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ABSTRACT

Elestrodeless techniquee for eemiconductor measurements, besed on
the inductive coupling of the semple to coils, are investigated in the
firet part of the thesis. The theory and the experimental techniques of

~ two mein experiments are developed and applied to several semples. The
gooond part of the theeis 1s devoted to diecuseing dimorphic phase trene-
formations in compdnnd semiconductore.

In the firet experiment the sample ie placed in the cors of a solenoid
which ie excited by & eine wave generator. Eddy currentes are induced in
the sample and they eet up a secondary megnetic field which opposes the
primary fileld resulting in a decrease in flux through the core. The result
is that a complex impedance ie¢ reflected into the ccil. The increase in
resistance and decrease in inductasnce of the coil is measured by a Q-meter
technique' and releted to the conductivity for long cylindrical and spheriocal
geometry esmples. Design considerations are discussed, and it is shown
that the optimum frequency to use, in order to obtain meximum sensitivity

. with the Q-meter, will depend on the conductivity of the material. Long-
itudinal and transverse megnetoresistance are observed by applying a statice
magnetic field slong the eppropriste exis of the solenoid.

The secend experiment is a orossed magnetio field determination of the

" Hall mobility. Ciroculeting eddy currents are induced in the sample by s
sinusoidally expited coil and a static magnetic field is applizd slong a
second axis. The static field will rotate the plane of the eé&y currents

through the Hall engle, u, B, the product of the Hall mobility and the
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static field. The effect is the appearance of an alternatlng magnetic
field along the third axis. This field, which at low frequencies 1ie
directly proportional to the Hall mobility, ls detected by a second coil.
The technique is very general and it is independent of the conductivity.
In particular, it may be used to determine the Hall mobility of powders
and liquids to which 1t is difficult or imposeible to attach electrodes.
In the second part of the thesis the compound semiconductor ellver
eelenide is investigeted. The sample could be obtained commercially only
in powder form and hence the electrodeless techniques were essentiel. The
temperature variation of conductivity above and below the phase transitionm,
activation energles, relative conductivities at the phase trensition and
a conductivity-temperature hysteresis effect were observed. Abaoluﬂe
oonductivity values were not abtained because of lack of knowledge of the
radil of the individual powder grains and the Hall mobility meeasurements
indicated that the sample was very impure, electronically spesking, end

hence only impurity scattering wes being measured.
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PART I: ELECTRODELESS TECHNIQUES FOR SEMICONDUCTOR MEASUREMENTS

CHAPTER 1 - INTRODUCTION

Electrodeless techniques for determining the electrical conductivity,
magnetoresistance effect, and Hall mobility of a semiconductor will be
described. The techniques are based on inductive coupling of the sample
to coils ﬁnd have several advantages over the standard 4-electrode tech-
niques. In particular, samples to which it would be difficult to sttach
electrodes, such ss liquids and chemically active substances which might
nead to be kept in a vecuum, inert ges atmosphers, or under pressure may
be studied while in a suiteble container, provided the container is an
insulator. Another important class of meteriales to which electrodes may
not be mttached are powders. They are frequently the initial product in
the chemicel preparation of a new meterial. It will be shown in part 1I
that, although sbsolute conductivities are not obtainables by the electrode-
less technique, relative conductivities at phase changes, temperature
variation of conductivities, activation energies, and Hall mobilities
are readily measured for powders. 1In addition, the problem of making
ohmic contacts, although partly overcome by 4-electrode techniques, is
completely eliminated by these techniques.

The electricel conductivity of a sample is determined by placing the
aemple in the core of a solenoid. The solenoid is excited by a sine wave
generator, eddy currents are induced in the sample, and the secondary
magnetic field set up by the eddy currents opposes the exciting fleld
resulting in an attenuation of the field as it penetrates into the sample.

The eddy currents flowing in the loesy material result in a power loss



which is reflected into the solenoid as an incresse in resistance. The
attenuation of the magnetic field inside the sample results in a decrease
in flux through the solenoid core and hence is reflected into the solenold
as o decrease in inductance. These® resistance and inductence changes ere
measured by a Q-meter technique and are resdily related to the conduot~
ivity of the materiel for epecific sample geometries.

Buech, Wieland and Zoller (1951) have studied the electrical conduct~
ivity of grey tin as a function of temperature using these technigues.
The Q-factor of a coil containing a core of grey tin powder was measured

at frequencies up to 30 Mc. In particuler,

! !
FT) = K(E'—ﬁo).
where K « a conetant dependent on frequency, geometrical shape and dimen-
slons of the conducting particles, but independent of tempersature,

Q,= Q-factor of the coil with sample inside,
snd Q.= Q-factor of the coil without the sample.
The experimenters took care to ensure that during the experiment no change
of particle elze, due to egglomeration, or due to crumbling of individual
grains of the powder, took place. The constant K was not known due to
uncertainty ae to the size of the powder greine, however, since K is
independent of temperature, 0/K can bhe messured as & function of tempera~
ture.

In generel it is not possibdble to obtain absolute conductivity valuss
for powders becauss K cannot be determined. However, in this particular
cago K was obtained approximately by e comparison method. The Q-factor,

Q. of the coil was measured for grey tin (x~tin), then the sample was

heated, allowed to revert back to white tin (A-tin) and the Q-factor, Qs



‘was measured at the same temperature as that of the grey tin. The con-

ductivity of white tin is known by other methods, hence

Ox _ (oo—@.,c)aﬁ

Ovﬂ QO-—Qﬁ aoc

The resulte must be corrected for a decrease in volume of 21% in the
o¢—=+f transition.

The Hall mobility of a semiconductor is determined by a oroseced
megnetic field technique. Eddy currents are induced in the sample by aﬁ
alternating magnetic field. The eddy currents flow solenoidally, in a
plane perpendicular to the direction of the applied magnetic field. A
static magnetic field applied parallel to the plane of the eddy currente
cauaes the plane of the eddy currents to rotate asbout the exis of the
static field through an angle which ie proportional to the product of U,
the Hall mobility and to B, the stetic magnetic field. The secondary
magnetic field set up by the eddy currents perpendicular to their plane
will also be roteted through this angle, the effoct being an elternating
magnetic field along the third exis, perpendicular to both the exciting
and static magnetic fields, and proportional to the Hall mobility. A
coil with center line elong this axis will detect a voltage which is
proportional to the Hall mobility. In the experimentel technique devel-
oped, e pair of Helmholtz c¢bils is used to provide the exeiting field
and a solenoid is the detecting coil. The coils sre mounted between the
poles of a do magnet.

This electrodeless technique for making Hell mobility measurements .
on semiconductors ie beleived to be new and it should prove to be a useful
experimental technique because of ite aedvanteges over conventional tech-

niques requiring electrodes. In addition to the advantages listed under



the description of the conductivity experiment, this technique hae the
very important advantage, which will be discussed further in part 1I, in
that it is the only known general method of obteining absolute Hall
mobility messurements on powders. The reason that the method is valid
for powders is that at low frequencies the resulte are essentially inde-
pendent of the conductivity and the shape and size of the sample but are
proportional to the rotation of tﬁe plane of the eddy curreate which ie
iteelf proportional only to the product u,B. Busch, VWieland and Zoller
(1951) have used de methods on powders to obtain u,, but two experimentel
difficulties are that the current must flow aocrose particle boundaries,
and the current density ie ndt easily defined due to imcomplete packing of
the gramular structure. The electrodeless technique overcomes both of
these difficulties.

Busch, Jeggl end Braunschwelg (1953) have described a two electrode
technique for making meesuremente of Hall mobilities. In partiecular, 7
consider e sample of conductivity ¢, in the shape of a thin circuler
disc. A sinmusoldally verying magﬁetic field B = B, sinul perpendicular
to the plane of the disc will set up circulating eddy currents in the

disc. The tangentisl elecotric field snd current density are,

Eqy = -wr B coswt
2
and J'¢ = w0k B cos wt
2

The magnetic field will also exert e radiel force on the ocurrent cerriere.

The radial force on an electron is,

—CEhz -elv x B



If the charge deneity ie n, then
H € E,’L =ne Vq) BZ

ST, B

2

L 2 : A
S g%fg 60 cos wt sinwt .
Substituting for q¢, and using § = neu,

2 .
E o= uwr B coswt sinut

R b T A Al

.2

¢ Bsinzwt.

= YW
» &
Since no current cen flow in the radiel direction, a potentisl v, vwill

appear between the center end the rim of the diec. If Ty ie the radius

of the diec, then

o)

2
ML = Eﬂyﬂf&f E% sin2wt
8

Hence u = 8 Vm_______”_.

whE BT sinowt

The major adventage of Busch's method is thet the mobility ie obtained
independently of the conductivity. However, it is still neceseary to
attach two electrodes to the sample, end thue the method seems to offer
1ittle adventage over other techniques employing electrodes.

Msteriale with exceptionally high mobilities, such &s indium antimonide,
offer possibilities for obtsining additional information about the Hall
mobility as the product u B cen be greater thsn unity end the phenomena of
magnetoresistence is pronounced. In particuler, the voltage on the détee-
tion coil in the Hall mobility experiment messured ae a function of B will
shok 8 maximum et & value of u B which is readily predicted theoretically.
Hence the value of u, is obteined in terms of the parsmeter B, and independ-

ently of freguency, geometry, size and conductivity.



In addition, various magnetoieeistance experiments may be made useing
the technique described for determining conductivities. The resistance
reflected into the solenoid as a function of B may be related theoret-
ically to the product uHB.17Two particular experiments are described,
one & transveree magnetoresistance experiment in which the static magnetic
field is perpendicular to the plane of the eddy currents end s second in
which the stetic magnetic fleld ie parallel to the plane of the eddy
currents. Measurements are made on & single crystal of indium antimonide

and the results sre compared with theory.



OHAPTER 2 - EXPERIMENTAL TECHNIQUES

2.1 Eddy Current Losses in e Solenoid Qore

(a) Genersl Techniques. The sample, aseumed to be of uniform

oonductivity and permeasbility, is pleced inside a solenoid. The solenoid
must be longer then the sample so that the exciting magnetic field is
uniform and sxial., A simusoidal voltage generator ie connected acrose
the solenoid end the resistance and inductance changes reflected into
the coil by the sample are measured by a Q-meter technique. The change
in resistance is related to the condﬁctivity of the material for two
special ocases in appendices A and B. Conductivities are measured as a
funoction of tempereture by placing the solenoid and sample in a tempere~
ture controlled oil bath.

The formulse for the change in resistance and inductsnce of a
solenoid due to a long cylindricel sample of radius r, end length 1, are
given for the two limiting cases asa:

4
(1) low frequency limit (wc‘/Jo)2 r, =br €4,

ol g (bro)
wl, < g7
Al Kelbr)?
and L. - - 96 ?
2
W2,
where K( = ;E?I: ;

end r_ = radius and 1, = length of solenoid.

(41) high frequenoy limit br_ 2 10,

AR _ 7 Ke
w Ly brs

’

(a19)

(A18)

(a13)

(A22)
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JA

and T (a21)

,_
H
|
>N
[a]
i
gls

The general formulae for AR/vL, (A16) and AL/L, (A15) as a function of
br, are plotted in Fig. 1.

The formulae for the change in resistance and inductence of a
solenoid due to a spherical sample of radius r, sre given in the low

frequency limit br, <= £ by:

2 .
&R =k gl (B7)
1+
al _ _y (br)
and —E; = KS 105 3 (B6)
3
where K, = E;FQT (B8)

(b) Meamsurement of AR and AL. The changes in resistance and

inductance of the solenoid ere measured with a Q~meter. Let L, and R,
refer to the inductence ond series resistance of the solenocid. Then
Q. = wL,/R,. 8imilerly let Lg, Rs and Qg refer to the same quantities

with the sample in plece in the core. Then

AR = R,— R,

f

Wl (52 -5) (1)

[
Ql, &

No éommercial G-meter of the necessary fregquency range wes avail-
able. Consequently an improvised Q-meter wes deeigned. Two circuites,
the perallel tuned and the series tuned, were considered:

(1) Parallel tuned (Fig. 2a)

. |
Now I = E(JLUC + W),
) £ 2 R2+LU2LZ
h —_ = .
onoe II (v=w*L )+ (WCR)”
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Q- METER CIRCUITS

(&) PARALLEL TUNED Q-METER &7
I,
o OH——
:
RG : L | 1
7 —>| T ¢
'
& Co : R
|
= '
(b) SERIES TUNED Q-METER
Re L R
A T T —MWMA—
3 Ex
R,
h e

1

N
A S U I
I
1
o

R << R, R,

(c) SERIES TUNED Q-METER WITH SHUNT CAPARCITANCE

L R
— TN —— MV
] +
Z—> EL CS C%r% E
-



If (gééﬂi=(]2)£>l, ‘%%l has its maximm very close to the

condition (UiLG = 1,

Thus (Q = UJoC lé%l,
or Q= w‘oL \‘%‘l (2)

(11) Series tuned (Fig. 2b)

At resonsnce, thet is when LquO = ] and for Q > 10 asy,
EC:_EL and ER: e.
Hence Q = E%%L = —%; . ' (3)

A ocomparison of the two clircuits shows that the input impedance of
the parellel tuned cirouit, w, 1Q, mey be quite high meking it difficult
to supply a constent ocurrent. If the current ie not kept constant, I
muet be measured and this is difficult if no suitable emmeter is avail-
gble. On the other hand, to supply a constent voltege to the series
tuned circuit requires only that r<<R. The series tuned oircuit was
chosen and in practice the constant voltage condition was not essential
eince e and & were easily measured with vacuum tube voltmetere. .

The effect of the stray shunt capacitence C. of the coil is to
lower the apparent Q. Refer to Fig. 2¢. The 1nput‘1mpedanoe of tge
oirocuit |

’ 7 = ]ZZR: + JUJC;I+ {
R+jwl
1 =wrl(C+C) + jwR{C+ )
‘ch{. -wilC +jwCR}

Now |z‘ hes a minimum very close to the condition (Ufl&c + 0.) =1,




FIGURE 3
Q-METER CIRCUIT DIAGRAM
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Hence £ CECS w}LIC + jwCR -
But wC,R << W, LC,
thue £ _ _ wek C

€ jwCZ — R TG
Hence Q = &J_FQ{L = _g_ C‘C‘CS.

The Q-meter wes conetructed as follows. A Shaste Model 30lA slne
wave generator esnd two Hewlett Packard Model 400D, vecuum tube voltmetere
were connected as shown in Fig. 3., The values of the circuit elemente
are as shown. The frequency range available with this generator was 10
cps to 1 Mo. In fixing the values of thé circuit elements it is desirable
that certain conditione be met. Pirst of all, r << R makes o independent
of R. Secondly, a frequency should be chosen so that the tuning capaci-
tance C ie lsrge compared to C;, the stray capascitance of the coil, and to
the combined capecitance of the connecting cable and the internel ocapaci-
tance of the vacuum tube voltmeter messuring £ . The minimum velue of C,
eay C = 500 pf limite the maximum inductence of the coil. Thie point is
considered in the next section. All leads are shielded to minimize the
pickup of etray 60 cps redietion.

If AL 18 negligible, then C may be fixed at a convenient value
and the frequency varied until resonance is obtained. However, if AL
is non~-zero, then C must be a calibrated variable capacitor so that the

circuit mey be retuned end AL measured when the eample is added.
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(c) Design Considerations. The physical dimeneions of the semple

are usually fixed by practicel considerations. The solenoid is then
made slightly bigger so that the sample may bs placed inside. The next
questions one asks are what frequency should one use snd what value of
inductance should the coll have in order to obtein the maximum observ-
able effect.

The firet deeign criterion is that for good sensitivity one wishes
Qs = Q,/2 eay, where Q. = Q of the coil with the semple and Q,6 = Q of
the coil without the sample. This means that aR2 R, , where R, is the
resistance of the coil. For good quality coils, Q, is approximately
independent of frequency. Applying the criterion that AR = R, and assum~
ing that Q_ is constent one obtains useful design formula for minimum
and meximm frequency limits for a meteriel of given conductivity. The
oylindrical monocrystel is considered.

(1) Low frequenoy limit br_ = (wO‘/ao)Ji r = 2,

vhere r, = radiues of the cylindricel sample.

The change in resistance of the solenoid is,

L (b
wL, — e & 7
L
where Kc = %‘% )

and r. = radius end 1. = length of solenoid.

Requiring that

AR s R _
wl, wlt, = Q.
AR ]
gives I = R. — K, ch%}i) ’

(A19)

(A13)
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RANGE OF CONDUCTIVITIES MEASUREABLE WITH A
COIL OF Q-FACTOR Q, AS A FUNCTION OF FREQUENCY

[ JC4

K.,c0.50 n,=10¢cm.

j0°L | | \ / ,// %/ R

N / /

&£, (a°=100)/
Yy

AraY
Yy

cF, <a.,=50)>\

REGION IN WHICH MEASUREMENTS T
WAY BE MADE L/

0 (mho m=')

of. (Q,=50)

/
77/,

fo o
& (€=10€)

\
ol ///////;

£ (Mc. sec."')

n /

10 0~ i




12

— 8
or foo = 2T RF R4, (5)
where £ = low frequency limit.
(11) High frequency limit br, * 10.

The change in reeistance of the solenoid is,

AR 2K

wly b, (A22)
Requiring that 5{1 2 cuRl:, = —('.)2—0 ,
glves | = QRBO =i_2_beoQg,
or ﬁO\ = T_I%E%:z \ (6)

where fH = high frequeney limit.

A pecond design criterion is that the ¢ of the coil should be es
large es possible in order that the lower and upper frequency limits mey
be extended. Thus it would be poseible to study a wider renge of conduct-
ivities with the same coil. A high Q requires in genersl that L, the
inductence of the‘éoil, be large. The minimum velue of the tuning capaoci-
tance, O , of the Q-meter limits the maximum value of the inductence to
LM’ assunming that the frequency is fixed at f, by other considerations.

C,., is fixed by the requirement that the tuning capacitence be large

compared to C;, the stray capacitance of the coil, and to the combined
capacitance of the connecting cable end the internal capacitance of the
vacuum tube voltmeter measuring €. The radiue r. and length 1  of the

solenoid are aleo fixed by the eize of the semple. Hence

LH:/JONI—:_&)—Z—C;\’ (7)

glving My = 21T'fz¢10 (/“ grcC Y' ®
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88 the maximum number of turns on the solenoid.
A limitetion, epplying in pertiocular to low conductivity meterials,
ie the requirement that the displacement currents be negligible. Now

conduction currents sre proportionsl to ( aend dieplecement ocurrente are

proportionel to w€. Hence if one requires that E%ﬁ £ 1/100 say. Then
.fE z o _ {80
C - ZooTeeE = e, (Mecmnm, (9)

where € = reletive dielectric constant of the ssmple end f, = high
frequency limit due to displecement currents. The results of this section

are summerized in Pig, 4.

(d) PFrequency Rangs. Maximum sensitivity will be echeived when the

fractional change in resistance,AR/R is e maxirum. The reeson for this
meximum ie seen by coneidering the two competing factors. At low frequen-
cles the exciting magnetic field is uniform throughout the material eand
the eddy currents increese linearly with redius and frequenocy. At higher
frequencies, that is when the penetration depth 1/b = l/éugﬂa becomes
emall compared to the physical dimeneion r, of the semple, the exciting
fleld is attenuated as it penetrates into the sample and hence the eddy
currents are concentrated in the surface, ageln decreasing AR. The
veriation of AR/wl,end AL/Q,;ith frequency are shown in Fig. 1 for the
long monocryetalline cylindrical semple case.

The low frequency region eppears to be the most desirable one from an
experimental viewpeint since the eddy currents sre distributed more uni-
formly than in the high frequency region. A disedvantage of the high

frequency region is thet the current is concentrated in the surface end
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hence any surface irregularities, chemicel layers asnd other inhomogene-
ities will effect the value of (. A further purely experimentel die-
advantage of using the high frequency region is that AL must be measured
in addition to AQ, thus incressing the sources of error. Considering
the factors mentioned above it was decided that the beet frequency to
use would be the one which made br, = 4. Here AR is e maximum under
the conetraintes that AL/L < 1% and thet the low frequency formule for
AR be accurate to better then 1%. This frequency will be denoted by £,

wvhere [

° BMMO AT

(10)
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2,2 Qroesed Magnetic Field Hell Mobility Measurements

(a) Theory. Consider e spherical semple excited by an slternating
magnatic field B,,. Oirculating eddy currents J, are then set up in the
sample in the x-y plsne, as shown in Fig. Sa. A static megnetic field B,

ie now epplied. The force on the current cerriers is,
F = q\( Vo x E& )

and the current density in the x-y plane is,

jz) == r1q‘v,
where n = density of ocurrent cerriers. Hence
\]—¢XBK= nF

—

= naqg t eff.

The component of current along the z-axis is,

T

I

r'ibuH‘E:fﬁ

= uHJcbX_B-:
= U Bl csd .,

where z, is & unit vector. Note that J, 1s a maximum where it crosees the
x-axie and zero where it croeses the y-axis. Hence the eddy current
planes are in effect turned through en engle tan u B,. The difference

betwsen the internsl and external magnetic fields, B, . - B, will also be

2l
rotated through the Hell angle tan uB,. The result is a component of

megnstic field, B , slong the y-exis, where B = uB (B,; - B;,). This
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field is detected by a coil placed along the y-sxis end the Hell mobility
thus obtained.

A rigorous derivation for E’in the general case is given in eppendix
E, part 3 ueing the conductivity tensor derived in appendix D. The
conductivity tensor was derived undqr the assumptions of s velocity indep-
endent relsxation time, 7 , end thet 1/m is a scalar. Refer to Fig. 5b.
The resistance reflected into coil 2 when the eample is excited by coil 1
is calculeted in the low frequency ligit br = 0”67%jt€3 < 4, for two

special cases:

(i) A cylinder of radius r, end length 1, , where 1 >> r gives

Ro, = Wbl o m, P L) v Be
' He : | +(u, B (£29)
and (11) a sphere of radius r, gives

R -———————-L“<br‘° ( m m, ‘fTrn _UeB .

21 4 /’( ) ‘ '-f(U‘H B))Z (E}O)

where n, = number of turns/m on coil 1 and n, = number of
turns/m on coil 2.

With reference to Fig. 5b, R = (/1 , if 1, = 0. Aleo

| ﬁl *ju)l_' )
and if Q> > 1, then
. - E|
L= J‘ml : (13)
— E: L
Hence Rz, = —= Wi, (14)

and for the two cases:
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(1) A cylinder gives

& _ (br) pommTrrl  u, B, (15)
£ T L, It (U, B

and (ii) & sphere gives .
§h:(Mf uunml%rﬁ,un& ) (16)
&, 20 7/ L, b+ (U B> '

A further extension of the theory makes it poseible to make measure-
ments independent of the parameter b and independently of the size eand the
shape of the sample at low frequencies. Hence the conductivity need not
be known. 1In partiecular, if R 1s the resistence change reflected into

the exciting coil, ae given by (E22) end (B23), then

R, = R,. M _WeBo (17)
m,1 o+ (u, B4

ueing (E29) and (E30). Thue on combining (13) and (17),

e

&_ R om WBle (18)
al (‘UL‘ m, l +(un &)72
Now — Lo(-L — (1)
R=wb (g~ @)
vhere Q,, is the Q of coil 1 with the semple eand Q,, without the sample.
Pinally, £ _ (_I_ ~ _u_) m,  _WeB)o (19)
&\ Qs Qu/ m T+U.BTA
I R22 , the resistance reflected into coil 2 when used ae the excit-
ing coil, is messured, rather than R, , then
Ry = Ry .M . (B (20)
my, t+(u,B,0%
glving & - R m (UBJA (21)

E, wlL, M, | + (UH Bx)z/Z ‘
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Now ARZ?_ — LUL2<

G G v

wvhere Q,, is the Q of coil 2 with the sample &nd Q, without the sample.

Finally, €& _ (l | > mls (wBJe (22)

_ET —ng N —@71 m, Ll . | + (UH Bx)L/Z

(b) Deeign Considerstions. Consider the design of an experiment to

messure the Hell mobility, u,, of a cylindricel semple in the low field
2
region vhere (u,B)<< 1. 1In particulsr, the most useful formula for

experimental work is,

_g_l. — l _ _l_ . mll_z . (“H B\)/Z 22
El - (@Sl Gog) mLL' ‘Jr(UHB;)Q/g ) ( )

where coil 1 is the exciting coil and coil 2 is the pickup coil.

One requires that the pickup voltage, fé, be s maximum in order to
obtain greatest sensitivity. This requirea thet B , L,/n;, &n./L, and
1/Q¢, - 1/Q,2 be a maximum. The physical size of the eemple will be
assumed to be fixed at radius r_ end length 1, by other considerations.
The following limits to the pearsmeters can then be set:!

(1) br, = § is the largest value et which the low frequency epprox-

imation is eccurate to better than 1%. Thus at

1

f. = BTO Mo et (10)
aR (L (1)
wi, ( s2 &02)

is 8 maximum,
(11) By 1s limited to approximstely 0.6 W m by the design of the
_ magnet and by the size of the sample.

(1141) L,/n, o< n,Vc,, where V., = volume of coil 2, is limited by the
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shunt capacitance C, of coil 2. If coil 2 resonetes at freq-
uency f, due to C,, then one would require that f, = 10f sey.
Now C, includes the intermal cepecltance of the vaouum tubé

voltmeter end of the connecting ceble and will be of the order
of 50 to 100 pf. Hence if the minimum volume of coil 2 which

will hold the semple is V., then,

! ]

L, = /.,(o m: ch =

Wz C, — 100wz G,
But f =1
870 fhe ht
glving Ne my — 20/1.,2( Mo >?-’
5 Ca Vea

as the maximm number of turns/m.
(iv) The meximization of E,n‘/L‘oc E4—L: Coneider the cirsuit in

Fig. 28. At resonancs, Z = QWL,.

Hence _E_, — (.uL.Q.
ea RG + LUL. G‘ !
giving E. m, oC w "f—[—: Ql .
L. RG + LUL‘G,

which is maximized when

fe
wQ,

corresponding to en impedance matoh of the generator to the

L| opt. ==

turned inductor,
Note thet n, ie defined as the equivalent number of turns/m on &

eolenoid producing the same field. In particuler, for a sclenoid
B' = //Lo m' L‘ L}

while for a Helmholtz pair, the field st the center ie,

(10)

(23)

(24)



B — ¢ L&N I | , (25)
o = o {n(zua‘)@mal}

where 21 = length of side of esquare coil,
2e = geparation of the two coils,
N = turne per coil,

and i = current per coil

Hense m = 4N, Q . (26)
» T (fP+a*) 2>+ a?

Now n, will be constent only in a region near the center of the Helmholtz

psir and hence the sample should be small enough so thet it ie contained
in this region.

Large error signels will be detected if the éxoiting and pickup coile
are not precisely perpendicular. Hence it is perticularly important that
the coils be asdjusteble in order to achieve thie condition. In particuler,
i1f the coils ere out of perpendicular by en angle O, then the error signsl

will be, E
e

wbB,, AN, sinb
= wBy n,V,sin6
= {wluemm, Vea ) sing, (21)

vhere vCz = volume of coil 2.

Now £,= 1 AR,,

- w lbr)u 2 | |
[ W ’fé ( HB,)(/xom,mlTTLho). (E29)

for a cylinder at low frequencies, (br, < §), end for low fielde such

thet (u B )<< 1. Thus,
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Ee _ Vi, 16Sine (28)
£ Ve u, B, (br,)?
where the volume of the semple, V. = I R: lo.

2
If say V., = 2V, end (br ) = &, then

e % 5ind
£, u, B,

Now for emell angles einf = f rad = 90/57.3.

Hence e _ 100" (29)
t, Uy B

- . -2
Consider a typical material with u, = 0.10 o’ V' sec’ and B, =0.5Wm.

It is seen that an angle of O = %a resulte in an error eignal Eé= IIE2
and that the seriousness of thie type of error increeses with materiels
of decressing mobility.

A source of error can be resistance asnd inductance changes reflected
into the coils from the poles and freme of the electromagnet. If the
Helmholtz coils, solenoid and sample are centered accurately between the
magnet poles the resistance changes reflected into the coilas by the
induced eddy currente will cancel by symmetry. It should be notsd that
these changes can be a function of B because of the varieble permeability
of the steel pole pieces. In particular, a 1% change in resonent frequency
of the Helmholtz pair was noted when the field was increesed from O to 0.5
W nf%

Another source of error is electrostatic coupling. The pickup coil
mey be electrostatically shielded by enclosing it in a grid of orthogonal

non-intersecting wires. They are connected to a common ground only at one

point so thet eddy currents are not set up around the grid.
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(c) Description of Apparatus. The stetic megnetic fielde were

produced by a Newport Instruments Type A Electromegnet. The electro-
magnet wes controlled by a Verien Assoclates Model V2300A Power Supply
end Model V2301A Current Regulator. The mild steel pole pieces were 10
cm in diameter and the epacing was continuously adjusteble from O to 11.0
cm. The maximum continuous allowable current per winding for the electro-
megnet was 4 emp. These windings were connected in eeries since the
meximum current available from the power supply end regulator was also 4

emp. Some useful maximum field and homogeneity data is given below.

F;ir gap| Fleld etrength ? Approximate radial Approximete radial
(em) at meximum rated ; distence from center| distance from center
. current of 4 emp . at which field falls| at which field falle
per coil (W n?) off by 1% from off by 10% from
centrel value (cm) centrel value (cm)
10 —— 1.5 3.5
> 0.56 2.4 4
3 0.77 — —
2.5 0.87 3.6 4.6
2 0.97 | —-—— —

The static megnetic fields were messured using a Radio Frequency Lebore-
tories, Model 1295 Gaussmeter. Its range is 0,01 to 2 W m%in 9 ranges
and it hes standard msgnete for calibration.

A pair of Helmholtz coils were built around the pole pieces and a
solenoid was mounted on the frame of the Helmholtz coils, centrally bet~
ween the coils and the magnet pole faces. In particular, the Helmholtz
pair were rigidly mounted on e wooden frame, the geometry of which ensured

o}thogonality with respect to the static magnetic field. The solenoid
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was suspended from the top Helmholtz coil by 2 adjustable brass bolts.

The axis of the solenoid was perpendicular to the axes formed by the lines
joining the centers of the magnet poles and the centera of the Helmholtz
coila. The adjustable bolts enabled one to obtain a null signal on the
pickup coil with the static field zero. Brase rather than steel fasteners
wore used throughout to minimize field distortions.

The Shesta sine wave generator and the 2 Hewleti-Packard vacuum
tube voltimeters mentioned in 2.1b were used. Two‘2 ft lengths of RG58A-U
coaxial cable joined the Helmholtz pair, connected in perallel, to a
vacuum tube voltmeter and the sine wave generator. A gsondensor box wae
connected across the generator and the circuit was tuned for parallel
resonence Lo acheive maximum power input into the coile as indicated by
a maximum in &,, the voltage across the coils. The coupling between
the Helmholtz pair was negligible. ;

A third 2 £t length of RG58A-U connected the pickup coil to the
sacond vacuum tudbe voltmeter. The Helmholtz pair, the solenoid and the
coaxial leads were connected to a common ground near the solenoid.
Shislded leads were used wherever possible to minimize stray piekup,

such as 60 cps.
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2.3 Electrodeless Magnetoresistence Measurements

When the product u,B becomes comparable with or greater than unity,
the phencmena of magnetoresistence is pronounced. Two speciel cases will

be coneidered.

(a) Trensverse Magnetoresistance. The exciting and static magnetic

fieolds, S;o and By, are parallel, resulting in the static field being
perpendioular to the eddy current plenes. B, will exert a radial force

on the current ceusing it to concentrate in the outer or immer layere of

the sample, depending on the signs of ﬁ;o and B;. Hence if the resistance

reflected into the solenoid by the samplé ie measured it will decrease
with increasing B;. In particuler, two cases have been calculated for
the low frequeney region, br, < ¢, aessuming constant 7 and that 1/m 18
e scalart

(1) A cylinder of length 1, and radius r, givees,

oR _ oy (bn) |

wlo ¢ 8 1+ (uyBy)?
where - h:I‘

KC h(’i.xc

and (41i) a sphere of radius r_, gives,

AR K (br)’ !
wl, >0 1 +(ugBy)?

3
where Ks = A4l

3h .
The design oriteria for a suiteble coil and a Q-meter to measure

OR(B,), ere the seme @s in 2,1, However certein preceutions must be

teken because of the following difficulties. Pirst of all, it is

(E11)

(E13)

(E14)

(m16)
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posslble that eddy currents will be induced in the magnet pole pileces and
hence reflect s resistance into the coil. This effect would also be a
function of B, since the permeability of the steel ie a function of B,,
\and it is best eliminated by messuring the Q of the coil as & function

of B, both with and without the sample. The solenoid is set up in a
suitable non-metallic stend with exis elong the line joining the center

of the two magnet poles.

(b) Mixed Magnetoresistance. The exciting end etatic megnetic fields,

~

B,, and B,, are perpendiculsr, resulting in the static fisld being parallel

to the plane of the eddy current. Hence B, will cause a rotatlon of the
eddy current planes as explained in 2.,2. The x-component of the eddy
currents will be unaffected, whereas the y-component of the eddy currents
i1s decreased and a z-component appears. These results are derived in
appendix E, part 3. The z-component has no effect on the exciting solencid
since there is no effective E;. Hence if ihe resistence reflected into the
solenoid is messured it will decrease with increasing B+ In particuler,
two cases have been calculated for the low frequency limit, br, £ 5,
assuming consteant T and that 1/m ie 8 scalar:

(1) A cylinder of length 1, and radius r, gives

AR K (br) |+(UHB,)Z/ZQ

(,—U_L—o T c 8 Y (U,. Bx)l
where K, = no L, . (E13)
e
end (i4) a sphere of radius r_ gives
R 2 2
AR g, (br)™ 1+ (uy BQ/ZZ | (523)
wio 10 b+ (U BY)
3
where K — % ho ) (E16)
S

= ST

(E22)



The remarks concerning experimental difficulties in (a) apply
again here. However, the effect of the eddy currents induced in the pole
pieces will be much smaller since the solenoid axis is orthogonal to the
line joining the centers of the pole pieces. If the solenocid is set up

symmetrically between the pole pieces these effects should cancel.



27

CHAPTER 3 - EXPERIMENTAL RESULTS

3.1 Conductivity Measurements on Graphite

Conductivity measurements were made on commercial graphite by the
eddy current technique of 2.1 and by a 4-electrode technique. Thus it
was possible to check the accurescy of the electrodeless technique.
Graphite wae chosen because it was easily obteined in the form of a
long solid homogeneous cylinder end eecondly because ite conductivity
is of the same order of magnitude as that of the silver selenide salt
discussed in part II. The sample of radius r, = 1.0 cm and length 1, =

6.1 cm wes prepared from the cylindricel core of a &-volt dry cell.

(a) Blectrodeless Technigue. The conductivity is given by (1) end

1

(A19) in the low frequency limit br,

I O S
C=%lg GJ’

4
zy 88

where K == ——-ﬂ;—~ —
. v Tr/uo;z,,’- Ke '
ho L
and KC = -——1%—iL
' e [c

The radius of the solenoid r. = 1.3 em and the length of the solenoid
10
1_ = 10.3 cm. Hence K, = 2.9-10 mho m™ sec . The Q-meter described

in 2.1 and Pig. 2b and 3 was used to measure the Q's.

Experimental results:

£ (ke) 1/q, 1/q, ¢  (mho m™) br,
22.7 5.11:10° 6.58+10° 1.9:10" 0.23
128 3.11x10% 12.02>10°* 2.0x10% 0.56
197 0.15*10 13.35x10” 1.75-10% 0.66

(30)

(31)

(A13)
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(b) L-Eleotrode Technique. The standard method in which the current

electrodes ars attached to the ends of the sample and two potentiel probes
are placed along the sample was used. This method eliminates the errors
due to contact'reeisténce and rectifying contacts inherent in a 2-electrode
method. The ends and two narrow bands on the sample were painted with
silver paint in order to obtain good contact with the electrodes. Now

‘:R—_—-‘——{—?‘_— (52)
The O :

<=l

where r_, = 1.0 cm, end the distance betwsen the potential probee 1, = 5.2

cm. Hence

0 = l.ééYIOZ% mho m™!
Experimentel results:
£ (ko) E (av) I (amwp) G (mho m')
0 6.90 1.00 2.&-10::
0.1 20.2 5027 207'10
1 23.3 3.60 2.6«10;*
10 10,0 1.57 2.6%10
20 6.85 1.00 2.4>x10*

The discrepancy of 24% betwesen the average results obtained from the
two methods 18 considered satisfactory because of errors inherent in the
electrodeless method. In particular,

(1) Fringing of the exciting field, due to the long eolenoid approx-
imation not being satiefied, results in too low a value of observed CT,
end (ii) Disruption of the eddy current patterns at the ends of the
sample, an error which would decreesse as the length to radius ratio of
the cylinder was increassed, would also result in too low a value of

observed q.



3.2 Electronic Properties of N-Type Germanium

Conductivity and Hsll mobility measurements were made on a single
crystal of n-type germenium to illustrate the techniques described in 2.1
and 2.2. The cryetal, while somewhat irregular in shepe, was asaumed to
be epherical for purposes of ocalculation. In addition, the crystal was
purer at one end then the other and hence ocontained impurity concentre-
tion gradients. Thus the conductivity and mobility would be a function of
position. However these effeots are not calculable end it was assumed
that the theory gave average values for the conductivity and mobility.

All meesurements are made in the low frequeney region bg} = (u)nyJ&ro <3,
where r, is the radius of the sphere.

(a) Conductivity Measurements. The conductivity 1e given by

_ K, ) ]
T = T(—." @Q)’ (30)
where K, - ——1—9-—1— ¢ (53)
2 llo Mo Ks
_ 4k
end Ke = SRE (B8)

The Q-meter described in 2.1b and Fig. 2b and % wes used to measure the
Q's of the coil.

Experimentel deta: r, = 1.2 cm and K, = 0.47, giving K, = 1.9x10" mho u™' sed]

o] ’

W TS () mes

The Q-meter readings at £ = 690 ko ere 1/q, = 0.126

and 1/q, = 0.0124, Hence 0= 3.1x10° mho ™\




(b) Hall Mobility Measurements. The Hall mobility ie given by

Uy — ZVa ma. L, Qoz. Gsz
H = . . )
V| Bx m) L?_ GO‘L‘ Qsa

(22)

for (u,B, )<< 1, the quantities being defined in detail in 2.2e and Pig. Sb.

The apparatus and procedure wes as described in 2.2c.

Experimental data: L, = 7.5uh n, = 40 turns m
L, = 15 uh n, = 7.7x10 turns o'
£ = 500 ko B, = 0.10 W m™~
V, 3103 v vV,= 6.51 mv
Q,= 111 Q.= 10.9

-t

Subetituting the above data in (22), one obtains u, = 0.12 n” v sec.

Aleo of interest 1s the donor density

23 3
Ny = 0 - 1exio m
Uy €
The experimentelly determined value for u, may be compared with the

value given by Prince (1953). In particular, for Ny = 102'3 m.5, he quotes
u, = 0,20 n® v sec and up/u, ¥ 0.9, giving u, = 0,18 o v.| sec-'. The
agreement betwsen the results is setisfactory because of the large errors
poessible due to the irreguler shape of the sample and the non-uniformity
of N, through the semple. These errors are most serious in determining

the conductivity and hence indirectly in obteining N..
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3.3 Electronic Properties of N-Type Indium Antimonide

Conductivity, magnetoresistance and Hell mobility measurements were
made on a single crystal of n-type indium entimonide using the electrode-
less techniques of 2.1, 2.2 and 2.5 end by de¢ 4-~electrode techniquee. The
exceptionally high electron mobility of indium antimonide made 1t possible
to acheive experimentslly, values of u,B>1, and thue the phenomensa of
megnetoresistance wes pronounced. The sample was irregular in shape and

was approximated by a cylinder for purposes of caloulation.

(a) Gonductivity Messurements.

(1) Electrodeless Technique. The method end apparatus are described

fully 4n 2.,1. In particular the conductivity

_ Ko |
o=l - &l (30)
vhere ‘ K, — '_07__'!;[_6 (31)
T ho' L,

Nowr_ =16 em 1. = 3.0 6m r, = 0.50 cm end 1, = 2.7 cm, glving
K, = 4,6:10 mho m™ sec’. The Q-meter readings et £ = 264 ke are

~l
Q, = 27.9 end 0, = 39.6. Hemce O = 1.8x10" mho m , end br, = 0.96.

(14) DC h-Electrode Technigue. The seme technique as desoribed in 3.1d

was used. Hence f I
1

= —_—

Ae
where A = 1.0 c.m2 and the distance between the potential probes 1, = 1.;] cm.

Thus 0 = 1.7x IOZ_]E:_ mho fm—'.

Experimental results gave €= 7.8 mv for I = 1.0 amp, gilving

4 -
§ = 2.2v10 mho m -




Facing Pagc 32 FIGURE &

TRANSVERSE MAGNETORESISTANCE CURVES

. = \J\L\o\\o\
0a bk ﬁ)
THEORETICAL
08 (CONSTANT MFPR)
07 EXPERIMENTAL RESULTS
ON InSb
06 +
05
THEORETICAL
04 t+ (CONSTANT T)
bO
S
03 F
o Jr AN
{ | i i
0.40 0.60 0.60 1.0 .2 1.4 .6 1.8 2.0



32

(111) Discuesion of Results. The agreement between the results 1ie

satisfactory because of the errors inherent in the electrodeless method,
as mentioned in 3.1, and beceuse of the irregular shape of the sample.

i

In particular, r

~» the radiues of the cylinder, cen oﬁly be estimated to

* 2%%. Another error is due to masking the measurements at & frequency
such that br, = 1, resulting in an error of 4% in the low frequency

formula.

(b) Magnetoresistence Measurements. Two magnetoresistance experi-

ments are mede.

(1) Transverse Megnetoresistance. The static magnetic field B,, ie

perpendicular to the plene of the eddy currente. The procedure and appe-

ratue were described in 2.1 and 2.3. In perticular, one measures experi-

mentally AR(Ba) L (1
wl, o Ql Go
whereas theoretically, AR __ o .
wl, b+ (Uy B
where aQ = (th? nfla

8 ThH.

In Pig. 6, the experimental date l/Ql - l/QO is plotted againet B,, and
T;Tgiﬁiﬁiia plotted against u,Bs. It is seen that the experimental
results do not fit the theoreticel curve which wae derived on the baslie of
a constant mean free time, " , between collisions,

The Lorentz-Sommerfeld theory of conduction based on the assumption
of a constant meen free path will be considered for comparison. Wilson
(1954) gives a curve for ( versus u,B for the transveree megnetoresist-
ance effect. The sssumptione sre free electrons in one energy band,

acoustic lettice ecattering, constant mean free path and clessical statistics.
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These results are plotted in Fig. 6 for comparison with‘the expsrimental
results and with the constant 7T theory. The theory is extended to a
two bend model for indium entimonide by Fischer and MacDonald (1958),

_but the results are not required here since the sample is n-type and hence
the conductivity is predominantly due to electrons since um>E>ur.

(44) Mixed Magnetoresistence. The static field B,, ie parallel to the

plane of the eddy currente, hence the reeistesnce ie a mixture of one-
half trensverse megnetoresistence and one-half longitudinel megnetoresist-
ance as shown in appendix E, part 2. The procedure and apparatus were

deseribed in 2.1 and 2.5. In perticuler, one measures experimentally

a8 - (4 - &),

ae in (1), while theoreticelly

2
AR _ o 4 (uwB)Y2 (22)
wl I+ (U, Bg)?
2 2
where a —= (bgo)_ }I::lf: .

In Fig. 7, the experimental data, 1/Q = 1/Q, is plotted ageinst B , and
aiﬁ%ﬁ@%%%iﬁ plotted against u B . It is noted that the theoretical AR(B,)
s;:;&;;ee at AR(0)/2 while the experimental velues appear to Reep on
decreasing.

The constant meen free path theory will eslso be considered for compar-
ison with the experimental resulte. Now the totel resistance measured
will have equel contributions from the longitudinal end transverse compon-
ents. Hence the curve given by Wilson (1954) for the transverse effect

may be used. Glickemen (1957) states that there is no Hall effect and no

magnetoresistance in the longitudinal case as long as n' end T are isotropic.
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The curve showing the combination of these two resulte is plotted in Fig. 7.

(111) Disecuesion of Results. The experimental transverse magnetoresist-

ance results agres very well with the theoretical constent mesn free path
curve indicating that the mean free path hypothesls ie satlsfied. Note
thet theorstically ae uHB;~aO, 6}?2)&»0.868 for spherical energy surfaces
and constsnt mean free path.

The experimental mixed megnetoresietence results agree with the conestant
mean free path curve theory at values of u,B < 1. The constant meen free
path curve saturates st a value of (G, = 0.934 assuming sphericel energy
surfaces. However, for u B > 1 the experimental curve decresses repidly
end falle below the constent T curve which eaturates et O/G, = 0.50.

Glicksmen (1957) commente on the megnetoresistance at strong megnetic
fields. In the limit of infinite fields, the magnetoresistance is
expected to saturete, the saturation value depending on the form of the
relaxation time and the energy surfaces. The saturation longitudinel
magnetoresietance is independent of the energy dependence of T and can
directly provide information on K, the isotropy factor. For.spherical
energy surfaces K = 1, and the longitudinal megnetoresistance is zero.

The saturation transverse magnetoreeiotance,07ﬁg, mey be much larger

. than 9T/32 ('[a:energy‘ﬁ) for sphericel energy surfaces end does depend
on the energy dependence of T . For exemple, 1f ‘Tx(energy)%, the value
of 9r/32 becomes 97/96. It is also noted thet the saturation values of
magnetoresistance are-independent of the Hell mobility.

Dreeselhaus, Kip, Kittel and Wagoner (1955) have obeerved cyclotron
resonance in a single cryetal of indium antimonide at s frequency of about
24,000Me. One resonsnce line observed at low field strengths corresponded

to en effective mess m” = (0.013 * 0.001)m, and the resonance was isotropic
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under rotation in a (100) plane, to within experimental error. It is
inferred from the isotropic mass that the resonance is associated with
coﬁduction electrons. Preliminery observations on two resonance lines
with heavier masses m* = 0.18m and m” > 1.2m, end which show enisotropic
beheviour have been made. It is suggested that they may be associated
with holes. Hence for n-type indium antimonide it appears to be just~
ifieble to teke K = ],

The experimental mixed magnetoresistence curve at high fields
cannot be explained besauee it does not appear to saturate. The long--
itudinal maegnetoresistence component should be zero since the esssumption
K = 1 is satisfied according to Dresselhaus et =l (1955).‘ In addition
the trensverse magnetoresistance curve of Fig. 6 appeare to fit the K = 1,

4
T oc(energy) 2 assumptions.

(e) Hell Mobility Meesurements. Hall mobilities were msasured by

the electrodelees technique and by & de¢ 4~electrode technique.

(1) OCrossed Megnetic Field Technique. The static field B,, ie perallel

to the plane of the eddy currents., The procedure eand apparatus were

described in 2.2, In particular,

1% (l ~ 1_)'m.Lz. (qui)/Z ‘
g, Qsz Qoz/ mgl, | +(unB.)/5 (22)

Un B :
‘ + (UH Bs«)a/z
( ’ _ ]_ i EI m' Ll )
ESZ &0?- 2 m?. LI

In Fig. 8, the experimental pickup voltage £, is plotted ageinst B,, and

I

Hence Eé

where d =

Eigigi_? is plotted against u,B,. Now the theoreticel &,(B,) will be a
1+ (uw,B,)/4



maximum when u B, =72 and 1f the theoretical end experimental curves in
Fig. 8 are compared to determine B, et {, .., then u, mey be determined.

The maximum ocecurs at B, = 0.315 W dd} hence u, = 4.5 w v sec .

At low fielde, one may neglect terms in (u»B,‘)2 and (22) becomes

p— 253_ 'm:_L;. ch OSZ .
B.& mL, Go-Qs2

The experimental data gavet

H

L, = 7.54h n, = 40 turne m™'

L, = 15 uh n, = 7.7x10" turns m"'
£ =108 v £,= 10.0 mv

Q,,= 66.8 Q,,= 18.5

B, = 0,10 W~

Hence u, = 4.6 m? v esa™.

(14) 4-Electrode Hell Constent Meesurements. The standard method in

which current electrodes are attached to the ends of the sample end 2
potential probes ere placed along the semple is used. Now
E
R, = —1_,
Jx Ba
_ where®E = §/1 , 1, = dietance between potential probes, J, = I/A,,
A, = oross-sesctional area of semple perpendicular to direction of I,

e uH = F?H 0" = jillﬂ:_éi__.
1B, I

The experimental data are:

Ays1.0 om : 1 0.95 em €=1.2 mv

fl

#

B, = 0.14 W m™” I = 0.50 emp end O = 2.2x10" mho m™

z - -
Hence u, = 4,1 m* v'sec .

!
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(114) Discussion of Results. There is an error of approximately 10%

between the results of (i) and the resulte of (ii). However experimental
errore will account for thie discrepancy. In particular, the 4-electrode method
involves errors in measuring the dimensione because of the irregular
éhape of the sample, end send offects will tend to decrease the observed
value of u, because the equipotential surfaces are disturbed. B, will
aleo vary a few percent over the sample., There are undetermined errors
in the crosesed magnetic field technique when using the constent collision
relaxetion time aessumption. The trensverse magnetoresistance results in
(b) indiceted that a conetent meen free path essumption better fitted the
" experimental resulte. This sssumption would lead to a different conduct-
ivity tensor (E17) and would modify (22) so as to give different results

for u,.



PART II: DIMORPHIC PHASE TRANSFORMATIONS IN COMPOUND SEMICONDUCTORS

CHAPTER 1 - INTRODUCTION

An interesting group of compound semiconductors ere the silver adlts
silver selenide, silver telluride and silver sulfide. They undergo changes
in crystelline structure in the temperature range 100 - 200° C. The
electrical conductivity and cherge carrier demnsity undergo discontinuous
changes at the transition due to changes in band structure. A major
obetacle to applying conventional dc 4-electrode techniquee to determine
conductivities and Hell constants is that these compounde ere at present
available commercially only in the form of powders. It ie imposaible to
attach slectrodes to a powder gpample and in addition the powder will
exhibit an indeterminate bulk conductivity due to intergranular resistance.
Coneequently an electrodeless technique would eppear to be essential.

It ies of historical interest to note thet silver sulfide ies probably
the first semiconductor to be discovered. The original reference appeears
in Faraday's Diery on February 21, 1833. Faraday noticed thet on pessing
a current through a tube of fuzed silver sulfide that "the heat rose as the
conducting power increased", indicating that the material had a positive
temperature coefficient of conduotivity. He also observed the sbrupt
inocrease of conductivity at the phese trensition.

Experimental work was done on silver selenide powder. This compound
exists in two cryetelline phases, & low temperature /2 phese in which the
crystal 1s face—oeq&ered tetragonal, and a high temperature o< phease in
vhich the crystel is body-centered cubic. Transition tempsratures of 122
end 133°0 have been reported in Hansen (1958).
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The electrodeless techniques of part 1 were employed in sttempte to
measure the electronic properties. The temperature variation of conduet-
ivity, sctivetion energies, the approximste relative chenge in conductivity
at the phase transition, snd a conductivity versus temperature hysteresis
effect were observed. Absolute conductivity values could not be obtained
because of lack of knowledge of r., the radii of the individusl particles,
The Hall mobility sppeared to be much lower than values quoted in the
literature indicating that the powder was impure and only impurity scatter-
ing was being measured. | |

Buech end Junod (1957) have prepared silver selenide of known stochio-
metric ratio by fusion of the componente in & quartz crucible. The compound
was then purified by zone refining. Messurements of the Hall constent and
the electrical conductivity between the temperatures of liquid air and
500°0 showed that the type of conductivity in the two crystalline phases
was different. They found that in the low temperature phase silver selenids
is a semiconductor with activation energy AE = 0.075 ev. At 20°C the
conductivity wae 10° mho m ' end the Hell constent wae 2,10 m> coul. The
transition between the two crystalline phases occured at 133°C. In the
high tempereture phase the elementary cell contracted, the electrical
conductivity suddenly increesed end its variation with tempersture became
compareble with that of o metel. The charge carrler deneity incressed by
a factor of 3 and wes constant to temperatures in excees of 30000. The
charge carrier mobility was approximately 0.20 n”® v'sec' at the transi-
tion and decreased in proportion to 1/T with incressing tcmporatufe.
Magnetoreeistance messurements showed thet the conductivity wee electronic,

there being negligible meassureable ionic conductivity.



Miyatani (1959) has observed results which tend to confirm Buesch's
results with regard to the mode of conductivity. His results for the
electronic conductivity, O, , and the ionic conductivity, O;, of silver
selenide at the transition temperature aret

/3 phase - 0p= (2 - 5)x10 mho m

0:= (5 -20) who m~'

o< phase - O:= (2 =~ 5)<10° mwho m~'

G,= 410" who "'
Rangee of conductivity are quoted since according to Miyatani the value
is dependent on composition. Miyatesni aleo states that the materiel ie
n-type, with sn electron mobility u, = 0.15 m” v 'sec  and an effective
eleotron maegs of 0.1l m at 12&00. The trensition tempereture ie given
ae approximately 140°C.

Miyatani (1958) has discuesed the effect of the stoichiometric ratio
on the transition tempereture of silver telluride. The results are given
here es they may explain the conductivity versus tempersture hysteresis
observed for silver selenide. In pearticular, the transition temperature
: tiﬁf is lowered with increasing deficlency of silver, while the /3 to <
transition temperature Tk,x.changea very little. The electronic conduct-
ivity also decreases rapidly wiih small deficliencies of silver and the
véhange of G; at the o< to ﬂ transition is very slow. The slowness of the

o< to /3 trensition may be due to the precipitation of tellurium, while
at the ;3 to o< transition 1t is necessery to heat the specimen to higher

temperatures for the precipiteted tellurium to reenter the matrix.
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CHAPTER 2 - EXPERIMENTAL TECHNIQUES

2.1 Eddy Current Losees in Powders

(a) Theory. The theory for eddy current losses in powders differs

" somewhat from that for a homogeneous meteriel. In particulgr, it 18
important to know whether the eddy currents are confined to the individual
particleabby high intergrenular resistance, or whether they are free to
flow across the particle boundaries.

Conslder a semiconducting powder made up of Z identical, close-
packed, sphericael particles of radius r;. They are imbedded in a loss-
less moedium of permittivity €, and permeability Jro 80 thet they are
elqctrically insuleted from each other. The density of perticles, N, 1is
aseumed to be uniform. A uniform sinusoidally verying magnetic field,

H is applied end the frequency is low, that is br, £ $. The eddy

2o?
currents in the individual particles may then be represented by the low
frequency formula and the interaction between particles in terms of the
induced magnetic dipole moment in individual particles. The totai field
geen by a particle due to the exciting field end to the secondery field

due to all the other particles is then,

o Hzo
= { 4 br)f N ] ’ (c11)
. 30
where (V- l+TTh.;3'

(%

3

Now v.N = K, = volume occupied by the particles <« 1, hence it is
volume of conteiner

evident that for br; = 3, the secondary megnetic field seen by a particle
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duse to all the other particles is negligible. Thus there is no inter-
action between the particles end the total power loss will be the sum of

the individuel particle power losses. Hence

-y

AR
where, from (B7) and (B8), K _[2___ (2)
wL

(1)

and 2 s number of particles, Finally

AR _ g<hﬁ> _ (an
wl, K‘ ) = K (0
5 3
where = Z<h;>_: 42)“ .
" ST 1 R s S T b )

and r. = radiue and 1, = length of solenoid.

) (3)

The determinetion of the conductivity of a powder from (3) is seen
to involve two serioue experimentel difficulties. First of all, one
would require that the inter-granular conductivity be negligible compared
to 'the conductivity of thé individual greins. Secondly the size of thse
particles must be known, which practically requires thet all the grains
be of uniform size.

The temperature variastion of conductivity may however be studied

2
otnco AR o (Mg, ) 5(T) (3)
: wl, e

o O (T),

vhere the constant of proportionality ie independent of temperature. An

experimental difficulty is that agglomeration or crumbling of particles
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may ocour, thus changing the constent. Relative conductivities at solid
state phase transitions may elso be determined if the change in r,, due to

shrinking or expending of the orystal structure, is emsall.

(b) Design Considerstions. Consider an sggregate of Z identicel

conducting ephericsl particles, of radius r., which ere insulated from
each other. The same design formula as were esteblished in I 2.1 apply
again for powdere with the exceptien that the criticel radius is now r,
the redius of the individual particles, rather than r_, the overall radiue
of the sampls.

' L
Thus the optimum frequency defined by br, = (u%qxg)zrl = % is given
by '{ = “‘“*L“*“*—i 1 (5)
_ ° Brro“/aam |

end the low frequency limit from (5) as

{0\ v: 5 ’
L TT/‘LQ h‘.z KS Qo » (6)
where R, = 4h E (7)
5nd L

total volume of particles.
volume of solenoid

Note that the volume of the particles is not the volume of the contaliner
since there will be a certain percentage of voids.
The optimum value of inductance for the solenoid is given as in I 2.1¢
|
by Ly = =7 (8)
| d w?C,. ‘

and the meximum number of turns by
|
2

Ma = 2rr'hcﬁ, (ﬂg(:fTCm) ‘ e




where C,, is the minimum value of the tuning cepacitence of the Q-mster,
£, is given by (5), and r, = radiue a2nd 1. = length of solenoid.

The digplacement current limit to the freguency is unchanged at

-~

t - 1.80x 16% ohm m sec” (10)
) €

where En- relative dielectric constent of the material.

(¢) Description of Apparatus. The cylindrical glass sample contain-

ers fit coaxially inside the solenoids which are aleo wound on glass forms.
The eizes of these and the optimum values of inductence were discussed in
the previous section. Glaee wes used for these containers and forms
because of its low dielectric loss, mechanical stability at temperatures
up to 6OOOC, relative chemicel inactivity and aléo because of the trans-
parency allowing visual obeervation of the sample to be made.

A epecial featuré of the sample container, which is closed at one
end and has a removeable top for adding the sample at the other end, is
a2 emall capillery extending from the closed end of the container up the
center to the midpoint of the container. One end of a thermocouple is
placed in thies capillary where it comes in good thermal contact with the
sample,

The solenoide are wound using Teflon insulated wire. Teflon ie very
ugeful as insulation since it retains all its insulating properties at
temperatures in excess of the 20000 temperatures achieved in this experi-
ment.

The Q-meter used was described in I 2.1b and Fig;\2 aﬁd 5. The

temperature was controlled by plecing the solenoid withféample in an oil
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bath. ﬁeating and stirring of the oil acheived the necessary degree of
temperature control. The oil used was a special insuleting oil, Aroclor
1254, which can be used at temperatures up to 300°C. Aroclor 1254 is
one of a group of oils composed of chlorinated biphenyl and chlorinsted
polyphenyls and 1t should be noted that at temperatures in excess of
100°C the fumes from the oil are very irritating to the skin end errenge-
ments should be made %o remove the fumee. The o0il bath container wee a
1000 ml besker. The heater was a 100 ohm S~watt power resistor supplied
through a General Radio $ emp 115 v Varlao. The stirring motor, an
Eastern Engineering Co., Varieble Speed Stirrer, Model 4, 110 v d¢ or sae,
was also supplied through a similar variec. Heating and cooling rates
were varied by menipulation of the heating power and stirring rate.
Radiation and convection heat lossee were lowered by wrapping the
besker with 2 in. of corrugated cardboard end by placing a wooden cover
on the beaker. The cover aleo prevented the oil vapors from escaping and
it was used to anchor ths top of the solenoid, the stirrer shaft, a therm-
ometer, a thermocouple wire end the heater lead-in wires. It would have
been possible to obtain much better temperature regulation if a Dewar
flask and a better method 6f tBmpereture regulation had been used. How~
ever, the Dewar flask has e serious fault in that eddy currents are
induced in the silver layers on its walls, thus greatly reducing the Q
of the solenoid. Special Dewar flaeke in which the silver leyers are
interruptsd by vertical gaps to prevent the flow of the eddy currents would
minimize thie effect. These experimental sophistications were not
employed however, eince very sherp transitions were observed in silver
selenide ueing the experimental techniquee described in the previous

paragraph,



In making.a run the following general procedure was used. The
heating power wes gredusally increased sc as to just offeet radiation
lossee. In this way heating rates of 1% per minute or lower were attained.
The power required by the stirrer decreased with increasing temperature
as the viecosity of the oil decreased rapidly. Two temperatures were
recorded, the thermometer reading the oil bath tempsrature and the thermo-
couple reading the temperature in the semple core, (there being only a
emall temperature gradient through the walle of the capillary). In this
way it was poesible to eee more easily the cooling or heating rates by
noting the temperature gradient between sample and oil bath. 1In
addition & time log of temperature and Q reesdings wae kept. When the
sample was well above the transition temperesture the heating pover was
graduslly decreased, so as to keep it slightly below the radiation losses,
and a cooling run mede. A calibration run was also made with the coil

alone to determine the variation of Q_  with temperature.
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2.2 Hall Mobility Meamsuremente on Powders

The Hall mobility, u , is given in the low frequency brz £ 3, low
2
field (u,B)< <1, limit by
uH —_ 2 E; . mz 1—- @72 Qol I‘(22)

BxE, ml L—L. Qoz—- GS?_

voltage on exciting coil of inductance L, and n, turns/m,

3
®
]
®

m
"

~
[}

= voltage on detection coil of inductance L, and n, turns/m,

B, = magnetic field applied orthogonally to both coils,

Q52 = Q of detection coil with sample,

Q= Q of detection coil without semple,
and r; ® radius of individual particles.
Thie result is thought to be independent of the shape and the size of the
individual particles because it depends on the rotetion of the planes of
the eddy current which is proportional to u,B. The result is aleo
independent of conductivity and frequency. The technique should prove to
be very valuable since there are no other experimental techniques which
can be applied in generel to powdere. For inetance, the standard de 4
electrode technique will not work if the powder exhibits no dc conduct-
ivity.

The deeign consideretions are much the same as those for a monocrystal

ag given in I 2.2b except that, if the‘oddy currents are confined to

individual perticles, then the optimum frequency is given by

— f
fo = BTG fho 2 (11)

The apperatus ie deseribed in I 2.20,
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CHAPTER 5 - EXPERIMENTAL RESULTS

3.1 Electrical Conductivity of Silver Selenide

The experimental results 1/Ql - 1/Q° versus 1/T are plotted in Fig. 9.
The results may be interpreted in two weys:
(a) 1If the individusl graine of powder are insulated from each other

and assumed to be of uniform redius r;, then

AR _ g (bnds 4 1

wl, 1o Q& & (3)

where K_ = total volume of perticles, and if br, < 3.
volume of eolenoid

The experimentel data gave:
(1) 1length of solenoid, 1. = 10.2 cm,
radius of solenoid, r. = 1.35 cm,
overall length of semple, 1 = 9.3 cm,
overall radius of sample, r, = 0.72 cm,
end filling factor of sample container, F = 0.47,

) 2
giving K, = ho ﬁo = 0.l2.

ne .

(11) Q-meter
T = 50°C, £ = 3.9¢10" cpe and 1/Q, -1/, = 4,010 %
Substituting the date in (3), one obtains br, = 1.8, and hence (3) is not
velid. On the basie of estimeted vaelues for r, and O, it wae expected
that br, £ % would be eatisfied if this interpretation wae true. In
particular using O = 2+10° mho o, r. = 0.5 10m and £ = }.9!10501)8, one

obtains br, = 0.39.
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(b) If the intergranuler resistance is assumed to be low so that the
current can flow across particle boundaries, then the monocrystalline
cylinder formula appliee approximately, if allowance is made for voids.

= total volume of particles
volume of solenocid

The experimental data give es in (a): K,

= 0.12, 1/Q, - 1/q, = 4.0¢10"; end br, > 4.

Hence using the general formula (Al6),

j . AR _
-6 = oo = KInY.

where “ImY = 2 { beto (bro) beng(bn,) + bein(bng)Ecj;(Bnp)l’ (A16)

b, bers (i) + bei 2 bi,) J

substituting in (Al6), one obtains, Im Y = 0.31, and from Fig. 1, br, = 1.8.

L) 4 -
Now for £ = 5.9 10 cpe and r, = 0,72 cnm, 0 = 2,210 mho m .

This value for § can only be considered an estimate of the order

of magnitude beceause of the assumptions made in the calculation. It is
in fect asbout one order of magnitude emaller thsn the values of (1 - 5)x105
mho m™ given by Busch (1957) end Miyatani (1959).

‘ Among the many sources of error, there are:
(a) Fringing of the exciting magnetic field, due to the long solenoid
approximation not being satisfied, results in too low a valus of observed
conductivity.
(b) Dieruption of the eddy current‘patterna et the ends of the sample,
an error which would decresse as the length to radius ratio of the sample
container was increased, would result in too low a value of observed
conductivity.
(¢) Errors in measuring the dimensions of the solenoid and the sample

container will lead to errors in the conductivity.



(d) There may be pockets of powder insulated from the reet of the semple,
thue lowering the observed conductivity.

(e) There is difficulty in defining the current density due to irregular
packing of the perticles.

(f) The percentege of voides maey change and crumbling or egglomeration of
particles may teke place during the expsriment,

(g) Small deviations from stoichiometric ratio lead to a lerge decrease
in conductivity if Miyetani's results on silver telluride, mentioned in

the introduction, apply to silver selenide.

On observing the experimentesl (J versus 1/T curve in Fig. 9, it ie
eeen that in the /5 phase, d0/dT ig poeitive and hence silver eelenide is
ac

a semiconductor. Letting GEG;G_E:define the activation energy AE which

may be estimated from the experimental dats one obteins:

(2) Heating run g, (120Q) _ 2.06 ’
. 0, (200 1.83 -
giving NE — pn(GD/GZ)
4 !
R(F - 1)
= 0.012 ev.
(b) GCooling run Cﬂ(l?dt):z 2.12
g, (20C) 2007
giving AE = 0.0057 ev.

The value of the activation energy end of the conductivity at a
given temperature were observed to change as experiments progreessed.
Thie could indicate that on hesting the sample some of the volatile

selenium evaporated, changing the stoichiometric raetio, since the work
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of Miyatani (1958) on silver telluride indicstes that the electronic
conductivity is very sensitive to small devistions in compoeition. It
is also observed that this value of activetion energy ie much smaller
than the velue of 0.075 ev reported by Busch (1957).

In the o< phase, d0/dT is negative, thus silver selenide shows
metallic behaviour. In particuler, if 0« T , one can calculete a value
for f', from the experimental dete. The experimental date give:

G (122°) _ 1.48
o 1 31‘ ’
02(190°C °
giving 31 — fﬁ GD/OE)
I (T/T2)

=“Oo5

N

For metellic behaviour %= -1.

Two definite transition temperatures were observed, 21*& =121 ¢
and ?64“:= 15500. Buech (1957) reported the transition temperature es
133°C and Miyeteni (1959) es approximstely 14000, indiceting that they
performed only heating experiments on silver selenide. Both transition
temperatures have been reported in Hansen. The experimental cooling and
heating retes were as slow as 1°c per minute. Miyateni (1958), in
experiments on silver telluride, has found that T;s»p is lowered by
emall deficiencies of the silver component while T, , 1is relatively
unaffected, The similerity of silver selenide and silver telluride
indicates that this phenomena may also teke place in silver sslenide,

thus explaining the hysteresie effect.
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At the g tooc<transition a discontinuous decreesse in conductivity
takes place. In particular, neglecting volume chenges,
Gx _ 1.4 _ 0.70,
G5 2.08
a 304 decremse in conductivity. Busch (1957) states that the condustivity
incresses suddenly at the S tooC traneition. Ageln, appealing to the work
of Miyatani (1959), the disagreement in resulte mey be due to differ-

ences in composition.
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3,2 Hall Mobility Messurements on Silver Selenidse

Attempte were made to measure the Hall mobility of silver selenide,
using the electrodeless technique described in 2,2. The results were not

consietent. In perticuler, two typical experiments gave:

(1) (11)
& (v) 10.3 11.7
n, (turns m”) ‘ 80 80
L (uh) 30 30
& (mv) 0.40 0.055
n, (turne m") 1.6-10" 107
L, (uh) 27 105
By (W m® 0,45 0.34
Qs2 5.96 34.0
Qo2 57.3 745
f (Me) ' 1.0 0.50
T (°C) 20 20
u, (m* v'sec) 0.025 0.0062

Busch (1957) gave u, = 0.20 m* v~ sec 8t 20°C end Miyatani (1959) geve

u = 0.15 m" v eec  at 12500 for the electron mobility of silver selenide.
The most likely explanation for the low values of u, obtained in thie
experiment 1is that the sample was relatively impure and hence only

impurity scattering wes being measured. In particuler, for neutral impurity

scattering Erginsoy (1950) gives, for the impurity concentration,



EvS 3
= _m €
P 20U, € R°

- -1
Hence, using u, = 0.015 n® v sec , m” = 0.1lm (from results of Miyatani)

and € a 5€, ; N,= 2.6*1025 m'g, which corresponds to an impurity concen-
tration of 0.16%, which would be considered chemically pure but not
electronicelly pure,

The problem of error eignals ie very severe on low mobility materials.
From I - (30), the error due to small enguler devietion, O , from ortho-

gonality, of the exciting end pickup coils is given epproximately by

a8
€. UB.’
vhere Ee = error voltage due to pickup from exciting coil,
and Ea = voltege due to Hall ef‘fect.‘
Now for u_ = 0.015 n” v sec , B, a 0.50 4 m “we see that for a %o mie~

alignment Ee/fz is 73.
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APPENDIX A

Change in Resistance end Inductance of a Solenoid due to a Qonducting

Cylindrical Core

Let the semple of conductivity (¢, permittivity € , end permeability
/L be homogeneous end isotropic. MKS units are used throughout. The
semple is in the form of a long cylinder of radius r, and length 1,. Eddy
currents are induced in the sample by the magnetic field B,, of the
solenoid and a resistance accordingly reflected back into the solenoid.
At high frequencies the magnetic field is unsble to penetrate the sample
resulting in e decrease in inductance of the solenoid. The effects will
be calculated specifically. The solenoid is of radius r. end length 1.,
where 1. > 1_ and 1. is large compared to r. so thet the field inside the
solenoid is uniform and esxiel. The magnetic field and ocurrent deneity
inside the sample are calculated by solving Maxwell's equetions. All time
varying quentitiee are sinusoidal.

The relation J = O E and the treneformetion d/dt « jw subetitited

in Maxwell's equations gives

voH= T+ 0= T jwe
J—+at J(r+ ] G), (A1)
and vxT= —jwop H. (A2)

Substitution of (A2) in (Al) gives
Vx Vx_g)-:—'wc” j? I+ Jwe€ ).
( J WOM ( JG‘)

PA

But Vx(Vxﬁ)"—‘ -V H.



S P —_—

Hence CVH = J'l: [1+ juwe)H, (r3)
2
where b = (,uG/u,
Assume that:
(a) displacement currents are negligible, i.e. 9%;; << l,
(b) ocircular symmetry end infinite length, i.e. ¢ _— 0 — jii .
(¢) H(r) = H(r)z,, where z_ = unit vector in the z-direction.
2 - ‘12 —
Thue viH 2, = ~je iz,
2
giving !d( dH): _ b H. (A4)
an\t gr J b
Substitute x = j%'br in (A4) and obtein,
d*H I dH _
Fra e 2

The solutions of (A5) are the Bessel functions, J (x) and Y (x).

Honoe Hi = A J(x) + B Y, ().

The boundary conditions are:

(a) H(r = 0) is finite,

(b) H(r = r ) = H; , by Stokes theorem.

Thus H(n) = H,, Jo(x) ,
Jo(xo)

Z
eince Y (0) ie infinite, and where x = j “br .

The complex function Jo(x) may be separated into real end imsginary parts

using, T = beny(br) + J'Eefo(f:h). (A6)

Hibn) = H2 ben(br) + | bei(bn)

Thus o ‘
Eﬁno((at’ln) + J belo (E“o)

5 (A7)



end J(l:n) = - d&_%

= bH,, bero (br) + | bei, (br)

(A8)
bena(bm)+J bei, (bn)
Caloulation of the totsl complex flux, é , through the sample
determines the impedence reflected into the solenoid. Thus
- <
= N f B.df | (89)

Aneo
where N = totel turne of solenoid linking the sample,

= nl, , where n = turne/m on solencid.

If (A7) is substituted in (A9), then

= /U-o m N ¢ J J | hdft Cl(ﬂ
¢ ben,(br,)+ jbei,(bro) ber,(bw) ¥ Jlge Eh}

wors Y = i (o) - jbet “MJ} ()
Bﬂo beno(Ena) + J bei, (b

LK = /Lom mhra L,

inductance of solenoid without the seample, (A12)

"

Lo = #Omzﬂ-ﬂcz [C

2' .
and Kc = ﬁ_[f’_ = £11ling factor of solenoid. (al13)

(5 ¥

Henece the complex change in inductance of the solenoid

- 8- 4

KC(Y_‘) l"::)

{l

= oL + &R (a14)
J'u)



Thus ALL _-K Re (1 —VY)"

= - K { 2_ EC» ler )be/t,,(bn ) - be&;(bﬂo)beio(bhafi}j (A15)
bers (br) +beif(br) =

and A—R‘—‘_KCIMY

(,ULo
= K, 2 {Eeh, bro) bet (bro) + beig(brs) be o { bro) } (A16)
bh, ben, (bro) + bei, (br)

The limiting forms for emall and large arguments of the Bessel

functions are now easily determined:

(a) br, € %

The Bessel functione are given by the series expensions,

¥\ 4 g
bﬂ!’lo()() = | - (—2_> e _(_ﬁ)_ — ,
(21)* (4)*
bei () = (B) ), )
[1)? (31)° (5!)*
G — @) x) (%)
bet 1) ”"(FI?)‘“’ St T ma to
and bei (o = (&) (3P 4 2 (A17)
- ot il 215 415 '

+
AL — “Kc (EIZ) (A].B)
and %E = K, (—béﬁ_l (A19)

a8 the firet spproximation for the reflected impedance.



(d) br 210

The Bessel functions are given to the first order of approximation by,

berfx) = €

R |
and bei, (x) — € sin

Substituting (A20) in (A15) and (A16) one obteins,

oL _ iz

Lo K‘(' - FE,)’
and AR = KCE .

Wi, b’lo

as the firet approximetion for the reflected impedence.

(A20)

(A21)

(A22)



APPENDIX B

Chenge in Inductance and Resistance of a Solenoid dus to a Conducting

Spherieel Qore

The sample, a sphere of redius r_, conductivity O, permeability /L”
and permittivity € , is homogeneous and isotropic. The sample is placed
in a long eolenoid of radius r_, length 1., end of n turns/m, end the
resisteance snd inductance changes reflected into the solenoid by the
sample are calculated. Hence one must solve equetion (A4), in spherical
coordinates.

Assume that:

wE .
—— < |,
T <<

(a) dieplacement currents are negligible, i.e.
(b) the magnetic fisld is not a fumction of @ ,
(e) ﬁz;:};) s H(n,© )z vhere z. is a unit vector in the z-direction, end
(d) the frequency ie low so that (ujdyAJiro = bro<< 1.

8ince br,<< 1, the secondary megnetic fields, outside the sphere are
expressible in terms of the equivelent magnetic dipole induced in the sphere.
This magnetization™m, ie in the'E'direotion, end 1e in general a complex
quantity.

Wait (1953), hes given the eolution to the more generel problem
vhere /d ?3Lé and displacement currents are not negligible. Putting /u'=/lo

and assuming that the dieplacement currents sre negligible one obtains,

. —_—
m =~H10(P+J'c1) Ve, (B1)
3
where V; — 4T ks 2 volume of semple,

3



end p end q are resl quantities given by

P+jqa = _g_[, -+ 3 (Sinho "oCCOS"]oC)J’

o< *5inh o<

and where ol = -JT(LUG‘/JO)E/(O = 'JJ'_bR,,.

Now since br << 1,

W
(%}

eirh o< = o + o4 + o< +
! 31 5 ’
2 4
and cosh o< = ! + o + KL+ \
2! 4!

and one may simplify (B2) to obtain as the first order terms:

4
P — (Bno)
105
2
10
Now ~(p + jq) z complex magnetization per unit field per unit volume.
) 4
AL _ _ bu,)
Hence Lo_—KSP——KS%’
AR _ _ (br)”
and oL, = Ks CL s Ks 5 )
3
where Ks = 4 Mo = volume of sample .

In2 ! c volume of solenoid

61

(82)

(B3)

(B4)

(85)

(B6)

(B7)

(88)
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APPENDIX C

The Intermsl Field in an Array of Conducting Spherical Particles

Oonsider a uniform array of uniform spherical psrticles of radius
r. imbedded in e loseless medium of permeability /do and permittivity 60.
The partieles are close packed and let the density of particles be N. A
uniform magnetic field H%O ie applied slong the axis of the cylinder and
the frequeney in low so that bﬁ = «udyhoiri<h< 1 and hence the secondary
field outeide the particle dus to itself is éxpreasible in terms of the
equivalent magnetic dipole that is induced in the spherical particle.

Coneider the magnetization of one particle. The dipole moment of

the current distribution with respect to the center of the particle is

ety P~

m = zﬂh « T)d7T (c1)

: T TVl
where T = veoctor directed from the center of the sphere to the current
¢lement, 2

pa— . ID ( ) —_—
and J = 7 H ksine @0, (c2)

!
vhere H a local field seen by partiocles.
—_ —> ) g . —>

Now Rxd, = —hco5e o 4+ ksind 2.

Hence m = —J 4/‘ Hf{h Sme Z - KSind cos o f}hSme d/zd(ﬂdQ

Evaeluating the integrals, m = /1 H (o %o, (c3)
where v = ftlI_@;_,
) 3

and E:: unit vector in z-direction.
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—

—>
The totel magnetization is them, M = N m . (ch)

It may be noted that if the particles had a permeabiliﬂj/1:7ua, then there
would be a static magnetization.

To evaluate the locel field, R', seen by a partiscle, consider a small
spherical cavity containing one particle. The particles are assumed to
be close packed and henece the ﬁagnetization of the material surrounding
the cevity may be assumed to be uniform. Stratton (1941), shows thet the

local fleld, H', st the center of such a cavity is,

——

T

H - 20 3/10 (05)
On substituting for M from (03) end (C4), one obtains, as the first

——T —_ Hzo
approximation st low frequency, H = (br )t ) (c6)

| + J.__h_‘). N’U’L
30

where Nv, = K_ =z total volume of particles. (¢7)

volums of solenoid



APPENDIX D

The Conductivity Tensor

Consider a perticle of mese m end charge g in combined electric and
magnetic fields. The fields sre constent throughout space and are in
arbitrary directions. The magnetic field is static, while the electric
field varies sinusoldally. Furthermore assume a collision relexation
time ,T,which i independent of velocity v and that 1/m is e ecalar.

The forces on the particle due to the fielde are:
F,Iq_(VYBZ—V?B,.AF Ex),
F, = Q(VeBx— ve B2 =+ E,),
and F,o= ¢ (v,B,— v, B, + E.). (p1)
Substitute (D1) in the equations of motion of the particle and obtain:
mvx:jwm\/x: C{(Ex'*'VYBe—VzBf)"YLTVl
iwmvy = g (F,+ B, - v B) - my

J =

end J‘wmv?: 1(E,¢+ v, B, — v, B.) —fmﬁ\[/g. (p2)

where mv, /T are the energy loss terms due to collisions.

Introduce the notation

(.Uck fome) (LBk’
m
Cp = ek
S : ,



_ 9T I
and | K= - ™m |-+.Ju)’t

On collecting terme (D2) becoms

Ve — CaVy 4 ¢V, = KE, |
C? v)( -+ vy - Cx V—t = K EY ,
and -~-CV, +GV, + Vg = KE__E

The solution of (D3) give

D}Z'? (1+G ) Ex + (GG C.)E, + (GCr CY7Ef,
D}}/“ = (6G- Ca)E, + (( + M) E, + (¢, +0)E,
and —DRV-* = (G Gt+CIE +(CC -CIE, + (1 +¢5) G,
where D= 1+¢ +c¢°+¢°
I wWeT
|+J'w“(

The generel relations J; =n CL Vk and ‘Tk = Q\kl E ,
alec hold, where n = number of particles per unit volume.

2
Multiply (D4) by ngq snd note thet 6\0 = if}ﬁz , to obtain

DJx _ s .
@‘——"o( 'E:J'WTJ = (1+c, )E, +{CC, + C,.,&)fY + (6.6 -C) E;,
DT, _ B N
0”:———(;+J'w“()— (¢.C, Q)E,+(!+CY)EY + (c,C+C) Es,

and ———D—J—-i— = (C.Cs +C)E, +(0, G- GIE, 4+ G+ ¢d) By
G:(l-#-JUJU»
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(D3)

(D4)

(D5)



On comparing coefficlente,

1+ 6° C,.Cy+C,
' =F | 6oe—-c, b+ €, "
C,Co+ C, C, Co— Cy

where * F:%—"('*‘J‘LUT).

At low frequencies such that W T << |,

F-_ G

a
|+ (T“)c)l ’

and Ck T(‘L}Ck )
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(6)

(o7)

(p8)

(09)
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APPENDIX E

Magnetoresistance and Hall Mobility

Coneider a long cylindricel or spherical sample of conductivity (0,
permittivity € , and permeability /Lg,inaide a solenoid, ss in eppendices
A or B. Circulating eddy currents are then induced in the sample. A
static megnetic field B is applied end the change in resistance of the
solenold, meesured as & function of B, is calculated for two apecific/
orientatione of the fields. In a third case, the change in resistence
of a golenoid placed orthogonally to the exciting and static fielde is
calculated. The collision relaxation time, U , is assumed to be constent,
and 1/m is sessumed to be a scalar and hence the conductivity tensor
doerived in sppendix D msy be used.

In order thet the resulte of appendix D may be applied, the equiv-

alent exciting electric field must be determined. Maxwell's equation

states that T = - _@;5_’

E; é <h5|'ne E = _'(«UBOE- |
Hence Ksin® d(hsind) ¢) J ? (E1)
The solution of (El) is, Eq) = - v"w gzo foing . (E2)

b 2

Thus Ex = —E? qu) = ’U) B%o fﬁ . (E3)

—jw Bi x| (EA)

and EY = Ecp CDSCP 5

Now apsume w7<<! and 74/, =7qB,/m. But Tq/m z wy,the Hall mobility

of the particlee, hence Twc/g = u.B, (k = %,7,2). (ES)
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(1) Trensverse Mammetoresistence

The etatio field B, is perpendicular to the eddy current planes.

The conductivity tensor, (D§), beacmes:

0 U, B, 0
-
= s | B r C
[+(u, B,F ¥
0 0 B/, (E6)

Hence the current density,

= _{ &E u,,BJ,,E,}T' .8, 6F,
J = {I f(uHB%)z i+ (u, Bt y +{:+(u,, 2)1 uHB’)}
+ TFE= (746} = G (58)
an 1+(uB)z b+ (Uy Be)®

The power, ¥, dissipated in the sample is

= AR = o e
W = (AR = wjvoi ’EQI d7. (E9)

In the low frequenoy region (br, & £), eubstitute (E2) and By, = luoni

in (E9) to obtain:

AR = D ] ('ﬂ"“’m)aj K sin‘g dT . (E10)

L+ (BN 2 Vol.

Consider two special ceses:

(a) & oylinder of radiue r, end length 1, gives

fJf <fW*d4’ = ne'h.

Hence E”ﬂ b , (E11)
LUL. ° & + (uy Ba)*




| ’ ) : 2
vhere o LK = /Ja mt T fo ﬁa )
and K — Aol .

hct 1(

hi 3
(b) A sphere ofﬁ:'ad%uevf gives

,L Ja”j:gh smf})i(hzsm&d!zo(& d(;)) - ‘%hoa(*g/’f?),

AR _ (br) 1
Rence Wle s 10+ {uyB)F ’
A 3
. mro . Lo Ks == /10 m l_;_.n.ﬂo y
3
and KS —_ 4 ho

3 n* .
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(E12)

(E13)

(E14)

(E15)

(E16)
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(2) Mixzed Magnstoresistance

The statie field B, is parallel to the eddy current plenes. The

conductivity temesor, (D), becomes: -

+WB) o 0

_ G 0 ; —u, B,
J |+ (0, B H
0 u, B, t

Hence the current density,

J = 0~a Ex t =+ l+(UHB,)Z~j + “'”(“HB,()Z )
— 2
and J-F = + 0 F°
0. E' | b+ LUy BLY EY'
The power dissipated in the sample is,
2 2 =
_ B AR =G_of _____E_‘f_____§ dT.
V\/ L Vl{ EX * I+(MH8~‘\)1

In the low frequency region (br, € 3), substitute (E3), (E4) end

B,, = /u,,ni in (E20) to obtein:
2.2
_ dwm\ | [iae 2 et ns«ng)coff}}
OR = m(#T_)Jl{n sin‘gsin'g + L2t T

The firet term in the integral represents the longlitudinal ecomponent and

the second term represents the trensverse component of reeistence. Note

thet there is no longitudinal magnetoreeistence.

(E17)

(B18)

(E19)

(E20)

(E21)
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Conai’der two special casest

(a) A oylinder of rs.diua T, and length 1,, end reinf -S’ gives

j"’j j 96(n@+',—9:@—§9—}fo(9dqu>

Trl ko
{ [+ (u,,B )L}'
_ wowmV T fo |

Hence AR (Y( ) n {‘ + ‘_W}’

AR — (iom){ | Vs '
and o= KB {z + ,HUst)a}’ (E22)
since K L, = /Uo m* Trfloz-[., » (E12)

2

and E = UJG-‘/,(O.

(b) A sphere of redius r, givee

K, ;2
.2 2 tei 7-6 i ?“Cﬂ .
LLO-L{ILZSM Beos @ + /:i”w SBH) }hSm@ dd 46 dx)

- e (‘*m){ S e
Henoe AR = wﬂo ( } }{‘ + +(IU58$)1}’
and %—FE = Ks (% {—lz— t 3 +l/(auHB,)l}’ (E23)

eince KL, = Jho m® 53_1r hoo, | (E15)
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(3) Hall Mobility

The static field B, is parallel to the eddy current planes as in (2).

Nl By . wB&E 7

= 0, F, T+ —ebe T WhO.Ly g0 E18
Hence T BT |+ (U B)F (E18)
Now, if s second solenoid is est up with exis along the y-direction, ite
field B ,, equivalent to electric fields

W B2
Exo = $25755, (B24)
— 'UJBZY ’

and i = - (E25)
by (E2), will interact with the currents set up by coil 1.
Thus :‘:—’ ) Ex. E . t 0 EY Efz —‘—B_x_ (E26)

e * : !+(JHB)

' Now R, = V,/1, the trensfer impedance from coil 1 to coil 2, is given by:

_R?‘l

bt Vol

] UJV,{E*’E”J' (u.,B)‘E . } (E27)

In the low frequency region (br, £ §), substitute (E3), (E4), By,

:/uonli, and B, =‘f%“ziz in (B27) to obtain:

R, = wbuomm{j[Y ;+uB X]dxdyo(i} (E26)
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Oonsider two special carest

(a) A cylinder of radiue r_ and length 1 , gives

j ye dT =0,
Ay

ol.

and jv Fdedyde = fe(maell),

ol-

_ (br.)"  Us Bx 2
flomee Roo= w 16 1+(unBy)? {/uorn, m.7 i, /lo}’ (E29)

(b) A sphere of radiue r_, gives

| J vz dT= o0,
) R T ko
wa [ drdyde = (55,
of. 2 _
_ UJ“D/‘I,,) UH B)( { 4- 3
Hence Rz_, - 20 oy B)- /Mo m, M, —?)-Trha }. (E30)

It should be noted that the exciting coil and pickup coil masy be

interchanged since Onsager's reeiprocity theorem states that:

R,(B)= R, (-B),

or ‘szl = l R.zl . (E'Bl)

Thie theorem is used to advantage in experiments where the geometry of -
the sample makes it easy to calculste the eddy current losses for excite-

tion by one of the coils, and difficult to calculate for the other coil.



74

BIBLIOGRAPHY

Buech G.,, Wieland J. and Zoller H.,, Electrical Properties of Grey Tin,
Helv. Phye. Acta., 24, 49 (1951).

Busch G., Jeggl R. and Braunschweig P., Ballistic Method for Measuring
the Hell Effect,
Helv. Phys. Acta., 26, 392 (1953).

Busch G. and Junod P., The Electricel Properties of Silver Selenide,
Helv. Phys. Acts., 30, H70 (1957).

Dresselﬁaus G., Kip A, P., Kittel C. end Wegoner G., Cyclotron and Spin
Resonance in Indium Antimonide, ~

Phys. Rev., 98, 556 (1955).

Erginsoy C., Neutral Impurity Scattering in Semiconductors
Phys. Rev., 79, 1013 21950;.

Faradey M., Faraday's Diary 1820-1862,
Bell end Sons, London, vol. II, p. 49.

Fischer G. and MacDonald D. K. C., Magnetoresistance and Field Dependence
of the Hall Effect in Indium Antimonide

Qan., J, Phys., QEL 527 (1958).

Glickemen M., The Magnetoresistivity of Germenium end Silicon,
PROGRESS IN SEMICONDUCTORS, Heywood and Company, London, vol. 3,

p. 1-25 (1958).

Hansen M., Constitution of Binary Alloys,
McGraw-Hill, New York, 2nd Ed., p. 50 (1958).

Miyatani 8., Electrical Properties of Ag-T
J. Phys. Soc. Jepan, 13, 5 Sh1 | (¥958)

Miyateni S., Ionic Conduction in /5 -Ag,Te and {5 -AgsSe,
J. Phye. Soc. Jepan, 14, 996 %1959)

Prince M. B., Drift Mobilities in Semiconductors: I Germanium,
Phys. Rev. 92, 681 (1953).

Stratton J. A., Electromagnetic Theory,
McGraw-Hill, New York, p. 244-245 (1941).

Weit J. R., Complex Magnetic Permeability of Spherical Particles,
Proc. Inet. Redio Engrs., 1664 21953;.

Wileon A. H., Theory of Metsls,
Cembridge Univereity Press, 2nd Ed., Sections 8.6 - 8.64 (1954).




