium antimonide. 

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



- 2 -

cyclotron resonance at liquid helium temperature and found the 

e~fective mass of the electrons to be isotropie under rotation in 

a (100) plane. This indicates that the energy surfaces are either 

spherical or are spheroids directed along ( lOO ) axes at liquid 

helium temperature. In the room temperature cyclotron resonance 

experimenta of .Burstein, Picus and Gebbie (1956), of Keyes, Zwerd­

ling, Foner, Kolm and Lax (1956) and of Sosniak(l961), rotation 

of the crystals was not carried out. Thus at room ten1perature 

the possibility of a small amount of anisotropy existing in the 

effective mass remains unchecked by cyclotron resonance. Evidence 

in fa~our of spherical energy surfaces at the centre of the 

Brillouin zone was provided by piezaresistance measurements on 

single crystals by Potter (1957). 

Regarding magnetoresistance1measurements 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, 1954) on n- and p.type single crystal samples 

eut wi th current axes parallel to (100] and [llo] 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 po1yerystalline degenera te materiel 

it vas 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 

. i ~ 
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transverse effect. Oomplex behaviour was observed by' these workers 

when I and H were nearly parallel on two unoriented samplea; one 

of them showed a longitudinal magnetoreaiâtance positive at small 

fields which changed to negative at higher fields, while the other 

sample showed a positive affect 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 üp to 180 kilo-oersted, Haslett and Love (1959) found longi­

tudinal magnetoreaistance values up to 25 at 78°K. At this tempera­

ture they found that no ''freeze out 11 (Kayes and Sladek, 1956) 

affects occurred, Both Frederikse and Hosler, and Haslet t and 

Love state that the nonzero longitudinal magnetoresistance can be 

explained on the basis of a quantum transport treatment auch as 

tha t of .Argyres and Adams (1956) • This explanation has, however, 

not yet been substantiated b,y explicit theoretical calculations. 

More recent work on tellurium doped indium antimonide by' Rupprecht, 

Weber and 'Weiss (1960) has gi ven a longitudinal magnetoresistance 

smaller than l% froi11 liquid helium to room temperature. 

Magnetoresistance measurem.ents are sen~itive to inhomo­

geneity in the samples. Influences of inhomogeneity on the trans­

verse magnetoresistance have been considered by' a number of workers. 

Anomaloua resulta have been shown to occur in samples containing 

conductivity gradients (.Bate 8nd Beer, 1961), discontinuities 

(Bate, Bell and .Beer, 1961) and periodic layera (Weiss, 1961). 

Some of the inhomogeneities are related to the direction of crystal 

growth (Rupprecht, 1961J Allred and Ba te, 1961). The present 

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



longitudinal magnetoresistance to be even more sensitive to inhomo­

geneity. 

While there have been many previous investigations of mag­

netoresistance in indiun1 ant~nonide few~ until recently~ have been 

carried out on oriented single crystal s~nples. Accordingly, in 

the work presented here, all the measurements were made on samples 

eut in specifie crystallographic directions. 
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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-'Sornm~rfeld conduction 

theory is, from a formal point of view, largely complete. On the 

other hand the quantum mechanical treatment has been vrorked 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 scattt::ring is an exaJnple of an 

ideal special case which cannot be realized experlinentally. 'rhe 

real situations are interu1ediate cases and hence comparison with 

theory involves interpolation between extremes. TI1e 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 luni ted only to the case where a nondegenerate 

distribution of carriers of onE; type is present. ·rwo c<rrrier 

magnctoresistance is discussed in II of the thesis. 

Z .1 Semiclassical Theory 

2.11 Isotropie Serrdconductor 

If the conduction relaxation time T is independent of 

the energy (f:) of the electrons, the magnetoresis t.ance, bath trans-

verse And lone:i tudinal is zero. In silaples t treat1;1ent of 

conduction, the relaxation time is assumed to have an energy 
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dependance of the tora 'r• a~ J where a and q are constants 

depending on the mode of scattering of the eleetrona. With acouatic 

lattice scattering q • - 1/2, whereaa vith ionized impuri t,. 

scattering q • + 3/2 (approximate.q). J'or electrons vith an 

isotropie effeotive 1nass and an isotropie relasation time, application 

ot the Lorentz theory of conduction (e.g. Wilson, 19.53) gives the 

following resul ts a 

- for the longitudinal case, 

at all l11B.gnetic fields 

- and tor the tranaverse case, 

Ap -· •••••••• 

provided that 

fo 
~:H << 1 , i.e. tor weak magnetic fields onl.y. 

H is the magnetic field, f!. ia the electron mobili ty expressed in 

inverse magnetic units, e is the resistivity of the semiconduct.or 

in zero magnetic field and llf is the resistivit,- increase in the 

presence of the magnetic field. The dilnensionless coefficient s 

depends on the tuechaniSJil of scattering of the electrons end mey be 

shown to be given b,y the following function ot the relaxation ttme 

energy exponent q • 

(1) 

s .. 
•••••••• (2) 

A plot of the variation of a as a tunction of q accord· 

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

particular that s • 0 when q • 0 and that for acoustic lattice 
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sc;:.ttering s = 0.38. Under the samE' conditions the Hall coefficient 

RH is related to the electron concentration n and charge e by 

the relation 

' 
••••• (3) 

where r is a numerical factor of the order of unity. It is given 

specifical1Y by the formula, 

r • 
3;r~ (21 -1-.f)! 
If [( t + i )!j 2 ••••• {Ld 

which goes to unity when q • O. 'rhis expression squared is exact-

ly equal to the term in front of the main bracket in the formula 

for a (equation (2)). Since the zero field cond~ctivity ()0 is 

gi ven by (}
0 

= hef, , equation (1) may be rewritten using equations 

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

• • • • • (5) 

In indium antimonide the room temperature Hall mobility RHo;; for 

the electrons is abc)U~ 7 x 104 cm2 volt~l sec~l (or 7 x 10~4 gauss- 1
). 

Hence equation (~) would apply only for fields much less than , 
f;. 

1.4 x 103 gauss. 

For strong magnetic fields, f,.H >> f , the theory shows 

that the magnetoresistance saturates at a value given by 

••••• (6) 

For q = -1/2, the saturation magnetoresistance is 0.132 and for _, 
q = 0, it is zero. Defining a quantity ac= ~;[(~+~).1(~-'ï)l] 
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(which will be useful later in section II of the thesis), equation 

(6) may be re-expressed as 

~e , - D( 

0( ••••• (7) 

The variation of ~ with q is shown in figure 2. 

2.12 Semiconductor .vith Cubic Synunetry 

(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 germaniUl!l, it was shown that this theory 

leads to the following expression for the magnetoresistance 

..... 
where t, and '1 are respecti vely the direction eosines of the 

current I and the magnetic field H with respect to the cubic axes 

of the crystal. The coefficients b, c and d are related to the 

conduction properties of the electrons concerned. 

In general the effective electron mass in a crystal is 

anisotropie. Thus the constant energy surfaces in~ space are 

ellipsoids rather than spheres. However, in a cubic crystal, 

symmetry requires the overall conductivity to be isotropie. 

Hence the energy surfaces constituting the conduction band must 

be several in nwnber and arranged in the reduced zone so as to 

m.aintain cubic symrnetry. Similar considerations apply to the 

relaxation ti.me. Considering only ellipsoids of revolution, 

* m1 and T.i may be defined as the effective mass and relaxation 

(8) 
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time respectively in the direction of axial symmetry of each spheroid 

and mt* and lt, as the correspondinr, quantities transverse to this .. 
axis. A quantity K is then defined as m~ "tt Consideration 

mt 'Ct 
of the conduction in a Iuulti-spheroid band leads to expressions for 

the coefficients b, c and d in terms of RH 00 , K and integrals over 

energy inval ving the relaxation time {see Glicksm.an, 1958). 

2 
all the coefficients turn out to be proportional to (RH~) 

new coefficients may be redefined as follows 

b' = b/ (RH cro) 2 

c' = c/ (RH 0: )2 

and d' = d/ (RH 0'"0 ) 
2 

so that equation (8) may be rewritten 

Since 

, 

• .. • • • (9) 

•••• 

•••• 

•••• 

(10) 

(11) 

(BA) 

Further simplification using the previously mcntioned results for 

the isotropie weak field theory, gives the followine expressions 

for the coefficients 

t' = (t + ~2) Jl,(K) - 1 .... (12) 

c' = (1 + ~2) Ji,_(K) •••• (13) 

d' = (1 + ~l. )JA/K) •••• (14) 

and the Hall coefficient is 

1 RH = r where 
ne 

The functions J(l (K), J/2(K) 

eiven by 

r' = 3K (K + 2) 
(2K + 1)2 • •••• (15) 

and Jl3(K) take different forms accord-

ing to the spheroid madel 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 6[> /fo (R11 a; H) '2J can be mapped out in three dimensions in 

terms of the coefficients b 1
, c 1 and d 1 using equation (8A). For 

example, if the current I flows in a [100] direction, llf/ft.,(!?Hrr, Ht) 
' d' r- ] ' d' is equal to b + 

2 
for H in a LIIO direction and b + J for H 

in an @ol] direction. It may be especially noted that with I parallel 

to H, longitudinal values in the [loo], ~1o] and :}.11] directions 
1 1 d/ 1 1 d' 1 1 d' are b + c + b + c + 2 and b + c + respectively. 

' 3 

Abeles and l>.1.eiboorn (1954) and Shibuya (1954) considered 

three multi-spheroid systems for interpreting the magnetoresistance 

effect in germanium. Their models were (a) 6 spheroids aJ.ong the 

( 100 > directions in ~-space (b) 12 spheroids along (llO) 

directions and (c) 8 spheroids along ( 111) directions. For 

these models certain sy:mmetry relations were shawn to hold between 
1 1 1 

the coefficients b , c and d , These relations are tabulated 

as follows: 

Table I 

1'1odel Conditions 
1 1 

Spherical b + c = 0 d .. 0 
1 1 -d 1 ct'< 0 (a) b + c = 

(b) 
1 1 1 d' ) 0 b + c • d 

(c) bi + 1 
0 dl ) 0 c • 
1 

Note that the coefficient d is zero for spherical energy 

surfaces and nonzero in the other cases for K :# 0; it may thus be 

thought of as the magnetoresistance anisotropy parameter. Using 

these syms:netry rela.tions, longitudinal values of Llf/fi (Ru <ï, HY] 
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are given in table II for i}.oo], 0-lQI and [11i] directions with 

the three multi-spheroid models. 'fne lonp;itudinal effect depends 

1 
only on d , whose magnitude is in turn dependent on K and q. 

If K • 1, the spheroidal energy surfaces become sph€res and the 

longitudinal magnetoresistance is zero in all directions. l~hen this 

happens .JJ1 =J1.2 = 1, J.l3 = d' :: 0 and 

b/ s (ltî) = -c = r'2 •••• 

(b) Strong Fields. Abeles and ~!eiboom (1954) and Shibuya (1954) 

have worked out expressions for the saturation uagnetoresistance 

in certain cases wi th the three uml ti-spheroid systems. 'l'he ex-

pressions for the longitudinal magnetoresistance are functions of 

K only and are q:iven in table II. For B n;ivcn spheroid system it 

is apparent that the saturation longitudinal magnetoresistance, like 

the weak field effect, is directionally dependent. Again if K = 1, 

the lonr:,itudinal r.1agnetoresistance disappears. 

It is clear from table II tha t the longitudinal magneto-

resistance can, in principle, be used to find out the symrnetry 

madel and th& spheroid shape (K value) for a particular conduction 

band. According to Herring (195.5) the longitudinal magnetoresistance 

contribution from a particular ellipsoid is zero if the applied 

maenetic field is parallel IJo any principal axis of the ellipsoid. 

In the case of madel (a) i t is possible to do this for all the 

six ellipsoids at the same timt:: if H is directed along any (lOO> 

axis. Table II shows the longitudinal magnetoresiste.nce is zero 

for this case. Wi th eight ellipsoids along < 111) axes however, 

there is no direction for which the longitudinal magnetoresistance 

is zero; when the magnetic field is directed along a particular 
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< lll > 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 ellips oids along ( llO) 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 lnight be exp~cted to be a minimum ".vhen the nwgnetic 

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. 'Che various 

conduction band l110dels also lead to e modification of the transverse 

saturation magnetoresistance from its value for an isotropie band. 

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

2.2 ~uantum ~echanical Theory 

The quantum treatment of magnetoresistance takes into 

account the quantization of the electron orbi ts in a JtJ.agnetic field. 

Landau ws.ve functions which also contain the electric field, are 

used to determine the density matrix of LhtJ electrons and hence 

the electric current. 'l'his has been done by AdaMs and Holstein 

(1959) for various scattering mechanisms in the extreme quantum 

limi t of high Iaagnetic fields when ail the electrons occupy just 

the lowest Landau level. The longitudinal magnetoresistance is 

somewhat easier to treat theoretically than the transverse effect. 

In the longitudinal case the rnagnetic field only affects the trans-

ition probability and hence the relaxation time; the 1r~gnetic field 

cannat alter the speed of the electrons parallel to the field. 

In general i t might be expected that the quantum rnechan-

ical 
1: f; wc 

treatment would begin to become important when ç = kT > 
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i.e. when the energy separation ~~c between adjacent Landau levels 

is greater than k'r/ where ~ is Planck 1s constant divided by 2fT , 

k is Boltzmann 1s constant, T is the absolute temperature and ""' 

is the cyclotron resonance angular frequency. 

The point which is specially interesting in the quantum 

treatment is that i t 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 Nagnetoresistance for an Isotropie Semiconcl.uctor 

At weak fields, i.e. ~ << 1 the only expressions which 

appear to have been worked out are for the longitudinal n~gneto-

resistance with acoustic lattice scattering. ]!;ven in this special 

case there is little agree1aent in the li terature as to the correct 

expression for the effect, as can be seen from the following for1.m.lae 

Appel (1956) Ô.f = 

~ 
E 
12 

2. 

• • • • (17) 

Schoenfeld (Argyres, 1958): 

Ôf J -1 

- [1 + 17·~ ~~ -t ~ ~ .e., ~ + 0 (~)] - 1 
fo 

• • • • (18) 

.t-1i11er and Omar (1961): 

~ [t + 
2 -1 

- f + o-o2S' ~ J - 1 
fo 

•••• (19) 

The last two fornm.lae predict negative magnetoresistance 

while the first onE- prE-diets it to be positive. T'ne equation of 

Schoenfeld predicts surprizingly large changes at sn~l fields. 

Barrie (1959) has n~de some numerical cal cula ti ons for 
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acoustic lattice scattering but his computations do not go to very 

small values of ~ However, extrapolating his data to smaller 

fields for the case of a conductor with a degeneracy factor ?/ k T=0·~2 

( Ç being tht; 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 ta that predicted 

by the formula of .I!"Jiller and Omar • In the absence of better informa-

ti on the re sul ts of l'lill er and Char are ace epted. A somewhat more 

accurate fornrula than equation (19) is 

Âf 

fo {,f 
.... (20) 

where F ~ 1 - ( i + 0·33 ~ + 0·07tr ~')eocpf ~) • • • • (20A) 

}lû11er and ()nar have given a quantum mechanical treatment 

of longitudinal magnetoresistance for the multi-spheroid model (c) 

which applies to the conduction band of germanium. 



15 

3. SA1'1PLES 

The indium antim.onide samples were eut from three single 

crystals which are labelled A, B and C. These crystals were kindly 

supplied by Dr. T .J. Davies of l'dnneapolis Honeywell, Dr. Ï"i. Gransden 

of Canadian }mrconi and Dr. A .J. Strauss of the Lincoln Laboratory. 

Details of the crystals ar~ given in table III. Crystals A and C 

were n-type whlle 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 mobili ties 

using the impurity scattering formula of Conwell and weisskopf (1946). 

'The concentrations are shawn 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 srnall hole concentration in crystal B was m.ainly the result 

of compensation. Crystal A has about four times as many extrinsic 

electrons per cm3 as crystal C. The total nruuber of impurity centres 

was probably in about the saHle ratio. 

Details of a single crystal of n-type indirua 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 antimonide 

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

The samples used to make the galvanomagnetic measurements 

were eut in the form of rectangular filaments from the crystals. 

'!he lonp; axes of the samplçs \vere in fj.oo], [ll<B and [111] direc­

tions with the lateral faces having the orientations shawn in 

figure 3· 



16 

The cutting of the s~~~les was done using a tungsten wire 

saw and the crystallographic orientations were deterrrdned 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 rath~r crude method of cutting with a wire 

saw. However, the wire saw did not cause fractures in the brittle 

indium antiraonide samples as tends to happen wi th other methods of 

cutting. 

Indium antimonide and indium arsenide tend to cleave along 

[11qj planes • This caused a nwaber of breakages to occur particular­

ly with 1}.00] samples.. 'fhe cleavage property was also put to good 

use in the preparation of indium antimonide sa.~uples Cla and Clb 

and in indium arsenide sample Xl where the: laterAl faces were MAde 

by cleavage. 

The samples Cla, C2 and C3 all had the common orientation 

property of possessing a f uof lateral face. 'This plane was used 

as the plane of rotation in the angular dependence measurements on 

the C sruaples. 
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The measurements of magnetoresistance and Hall effect 

were made as a function of the angle 9 between current and mag­

netic field and as a function of magnetic field strength with the 

magnetic field parallel and transverse to the current axis. 

4 .1 !'!agnets and Smltple Holders 

The 111easurements 1mre carried out in a. 6 inch rotatable 

electromagne:t on sa.mples Ala, A2, A3 and rl3. l'ihen this magnet 

became unavailable, measurerar;;nts were continued on a 4 inch rotatable 

electromagnet with samples Alb, Cl!!-, Clb, C2 and 03. The ma.gnets 

were used with untapered pole pieces giving a sufficiontly 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 electrom.agnet about a vertical axis (figure 4). 

With the angular scale set to zero, alignmE:nt of the sample axis 

parallel to the m.agnetic field was done by E:ye. The field of the 

six inch electroHlagnet was calibrated by Dr. J .A. Carruthers 

against current using proton resonance and the four inch electro­

rnagnet was indirectly calibrated in the same way. 

The type of sample helder is shown in figure 5. It con­

sisted of a rrücarta 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. .'lhe potential probes consisted of four short 

lengths of 0.003 inch di~neter platinum wire coated with indium. 

These were passed through small transverse holes drilled in ~80 

(N.F.) screws using a watchmaker 1 s drill. '!he heads of the 0-80 

screws were sawn off and screwdriver slots eut in the stems. B.y 

twisting the screws in the holder, the platinum wires could be 

nmde to be in spring contact with the sides of the sample. Good 

electrical contact was then ensured b;y discharging a 2 .S f F 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) • 'll'his should not have occurred with the small aize of probe 

wire contacts used. here. 

4.2 Measurement Technique 

The four probes on the sample (figure 6) enabled measure­

ments to be xnade 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 lllA at room temperature 

and 2 mA at liquid air temperature was passed through the sample 

and the potential differences between the probes were measured 

wi th a Leeds and Northrup type K2 potentiometer. ~ ewr.ent was 

,meaSJl.red wi th a Westo:n, m<X\e.l,:28.0 milli~~te.r •. Tl:le psrticlùar 

ohoice of probe pair connected to the potentiometer was made 
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using the five position selecto~ switch (figure 7),one position of 

which was a short. circuit for checking purposes. There is al ways 

a str~ component of magnetoresistance between the Hall probes and 

also a st:ray COlllponent of Hall effect between the conducti vi ty 

probes. The two effects can be distinguished by reversing the mag­

netic field direction which was done throughout the course of the 

rneasurements. The reversed polarity of the Hall voltage on re­

versing the field wasrendered positive to the potentiometer by the 

reversing switch S4. The direction of the current through the sample 

was also reversed during the rueasurements to eliminate any possible 

thermoelectric effects. 'ft1e sample current reversing switch S2 was 

ganged to another reversing switch SJ which was connected between 

switches Sl and S4· When the sample current was reversed, the 

potential differences between the probes were also reversed; the 

switch S4 then reinverted the polarity to give positive voltages 

again so that they could be measured by the potentiometer. 

With the magnet and san1ple in fixed positions, the routine 

for taking the measurements was as follows. Four potentiometer 

rea.dings were ta~en be.tween the probe pairs wi th no magne tic field. 

Then four more were taken with the f;i.eld on, four more with the 

field reversed and finally four readings with the field off again. 

The sample curren t was then reversed and a fur th er 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. '!he four differences for eaeh 

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 dependance measurements, readings were taken 

at different electromagnet currents with 9 aet to o• and 90•. 

Because of the procedure of reversing the magnetic field, 

the angular dependance m.easurements were only made over 180° of 

rotation. However, viewed in retrospect, measurements over )6o• 

might not have been superfluous because of possibilities auch as 

the magnetic field direction not being exactly at right angles to 

the axis of rotation of the electromagnet. 

Each set of measurem.ents was made at room temperatUTe and 

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

The aample dimensions were measured with a micrometer and 

the spacing between the probes was determined with a travelling 

microscope. 
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S • WERDlENTAL RESULTS 

In this section the experimental resulta are presented. 

The data cevers well over a hundred experimental plots spread over 

some 2$ figuree (figures 8 tQ 32). To present this information on 

indium antimonide in a clear and convenient way i t is treated in 

parts for the particular n1easurements in vol ved and the resul ts are 

described for the sets of a amples wi thin ea.ch part~ The mee sure-

ments on indium arsenide are given in a single part. 

S .1 .lngular DeP!ndence of the Hall Ef'fect 

Values of the quantity VHt/IH in uni ts of cm3 coulom.b-1 

were worked out at each value of 9 tor the Hall measurements on 

the indium entimonide samples using the averaged Hall voltage 

reading Vs, the sample current I, the magnetic field H and the 

ihickness of the sample t. The thickness was the lateral sample 

dimension lying in the I, H plane. The quanti ty VHt/IH may be 

reterred to as the reduced Hall voltage; it is equal to the Hall 

coeffic~ent Jis when I and H are perpendioular to one a.no·eher and 

for other angles i t is equal ideally to ~ sin i. 

S.ll arystal A Samples 

For Samples Ala, Alb, A2 and A3 the variation of the 

redueed Hall voltage vith i is sbown in ·figures 8, 9, -10, ll and 

12. For samples Ala and Alb the magnetic field was rotated in 

a ( 001) plane. For a ample A2 i t was rotated in both a ( 001) and 

a ( 1 ï 0) plane and for a ample A) in a (i 1 0) plane. All the meaeure .. 

mente vere done at a fixed field of 4,880 oersted in the six inch 

electromagnet exoept for sample Alb whose Ineasurements were done 

in the four ~ch eleotromagnet at 4,3SO oersted. 
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The reduced Hall voltage in a.ll the figures appears to vary 

with angle as sin Q. The angles libere the Hall effeet passes throup;h. 

zero are usually within a few degrees of the origin. The largest 

deviation is about 7° for probe pair 1 on sample A2 at liquid air 

temperature ( figu.re 11). The deviations can probably be taken u 

a measure of the error in aliP',[lment of the sample in the electromaen.et. 

At room temperature the Hall volta~;es on the two pairs of 

probes (separated on the average by about 0.15 cm) ap:ree well wUh 

each ether indioating no signifioant gradient or electron concentra-

tion at this temperature alon~ the sample axes. Tiowever, at liquid 

air temperature the two Hall voltages differ from eaoh other by 

amounts ranging from about 10 to hO%. Thus at this te!'!Perature 

there are gradients of extrinsic electron concentration alon~ the 

samples of the order of 20% per mm. 

5.12 Crystal B Sample 

The variation or the reduced Hall voltar.:e at 4,AAo oersted 

· with an~,le for the p•type sample BJ shown in fi?,Ure 13 is rero.tlar and 

the average deviation of the Hall zeros .t'roM the origin amounts to 

about 3°. At room temperature the sample is intrinsic and the Hall 

voltage 1s characteristic or 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 for intrinsically excited carriers. At liquid air . 
temperaturAJ the Hall affect is characteristic both in sign and 

magnitude of the number 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 indicatine: a smaller gradient of extrinsic 

carriers. 

5.13 Crystal C Samples 

The plots of reduced Hall volta~ against Q for samples 

Cla1 C2 and C3 are p:iven in figures 141 15 and 16. The measurements 

were all made at a field of 4,350 oersted in the four inch electro­

magnet and the plane of rotation was f llO] for all three samples. 

The fi~res show the same features ohserved with the pre-

vious samples namely an approx:imatel:v sinusoidal variation 1-1ith Q, 

small deviations of Hall zero from the origin (not exceedine: 3° in 

these samples) and equalit:v of the Hall volta~es on the t"t-ro prohe 

pairs at roorn temperature. However, a difference l'rom nrevious 

samples is that. at liquid nitrop,en temperat.ure the Hall voltages 

on the two probe pairs agree with one another, At least this is 

true when I and H are mutuall:v perpendicular. 1\t. smaller Q an"'1.€s 

0 a srnall difference does exist '..rith a maximum differencl!! nt:>ar ~ • 0 , 

Thus no significant ext.rinsic carrier concentration r:rad:i.ent~ •·r~re 

evident in these samples so that crystal C had a more honogeneous 

distribution of impurity centres than crystals A end "P, 

Closer inspection of the liouid nitrop;en cu:t•ves shows 

small depertures from sinusoidal behaviour which take the form 

of slope chanp:es on either side of t.h~ oridn, 

5,2 Hall Coefficient and Conductivity na.ta for the Samples 

+ The reduced Hall volta~es at the maxima near Q • • 90° 

obtained froM the measurements given in the previous snction were 

taken as the Hall coefficients, Table IV shows such Hall 
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coefficient values averaged for the two pairs of nrobes for each 

sample at two temperatures along with zero field con1uctivity 

( 0: ) values. The conductivities were obtained in each case 

from the zero field potential ciifference bet1veen 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 cmd lmver probe pairs. ThP- table a.lso shows values 

of the Hall mobility RH~ • 

For a given crystal there are conductivity differences 

between the different samples. Such differences cannat arise from 

the particular crystal orientations of the sample axes l)ecause 

the cubic symmetry of the zinc blende structure reouires the con­

ductivity to be isotropie in the absence of ex:ternal fields. 'l'he 

differences are due probably to conductivity inhomogeneity in the 

original crystals, to errors in the probe spacinr:: measurement and 

departures of the sample shape from exact :rectanp:ular form. 

5.3 Field Dependence of the Hall Coefficient 

'l'he variation of the Hall coefficient with ma~etic f:ield 

strength at room temperature and at liquid air or nitrogen temper­

ature is shawn in figure 17 for practically all the indium anti­

monide samples. There is, for the most part, no significant change 

in RH from 1000 to 6,500 oersted. The only exception to this 

applies to sample B3 at liquid air temperaturP. whose slip-,ht fall 

off in RH with increasing field is attributed to the presence of 

light hales in addition to the normal heavy cnes ( Champness, 

1958b). 
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5.4 Angu1ar Dependance of Magnetoresistance 

'l'he magnetoresistance ratio Âf / f; was found for each 

Q ~gle setting from the conductivity probe potential difference 

-presence q;[, th~,ma~etic;i .fie:L(i '·~,tru;"' !=fteady P ~D. ·in ~e~o· -fJ-eld wi th 

constant current through the source. 

5.41 Crystal A Samples 

The variation of magnetoresistance with angle Q is shown 

in figures 18, 19, 20, 21 and 22 for samples Ala, Alb, /i2 and JC:j. 

The measurements were made at the same time as the Hall voltage 

measurements in f'i~res 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 tbe 

z 
shape of a sin Q v~riation, which t'or weak fields would ideally -

correspond to spherical energy surfaces, there are considerable 

deviations. 

(a) 

The se deviations may be listed as follows. 

The l:lf minima deviate from the origin by 
fo 

angles which are much larger than those or the 

Hall zeros. In the largest case the angular 

deviation was about 25°. The large aize of 

auch 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 mfsali.rnment ·of the sample. 

(b) The magnetoreaistance values at the minima 

or at 9 • 0° are not zero and differ in mag-

nitude from one pair of probes to the ether. 

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

the origin, the grea.ter is the a.bsolute value 

of the ma.gnetoresista.nce a.t the minimum. 

(c) Negative values of occur for sorne of 

( d) 

( e) 

of the minima. a.t room temperature and at liquid 

air temperature. Hot·Jever, ne~?.:ative values do 

not a.ppear together on the t'..ro pa:i rs of con-

ductivity probes; if one nair gives a ne~ative 

value, the other p:ives a positive one. This 

suggests some sort of inhomogeneity effect. 

+ 
The maxima nea.r Q = _ 90° are in general dis-

pla.ced in the same direction as the carres-

ponding minima. Host of the minima are dis-

placed to the right of the origin. This 

apparent one-sidedness is probably not due 

to a personal error on the part of the 

observer in alignin~ the samole hecause 

of the rouch smaller Hall zero a.np:ular 

deviations. 

The values of at thA minima for 
fo 

the [100] samnle 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. Hm..rever, the other [100] 

sample Alb shm.rs a practically zero magneto-

resistance at its minimum at room temperature 

although at liquid 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 Q = 0° 

at liquid air temperature such as was observed by ~rederikse and 

Hosler (1957), sorne complex behaviour is seen to occur in samnle 

A1b near the origin. 

5.42 Crystal B Samp1e 

Figure 23 shows the variation of .ô.f / fo with Q at 

room temperature and 1iquid air temperature for samp1e B3. As .for 

th~ Hall measurements in figure 13 the rotation was in a (ÏÏ2) 

plane and the field 4,880 oersted. 

The curves are rather more re gular than tho se for the 

A samples. The maP,Iletoresistance minima lie nearer to Q • 0° than 

for the A samples and the value3 at the minima are al1 positive. 

At room temperature the magnetoresistance is greater than t,hat for 

the A samples at all angles and at Q "" 0° in narticulRro P,t 1iquid 

air temperature the magnetoresistance is characteristic of hales 

with their smaller mobility and cannot be compared Hith the re­

sults on the A samples. However it is noted that the ma~eto= 

resistance near e = 0° is appreciable considerino: the mag:nit.ude 

of the transverse effect in the sample. The fact that both 

pairs of probes give about the same longitudinal value means that 

the re1atively large effect may have fundamental significance. 

The reason for the step in 6f /fo bet,-reen G "' +5° and +10° on 

the lower probe pair is not known. 
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5.43 Crystal C Samples 

ThA variation of llf j fa with Q for samoles 0la, C2 and 

CJ is shown in figures 24, 25 and 26 which correspond respectively 

to the Hall voltage measurements as a function of Q in figures lh, 

15 and 16. 

Fixin~ attention on the room tem;x;rature m"'!a:'lurements 

first, it may be noted that the curves are more rep:ul:1r than thoRe 

found for the A samoles. The minima lie closer to Q = 0°, no 

negative maenetoresistance values occur ann the values on the t1-10 

pairs of probes ar:ree with each other much better than w:i.th the 

A samples. The nonzero values r1t the minima Hould appear to in-

dicate the existence of a positive lon?itudinal magnetoresistance. 

The average Âf /fo value at the minima is slightly p;reater in 

the [100 J sample Cla than in the [110] and [1uJ samnlAs C2 and C3. 

The san1e tendency was .round in the A samples. The difference in 

the C samnles is, however, much smaller. 'T'he greater remla.rity 

of the magnetoresistance variation compared with the A sa'llnles is 

probably due to the absence of sienificant ~radif:mts of extrinsic 

carrier concentration or to the hio:her rmrity of crystal c. 

At liquid nitrogf'!n temnerature the behaviour is more 

complex than at room temperature. For all three samnles there 

appears to be a central maximum near Q = 0° with at least one 

subsidiary minimum on either side of it. ThP subsidiary minima 

seem to occur at roughly the same ant"les as the points of in-

nection in the Hall curves referred ta in 5.13. The two pairs 

of probes show approximately the same magnetoresistance variation. 
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Ind~ed 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 nitro~n 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 still leave a positive mae;­

netoresistance. 

5.5 Transverse and Lonq,itudinal Nagn(>,toresistance Data 

In order to compare the measurements on t.h~ different 

samples, transverse and longitudinal magnetoresistance values are 

collected to~ether in table V. The observed deviations of mag,neto­

resistance near Q == 0° indicate that the longituoinal mameto­

resistance is often a some'What uncertain quantity. Hence for the 

values given in table V lonç:itudinal mametoresistance was taken 

as the average D.f/fo value at the central minima of the hro 

?robe pairs.. However, in the case of the C samples at liquid 

nitrogen temperature a sinp:le central Min:imum did not exist and 

the lon;dt ud:inal value was taken as the average value at Q = 0°. 

For the transverse magnetoresistance each entry in the table 

represents the average 'f/fo value at the maxima ne ar 9 = : 90°. 

The table shows more clearly somc of the features pre­

viously mentioned. The [100] samples Ala and Cla hoth shm..r at 

room temperature a greater lonp;itudinal mao,netoresistance than 

the other samples of the ir respective sets. Samnle Alb :is an 

exception in this trend. At liquid air temperature both [1oq) 

samples Ala and Alb give a lon~itudinal effect greater than the 

other A samples but the same trend is not follO'tved in the 
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C samples. 'rhis effect anpe ars to suggest anisotropy in the lonp:i-

tudinal ma~metoresistance al thou (Th the trend is not defini te 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. 

'T'urninc1 no''' specifically to the transverse case, it may be 

noted that the map;netoresistance values show no obvious evidence 

of anisotroN. Both the A and C sets of samples shm.r the [11'J] 

samples A3 and C3 to give the smallest transverse ma~etoresistance 

at liquid air or liquid nitrogen temperature but this may not be 

significant. Rupprecht (1961) bas reported anisotropie effects 

associated "rith the direction of crystal growth. In n-doped tnnium 

antimonide crystals the transverse magnetoresistance 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 re sul ts due possihly to the lm,rer doping 

levels. 

5.6 Field Dependence of the Magnetoresistance Bffect 

The field dependence measurements were made vdth g set 

to 90° (transverse) and 0° (longitudinal). It was not convenient 

to take measurements at the maxima of ~ near :!: 90° and the 
fo 

minima near 0°. The results for the two temperatures are nre-

sented separately. 

5.61 Room Temperature Resulta 

The variation of the transverse and longitudinal mag­

netoresistance with magnetic field strength is shmm in fi~re 
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27 (a), (b) and (c) for the A samples, figure 28 (a) for sample 

B3 and figure 29 (a), (b) and (c) for th~ C samples. 

For the transverse effect there is fairly good agreement 

between the two pairs of probes. The variation with field is clear­

ly shown and is approximately quadratic for all the samoles. 

Detailed discussion of the room temperature transverse effect 

is, however, postponed until part II of the thesis wh.ere it is 

treated in conjunction w ith the high field measurements. 

The longitudinal magnetoresistance is in g~neral about 

an arder of magnitude smaller than the transverse effect. Tt lies 

in a measurement range wh.ere at smaller fields it is barely de­

tectable. The errors of mea.surE'!ment are therF>fore lar~e especially 

at fields of about 1000 oersted. The two sets of nrobes give 

very different values, particularly in the case of sample B3 and 

in the A samples where negative values som~times coeur. Notwith­

standinp.; this, lines are drawn bet'\-reen the t1-10 s~ts of points in 

each case wh~re possible, to ascertain the trend of the field 

variation. With the C samples the slopP. of the variation annears 

to fall off to e. certain extent at the higher fields while in 

general all the samples show an average slope which is some,mat 

less than that of the transverse effect. It would thus aopear 

that the measured longitudinal effect is not due 1 for the most 

part, to a stray component of the transverse effect resulting 

from misalignment of I and H (e.r,. in a vertical plane~. There 

may be an exception to this for the sample Ala where the slope 

of the lonp.:itudinal variation is approximately the same as that 

of the transverse effect in the other samples. The lar~ size 
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of the lonçritudinal effect in this sample, hmvever, suggests 

that if misali!?JU!lent j_s the cause; it must be internal ( inhomo­

geneity for example) rather than external. "'or smnole B3 the 

difference in the lon~itudinal and transverse slopes suggests 

thAt here misalignrnent is not the cause of the la.rrr,e loncritudinal 

effect. 

5.62 Liquid Air Results 

'rhP. fiûld variation of ma'T,TletoresistancC'l at ljquid air 

temperature is shawn in figure 30 (a), (b) and (c) for the A samnles, 

in figure 28 (b) for sample B3 and at liquid nitrogen temperature 

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

The transverse magnetoresistance does not increase ,,rith 

field as steeply as it does at room temnerature. The variation for 

the A and C samples goes very roughly as Hl. 2 but it Hill be noted 

that the curves for the C samnles are sliçrhtly concave 1,rhereas 

those for the A samples are, if anything, slirrhtly convex. 'l'he 

magnitude of the magnetoresistance in the C samoles is about twice 

that in the A samples. The approximately linear increase with 

field in this range has been observed previously by 4'rederikse 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 hales. 

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 ta be true in the resu.lts 
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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 1ines drawn between the point, a represent 

the average variation. No cornmon trend is apparent in the re-

sults for the various samples. However, in general the sha?e is 

different from that for the correspondin~ transvers~ effect; the 

A samples show a steeper curve and the C samples shoH a slope 

which falls of.f at the hiP'her fields to become less steep than 

the curve for the transverse effect. 

The slope of the line for sample Al is about the same 

as that for the transverse results on sample Alb. The remarks 

about sample Ala at room'temperature therefore also apply here. 

and Hall Coefficient r1easurements in 

The results of measurements of Hall coeffi.cient, con-

ductivity and transverse magnetoresistance on the t1..ro indium ar-

senide samples Xl and XJ are swmmarized in table VI. 

Measurements of the field variation of the Hall coef-

ficient and the transverse magnetoresistance at room and liquid 

air temperature are shoï·m in figure 32 (a) and (b) for t,he tt..ro 

aamples. With an extrinsic carrier concentration of about 

6 lb -3 x 10 cm there is little change in the Hall coefficient 

from liquid air to room temperature. Essentially no change 

is observed in RH with f.ield variation at room tem~rature and 

only a slight fall off with increase of .rield at liquid air 

temperature. 
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The transverse magnetoresistance at liquid air temperature 

is about fj.ve times that at room temnera.ture "nile the variation 

\·dth field is anprcximately the same at beth temperatures, varying 

roughly as Hl.R. However, a slie-)lt fall off in slope at the hiP,h­

er fields is apparent in the field variation at liquid air tempera-

ture. 
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6. AN ALYSIS 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 
6.f 

cammon denominator by evaluating the quantity fo ( r<Ha-;, H )11 
• 

Weak field theory shows that the magnetoresistance is in 

general proportional to this ouantity. However, the magnetic 

fields used in the experimenta cannot be considered as weak since 

even at the lowest field of 1000 oersted, f:. 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 f?. (~5,H)'1 at two fields, where possible, are given 
() 

in Table m. Theoretical weak field expressions for the co-

efficient from equation (SA) are also sho'Wll in the table for the 

particular directions of current and field. 

6.1 Magnitude of the Transverse Magnetoresistance Coefficient 
Ap 
(

1'7 ) 2 at the smaller 
fa "'ua-oH 

The average values of 

fields for the transverse magnetoresistance are approximately 

0.015 for the A and C samples at room temperature, 0.043 for the 

A samples at liquid 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 

----···~---



that to get s values of the order of lo-2 the exponent q of the 

relax:ation time energy dependance woul.d have to be sail. 

According to equation (2) the above values would in fact give 

f q 1 < o. 3. Such a weak dependance of the relaxation time on 

eneru m1ght occur in polar scattering or by the rl.ght cOJD.­

bination of acoustic lattice scattering and ionized impurity 

scattering. When the two latter scattering mechaniams are 

combined by adding reciprocals of the relaxation times, the 

theoretical s value first decreases from a value of 0.38 as 

the im.purity concentration is increaaed; it then goes through 

a minimum ( Champness, 1958a) and finally ri ses to the value of 

2 .16. The f'act 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 (• + J/2), 

the direction of this change indicates that the effective q 

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

monide samples it would appear tbat 0 (q (O.,J .. 

Table VI shows that the indium arsenide samples also 

exhibi t sm.all magnitudes f'or the coefficient fo(K~~H)2 • Values 

are o.on at room temperature and 0.044 at liquid air temperature. 

Theref'ore a small q value woul.d 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 unity. In tact if 

lql < 0.3 equation (lt) gives r - 1 < Oo04o 
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the Hall mobili ty RH 00 for practical purposes is equal to the 

conducti vi ty mobili ty f,. o 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 valueso In tact the indicatic:ns 

from Part II are that mixed conduction affects do predominate 

at room temperatureo This leadS one to ask if the magnetoresistance 

at liquid air temperature is also not a result of mi:xed conductiono 

If the minori ty holes were to make a significant contribution in the 

n-type samples at li.quid air temperature this would mean that 

Using weak .f'ield equation (1) and equation ( 31B) from Part II, this 

becanes 
p 2 2. 2 

_J).J) H >s~ H n /1'1/f ln 

or > s /-#,.YI 

Putting in the relevant numbers 
fp 16 

this means p > 10 cm -3 tor the 

A samples and p >10 15 cm -3 for the C sampleso At liquid nitro-

gen temperature the concentration of intrinsic bolee would be 

Sllaller than the se numbers by many orders of magnitude o Therefore 

the magnetoresistance, a.t least as far as minority holes are con-

cernedo 

The value of the coefficient f, (:;, HJ' •• • paroaeter 

for comparison purposes is brought out strong~ in Table m 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 affect is due, as mentioned previously, to the presence 

of light holes. 

6.2 Examination for Anisotropie Effects 
4f 

The transverse magnetoresistance coefficients 
f>o (f?H()o H}

2 

given in Table VII show no strong evidence of directional depend-

' ence so that b :::: s (equation (16)), The differences from 

sample to sample could, however, be accounted for (see eighth 
1 

colunm) wi th 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 
1 

values of the anisotropy pa ramet er d • Comparison wi th weak 

field theory (last colurnn of Table VII), however, yields in-

consistent values for d 1
• The C samples give values of 

differing sign and the A samples give positive values of differing 

magnitude. It is apparent that soma 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 [111]. The predictions 

of both the weak and the strong field theories when compared wi th 

the experimental results appear to rule out model (a) as a 
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poaaibili ty since the observed longitudinal magnetoresiatance ia 

not smalleat in the [100] samplea, Model (é) which predicta the 

large at eff'ect in the [100] direction appears to accord more w:L th 

the experimental resulta on the A samples, Model (b) w1 th a K 

value between 0,1 and OS, giving the anallest magnetoresistance 

in the [110] direction, appears to be more consistent with the 

resulta on the C samplea; to a lesser extent modal (c) with a K 

value of 10 could alao apply to the C samplea, 

Notwithstanding theae remarks, the experimental ratios 

auggest that the longitudinal magnetoresistance may be greatest in 

the [100] direction and leaat in the [no] direction. This seema 

generally to point to model (b) for the conduction band, 

The magnetoresistance subsidiary maxima observed at 

small B angles at liquid nitrogen temperature in the C samples 

are now considered. The waal( :field equation (8) can be used to 

plot the variation of magnetoresistance as a function of angle 

in a {110} plane for the three sample G orientations and for eaoh 

of the three multi-spheroid models (a), {~) and (c). Such 

considerations show the possibili ty of obtaining subsidiary maxima 
.1 

centred at e • 0° provided d is comparable (or greater) :tn 

:magnitude to b1
• No maximum is possible for the situation in 

sample OlRw1th model (a) as has alread.1' been seen, Furthermore1 

no maximum is possible for the situation in sample 03 with model 

(c), This was not fotmd experimentall:y. Thus weak field 

examination of the anguler dependance again suggests modal (b) 

for the conduction band, 
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7 o DISCUSSICN 

The investigation shows the existence of a longitudinal 

magnetoresistance in indium. antimonideo It is now necessary to 

answer the questiong is the effect spurious of fundamèntal 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 symm.etry) in 

the effective mass or relaxation times 

b) conductivity inhomogeneity, 

c) quantum transport j 

d) geometrical misalignment., 

In the writer• s view the order given representa the order of like­

lihoodo Each possibility is now discussed in turno 

7.1 Effective Mass or Relaxation Time Anisotr?PZ 

The experimental results, without giving any really 

clear eut 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) directionso To account for the magnitude and 

isotropy of the transverse magnetoresi stance and the isotropy 

of cyclotron resonance, i t must be supposed that most of the 

electrons reside in the central minimum., wi th the (llO > minima 

at a slightly higher energy so as to be only partly populatedo 
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However, according to Parmenter (1955) energy band minima (or 

maxima) along< llO> directions are theoretically not possible 

for a zinc blende structure. If this is really so, the above 

modal must be rejected in favour of the one with < lll > -sub~ 
sidiary minima or altematively 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 

compomded from an a rra y of conducti vi ty tensors whose principal 

axes lie along < 110 > directions. Such a model might not be 

mrelated to the fact that cleavage occurs along ( 110 j planes., 

These are electrically' neutral planes containing equal numbers 

of indium and antimony atans., One could readily understand if 

the conductivity were snaller normal to cleavage planes than at 

right angles to them·; isotropy of the zero field conductivity 

would still presumably be maintained in auch a situation. The 

anisotropy trend in the experimentàl·longitudinal magne't!'"sistance 

such as it is, however, points to .a t::on!iuctivity gr.eater parallel 

to a (llO) direction than transverse to it. 

' . i ' 

The transverse roan ~emperature magneto;-esistance is 

mostly due to mixed conducticn. This fact may help to explain 

the isotropy of the transwrse effeot; it also suggests that the 

longitudinal affect could be due to holes and valence band 

properties., The p-type sample a3, intrinsic at roan temperature, 

does indeed show the 1argest longitudinal magnetoresistanoe. 

While this may be true at roan temperature, it has been shawn that 
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intrinsic heles 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 dependance 

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. Ba te 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-

re si stance. It seems that the negative effects could rosult from 

conductivity inhomogeneity. The two pairs of probes on either side 

of the sample could be in contact wi th 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 partsj if probes were present such changes 

would be interpreted as apparent positive and negative magneto-



resistance effects. The type of ttsee-saw11 effect ( see 5 .41( c)) 

observed on the A samples 1vherein 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 shat-Ting no 11 see-saw·tt 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 asym.rnetry in the angular variation at liquid nitrogen 

temperature for the C samples cannat, however, be fundamental. A 

regular asymmetry in the results for sample C3 might have been 

acceptable since in a f llO} plane a ( 111) direction is not an axis 

of two-fold syrmnetry like < 110 >and (lOO> directions but such was 

not observed., Therefore de spi te the other indica :;ions some in-

homogeneity would seem to he present. Sorne of the as~~etry may 

be due to a mixing up of Hall ef.fect and magnetoresistance. The 

method of separating the two effects by magnetic field reversal 

may be invalid in inhomogeneous material vmere a Hall effect might 

arise depending on an even power of 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 

dependance shmved large anomalies and the transverse magneto-

·~~····--···--···----····-----------
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resistance could bP. negative, No such anomalies were f01md in 

the present measurements so that while the A and B crystal samples 

contained concentration gradients, they did not contain discontin-

uities of conductivity. In addition to the above mentioned work, 

galvanomagnetic effects arising from stratification of conductivity 

in indium antimonide samples have been discussed hy liJeiss (1961) 

using a theoretical treatment due to Herring (1961). 

7.3 Quantum Transport 

Nonzero longitudinal magnetoresistance can result from a 

dependance 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 a values would seem not 

entirely applicable in the samples, Wi th a value of 

for the electrons, corresponding approximately to a field of 5,000 

oersted, an effective mass ratio of 0.01 and roorn temperature~ the 

formula of Omar and Hiller equation (20) gives 
~, = ~o.on. 
fo 

In view of the fact that the experimental results show 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,~ approaches unity. :rowever, the only really 

defini te evidence of Land 1u ouantization effects in the magneto-

resistance of indium antimonide has been at liquid helium 
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temperatures (e.g., Frederikse and :tosler, 1957). 

7.4 Sample Misali~nt 

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 dependance measurements. These show only 

amall deviations in the Hall zeros and in such s~runetrical magneto­

resistance minima as occur in the C samples at room temperature. 

Suppose that when 9 is set to zero there is still a nonzero angle 

,P between I and H in a vertical plane. A rough estima te of the 

magnitude of this angle ; can be made from the observed variation 

of magnetoresistance wi th e by supposing all the magnetoresistance 

at the minimum ta be due ta misalignment. Values of tf estimated 

in this way for the C samples at room temperature in .fi~s.24, 25 and 

26, are from 14° ta 17°. Such angles are tao big ta go undetected. 

Bence 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. Internai misalign­

ment is another matter, although even here the small Hall zero 

deviation angles suggest that the current flows, for the most part, 

parallel ta 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 affect thought to be due to misalignment was found in 

the angular dependance measurements on sample Clu at 77°K. At 

e. -20°, it was found that the potential difference between one 



pair of conductivity probes was negative 1~th the magnetic field 

on in one direction but had a 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 inhomogenei ty 

affect and in fact a similar effect was observed by Bate, Bell and 

Beer (1961) in a sample containing an abrupt conductivity change. 

r~wever, in the present case the relative uniformity of the sample 

indicates that a more likely explanation coulù arise from the axis 

of rotation of the electromagnet not being exactly at rieht angles to 

the sample plane containing the probes. In this si tua ti on if the 

probes were not exactly in line with the sample axis, the magnetic 

field would be able to 11 see 11 a companent of current between the 

conductivity probe pairs, and as a resulta 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 potential difference. In other words, the 

effect was due to a large inclination of the equipotentials across 

the 'tthickness11 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, basides 

inhomogeneity and misalignment, spurious effects could also arise 

from surface conduction and contamination and fr,)m 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 

unless these are of extreme uniformity and purity. These two 

requirements for the material do not necessarily go together. 

Unif'ormi ty is required to avoid spurious effects and puri ty is 

required to re duce or even eliminate the impuri ty band which may 

be masking f'undamental properties of the conduction band. 
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TRANSVERSE MAGNE TORES IST :' NCE 

MEASUREMENTS 
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8. PKW.Ihil\AdY SUit VEY FOh PA.i:tT II 

The technique of obtaining hir;h transient magnetic fields 

by capacitor discharge through a solenoid offers the possioility 

of measuring gal vanoma.gnetic affects in semicond.uctors in a field 

range never yet investigated, Indium antimonide, apart from its 

bri ttleness, is an excellent material for study, part.icularly 

because the magnet.orcsistance effect in i t is so large. Soma 

high field etudies on the material have already been made but these 

have mestly been below room temperature. 

Busch, Kern and .Iiithi (1957) made traneverse measure­

ments em n-type material up to lOO kilo-oersted fr0lll 4.2° to 

80°1 and found oscillator,y effects at the lowest temperatures. 

Haelet.t and Love (1959) made measurements of lonr,i tudinal mag­

net.eresistance up to 170 kilo-oersted at 3.9°, 14° and 78°K and 

observed large resistance changes but no oscillations with field 

variatiètn. Heasurements at. 77°K were çarried Gut by .Amirkhanov, 

Bash,irev and Zald.ev (1960) up to about 500 kilo-.ersted for 

longitudinal magnetoresietance and up te 900 kilo-oersted for 

the transverse case but no oscillatory etfects were found. 

These workers examined one of their samples (No. 2 with Nn - NA • 

1cf6 ca-3) up to roem temperature where it had a transverse 

magnel.eresistance of about. 9. The only ether transverse measure-

ments report.ed at ro~ temperature were obtained by Haslett. (1959) 

who found the magnet.resistance to have an appro.xim.ately quad­

ratic dependance on field and at 170 kilo-oersted t• have a value 

appreaching 120. 



In the present investigations, transverse magnetoresist­

ance at room temperature was measured up to 300 kilo-oersted in 

intrinsic indiwu antimonide and extrinsic indium arsenide. For 

the possible observation of affects arising from the discreteness 

of the Landau levels it might have been better to have used de­

generate extrinsic indium antimonide sinct:l in such material the 

Fermi level is sharply defined and conduction is predoruinanl:,ly 

by the electrons. However, it appears that heavily doped n~aterial 

presently availa.ble suffers from bein~ very inhoxil.ogeneous and so 

measurements on i t 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 measured. Hence, bereafter whenever the vmrd magneto-

resistance occurs by itself it is understood to mean transverse 

magnetoresistance. 

A new feature of the present measurements is that ~hey 

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 measur~d variation with field was subjected to 

a quantitative cGtmparison wi th theory arising fron1 the knowledge 

of the conduction parameters of the individual samples investi­

gated. 
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9. 'l'illi01iY FOR ISOTROPIC Sû!ICONDUCTORS 

·rhis section contains the theory of the transverse mag-

netoresistance in~n isotropie nondegenerate semiconductor 

specially pertinent at high taagnetic fields. It deals primarily 

with the claasical two band conduction model but results for 

a single ba.nd quantum treatment are also gi ven. 

9.1 Cla~sical Two Band Theory 

As mentioned in 2.11 transverse lfl;;l.gnetoresistance in 

a single band of electrons only appep~s if q ~ 0 (whcre the 

scattering relaxation time t' cC t: q); when f" H >'7 1 i t saturates 

1 at a value equal to « - 1. If q is of the arder of unity, 

positive or negative, as occurs for many scattering mechanisms, 

1 figure 2 shows that 0( - 1 is also of the arder 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 

,o i tself. ~~hen two systems of carriers are present, such 
lo 

as electrons and holes however, the magnetoresistance cnn be very 

much larger due to the Lorentz force being able to exert a ereater 

effect on the carriers. 'fuis cornes about because of ~:~ reduction 

in the transverse Hall field. Equilibrium can be maintained oy 

separate but equal transverse current components of the hales 

and electrons flowing in opposite directions across the sample. 

Formal treatment by the Lorentz theory of conduction (see ·wilson, 

1953) in the notation of Chru1~nese (1957) gives for the two 

carrier case of electrons and holes: 
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llp (nr~X .. + Ff-4PX,.)(nf111 +fJA,.) 

f'. : ( nf.x. + n:.x.f + H'( "!':~- rr: n -1 
' •••• (21) 

where 

•••• (22) 

• • • • (23) 

and 

•••• (25) 



9.11 Energy Independant Relaxation T.Une 

Great simplification resulte if it is assumed that the re-

laxation time üs independant @f energy by put ting q • 0. The inte-

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

•••• (26) 

and 

•••• (27) 

Substituting these into equation (21) givee after eome 

algebraic rearrangement 

•••• 

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

frctm weak (H (( 1 , ~ ) to strong (H '>) j_ , !_ ) • It can also 
~ If ~ ~ 

be derived in an elementary w~ without the use of Lorentz con-

duction theory by treating the motion of the electrons and holee 

under the influence of electric and magnetic fields, supposing 

only that the drift velocities are proportional to the applied 

fields through the mobili tiee fn and fp. The formula corres­

pctnds to that of hacDanald and Sarginson (1952) where relaxation 

times rather than mobilitil9S were used. 

(28) 

I:f' t/ 1/ /-/.>>(nf,.+ ff,.)z 
'"''P n-,.. J •••• (29) 

equation (28) shows that the magnetoresistance eaturates to obtain 
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(Af') np (t'"+ f',) 
fo )at= (rl- p)2 fYI f:. 

..... ( 30) 

With inequality (29) reversed, the ma~etoresistance 

well below saturation from equation (2A) is given by 

•••• (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 

.••• ( Jl ' \ 

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

treme1y large. 

In an extrinsic semiconductor where n >)p, if also ~ >>f, 
( which is approxima.tely true in indium antimonide and 

indium a.rsenide), the saturation magnetoresistance is just 

(~L •••• (30A 1 

which from inequality (29) occurs when /"', H >> 1. This is the 

sa.me condition as for magnetoresistance saturation of the lowest 

mobility carriers by themsel ves. i,Jhen fA p H < < 1, equation ( .31) 

gives 

•••• (3l'R) 
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9.12 Enerr7 Dependent Heiaxation Timc 

If q ~ 0 the integrais (22), (23), (24) and ( ) have, 

in general, to be computed. !i'or acoustic Iattice scatterinP. in 

which q•-!,X•KandY• J1TL where K and T, are ex-
8 

pressabie in terms of tabuiated functions (1-lilllll.rdson, H~.rman 

and Beer, 195h). However, some simnlification occurs at high 

fields. If t't' J-1 >> 1 •••• 

and fr H >> J ' •••• 

then integrais (22), ( 23), ( 2ù) and ( 25 ) be come 

(32) 

(33) 

X= 1 1 ..... (3h) 
n Cl( (fr, 1-1? 

x = 
p 

(f'~~ H)' 

1 
(fp H)i 

Substitution into equation ( 2I) P,ives 

~( ~n + ~l') {t1fn + f'fp) {-1
2 

~ (r~ + p,)z + H2(n -f)t 

•••• (35) 

..... (36) 

..... (37) 

-1 •. • .. (3R) 

The condition corresponding to inequaiity ( 29) reouires 

in eeneral a stron~er field than conditions (32) and (33). This 

enables us to obtain expressions from equation (38) not onlv for 

the magnetoresistance at saturation but aiso for the anproach to 

saturation in the case of a near intrinsic semiconductor. 
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(a) Saturation Region. If the follor..rinp; inequality holds (note 

the difference from (29)) 

•••• (39) 

equation (38) shows that the magnetoresistance attains a saturation 

value 

(~fp + ff,.)(nf, + ffp) _ l 
tX.f,.f,. (n -f)2 

which a.f"ter some algebraic manipulation becomes 

+ 
1-o( 

iX 

•••• (hO) 

•••• ( l1l) 

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

magnetoresistance for a sinp,le band (ôf)sat. so that 
fa /1 band 

equation (hl) can be written as 

+ (7f) sat, 
0 2 band 

(r) sat, 
o 1 b and • • • • ( lü A ) 

If q = 0 then 0( • 1 and equation (hl) is identical 

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

would be negligible compared >dth 

('6f) 
- sat. 
fa 2 band 

and therefore 

If 

ldth 

(1.)~·~and 

• • • • ()_tlT~) 

•••• O!lC) 
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To see the magnitude of the effect sunpose o< • 1, 

fin • 6.5 x 10-4 gaus:r-l, fp • 7.5 x 10-6 gauss-1 , n ... 1.89 x 

10
16 cm-J and p • 1.~4 x 1016 cm-3• ;;.> The saturation magneto-

resistance is then about 2,500, which from inequality (39) occurs 

approximately when H is much greater than 106 oersted. For an 

e:x:trinsic semiconductor n))p, and withf 'f> unit fo1lows that n 1. 

l-ex. •••• (Jü l) 
Cl( 

which a ccording to inequality ( 39) holds if 

p 
n 

Sin ce ll 1 < 1 and 0("""" 1 , the above condi tien is necessarilv 
fi,. ) YI 

by condition (33) for the heles. true 

16 -3 
= 6.9 x lo15 Taking 0( = 1, n "" 5.85 x 10 cm 

' p 
-:3' 

1.69 x 10 
-4 -1 -6 -1 

cm fn = gauss and 
fp 

= 4o6 X 10 ga.uss , 
!1 

the extrinsic saturation magnetoresistance from equation (41D) 

is found to be about 4.3. It is thus smaller than in an intrinsic 

semiconductoro However~ it is still like1y to be 1arger than in 

sinr;le band saturation "'rhere for examole "-rith q = 

(b) Presaturation Region. It has just been sho~m that for an 

extrinsic semiconductor the condition fpH >> 1 for the high 

field approximation also ensures saturation. Therefore equations 

(35) and (37) and hence (3R) are invalid below saturation and 
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an equation corresponding to ( 31R) cannet readily be found. 

However, this state of affaira does not prevail for an intrinsic 

semiconductor. 

Suppose that inequalities (.32) and (3.3) hold and also 

that (if possible) 

2. 

<< ("fp + ff") 
n-p 

•••• Ctt2) 

Since usually fn ) fp' the condition ( .33) that 

fpH >> 1 is more strin~nt than condition 021 fnH>> 1. Combining 

(.3.3) with condition (h2) gives 

This means that inequality ( h2) is only possible if p )) n-p 

( assumin~t, o< is nea,r unit y) i.e. for an intrinsic semiconcructor. 

Proceedin~ now to apply ineque.lity ( 42) to equation (.3FI) 

this yields 

•••• ( ).~3) 

which a:part from the -1 term indicates a quadratic field de-

pendence. In any case bece.use of inequalities {32) and (33) 

fn {fpH2')/ 1 so that with only small error 

nril + ffp 1-1 2 

YI~ + fffl p 

•••• ()jJA) 

In an intrinsic semiconductor n • p and then it becomes 

s:imply 
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•••• (LJR) 

or with sufficient accuracy 

•••• (ù3C) 

Another way of expressing condition (ù2) using equations (40) and 

( Ù3) is seen to be just 

(( (D.f) , 
~ sat 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 1/fr and (b) for any semiconductor and any fields 

sufficiently below saturation provided q a o. 

At weak fields when fnH, f'pH << 1, equation (21) for an 

intrinsic semiconductor can be shown to lead to 

LJ.p ~ 2 

- = Sf:. H + 
fo ~ ' 

.... 
which is just the single band magnetoresistanc~ nlus a two band 

term. The two band term involves the familiar f! rpHZ nroduct 

which occurs at higher fields. 

9.2 Quantum Treatment 

A quantum mechanical treatment of the transverse 

magnetoresistance of a single band of electrons at high fields 

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

for the transverse resistivity f.. in the so-called extreme quant,um 
T 

lirnit when all the electrons are in the lowest Landau quantum level. 

'e i\wc / Thus occurs for a semiconductor when ç - kT )) Ornitting 

the dependence on t ernpera.ture, the 8pproxirnate 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 Dependence 

of p_ ---­
----------------+---------77~.2T 

Low ternp. acoustical fr 

High temp. acoustical 

Point defect 

Low temp. piezoelectric 

High temp. piezoelectric 

High ternp. optical 

Ionized irnpurity 

H 
2' 

Hz 
H3/2 

H 

H 

The table shows that only with ionized irnpurity scatterinf1, "rould 

saturation be at all possible. An extension to t,;.ro bands cM be 

done forrnally but the detailed implications have not yet 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 larr,e at high fields, even before saturation, 

that Landau quantization effects would have t.o be l.?rc:e to show up 

clea.rly. No oscillation component would be expected in the field 

variation unless the ma.teria.l wa.s degenerate enoup,h so t.ha.t ~ /1< T>>l 

(in addition to the requirement of ftw" >>kT) • 't'his condition 

is not readily met at room temperature .md wa.s i.n fa.ct not met in 

the samples used in the experimente describen in the follo,,ring 

sections. 

For the electrons in indium antimonide, r • l in a field 

of about 25 kilo-oersted a.t room temperature whereas for the hales, 

the field required for the same condition is about 500 kilo-oersted. 

Thus any quantum effects which occur up to f:ielrls presently a.tta::l..n­

able in the labora.tory would be likely to be due to the electrons 

rather than the holes. 
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10. EXPERIMENTAL l'W.THOD 

10.1 Experimental Techniques 

10.11 Arrangement 

Measurements of transverse ma~etoresistance were m&de 

on five indium antimonide and two indium arsenide samples. Four 

of the indium antimonide samples were n-tyne (A2, A3, Clb and C3) 

and one p-type (B3) but at room temperature all 1,rere nractically 

intrinsic. The two indium arsenide samples (Xl and X3) Here n-tvne 

and still extrinsic at room temperature. Details of crystals And 

samples are discussed in part I and their nroperties summarized 

in tables III to VII. 

The me asurements were made by ché!.rgin p; up & 2, 000 t- Ti" 

bank of capacitors to a definite voltage and discharging through 

a high field solenoid containing the sample. The probe holders 

for the samples were the same a.s those used for the medium field 

measurements except that in each case the samnle and probes ,,rere 

embedded in epoxy resin. This was to minimize the effect of 

mechanical disturbance during the discharges, since in earlier 

experiments before encapsulation was tried
1
the sample had been 

shaken out of the helder. The samnle in the helder was trans­

verse to the solenoid axis so that the magnetic 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 map,netoresistance was measured by observing the 

potential change on one or ether of the two pairs of probes 
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with a type 551 Tektronix dual bearn oscilloscope and tyoe D pre­

amplifiers (figure 33 shmvs the circuit arrangement) o The traces 

were photogra.phed 'üth an attached type 12!.û.6 Beattie Oscillotron­

Polaroid camera, Current through the samnln Nas maintainen normally 

at 30 mA supolied from a constant current source consisting of 

0 - hOO V D. C. power supoly with series rheostats. !\. reversing 

switch \>ras also included in the current circuit o Plots of the 

variation of the zero field nrobe potential difference were made 

on all the samples from 0 to 50 mA. In all cases the variation 

with current was linear indicating that no appreciable joule 

heating of the sample wa.s ta.king place o 

The capacitor bank could be charged to any desired volt­

age up to P. maximum of 3,000 volts, although in the present measure­

ments 1,800 volts 1'1Tas the largest voltage employedo Reversal of 

the initial current, and therefore the mar,netic field in the solenoid, 

was done by opposite charging of the condenser bank. 

10.12 Stray Electromagnetic Pickuo 

In the initial stap;es of the 1,rork one of the big~est 

problems was the very large stray pickuo voltar:;e 1;rh ich appeared 

between the sample probes o This 11ras due to e. rn .f.1 s induced hy 

the changing magnetic field in stray loops in the probe circuit 

despite the efforts made in making the helder to minimize this 

possibility. The oscilloscope trace of the pickuo voltage 

shm,red it to be the differentiai coefficient of the field trace. 

Hhile it was repeatable from one discharge to a.nother at the 

same condenser voltage, it was often one or two orders of 
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magnitude larger than the magnetoresistance voltage changes, at 

least with small sample currents of around 30 mA. 

The first attempt to buck out the pickup vol tage using 

a many turn coil located just outside the solenoid was unsuccess­

f'ul. Neither by axially movine the compensatinr, coil or using it 

with a potentiometer was it possible to balance out, surficiently 

the unwanted voltage due apparently to differences of wave form 

and phase. However success was obtained w·ith a bueking out 

coil located inside the solenoid near the centre. This coil con­

sisted of two turns of fine ïdre vround on the sample holder nea.r 

the sample itself, cemented in position and connected to an ex­

ternal low resistance potentiometer to give an adjustable ooposin~ 

e.mf in the probe circuit. By makinp, a number of low volta~ dis­

charges ~nù observing the oscilloscope, the potentiometer was 

adjusted until as near balance as possible wa.s obtained, pro­

gressively increasinrr, the oscilloscope sensitivity in the Process. 

Any rema.ining pickup signal after this v.ras small anrl could in any 

case be clearly distinguished from the mar;netoresistance 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 li inches turned out of 8 solid rod of Berylco 25, 

eaeh turn being about 1/16 inch in thickness. Before use the 

helix was heat-treated for maxim\ll'll hBrdness. The turns were 

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

by means of aix inaulated bolta. The outer diamet.er of the helix 

waa embedded in Sauereisen cement and left to harden. A few turna 

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 c~re necessary in their 

construction are given by Stevenson (1961). 

The measurements were oarried out mostly in one solenoid 

(No. 1) which1 however, fractured eventually in an l,Roo volt dis­

charge. After this, another aimilar solenoid (No. 2) was used. 

The breakage in solenoid No. 1 occurred after many disoharges at 

lower voltages and appea.red to be due to excessive heat developed 

at a partioular 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 arsen:tde sa!T!'Oles and 1nas only taken 

up to 11 400 volts. Som~ internai sparkinr": between turns t.rhich 

first occurred in thi!'! solenoid 't,J'B.S lA.ter r:>revented by coating 

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

A check on the var1.ation of field alonf1 t.he axis nf 

solenoid No. 2 was made usin~ a pickup coil at different posi­

tions durine a number of 1,000 volt discharges. The variation 

o.f' the maximum field with distance is sho'Wll in fip,ure 34. While 

the field changes rapidly alon17. the axis, the variation over the 

width of the sample (about lm.m.) at the centre of the solenoid 

is lesa than 1%. The field variation in solenoid No. 1 is ex­

peoted to be somewhat lese, since it was longer than solenoid 
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No. 2. The radial variation was not measured but Cll\lculation 

indicates (Montgomery and Terrell, 1956) that it mnounts to 

a deviation of less than 1% over the inner diameter of the solenoid. 

10.3 Ma.gnetic Field Measurement 

The ma~etic field in the solenoid was mea~ured with 

a pickup coil conneeted to the second input o~ the oscilloscope 

throu~ft an R.C. integrator. The oickup coil consisted of five 

turns of fine wire wound on a paper tube large enoug:h for the 

sample holder to pa.ss through and inserted in the solenoid so th~t 

the coil encircled the sample at, the centre. The macmeM.c field 

at my instant t-ras obtained from the hl'lig:ht of the oscilloscope 

trace, knowing the total ~rea-turns of the pickup coil ann the 

time constant or the inter;rator (1 millisecond). The initi~l 

volta;;e rise from the nickup coil And integrator was used to trig­

ger the two oscilloscope traces (field and probe si~als) simul­

taneously. The field trace showed the usual damned sinusoidal 

variation with time and ha.d a half period of anproXi!Tlately 

lOO microseconde. UsuiÙ.ly dur:i.n~ th8 rr~easurements the t.race 

sweep speed was set at 20 microsec::mrls ner crn. so that mil~r the 

first two half cycles appelll:reè. on the oscilloscope screen as 

shown in figures 37 and 38. 

At the hir,her discha.rr.e volta~s, dama::re was cau!=!ed 

to the pickup coils. Above 1,500 volts ~ co:i.l ~v-ould start to 

lose its circular shape and become irregula.r with a smaller 

inductive area and thus to give a smaller vol ta~e for a. given 

field. No doubt this distortion wM due to the mametic forces 
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and the weakness of the paper tube in being unable to withstand 

them. Unfortunately the size of the solenoid and sample holder 

used did not nermit a coil former of thicker material to be used. 

Successive dest,ruction resulted in eip:ht pickup coils beiPO: used 

in the measurements. Errors due td distortion were carefully 

watched for by comparison of one coil "rith another. Plottinp: the 

measured maximum field against discharge voltaq:e as jn figures 

3.5 and 36 showed a clear and definite relAtionshio characteristic 

of the solenoid concerned. So much so i.n fact that discharge 

voltage was used to :;;ive the maximum field in doubt ful cases ~·mere 

distortion ha.d evidently taken place. 

10.4 lfeasurement Procedure 

For measuring the magnetoresistance the following ex­

perimental routine was adopted. At a. given voltag-e a discharge 

was made with a sa.mple current o.f 30 mA. Then another discha.rge 

was made at the sa.me voltage with no sample current and finally 

a third discharge was made with a reverse current of 30 mA. The 

three discharges were recorded on a sinp:le photograph v1hich shm·.rerl 

three coincident field traces a.nd three probe si~al traces. 

Next a second photogr~:ph was obtained showinq; three more s1nr:le 

traces taken during' reversed discharges a.t the sa.me voltage. 

Figure 37 shows such a pair of oscilloscope photograuhs at a dis­

charge voltage of .5'00 volts and fi~re 3R shows another pair at 

800 volts. The middle zero current trace in each photo~aph 

shows the residue of the stray pickup volta~e left after the 

balancing out process. The difference between this curve &nd 

the other two is due to stra.y Hall effect and m~~etoresist&nce. 
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The stray Hall effect component appearing on the conductivity 

probes arase probably because the probes were not exactly in line 

with the sample axis. \vith the magnetic field normal· to the 

probe carrying sample faces, this can have a larger effect than 

in the medium field orientation. Ho~,rever, just as jn th9 medium 

field work, the effect can be eliminated by reversai of the mag-

netic field. Accordingly at a given field the avera~e voltage 

difference, between the middle trace and the upper and lower 

traces, was measured on one of the photographs. Suopose this wa! 

-! ( ll~,H + !1v_~H ) • The srune measurement wa.s then mlide a.t an 

equal but opposite field on the second photo~raph to get 

t (Cl~ -H + b.~I-H). The magnetoresistance increase wns taken 
' , 

as the algebraic avera.ge of these two voltages 

+ (.t::. ~ -H + b. ~I -H )] 
1 , 

only components depending on an even function of H were retained. 

At the smaller fields in sorne cases the Hall voltaCI'e exceeded that 

of magnetoresistance but in most cases the mPgn~toresi!"!tancG t>"~s 

predominant~ To determine the sign of the volta!;':es, it NM help-

ful to identify the same current direction on the two photogranhs. 

This 1..J"as done by making one of the traces thicker us1.np: increased 

spot brilliancy on the oscilloscope during the discharge with 

current in a certajn direction. 

The magnetoresistance ratio b.f / fo was obtained 

at each field from the ratio of the average orobe voltage increa.se 

to the steady zero field voltat;e mea.sured 'between the probes rrrith 

a high resistance galvanometer. 
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11. EXPERIMENTAL RES ULTS 

Fig.39 shows a pair of photographe 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.40) taken from these two 

photographe 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 signalwas 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 photographe 

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 photographe at 

many different discharge voltages. In fact, in the present 

measurements sorne 350 photographs were taken on the seven samples, 

with discharge voltages ranging from lOO to 1,800 volts correspond­

ing to maximum fields of roughly lo4 to 3 x 1a' oersted. 
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The transverse magnetoresistance plotted against field 

strength is shown in figs.41, 42, 43, 44 and 45 for the irrlium 

antimonide samples, and in figs.46 and 47 for the two indium 

arsenide s amples. 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 s ignificant 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 resulta is that the 

magnetoresistance is essentia1ly the same on the two pairs of 

probes in all the samples except Clb. This sample sho·vred 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 ver,y 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 resulta on the two materials are now 

gi ven separately. 
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11.1 Indium Antimonide 

The indium antimonide resulta in figs.41 to 45 are 

collected together in fig.48 which shows an average line obtained 

from the experimental points for each sample. The curves show 

the following features: 

1) Vecy 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 near~ fiTe 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. 

4) The magnitude of the magnetoresistance does not differ so 

very much from one s ample to another. However, the B3, 

03 and Clb samples do have somewhat higher values than 

the two A samples. 

5) The lines for the samples A2 and A3 are nearly coincident 

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 1oS oersted 

gives field dependencies of H 1 •8 for samples A2, AJ and CJ and 

H 1.96 for samples BJ and Clb. The curves for the last two 

samples bend up slightly at the highest fields. This could haYe 

be en due to heating up of the solenoid and sarnple. Sorne heating 

of these two sarnples 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 sarnple B,3. The 

order in which the measurernents were done on the sarnples in solenoid 

No.l was A.3, C.3, A2, Clb and B3. 

The already rnentioned anornalously large rnagnetoresistance 

on the upper pair of probes of sarnple Clb was disregarded in draw­

ing the aTerage experimental line in fig.48. 

Sorne roorn temperature resulta on a sarnple 29H obtained by 

Haslett (1959) are also shown in fig.48. They agree essentially 

with the present measurements. 

11.2 Indium Arsenide 

Average lines drawn through the experimental points in 

figs .46 and 47 are reproduced together in fig .49. The resulta 

show the following special features: 

1) The rnagnetoresistance is much srnaller than in indium 

antimonide with approxirnately a five-fold increase 

near .300 kilo-oersted. 
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2) The scatter of the experimental points is larger than 

in indium antimonide. This is a result of the relatiYe 

smallness of the effect which is barely detectable at the 

lower fields with the pulsed technique. 

3) The two samples show no significant difference in their 

field variations except possibly at the highest fields 

where sample Xl has a higher magnetoresistance than 

sample X3. 

4) At the lowest fields there appears to be a tendency to 

a quadratic dependance while aboYe this there is gradual 

curvature of the variation with a suggestion of saturation 

at the highest fields. 

5) No oscillations of magnetoresistance with field variation 

are apparent. 
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12 • COf1PARISON WITH THEORY 

To compare the experimental results with theory it is 

first desirable to calculate the magnetoresistance on the two band 

classical modal from equation ( 21) • The s implest way of doing 

this is to assume q = 0 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 C.3). The 

curves were calculated using room temperature values of n, p and 

fln obtained from the Hall and conductivity data given in taole rJ, 

taking p to be n - (Nn -NA) , The quantity Nn -NA is the difference 

between the donor and accepter concentrations and was taken to be 

equal to the extrinsic carrier concentration at liquid air tempera­

ture, The values for fr were taken as 7.5 x 102 and 4,6 x 102 

cm2 volt -1 sec -1 (Hilsum ani Rose-Innes, 1961) 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-

ra tic variation at fields below this. The range of fields used 

in the measurements is indicated in the .figure. It is clear that 

for the indium antimonide samples the magnetoresistance remains 

practically quadratic over the whole range and is given approximately 
2 

by f~t'r H (equation (31A)), 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 .L t.A u 1-/ (equation 
n '" 1 P 
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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 oersted. These theoretical linas are 

shown separate~ with the corresponding experimental points in 

fig; .41 to 47. The comparison with theory is now treated separately 

for the two semiconductors. 

12.1 Indium Antimonide 

Considering the simplicity of the theo~ the measure of 

agreement with the theoretical lines over such a large range of 

magnitudes is remarkable. The beat 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 03 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 • -i (corresponding to acoustic lattice scattering). This value 

of q was chosen not because it was particularly appropriate, but 

because the integrale {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 

appropria te theoretical q • 0 curve for sample A2. At small 

fields, the q • -i curve lies higher than the q = 0 curve and is 

characteristic mainly of the corx:luction band. It shows a 
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saturation tendency around 5 x 103 oersted where t'~' i-i is about 3, 

after which it merges into the q • 0 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 s • 0.38 and o( • 0.883, so that b.p is equal to 0.38 
·2 fo ( f,H ) at low fields, 0.132 at single carrier saturation, 

2 
o. 883 f:.~ )i at higher fields and is 1.132 times the corresponding 

q • 0 value at saturation. The theoretical q • -} curve is shown 

again in fig.41 (broken line) for comparison with the experimental 

points for sample A2. It is clear that below 104 oersted the 

q • -lline gives values which are too high. Hence if single 

carrier magnetoresistance is responsible for the experimental 

points being above the q • 0 line, the effective q value must be 

nearer to 0 than to -1. In Part I, q wa.s in fact estimated to be 

between 0 and 0.3. The 0< value corresponding to q = 0.3 from 

fig.2 is 0.95 which is sufficiently near unity to explain the 

agreement of the experimental points with the q • 0 line a.t the 

fields just greater than 104 oersted. 

It is important to realize that the vertical position 

of the theoretical q • 0 line is particularly dependent on the 

values chosen for fn and ff . If the values used were too 

sma.ll 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 sma.ll q value, 

this is an unlikely poss ibili ty so far as fn is concerne ct. The 

two fp values, on the other hand, were not ones mea.sured on the 
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samples concerned and error could be possible here. 

At the higher fields the experimental points fall somewhat 

below the q • 0 line for samples 03, A2 and A). The amount by which 

the theoretical q • -l line falls below the q • 0 line for sample 

A 2 (fig.41) is not sufficient to account for this discrepancy. 

Hence energy dependent scattering mechanisms and also any possible 

associated variation of hole mobility with field ( fFH approaches 

unity at leP 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 03 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 

e_ ~Twc. 2 ç K is about 1 • 

In fig.52 the average deviation expressed as the ratio 

o = (~f) /( 6 /?l is plotted against field strength for the three 
r o krr / ~ f'o /tl.eo.- , 

samples 03, 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 ta a change of the elec-

tron mobility with field arising from quantum effects. In the 

range of fields concerned the magnetoresistance should be given 
2 

by equation (43) or more approximately by cxf,.f, H (equation 

(4.3c)). The last expression may alternatively be written as 

J../2 
J1nff where J4 is the sa tura ti on electron mobili ty e qual 

1 sn 
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to 01.. r fi • Thus the variation of '( could correspond to a 

variation of fsn with field. WithLandau quantization in mind, 
~ ~(,..)<. 

a scale in units of c; ::::: Tf for the electrons is also given in 

fig.52. If M is taken to be proportional to r then the 
sn 1 

resistivity fT of the electrons alone is proportional to f . 
Fig.$3 shows a double log plot of ~ against H. The slope of the 

plots indicates that on the average i is proportional to H 0•4. 

While this field dependance does not correspond with any of those 

predicted by Adams and Holstein (1959), a mixture of scattering 

mechanisms could presumab1y yield the form of dependance observed. 

12.2 Indium Arsenide 

The theoretical curves assuming q • 0 fa11 well below the 

experimental points (figs.46 and 47) in both indium arsenide samp1es. 

Nevertheless, the theoretical curve is nearer to the experimental 

resulta than would be the case assuming the conduction either to be 

comp1etely intrinsic or to be due to the conduction band alone. 

In the latter case for example if a q value of -i 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 strong1y in the measure-

ments of Amirkhanov, Bashirov and Zakiev (1960) on an indium anti­

monide sample (No.2) with Nn -NA = 1ol6 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, particula.rly for sample X.3. 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 PartI). With an average electron mobility of 1.7 x lo4 

cm2 volt -1 sec -1 (• 1.7 x 10 -4 gauss -1) a so-called weak field 

in the indium arsenide is one less than b x lo4 ::!'::: 6, 000 oersted. 

Hence weak field theory would be applicable below this value where 

a tendency to a quadratic dependance 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 a.rsenide. For comparison wi th the resul ts at 

intermediate fields, computed theoretical curves with small q 

values are therefore necessary, since simplified theoretical 

treatments auch as tha t in 9.12 (b) for q 4= 0 do not apply to an 

extrinsic semiconductor below saturation. 
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1 '3. DISCUSSION 

The treatment in the previous section shows that the 

classical two band theor,v 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 dependance 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 two 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 resulta and the calculations (particularly in indium 

arsenide) demonstrate the important role played by the holes in 

magnetoresistanceo 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 inferiori~ 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 affects have been suggested to explain 
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the observed resulte (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. In 

intrinsic material for example ~ could be determined in the 

quadratic region if f,. and 0( are known and in extrinsic material p 

can be round if o< , n, /! and f, are lmown. If the two carrier 

saturation plateau can be reached aiXi if 0( , n and /;. /fp are known, 

thenp and hence n - p • Nn -NA 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 S 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 ft of the spaoing. A calcula tion of 

the collision broadening puts this at only ~ of the spacing 

between the levels. Why then are quantum e:f:fects not more pro· 

nounced? The reason is probably connected with the weak energy 

dependance 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 -r were independant 

o:f energy. The observed deviation of the experimental resulte 

from the q • 0 line at high fields oould well be due to Landau 

quantization e:f:fects. I t would indeed be interesting if a theor­

etical treatment using a hypothetical scattering mechanism with 

a relaxation time proportional to t:0 •2 would give a mobility 
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variation for the electrons proportional to H-0.4 as was found 

experimentally for 0 . 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 ver.y 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 resulta 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 dawn so that this 

cannat be the cause of the high field deviation already referred to 

in samples C3~ A2 and A). 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 bolder necessary for insertion in a 

~~ or even a 3/161t 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 toc much reduced. Such measurements could be 

made at room temperature but work at lower temperatures is likely 

to be more fruitful. 
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G1'1'JE~t\:L CONCDJSJ .. NS 

The main resulta and conclusions of the wholo study may 

now be summarized. For the medium field work in Part I these 

may be sta ted as follows: 

(1) In n-type indium antimonide at room and liquid air 

temperature there is nonzero longitudinal magneto­

resistance Hhich is not predorninantly due to mis­

alignment of sample and magnetic field., 

( 2) The possi biH ty tha t the non zero longitudinal magneto­

resistance is due to inhomogeneity in the electrical 

properties within the sample cannat be entirely ruled 

out. 

(3) Negative longitudinal magnetoresistance at room and 

liquid air temperature observed in sorne samples is 

almost certainly due to conductivity inhomogeneity. 

(4) There are indications of a tendency for the longitudi­

nal magnetoresistance to be greatest in a < 100 > 
direction and least in a (llO> direction. This 

anisotropie effect is not definite enough to be 

established with certainty. 

(5) At liquid nitrogen temperature, the purer and more 

unifonn C sample s all show a subsidiary maxLmum ne ar 

e a 0° in the magnetoresistance variation with angle 

9 between I and H. 
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(6) The anisotropie effect, if it exists, and the sub-

sidiary maxima just mentioned could be accounted for 

by cubically symmetrlcal ( 110 > anisotropy in the 

electron effective mass or relaxation time. 

(7) The transverse magnetoresistance at liquid air temper-

(8) 

(9) 

ature shows no definite evidence of anisotropy. This 

indicates that any deviations from spherical symmetry 

for the conduction band must be small and the anisotropie 

effects referred to in (6) can only apply to sorne of the 

electrons. Another reason for the transverse isotropy 

could be the domination of mixed conduction over single 

band conduction at room temperature. 

Small values of the coefficient for the 
Po (RH ao H )'" 

transverse effect in n-type material indicate a very 

weak dependance of the relaxation time T on energy. 

It would appear that if 'loC E- J 3 q lies between 0 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. 

The transverse value of f:(RH(JoH)2. for the p-type material 

at liquid air tempera.ture is about a hundred times that for 

the n-type material. This is due to the presence of light 

heles. 

(10) At liquid air temperature the p-type material has a longi­

tudinal (. Llf -)2. value of about a hundred times that 
fo Rit <ra H 
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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 affect may, like the 

transverse affect, involve mixed conduction processes. 

(11) The available theoretical quantum treatments of longi-

tudinal magnetoresistance at weak fields cannot explain 

the observed resulta. 

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

resulta and conclusions may be stated: 

(12) 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 1J oersted. In particular 

in the intrinsic indium antimonide the field variation 

is given approximately by 

(13) Very large magnetoresistance increases of several hundred-

fold can occur in in trinsic material at high fields while 

in extrinsic materiel increases of about an order of 

magnitude are possible. 

(14) In indium antimonide no significant contribution from the 

electrons (or holes) alone is found down to the lowest 

fields of 103 oersted in agreement with analysis of Weiss 

(1961). The weak dependance of the scattering processes 

on energr appears to be the reason for this. 
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(15) 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 -0.4 as might arise in 

quantum transport in a magnetic field. 

for the discrepancy however also exist. 

Other explanations 

(16) The absence of more pronounced Land<.<.u quantization effects 

on the magnetoresistance is surprizing considering that 

at 300 kilo-oersted the spacing between adjacent Landau 

levels is sorne 12 times kT. The reason for this may be 

the weak energy dependance of the scattering process and 

also the preponderance of classical two band conduction. 

(17) 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 

Part I Errors 

The accuracy of the tabulated figures in Part I as limited 

by random measurement errors is now discussed. 'rhese errors are esti-

mated in general to be as follows. 

Hall Coefficient RH 

Conductivity ~ 

Hall l'lobility RH«To 

.1.q 'fransverse I•!agnetoresistance · 1;,. 

Po 
Longitudinal hagnetoresistance ~~ 

fo 

'Yi / [f!(~uao H)
41

] 

~ j [fo (Ru~ H)j 

3% 

! 4% 

+ -

+ 2% 
+ 1% -

room temp. 
liq. N2 temp. 

+ - 6% room temp. 
t 4% liq. N2 temp. 

+ 11% 

+ 11% 

For R11 and~ (and nE:. •. ...:,. ~c:r; ), the errors in the potentio-

meter and sample current readings can be neglected in comparison wi th 

errors in determining the srunple dimensions and the magne tic field H. 

For exruuple, the Hall voltage, ~ can be m.easured to within an error 

of ! O.J% which is reduced to ! ~ % :: ! 0.1% in averaging over 

the sixteen readings taken each time; this figure is negligible in 

cornparison wi th a uniformi ty error in the sample thickness t of ! 2% 

and an error in measuring H of ! 2 .5%. Since R, is equal to ~t/IH, 

the error in R" is therefore given by 
~--------------------------------

+ (~Y + (TT+ (Tt+ (7fil 
+ )(o·/)1 + (2) 2 + (0·5)

2 
+ (2·5)

2 % 
± 3·2% 

Relative errors in R11 and a;; measured on the same sample are smaller 

than the above values • 

At 
5000 
Oer. 
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The errors in the IJ.fffo values arise mainly from the error in 

measuring the magnetoresistance potential change, which in some cases 

only runounts to a few microvolts. Averaging over eight 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?. 

'l'he largest measurement error occurs in the quantity .!lf/~ (RH O'"o H)j 
where the main contribution cames from the {R11 <ï0 H)!l. term due to 

the separate errors in and H. 

The measurement errors in the longitudinal magnetoresistance 

are probably srr~ler than deviations which arise from conductivity 

inhomogeneity in the samples. For example, a calculation from the 

for~la given by Weiss (1961) can be made of the spurious magneto-

resistance effect in a srunple containing stratified conductivi ty 

variations. This shows that the observed average room temperature 

longitudinal magnetoresistance could be obtained in such a sru1~le 

having a 20% conducti vi ty 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 II Errors 

The high pulsed field magnetoresistance values show a large 

amount of scatter even though they are plotted against field on loga 

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 fron1 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 

vol tage on the oscilloscope. The se err ors al together could amount to 

an error in H of between ! 5% and :!:: 8%. The errors in measuring 

~~~~ 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 asuount in indium antimonide 

to an errer of about ! 12% at a discharge voltage of 200V, where 

llfi/fc, is relatively small, and! 3% at 1500V. This error in gen­

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

transverse set ting of tht srunple in the solenoid. Assuming ll/1./fo oc H2 

approximately, the errors combine to give a total error in A.~ j f:, 
of about ! 18% at 200V and :!:: 12% at l500V 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 indium arsenide the errors arise m.ainly from the meas-

urement of the small magnetoresistance changes and amount to about 

:!:: 5o% and :!:: 10% at 200V and 1500V respecti vely. 'fuis is in rough 

agreement with the observed vertical scatter about the average values. 
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TABLE II 

LONGITUDINAL MAGNETORESISTANCE 

--·-- ---------

Model (a) Model (b) 
<lOO ) Spheroids <no > Spher< 

wea.k FJ.erci ·-·--satüratlon -- · Weak FJ.eld --

6.p LJp 

fc (FHa;, HY 6f 
fo ~ o;, Hf· ---

(d 1 < 0) fo (d'> o) 
.. ·-

0 0 2d 1 
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d' (K - 1) 2 
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Model (c) 
< 111 > Spheroids 
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L:..p 

fo (r?H~ H)2 
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Ma.terial Conduc-
and tivity 

Crystal Type 
Desip.:na-
ti on 

--· - --

In Sb A n 

tinSb B p 
l 

1 
' 
i c i InSb n 
1 

' l 
i 
• 
1 
! InAs 
l 

x n 
1 

TABLE III 

DETAILS OF THE SEMICONDUCTOR CRYSTALS 

------
Carrier Concentra- Mobi1ities : 

tion (cm-3). (cm2/vo1t sec) 
--- --· -~---

Liq. Air Liq. Air • 

Room Temp or 1iq. N2 Room Temp or 1iq. N2 
Doping 

Temp Temp Ma teri al 

--

1.85 x 1o16 2.87 x lo15 6.4 x 104 9.4 x 104 ? 

1.69 x 1016 1.87 x lo14 6. 7 x -;_~41~ 3 x 103 
undoped 

(electrons) 1 (holes) (electrons! (holes) 

----

1.91 x 1016 
- ~ -

6.65 x 1014 6.8 x 10
41

2.7 x 105 Te 

-

5.68 x 1016 5.21 x 1016 
1.71 x 104 1.9lx 104 ? . 

Concentration of 
Directionjionized Impurity lSource 
of Growth Centres (estimatedjof Crystal 

from mobilitiel'l) ~-
(cm-3) 
----~------

7 1016 

< 111> 1 1016 

1 ,-
< 110) 1015 - lo

16 

l Minneapolis 
Honeywell 
(T.J. Davies) 

Canadian 
Marconi 
(M. Gransden) 

·Lincoln 
.La.boratory 
(A.J. Strauss) 

-------

? 1017 Lincoln 
La bor a. tory 
(A.J. Strauss) 



Faees 
Co nd Current on whict 

Sample pro bee Type Direction were 
placed 

Al a n [1~ {CX>l) 
----

Alb n [1~ (001) 
-------·----- ---- ------ ---- <ooiJ 
A2 n [110] (1!0) 
------ ·------ f--· ---- -- -

A3 n [111] (!10) 
--1--- -- -------- --

-----·- -cir2,--B3 p _[lU] 

- -- -------
Cla n (100] {on) 
---- -· ----- - -----

C2 n tno] (ll.o) 
--··- --· --- ----Qil) ::.----:-

C3 n {llO) 
---

Measurement Errors~ 

TABLE IV 

AVERAGE CONDUCTIVITY AND HALL GOEFFICI~NT 
OF THE InSb SAMPLËS 

Conductivity Hall Coefficient RH Ma.gnetic Field 
~ (_11.-1 cnrl) (102 cm'3/coulomb) for Hall Coeffo 

Room Li(}o Air lLiqo--N2 
~-

Room Liqo Liq0 N:2 Strength 
Temp Air Tempo Temp Temp Temp (oersted) Directio~ 

Tem.p 

164 28, =3o7 =32 4880 P~C?J ------- f--·--· . -- - ··----

196 18 =2o 7 24 4350 (blO] ------------- -~---~- ------- 1------ -------- -·- - ----·--
199 55 -3o3 -17o9 4880 (1!0] 

-- ------- (ool)-. 197 53 -3o3 =17o7 4880 
-1-- --

209 53 -3.2 =17o7 4880 ~3]_ ---- ---- ------- --- -- -- -- ---- . 

--- -----·---- ·--. -- ---- - --------
181 ~ ~3.7 +340 4880 _(!ioL~---- --- ---- ------ - -------·--· 

-- -------.--- ·--------- ---- ----- ---------

209, 32. -3.5 -~, 4350 (Oil} 
-·- ---- -- --· 

P-89. 26 -3o3 -99' 4,50 (001] 
--·-

~27 29, -JoÛ -89 . 4350 [II2] 

o;: ± 4% RH ± 3% 

H&l.l Mobili ty ~ ~ 
(lo4 cm2/volt sec o 

Room Liqo Air Liqo N2 
Temp Tem.p Temp 

6ol 9.,0 
···- ·----- -- -- --···k 

5o4 8o9 
-

606 9o 9 
----- -- -----·-

6o5 9.4 
606 9.4 -- ---- -- ------

6o7 - --<o:3Jl 

----1----- ----

7o.2 .30 
60.3 260 
6o9 26 

RHa-;, ± 5% 



TABLE V 

AVERAGE MAGNF!.OORESISTANCE VALUES 

1 Magnetic Transve~Magn~to~esist~~ce* Longitudinal Magnetoresistance** 

i Field LiP/f'o Magnetic Llpj Pc 
Sample 1 

Current 
1 Strengt.b Room l Liq .. Liq., Field Room Liq. Liq .. 

Direction Temp Air H2 Temp Air N2 
(oersted) Temp Temp Direction Temp Temp 

A la [100] 1 4S80 0 .. 116 0.,46 l01oL 0.,.02S 0.,061 
i 

}-~1~0 t.~ .. o.is-1 Alb [100} 00089 0.41 [o1~ 0.,00 
.~ . -~;--···--·~·· 

[llO) 0.117 0,51 Bio] 0,005 o .. o1 4800: --
0,.110 0 .. 41 ~1} o .. oos -0.02 ,_ -------

A3 r111J 4800 0 .. 105 0/30 jii2] -0.,006 o .. oos 

B3 [ill] 4880 0.149 0.034 _ __[t~J- 0.,.032 0.0070 
--··--1 -~ - ----- -----

Cl a 4350 0.127 0.74 Oil. 0.,016 0.18 
C2 0.106 [001] 

---- --

4350 0,68 o .. oos 0 .. 11 
-··-- .................. ·--- ... ~--- ·-· -1Iï2J-

·- ............. ~. ~~---~-·..-.·· - --...... --·· ..• 

C3 4350 0.106 0.63 0.,014 0 .. 20 

:•o.oo2 1 :!: 0.,005 1 ' ± 0.001 1 + 0.001 aa, C2, C3 Measurement Errors 1 B3 .:!: 0.,0005 1 1 :B3±.0.0005 .± 0.005 
1 1 

*Average values taken at the maxima near:!: 90°. ** Average values taken at the minima except for samples 
Alb, Cla, C2 and C3 which were taken at 8 = 0°. 



Current 
Direc-Sa.mple ti on 

InAs n [100] 

InAe X3 [11Jj 

TABLE VI 

CONDUCTIVITY AND GALVANOMAGNE'l'IC DATA 
FŒ THE N-TYPE InAs SAMPLES 

.--· 

Face on[ Magnetic Field Zero Field Hall Coeff'o 
which Direction for Temp Conductivity Ra probes ~ and ( -1 _,) 

were Transverse ~ C'o.ilCIII at 
placed t:, ~04~ oersteds 

1 
cm /coulomb) 

Room 154 -110 
(011) (Oil] -------------

Liq., 152 -124 Air 

Boom 156 -110 
(Ilo) [rr~ 

Liq., 167 -116 Air 

Measurement Errors~ a;; ± 4% R. ±3% 

Hall Mobility Transverse 
Ra<To Magnetoresi-

(104 cm2/volt sec) stance Coer~ 
fieient 
~ 

t:, (R,GôH)..,_ 
at 3040 oersted i 

1 

1o7 1.3 x 10-2 
-------------"-""'-""·~" 

j 

1 .. 9 4o2 x 10-2 

1 .. 7 1ol x 10-2 

1 .. 9 4 .. 6 x 10-2 

~cr;, :!: 5% 
f::.t<J 

t;(RHcroH)'- ± 
10

% 



Sample Magnetic 
and Field Magnetic 

Current Strength Field 
Direction (oerst:ai) Direction 

Ala. [lOO] 4880 (JlO] 1510 

Alb [too] 6625 [no) 1560 

4880 .ltïo~ 
A2 [llO] 4880 [X>l] 1260 

4880 
[u2] A3 [111] 1260 

4880 [!10) B3 [lll) 1260 

Cla. (100] 6625 [olJl 1560 

(no] 6625 
~JJ C2 1560 

6625 [ll2] 03 [111] 1560 

* See equation (SA) 

TABLE VII 

VALUES OF 
Ap 

r:, ('Ha; H)2. 
TRANVERSE r LONGITUD:tNAI. *** m?'lll--.....-----.,~ 

ll.e .. l':.pu 
Po (RHcr;,H) 2 ~ lf<u(Jë H):l. 

Room Temp Liqo Air Liq" N2 "v/eai Fiel~ 
Room Tem:~= 

Liq., Ai:!: Liq., N2 Weak Field"' 
Temp Temp Theory Coeff" Temp Temp Theory Coeff" 

,_.,. ... = ., -~ ""' --- ---·· -:-: :~-::::. ......... ___ -·. - ·.cc= .. - -,.,. -0 -""' - ---= - --
0.,013 0.,024 000029 000029 

0.,0055 0"0095 
bg b• + c 1 + d1 

0.015 0.,018 -0.,00026 0.,0038 
0.028 Oo047 0.,00045 0.,0073 

--~~---~-· ---
t 

o.on 0.,022 bi..: i-... - 0.,00044 0.,00043 
0"011· 0.,020 b' 0.,0011 o.oo2S b

9
+c

9
+d' 

0.014 0 .. 045 0.,0012 0.,0043 2" 
0.,010 0.,014 0.,0006 0.0010 Ù• 

0,012 0.037 0.,00041 -0 .. 00022 
(1990 

t ' b' + g_' oerJ b + c + g' 
0.014 2.,6** 3 0.,0042 Oo3** 3 
0.018 1 .. 3 0.0088 

(1990 
0.,4 

oer.) 

0.,011. 0.0033 b' o .. oon 0.00052 
b 1 

+ c
8 

+ d
1 

0.017 o.o11 0.0031 0 .. 0018 
-

0.00070 0 .. 00072 o.o1' 0.0042 b' b
1 + e' + j' 0.016 0.012 0.,0023 0.,00092 

0.011 o.O<f1a b' + d' 0 oq~ 18:oo23 b 1 + c' + g' 
0.014 o.o 3 

o:oo30 3 

** Mobili t;y not known accuratel;y 
0 *** Measured at 0 • 0 

Measurement error in transverse and longitudinal 6f' /[ t:. ( R. o;. H Y] values + 10% - ' 



TABLE VIII 

LONGITUDL~AL Y~GNETORESISTANCE 
[loo] : [lldJ : f1ll] DIR.ECTIONAL D EPENDENCE RATIOS 

Theoretical 

~f-Weak Field Po(RHa; HY ratios Strong field (i}sat ratios 

Model (a) Mode1 (b) -Mode1 (c) Mode1 {a) Mode1 {b) Mode1 (c} K 

0 : 0.88 : 1 1.24 : 0.38 : 1 9 : 6.43 : 1 0.1 

l 0 : 0.82 : 1 1.36 : 0.85 : 1 3.66 : 2.2 : 1 0.,5 
1 

1.5 : 1.125 : 1 3 : 1. s : 1 1 0 : o. 75 : 1 

1 
0 : 0.64 : 1 1.71 : 1.53 : 1 2'.66 : 1 ; 1 2 

1 
0 : 0.30 : 1 2.4 : 3.56 : 1 2.4 : 0.30 : 1 10 

--

Experimental 

Ma~etic Field A/" 

Samp1es oersted) t:, (R,a"oH) 2 ratios 

Room Temp Liq. air or N2 
Temp. 

A 4880 4.9 : 1.9 : 1 2.8 : 2.7 : 1 
1260 15 : 3.2 : 1 48 : 19 : -1 

c 6625 0.86 : 0.55 : 1 1 0.65 : 0.89 : 1 
1560 1.02 : 0.77 : 1 J!_• 75 _: 0.40 : 1 

---
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Figure 1 Schematic energy band diagram for indium antimonide 

(after Herman 1955). 



VARIATION OF WEAK FIELD COEFFICIENT $ 

AND -STRONG FIELD TWO CARRIER COEFFICIENT o.s.. 
WITH q_ 

s 

-1·5 -2 -1·5 .. , -0·5 0 0·5 1 1·5 2 2·5 
RELAXATION TIME ENERGY EXPONENT q 

Fig. 2 Variation of the weak field magnetoresistance coefficient s 
and the strong field two-band magnetoresistance coefficient~ 
(aee section 2.11). 
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$AMPLES A3,83,C3 AND X3 

Fig. ' The orientations of the samples used in the measurements. 
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0·003 Pt. WIRE 
PROBES 

MICARTA ROD 

LEADS TAKEN OUT FROM 

SCREWS AT UNDERSIDE 

o 2 a 4 e mm 

SAMPLE 

2 SMALL SCREWS (NOT SHOWN) 
.____ APPED INTO BASE fOR 

CURRENT CONNECTION 

Fig. 5 Sample holder used in the measurements. 
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Fig. 6 The arrangement of the four probes on eacb sample. 



MEASURING CIRCUIT FOR THE MEDIUM FIELD STUDIES 

SI 

~5 
short 

S3 

K 2 POTENTIOMETER 

Fig. 1 Measuring circuit used for the medium field galvano­
magnetic measurements. 
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Fig. 8 'laSiation in so.mple Ala of the reduced Hall voltage 
10 vHt/IH for current in the [lOO] direction with 
rotation of the magnetic field (4880 gauss) in an 
(001) plane. 
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Fig . 37 Oscilloscope photographs showing the magnetoresistance 
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through the high fi eld solenoid. 
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Fig. 38 Oscilloscope photographs showing the magnetoresistance 
effect (plus a stray component of Hall effect} in an 
indium antimonide sample taken during six Soov 
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independent of energy. 
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