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ABSTRACT

TRANSPORT PROPERTIES OF Cd AND W, Ti1+x52’

AND A1 AT LOW TEMPERATURES

by

Brent J. Blumenstock

This thesis reports on several very different experimental investi-
gations of low temperature transport properties of solids--the magneto-
thermopower of Cd and W single crystals, the electrical resistivity,

Hall coefficient and magnetoresistivity of crystalline Ti 52’ and the

T+x
electrical resistivity of polycrystalline Al.

Measurements were made of the magnetothermopower s of Cd and W
single crystals between 1.5 and 4.2 K in magnetic fields up to 50 kG
directed along the (0001) direction in Cd and along the (100) direction
in W.

The results did not obey the form sq = aT + bT3 which prevented a
separation of the diffusion from the phonon drag thermopower contributions
from being made.

The component €xx of the thermoelectric tensor for W, derivable
from these S° measurements, was found to be consistent with theory in
terms of its temperature and magnetic field dependence.

At the lowest temperatures, s2 showed no sign of saturating in
magnetic fields up to our limiting field of 50 kG as was expected from

high field semi-classical theory. This apparent discrepancy is resolved

in this thesis where a re-examination of the theory reveals that it had
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been misinterpreted. The result is that for metals in large magnetic
fields directed along a high symmetry direction, the magnetic field
dependence of the individual elements of the transport tensors (for
example °yx) can contain both even and odd powers of the magnetic field
strength B.

Measurements were made of the electrical resistivity, the Hall

coefficient and the magnetoresistance of Ti S2 single crystals with

T+x
x < 0.06 over the temperature range of 1.5 to 100 K.

The carrier concentration n, derived from our Hall coefficient data
using a single carrier model, was found to increase slightly (~3-10%)
with decreasing temperature.

173 which

The residual resistivity p(T=0) was found to vary as n
is consistent with the idea that the source of the carriers in T1’]+XS2
is the excess Ti atoms.

In contrast to the higher temperature data where the temperature
dependent part of the resistivity, defined as 01(T) = o(T) - p(T=0),
was found to vary as T" where m increases from 1.85 to 2.3 as the stoi-
chiometry of the samples increase,p](T) was found to vary as T3 for all

2

samples below ~30 K. A temperature dependence higher than T is expected

at Tow temperatures due to electron-phonon scattering but the simple

3 not T3. Simple electron-phonon

3

Bloch-Grineisen theory predicts T
scattering is also not consistent with the fact that Py» in the T

'0'46. The mechanism(s) responsible for

regime, was found to vary as n
the nominal T2 dependence at higher temperatures or for the T3 dependence
at lower temperatures remain unknown.

Our preliminary magnetoresistance studies of these T1‘1+XS2 systems
reveal that the magnetoresistance is largely temperature independent

over this temperature range and is strongly sample dependent.






Measurements were made of the electrical resistivity of a poly-
crystalline Al sample over the temperature range of ~0.08 to 4.2 K using
longitudinal magnetic fields up to ~300 Gauss to destroy the supercon-

2 temperature dependence

ducting state. Our results indicate that the T
seen in Al, which has been attributed to electron-electron scattering,
extends down to ~0.2 K. The magnetic field dependence of this T2 behavior

is found to be negative.
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CHAPTER I
Cd AND W

1. INTRODUCTION

This thesis is divided into two principle sections. In the first
section we report the results of our investigation of the magneto-
thermopower of Cd and W single crystals at temperatures between 1.5 and
4.2 K in transverse magnetic fields up to 50 kG. Section II reports on
our investigation of the electrical resistivity, the transverse magneto-
resistivity, and the Hall coefficient of Ti]+X52 single crystals for
x < 0.06 over the temperature range of 1.5 to 100 K. The preliminary
results of our investigation of the electrical resistivity of polycrys-
talline Al over the temperature range of 0.08 to 4 K are reported in
Appendix G.

The work on Cd and W was instigated as a result of the magneto-
thermopower s? measurements made on a single crystal of Mo by Fletcher,
Opsal and Thaler(1) which showed that S? failed to saturate in large
magnetic fields as predicted using the high field semi-classical theory
of Lifshitz, Azbel and Kaganov--the LAK theory.(2’3)

At low temperatures, with the magnetic field along a high symmetry

direction, the thermopower in Mo, to a good approximation, is given by

a~-
¢ = OuxCxx t zpyxeyx (1.7)



where the transport tensors o and ¢ are defined by

J=GT+%vr (1.2)
and

p= 0 (1.3)

For a compensated metal with the magnetic field oriented so that the

electron orbits are closed, the LAK theory predicts, to leading order

2

in the magnetic field strength B, that Pyx ~ 8%, o,, ~ B, €x ™ I/B2

yx
and Eyx 1/B which imply, using Equation (1.1), that S for Mo should
become independent of the magnetic field as the field gets large.
However, Fletcher et al. found that S? did not saturate for their Mo
crystal up to their largest obtainable field of 21 kG but instead was
increasing rapidly. They argued that this non-saturating behavior was
due to the fact that in real systems, perfect compensation can never be
achieved due to unavoidable imperfections at some level. Arising from
any noncompensation, the LAK theory predicts that pyx contains a term
which depends upon the cube of the magnetic field strength, that is,

1 3

pyx ~ aB" + bB

(small b), Pyx will always have a limiting B

and so, no matter how well compensation is achieved
3 behavior at sufficiently
high fields. Thus the term pyxsyx contributes a powe; of B2 to S? which
accounts for the non-saturating behavior seen in the Mo crystal whose
degree of compensation was estimated to be ~0.01%. Because this apparent
reconciliation between experiment and theory is critically dependent upon
the validity of this argument, we thought it desirable to measure the
magnetothermopower of other compensated systems to see if this argument
continues to apply.

Cadmium and tungsten were chosen because two single crystals became

available to use courtesy of R. Fletcher who had previously made several
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3

(4,5,6) These measurements were essential

transport measurements on them.
"to the analysis of our S? data and also became, with the addition of our
Sa data, a complete set of the transverse transport properties of these
Cd and W crystals. The samples had the added benefit of being much
“purer" then the Mo sample--the residual resistance ratio

RRR = p(300 K)/p(4.2 K) of these Cd and W crystals were nearly 40,000
while the RRR of the Mo sample was ~5,000. Because of their higher
purity these crystals should have achieved a higher degree of compensa-
tion and thus, one should expect to see satdrating behavior in their S2
at fields comparable to those used in the Mo study. And, because we had
the capability of making measurements in magnetic fields up to 50 kG

(a field 2% times larger than thé largest obtainable fields in the Mo

study) we could test the LAK theory over a much larger range of field

strengths.

2. GENERAL TRANSPORT
In linear response theory the electrical and heat currents, J and

U respectively, can be expressed in terms of the applied fields as

J=5Ft+Cvr (2.1a)
and
U=TE-%vT (2.1b)

where £ is the electric field vector and VT is the gradient of the tem-
perature. The various transport coefficients involved in Equation (2.1)
have been given specific names:

‘e is the thermoelectric tensor
T is the electrical conductivity



T is the Peltier tensor
and X is the thermal conductivity.

Generally these coefficients are tensors of second rank, each tensor
consisting of nine elements. This large number of parameters character-
izing a particular system can be reduced to a more manageable level by
applying symmetry operations. Because W crystallizes into a bcc lattice,
its tensors reduce to scalars; Cd has a hexagonal structure and so its

tensors reduce to the form

(e 0 0
o L, O (2.2)
i 0 0 ZZZJ

where the z-axis is chosen along the c-axis of the crystal.

When a magnetic field is applied these simplifications are no longer
valid because the field reduces the symmetry by forcing a reference
direction (the field direction) on to the system. In a magnetic field
we can still simplify the transport tensors in Equation (2.1) provided
the field is along a crystal symmetry direction. As shown in Appendix A,
if the field is applied along a 3-, 4-, or 6-fold symmetry axis (taken

as the z-axis), then the transport tensors are of the form

zxx zxy 0 1
-ny zxx 0 (2.3)
; 0 0 ZzzJ

Thus each tensor consists of only three different elements. The mag-
netic fields used in this study were along the [0001] and the [001]
directions of the Cd and W crystals respectively, so Equation (2.3)

can be used.



We have thus reduced the total number of transport tensor elements
down from 36 to 12, which can be reduced further because 7 and ‘¢ are not
independent but are related through the Onsager relations (Onsager 1931).
As discussed by Ziman,(7) the Onsager relations pertinent to the

discussion are

0;5(8) = o5;(-B) (2.4a)
23 = a5 (-B) (2.4b)
e;3(B) = 5y (BT (2.4¢)

Thus there are only nine independent elements corresponding to the three
transport tensors G, A and 't which characterize these Cd and W crystals.
From an experimental point of view, Equation (2.1) is not very con-
venient because it is much more difficult to control the fields VT and
£ than it is to control the currents J and U. Thus it is more useful to

express the fields as functions of the currents as

E=73-0 (2.5a)
and
wT=3-%0 (2.5b)

using a new set of transport coefficients which are more easily measur-
able in principle. For example, by sending an electric current along

the sample (J = JX) with no heat flowing (U = 0), p!

xx 18 determined by

measuring the induced voltage drop AV along the sample of length Ax using

jo]
]
m
~
[

(2.6)
or

pl ~ AV A (2.7)

¢
]



where the total current I = JA and A is the cross sectional area of the
sample.

There is no new physics in these resistivity tensors of Equation
(2.5); Equation (2.1) has simply been rewritten. After a little algebra

it can be shown that

5 TR (2.8a)
ﬁ?l'] ST+ Tl (2.80)
ol | o ol (2.8¢c)
ol = =l (2.8d)
where the ~| represents the tensor inverse ¥ ¥ ' = 1. Equation (2.8)
can be inverted to find
— -] =5 . ?.4?,-1‘;*- (2.9a)
-1 T ",?.-1?. (2.9b)
S-SR~ Il Rl (2.9¢)
LI -JR I~ R R g (2.9d)

From Equation (2.9) it is easily seen that a lot of experimental
work and number manipulation would have to be done in order to compare
experiment with theory. A1l nine parameters, corresponding to the
three independent resistivity tensors o' ,? s and'?' each having three
elements, would have to be determined and the algebra indicated by

Equation (2.9) to be performed before the result could be compared to

a theoretical calculation of a conductivity. Fortunately a significant



amount of this work can be avoided because some of the terms in
Equation (2.9) are small for these Cd and W crystals.

It is relatively straightforward to experimentally determine T
and % by measuring the adiabatic (no heat flow) electrical resistivity
?T' and the thermal resistivity ?7' because the thermoelectric correction
terms = TV T and T 57! 2 are generally small, (S 1% for

these Cd and W crystals) which implies that

=l B~ g (2.10a)
and
YL g g (2.10b)

The thermoelectric tensor 7? can be determined from measurements of

the Nernst-Ettinghausen coefficient and the thermopower defined as

Q? -/ (aT/3x) (2.11)

and

wn
]

Ex/(aTlax)

respectively, subject to the condition of no electrical current flowing
(3 = 0). The superscript a represents the adiabatic condition of Uy,

UZ = 0. Under these conditions Equation (2.1a) becomes

E=-9%Fvr (2.13)

which implies that

a = - -
Q pyxexx p)()(E_YX (ny/Yxx) (QXXEXX+pyXE_YX) (2.]4)



and

s = o + (Y, /Y, ) (0, € ) (2.15)

+ +
xxExx © PyxCyx yx! Txx? PxxEyxPyxExx

Thus values for ¢ X and Eyx CAN be extracted from measurements of Qa and

y X

52 provided p » Yyyo and v x are known. Actually the situation is

xx’ pyx y
much better in determing eyx because for compensated metals

Pyx << Pxx (2.16)
Yyx << Yex (2.17)
and
€ x > €,y | (2.18)
which means that
Q® » PxxEyx (2.19)

Boltzmann Formulation

The various transport tensors in Equation (2.1) can be evaluated
using semi-classical transport theory based upon the Boltzmann trans-
port equation. We will assume that the many body conduction electron
problem in a crystalline solid has already been solved for the quasi-

(7)

particle eigenstates wk(F) where, as discussed by Ziman, each eigen-
state is characterized by a wave vector K whose allowed values form a
discrete spectrum in reciprocal space. For each K value a range of
energy eigenvalues sn(f) are possible where n labels the band index.
Each electronic state is uniquely described by E, n and the electronic
spin. (Hereafter the band index will not be written explicitly.) The

crystal momentum £k of an electron in state k responds to an external



force

where

where

descri
distri
Phase
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solid,

distri
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-

force F as

ik = F (2.20)
where k = dk/dt. The velocity of the electron is

V= vke(‘i)/ﬁ (2.21)

where Vk is the gradient operator in reciprocal space

Following Blatt,(8) the conduction electrons are

describable using a statistical scheme in terms of a probability
distribution function f(?,?,t) where the number of electrons in the
phase space element dk dr is defined to be f(%,%,t) dk dF/4n3. The
spatial dependence allows for temperature non-unifbrmity throughout the
solid. Since the number of electrons in a small volume of phase space
dk dr changes not only because of an explicit time dependence in the
distribution function (3f/3t), but also because of the electron's
velocity (V), the influence of external forces tﬁi), and because of
scattering events (af/at)c), the distribution function obeys the

Boltzmann equation

df _ > of
ot -k-ka - VveUf + st t af/at)C (2.22)

Under steady-state conditions with time independent forces the Boltzmann

equation reduces to

E-ka(E,?) + Vevf(k,7) = 3f/3t) (2.23)



10

At thermal equilibrium f(K,r) becomes equal to the Fermi-Dirac
distribution

-

(e-u(¥))/kgT
(1 +e B )

fO(k,r) = (2.24)

where u is the chemical potential and kB is Boltzmann's constant. With

an applied Lorentz force of
F = -e(E + vxB/c) (2.25)

Equation (2.23) can be written in a more useful form in terms of the

deviation in the distribution function from its equilibrium value

g(k,F) = £f(k,%) - fO(K,7) (2.26)
as
af/3t) %-(—xﬁ) 7,9 = - %ﬁ?'v-(efeff + ﬁ§§ﬂl vr) (2.27)
where
Eeff =t + vu/e (2.28)

Experimentally Eeff is detected, not f, SO Eeff is the electric field
used in Equation (2.1) and will be denoted from now on as E. (See

(7)

Ziman p. 383 for more elucidation). Equation (2.27) is known as the
linearized Boltzmann equation where only leading order terms have been
kept, terms of second order such as Vg have been dropped.

An arbitrary solution to Equation (2.27) can be written as

g(k,r) = 3f° (eE+T + (e-u)VT-$/T) (2.29)

in terms of two unknown functions $ and $. Using Equation (2.29) with

the collision term expressed as a linear operator 3f/8t)C = w(f), it can



N

be shown that the equations which the components of $ and $ must satisfy

are
e/h (—xﬁ)-vkw + w /3f°/a (2.30a)

and .

e/f (—xﬁ)-vk¢ +w (e -u) ——- /Qe u) afo = -y (2.30b)

i
Once Equation (2.30) is solved for wi and ¢i subject to the appropriate
boundary conditions the electrical and heat currents are calculable

using

3 -ﬁfd'(-\?g
v

e SLANE > °) (65 + (e-w)vTm) (2.31)
and
U(r) = -]—gf dk V(e-u)g
4n
= —gf dk V(e-u) (afo) (eB+¥ + (e-u)VT-3/T) (2.31b)

Comparing Equation (2.31) with Equation (2.1) and using the fact that
Jdﬁ =.Ideds/ﬂ|7| where ds is an element of a constant energy surface,

one can show that

g.. = e2 A.

i 1J| (2.32a)

€=U
and

=L Tels,

s . .32b
M= L ‘J|e=u (2.32b)

where the Lorenz number L is given by ;“2 kg/e2 and
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where
1 (ds Vi (2.33a)
A . (g) =_J__w.
ij 4n3 ! h lvl J
and
1 ds Vi
B..(e) = — I = (2.33b)
iJ 41r3 ! h ;

Exploiting the delta function like properties of af°/ae at low tempera-
tures in evaluating integrals over energy using an expansion in kBT one

obtains

-£j F(e) 3f%/3€ de =

Flp) + r? (k,T)2 % + OkT)?
T g\ 2el B
€ | .
€=U
hence one can show that
- 3,2 jL
Myl e T Aij(e)|eay (2.34a)
and
= 3 ___
The general Onsager relation
e;3(-B) = m BT (2.34¢c)
along with Equations (2.32a) and (2.34a) imply that
90, (e,§)
e . (B) =L eT -~ (2.35)
ij 0 o€ e=p

a form obtained by Averback and wagner.(g)
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In general, the Boltzmann equation can not be solved in closed
form; normally its solution is found using numerical methods. However
general results for the magnetic field dependence of the transport
tensors can be deduced using the theory of Lifshitz, Azbel, and

Kaganov(2’3)-

-the LAK theory.
3. HIGH MAGNETIC FIELD THEORY

The LAK theory searches for a solution to the Boltzmann equation
in the high magnetic field 1imit using an expansion in the inverse of
the field 1/B. With the z axis chosen to lie along the field direction
and the field oriented such that all electron orbits are closed, the

theory predicts, to leading order, that

A2) A3 (4

- XX XX XX

oxx(B)- >+ 3 + 84 + ... (3.1a)
=YX 4 YX L _¥YX

°yx(B) A+ 82 + B3 + .. . (3.1b)

where the coefficients A‘(J’?) for m22 depend upon the detailed shape of

.the Fermi surface and upon the detailed form of the scattering operator.

On the other hand,

A(]) = ec(n_-n

yX e h) (3.2)

where Ne is the number of electrons and " is the number of holes. For

a perfectly compensated metal Ng = Ny, SO the leading term in the expansion

for °yx becomes proportional to 1/82.
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In an experimental situation, with the magnetic field directed
along a symmetry direction so that Equation (2.3) applies, the resis-

tivity tensor derived from inverting the conductivity tensor is

o]
XX
P T m———m———— (3.3a)
xx (oS + cix)
and
o]
o = —_ X (3.3b)
yXx (02 + 0,2 )
XX yx

Because pyx/pxx << 1 for compensated metals

Pxx = 1/Gxx
(3)
2 A
B XX
x 1 - + ... (3.4a)
A2) ( A2)g )
XX XX
and
. 2
pyx - c’,yx/cxx
(3),4(1) (1)
2 2A /A A
~[-B (2) xx_“yx )1, Tyx
XX XX

), A |
X
+(A.YX-2—AC9-+— E§+. . } (3.4b)
XX

The term A§;)/B is included in Equation (3.4b) because in practice, per-
fect compensation is never achieved. However this term is expected to
be small for very pure samples. So, in a shorthand notation, the

expected resistivity for a compensated metal in the high field limit with



15

closed orbits is

2

o..(B) =B +B+8%+ . . . (3.5a)

XX
and

yx(B) = B +82+B+8%+ . . . (3.5b)

where the small, if noticeable 83 term is the result of some slight non-
compensation.

In an experimental determination of‘gl the magnetic field is
reversed to eliminate errors caused by measurement probe misalignment.
In terms of these measured values pm, the experimentally determined

resistivity is given by

oo (B) = 3(pl (B) + ol (-B)) (3.6a)
and
o5x (B) = %(py (B) - ol (-8)) (3.6b)

Using the results of Equation (3.5) in Equation (3.6) one might expect

that

exp _ g2 0

Prx B*+B  + . . . (3.7a)
and

exp . (p3

Pyx = (B *+B+ . . . (3.7b)

But this odd power expansion represented by Equation (3.7b) is a poor
fit of R. F]etcher's(4’5) data for these W and Cd crystals. He found
that much better fits of his o data were obtained using pjip(B) = ag'-?
for Cd below 3 K, and p;:p(B) = sz + cB for W. This discrepancy between

experiment and theory is not due to a fundamental flaw in the basic LAK
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theory, but is the result of using an invalid deductive step in applying
the theory under field reversal.

It is our contention that the relationships in Equation (3.1) contain
no field direction information in the quantity "“B". "B" represents only
the magnitude of the magnetic field--the field direction information is
buried in the calculations determining the coefficients Ag?)-

Conducting two thought experiments will show that simply replacing
B by -B in Equation (3.5) to represent a field reversal is not correct.
First consider reversing the magnetic field in a continuous manner by
reducing the magnetic field strength from an initial value of Bi to
zero, reversing the current leads to the magnet, and then increasing
the field strength to a magnitude of Bi‘ Although the field has been
reversed in a continuous and certainly valid manner, the representation
for o expressed by Equation (3.1) has not been as fortunate. In fact,
the LAK theory breaks down in this field reversal experiment because
the theory is only valid at high field strengths as is evident from
Equation (3.1) where more and more terms in the expansion series become
important as the field strength is reduced until Equation (3.1) loses
all meaning at the point B = 0.

One can easily get around this problem of violating the high field
condition by performing an alternate thought experiment where the
reversal is achieved by rotating the field direction in a continuous
manner about an axis perpendicular to the original field direction while
maintaining the field strength at a constant high field value Bi’ The
field has been reversed when this angle of rotation 6 has reached 180°.
Over the course of this experiment the conditions for the validity of

Equation (3.1) have been met, however, the point 6 = 180° is rather
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unique. At any other value (0 < 8 < 180) no one would attempt to insert
this directional dependence in the "B"'s of Equation (3.1), but they
would correctly try to evaluate new coefficients. Since this direction
information is buried in the Aij's for 0 < 6 < 180 it is unreasonable

to expect the "B"'s to suddenly contain field direction information for
the particular value of 6 = 180°.

Before examining the LAK theory in more detail to discover how the
"B"'s in Equation (3.1) lost their field direction information and where
this information now resides, some deceptively simple properties of o
under field reversal will be explored.

First consider the relationship between pxx(B) and pxx(-B).

Figure 3.1a shows an experimental arrangement to determine pxx(Bi where
the crystalline sample, represented by the rectangle, has a crystalline
coordinate system {x',y',z'} permanently associated with it. (That is,
the position of the atoms are given by R=ax' + by' + cz'.) A labora-
tory coordinate system is chosen so that the z axis 1ies along the
magnetic field direction and the x axis lies along the electrical cur-
rent direction. As a result of this current, a component E of the
electric field along the x direction is generated, whose magnitude is

related to the current density of J by the resistivity tensor element

oxx(B). That is
p_.(B) = E J
XX '3.1a

If the crystal has two-fold symmetry about X', rotating the crystal
by 180° about X' as shown in Figure 3.1b can not change the magnitude
nor the direction of this electric field component along X. That is,

the observable parameters can not know that a rotation has been
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Figure 3.1 Experimental situation for Pyx measurement.
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performed--they can not "see" the artificial labeling axes {x',y',z'}.

Thus E =t .
3.1b 3.1a

Examining the experimental situation in Figure 3.1b from behind the
sample yields the situation shown in Figure 3.1c. Since nothing has

changed about the physical system EI =E If we ignore all

3.1c

3.1
external references of the laboratory, Figures 3.1a and 3.1c are physi-
cally identical except that the magnetic field has been reversed. The
ratio betﬁeen the component of the electric field along X in Figure 3.1c

J
3.1c

to the current density is by definition pxx(-B). So °xx('B) = E

which means that

pxx(-B) = pxx(B) (3.8a)
Similar arguments show that
oyx(-B) = -oyx(B) (3.8b)

The experimental situation to determine pyx(B) is shown in
Figure 3.2a where in terms of the component of the electric field along

the y axis, pyx(B) = E ///G. Operating on the crystal with the
3.2a

rotation operator produces Figure 3.2b which implies that El = E
3.2b

3.2a
The back side view of this situation is shown in Figure 3.2c, which is
the experimental situation for determining pyx('B)' Since the component

of the electric field E is equal in magnitude but points in the

3.2¢
opposite direction to E (i.e. E = - E )then
3.2a 3.2¢c 3.2a
oyx(-B) = E 3.2 J = -oyx(B).
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Equation (3.8) can also be shown to be true, in a similar manner,
if the system has a two-fold rotational axis about the y' direction
instead of the x' direction. Actually, the rotational symmetry require-
ment used in deriving Equation (3.8) is not a further restriction for
simple systems (systems without a basis) because every Bravais lattice
has two-fold rotational axes perpendicular to any three-fold or higher
symmetry direction. Ultimately the validity of Equation (3.8) is based
upon the fact that the crystal structure can not differentiate between
up and down (i.e. between the B and -B directions). Thus Equation (3.8)
is certainly true for all simple metal systems with the magnetic field
along a symmetry direction.

Similar relations are true for the conductivity tensor

oxx(-B) °xx(B) (3.9a)

and

-o__(B) (3.9b)

Iyx(-B) yx

as can be deduced either by using similar arguments to those used in
deriving the p relations, or by using Equations (3.3) and (3.8).

The relations expressed by Equations (3.8) and (3.9) are commonly
referred to as 'the diagonal components are even functions of the field
while the off-diagonal components are odd'. It should be noted that
Equation (3.9a) is not new, it is one of Onsager's relations and is
completely general; Equation (3.9b) is new and should not be confused

with the Onsager relation

oxy(ﬁ) = cyx(-ﬁ) (2.4a)
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The implications of these relations on the theoretical expressions
for @ from the LAK theory can be very serious. If Equation (3.1) did
contain field direction information in the "B"'s then Equation (3.9)

demands that

(odd) _
Axx 0 (3.10a)
and
(even) _
Ayx =0 (3.10b)

Our contention that the "B"'s contain no directional information implies
that Equation (3.10) need not be true and that the field reversal
information can be explicitly incorporated in Equation (3.1) as

o, (+0) = Al2) g2 4 a(3)g% 4 (3.11a)
and

E t(AS()/B + A)(,)z()/s2 fo ) (3.11b)

At this point it is important to clear up a misconception that

appears in the literature concerning the "even" and "oddness" of s
expressed by Equation (3.9). Because Tx?® for example, is an even
function of the magnetic field, it is argued that its expansion must
contain only even powers of B, however this is not true because this
argument is implicitly assuming that the range of pertinent magnetic
field strengths includes B = 0, thus requiringﬁ?'to be analytic and
expandable in a Taylor series about B = 0. The expansions for @ result-
ing from the LAK theory are not analytic at B = 0, so certain powers of

B are not necessarily prohibited.
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The question that arises is why is T nonanalytic in the magnetic
field strength B? The answer is that the LAK theory is analytic over
the range of its validity and that any apparent nonanalytic behavior
arises for magnetic field strengths outside this range. This range is
bounded from below because LAK used as a solution to the Boltzmann
equation a series expansion in a small parameter wys which is inversely
proportional to the magnetic field strength. This restricts the theory's
applicability to high fields in order to ensure the usefulness of such
an expansion, as has been previously discussed. The upper bound arises
because we are dealing with a semi-classical theory which is valid only
for magnetic field strengths sufficiently small that field quantization
effects are negligible. Therefore, the problems associated with the
theory's nonanalyticity at B = 0 and at wy = 0* (B = =) are not relevant.

It is now appropriate to examine the derivation of the LAK theory
to see why the "B"'s in Equation (3.1) contain no field direction

information.

LAK Theory

In the presence of a magnetic field, electrons travel in [4 space
along orbits given by the intersections of surfaces of constant energy
with planes perpendicular to the magnetic field. The position of an
electron is describable by the time of rotation t from some arbitrary

point along its orbit and by two constants of the motion, the electron's

*Ignoring the limitations imposed by quantization effects, the non-
analyticity of the LAK theory at wy = 0 has no physical significance
because for wy to get smaller and smaller, to pass through zero, and
to become negative means that the magnetic field would have to pass
froT positive infinity to negative infinity in a manner that escapes
reality.
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energy € and the projection of its wave vector kZ along the magnetic
field direction. The z axis has been chosen to lie along the magnetic
field direction.

From the equations of motion

X . _8
fi T 0 B Vy (3.12a)
dk
Y. &
f at c B Vx (3.12b)
dkz
h -at—= 0 (3.]2C)
we obtain
2 . 2 2
(dkl) (dkx) + (dky)
2
e 2 .,2 ,.°2
iy a2 B~ V. dt
f"c 1
or
= |-&
dk, = |ﬁc Bl v, dt (3.13)

where the symbol | represents the magnitude of a vector perpendicular

to the magnetic field direction. dkl is an element of length taken along

the direction of the electron's trajectory. Integrating Equation (3.13)

yields

k

1 dk,*
t = I.C.ﬁ_l I -1 (3.14)
1

dk '
am _ 'Eﬁl ?.__L_ (3.15)
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It should be noted at this stage that Wy (or "B") contains no
field direction information (i.e. Wy is strictly positive), all directional
information was lost in deriving Equation (3.13) where the field strength
came in as Bz. The field direction information resides in the choice of
the coordinate system to be used in the integrals over k space, chosen
such that as the electron travels along its orbit, time increases (see
Equation (3.14)).

For electrons in the presence of electric and magnetic fields, it
is convenient to describe the electronic states using the parameters e,

kz and the dimensionless quantity

k
1 dk,'
.| !
6 =y |e3| LO 7 (3.16)
l

(As can be seen from Equation (3.15) ¢ varies from 0 to 2r.)

The Boltzmann equation, written in these variables, is

of o, of ;L af o, ) |
36 ¢ * 3, K, *3c € * at)c 0 (3.17)

If £ is perpendicular to B then the Lorentz force

fik = -(e/c)[VxB] - e E (3.18)
implies that
e = - VoE (3.19a)
kZ =0 (3.19b)
and
dk
* . ch) 1.1
¢ = wy leB' Vot (3.15¢)
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One can show that

2 2,2,,2
dk e“B°V .
[d_tl] * =7 [‘ - 25 (1), + O

which means

(3.19d)

S
14
[

X

where the term —52 (lef)z has been neglected. (For a typical metal in
BV

l
a field of 10 kG, this term is smaller than 10'7). Using as the solution

to the Boltzmann equation
_ 0

where t is some characteristic relaxation time (a constant), one finds,
keeping only terms to leading order, that the deviations Vs from equilib-
rium must satisfy

1 Vi af°

—_— (3.20)
wHto o€

o ~
3% + ;;f; W(wi) =

where the collision term has been written in terms of some collision

operator w(f) as

af) . W(f)
1P (3.21)

Since LAK were interested in the high field limit, defined as
wyto >> 1, where the electrons complete several orbits before being
scattered, LAK looked for a solution to Equation (3.20) using a power

series in 1/w,to:
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I (yt) ™ oi™ (3.22)

V. =
m=0 1

i
Substituting Equation (3.22) into Equation (3.20) and equating equal

powers of “Hto one finds that the functions wgm) must satisfy

e
e =0 (3.23a)
(1)
) ) 0
= w(wgf’)) - v, 2 (3.23b)
(m)

W
w;¢ + Q(wgm'j)) =0 form3>2 (3.23c)

After solving Equation (3.23) for wgm) subject to the appropriate
boundary conditions, the conductivity is given by
et

2
- 0 3
°ij = - 4"3 J Vi wj d“k (3.24)

From Equations (3.15) and (3.22) it is clear that cij has the form

o1y = L (18])™ Ag'g) (3.25)

where the Ag?) are dependent upon the specific form of the scattering
operator w (see Equation (3.23)), upon the band structure (see Equation
(3.24)) and upon the specific orientation of the magnetic field relative

to the crystal structure (see Equation (3.24)). LAK proceed further and
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show Agg) = Ail) = 0 and Aﬁl) = ec(ne - nh) for closed orbits and thus
G has the form expressed in Equation (3.1).

In summation, this re-examination of the LAK theory has revealed
that the "B"'s in Equation (3.1) contain no field information and should
more properly be written as |B|. For the field along a three-fold or
higher symmetry axis, the requirement that Oyx be an even function of

the field while o x be an odd function can be explicitly incorporated

y
into the LAK expansion of o as )
- a(2) 52 (3) /3
oxx(tB) Axx /BS + Ax /B + . . . (3.11a)
and
= oa(l) (2) ,p2
ny(tB) t(Ayx /B + A.yx /B + . . ) (3.11b)

For compensated systems, these results manifest themselves in the resis-
tivity tensor being of the form
2

p..(£B) = axxB

0
X + bxxB + cxxB S (3.26a)

and

= 2 0o
oyx(:B) :(ayxB +b B+C B+ . . ) (3.26b)

y Y

We have shown that the field reversal arguments supporting
Equation (3.10) are invalid, thus all powers of B in Equations (3.11)
and (3.26) should be present. In order for Py to contain only even
powers of B and P

y
Equation (3.10) is true using some form of symmetry arguments in the

x to contain only odd powers, one must now show that

derivation of the LAK theory--a result we can find no evidence for.
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4. EXPERIMENTAL TECHNIQUE
4.1 Cd and W Samples

The two single crystals of Cd and W used in this study were
obtained from R. Fletcher who had made several transport measurements

on them(4’5’6).

The only change we made to the crystals was electro-
plating the ends of the W sample's arms with copper.* By doing this,
all attachments to both samples could be made using low melting point
solders (Rose's Alloy, Wood's Metal or Cerrb]ow).

Both crystals had been spark cut to a shape similar to that shown
in Figure 4.1. The Cd crystal had a residual resistance ratio
(Pyg3/P4 ) Of ~39,500. The [1010] direction was parallel to its
length with ~5°, while the normal to its planar face was within %° of the
[0001] direction. The W crystal had a residual resistance ratio of
~29,000. The [100] direction was parallel to its length to ~1°, while

the normal to its planar face was within 0.7° of the [001] direction.

4.2 Cryostat

The cryostat is basically a standard 1iquid 4

He cryostat, designed

to operate in the temperature range of 1.5 to 100 K when immersed in
4

1iquid 4He level are schematically shown along with the specific sample

1iquid "He. In Figure 4.2 the main features of the cryostat below the
arrangement used in the thermopower studies.
The pumping line as well as the sides of the 1 K pot were made of

stainless steel tubing to provide good thermal isolation from the 4.2 K

*A solution of copper sulfate (CuSO4-5H20 -~ 200 g/2) and sulfuric acid
(HZSO4 -- 75 g/%) was used.(]o) The time needed to electroplate the W
sample was ~5 minutes at a current of ~20 mA.
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Figure 4.1 Shape of Cd and W crystals.
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helium bath. The bottom of the pot, the two binding posts below the
pot, and the sample mounting post were made of OFHC copper to insure
temperature uniformity throughout the sample measurement area.
Temperatures above 4.2 K were achieved by warming the evacuated
1 K pot using an attached heater. Because of the isolation from the
4He bath, temperatures up to 100 K were easily obtainable with little
observable increase in the liquid 4He boiling rate. Temperatures down

%4e filled 1 K pot.

to ~1.5 K were obtained by pumping on the 1iquid
The pot was filled in two different ways in the course of these experi-
ments. Originally the cryostat was built with a needle valve connected
to the pumping line just above the flange. By manually opening the
needle valve using an extension reaching up to room temperature, 1iquid
4He would enter the pot. After the pot was filled, the needle valve

was then closed again before pumping on the pot to lower the temperature.
Later, because of doubfs about whether the valve was leaking during
experimental runs, the valve was removed. In subsequent runs the pot

was filled by over-pressuring it with 4

He gas. Pressures of 5 to 10 1bs.
were sufficient to fill the pot in a reasonable time.

The vacuum can was sealed each time using a new piece of 3 amp
Buss Fuse Wire as the 0-ring seal. The large Pb content of this fuse
wire provided sufficient malleability so that a good vacuum seal is
easily made. The seal has never failed. Vacuums obtained using a
standard diffusion pump were typically <2x10°6 mm Hg as measured at
the top of the cryostat.

The cryostat was designed to be inserted inside the bore of a RCA

superconducting solenoid. This magnet had a linearity of 1% up to its

1imiting field of 50 kG and had a field homogeneity over the sample
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volume of 0.1%. Because of induced emfs associated with any movement
of electrical wires with respect to a magnetic field, it is essential
that vibrations be minimized. To accomplish this, a collar was attached
to the outside of the vacuum can which presses against the top flange
of the solenoid when the cryostat is inserted into the solenoid. By
"jamming' the cryostat into the magnet in this way the motion of the
cryostat with respect to the magnetic field is severely reduced.

The wires toming down from room temperature were first lagged to
the 4He bath temperature by wrapping them several times around a copper
binding post attached to the top vacuum can flange. The wires were
similarly lagged to the top of the 1 K pot before being individually
wrapped to the binding posts attached to the bottom of the pot. Finally
the wires were connected to pins in a piece of vector board. Connections
to various thermometers, heaters, etc. were easily made by soldering to
these pins. To minimize unwanted thermal links, most of the wires were
manganin wire (~29 Q/ft). A few wires were copper (~34 AWG) which were
used in place of the manganin to avoid unwanted heating when larger
currents were needed.

An electrical feedthrough was built on this cryostat to provide
electrical connections between the sample area and ihe main liquid 4He
bath area where the chopper resides. This feedthrough was built follow-

ing the design of A. C. Anderson.(]])

4.3 S3of Cd and W: Measurements

The Cd and W crystals were transversely mounted relative to the
magnetic field direction by soldering their ends into the mounting post

with a Tow melting point solder (Cerrolow). The samples were optically
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aligned so that their planar faces were perpendicular to the magnetic
field direction to within %°. The alignment procedure is outlined in
Appendix B.

The thermopower is experimentally measured by producing a tempera-
ture difference AT along the sample by heating one end of the sample
using a heater. The thermopower is given by the resultant voltage dif-
ference AV between two points along the sample divided by the temperature
difference between those two points. That is
Cx

aT/ax
Eéﬁi
AT

1]

S0 52 = -% (4.1)

The voltage measurements in this thermopower study were made using a
Superconducting Chopper Amplifier (chopper) and the temperature measure-
ments were made using carbon resistor thermometry. The heater was made
by wrapping Evanohm wire around a bent piece of copper wire using
cigarette paper as insulation. The resistance of this heater was

~4.9 kQ. The electrical connections between the sample and the chopper
were made with Cu-Ni clad NbTi wire., Because it is superconducting, no

thermopower contributions of this wire are encountered.

4.3.1 Carbon Resistors

Temperatures in the large magnetic fields used in these thermopower

studies of Cd and W were measured using carbon resistors. A pair of
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matched 180 Q, 1/8 Watt Allen-Bradley carbon resistors were used. This
pair was chosen from several resistors each with one side sanded down

to the bare carbon to insure good thermal contact to the sample. Because
the largest change in resistance of carbon resistors occurs after the

(12,13) the resistors

first cycling between 4 K and room temperature,
were immersed in liquid 4He a few times before the two resistors with
4the closest resistance values were chosen. These resistors had a resis-
tance of 2.97 kQ and had a resistance difference of 0.007% at the nominal
4.2 K temperature of liquid He4. |
These sanded resistors were then varnished to copper strips using
GE #7031 varnish with a layer of cigarette paper between the copper strip
and the sanded face of the carbon resistor. The'copper strips were then
soldered to the potential arms of the sample. This assembled package
provides good thermal contact between the sample and the carbon resis-
tor as well as providing electrical isolation. The electrical leads con-
necting the resistors to the vector board consisted of ~5 inches of
manganin wire whose poor thermal conductivity reduces the heat flow from
the sample to the vector board. With no heat flow down these wires, a
carbon resistor would be at the same temperature as its sample contact
point. For later runs, the thermometer end of this assembly was covered
with epoxy cement (Stycast 1266) to insure that the resistor was perma-

nently bonded to the copper strip. No differences were observable in

the measurements taken before and after the epoxy treatment.

Temperature Measurement

Because of cycling effects, the carbon resistors were calibrated

against a germanium resistance thermometer in zero magnetic field during
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each run. The carbons' resistances were measured using an A.C. bridge
technique, illustrated in Figure 4.3. Basically a phase sensitive
detector (PSD) was used to sense the voltage difference between two arms
of a Wheatstone bridge. The oscillator output of the PSD was used as
the power source for the bridge. In practice, the variable resistors
(decade boxes) were adjusted until a null condition was reached implying
that the resistances in the bridge arms were equal. With the selector
switch in the "Rc“ position, the resistance of the cold carbon resistor
Rc was determined taking all lead resistanées into account. (The cold
carbon is the resistor nearest the mounting post.) In the "AR" position,
the difference in resistance AR between the hot carbon RH and the cold
carbon R, was determined. The fﬁxed resistor R, (~1.3 kQ) was added to
insure that this difference between the matched resistors remained a
positive quantity. Because of the switch and independent variable
resistors, RC and AR could be quickly determined for each data point and
the result "stored" on the decade box dials until other measurements had
been completed.

The temperatures for these calibrations were determined using a
Cryo-Cal germanium resistor which was factory calibrated between 1.5 and
100 K. Below 2 K, the accuracy of the calibration was reported to be
3 mK, increasing to 5 mK below 5 K. The resistance of the germanium
resistor in these measurements was determined using a standard four-
probe D.C. technique. The voltage generated across this resistor due
to a constant D.C. current flowing through it was measured using a
digital voltmeter.

For the measurements below ~2 K, the temperature was independently

4

measured by monitoring the vapor pressure of the liquid "He in the 1 K



37

§R R =50kN
.0570

dift.

PSD
input
M o~ pu

aprse————
PSD Oosc.

|

A\
\\

A\
W\

Figure 4.3 Circuit for carbon thermometry.
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pot via the manometer line using a MKS Baratron Pressure Meter. The
temperature was then determined from the National Bureau of Standards
1958 tables. The differences between the temperatures determined using
the vapor pressure technique and using the germanium resistor technique
had negligible impact on the experimental results.

The zero field calibration data were taken by controi]ing the tem-
perature of the 1 K pot using a pressure regulator to adjust the helium
pumping rate while the resistance of each carbon resistor was being
measured. The data for each resistor were fitted to a modified Clement-

Quinne11(14) formula
£nR .
2nR = M[—T—] +b (4.2)

where m and b are adjustable parameters. The fits were made over three,
roughly one degree intervals: 1.5-2.2 K, 2.2-3.2 K, 3.2-4.2 K; with
five to ten data points in each interval. At the higher temperatures
the errors in the fits were typically less than 0.002 K while below

the A point of He4, the fits were better than 0.001 K. Because of the
magnetoresistance of carbon resistors, temperatures derived using these
zero field calibration fits in non-zero magnetic field situations must
be corrected.

The temperature correction for the hot resistor is plotted in
Figure 4.4 as a function of temperature at various magnetic field
strengths. The ordinate is the erroneous temperature, derived from the
carbon's resistance in a magnetic field using the zero field calibration

fit, minus the actual temperature. This difference is negative because

the resistance of carbon resistors increases both as the temperature
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decreases and as the magnetic field increases. Fortunately, unlike
their temperature dependence, the magnetoresistance of carbon resistors

is recyclab]e(]2’13)

as can be seen from the representative 50 kG
data which was taken during six separate experimental runs. Data were
taken at the different field strengths by maintaining a constant tem-
perature using the pressure regulator. The temperature and field
dependence of this temperature correction is consistent with the more
extensive magnetoresistance studies of J. R. Pernicone.(]z)
From this graph and a similar one for the cold carbon, corrections
to the thermopower data were made. Because the temperature differences
used in this study were <0.100 K at the lower temperatures, corrections
to the measured temperature differences were <0.003 K, which resulted
in corrections to the s? data of $3%. Corrections to the temperature
of each data point (taken as the average temperature of the two carbons)

could amount up to 0.052 K at the largest field strength.

4,3.2 Superconducting Chopper Amplifier

The voltage measurements in the thermopower studies were made using
a Superconducting Chopper Amplifier (chopper). A schematic of the
chopper with its supporting electronics is shown in Figure 4.5. This

chopper was built following the design of G. J. Edwards.(]s)

A negative
feedback loop was added to the basic system using the ideas of R. Fletcher
and M. R. Stinson.(]e) Details about the specific components used are
listed in Appendix C.

The basic operation of the chopper is the conversion of a D.C.
signal to A.C. This conversion is made by the Modulator. The Modulator

consists of a piece of NbTi wire which can be heated above its
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superconducting critical temperature using an attached heater. Because
of the relatively high resistance of this wire in its normal state,

the current flowing around the chopper circuit as the result of a
thermal voltage in the sample, is significantly reduced when the NbTi
wire is heated. By repeatedly warming and cooling the NbTi wire using
an audio oscillator to drive the heater, an A.C. current is produced.
This A. C. signal is then amplified using two transformers and an
amplifier; and is then detected using a phase sensitive detector (PSD).
This chopper system can be operated in any of three modes: Nulling,
Amplifying, and Feedback.

Nulling Mode
Operating the chopper system in the nulling mode consists of can-

celing out the sample voltage VS with a known voltage generated by
passing a current IT through the standard resistor RT‘ Operationally

the current IT is adjusted until the signal detected on the PSD generated
by the sample voltage is canceled by the voltage across RT' When this

= [.R..

condition is achieved VS R

Amplifying Mode

In the amplifying mode, the sample voltage is "read" directly on
the PSD knowing the overall amplification of the system. Operationally
this 1s done in two steps. First, the amplification A of the system is
measured in terms of the signal level on the PSD generated by a known

voltage across R.. That is A = (signal 1eve1)/ITRT. Then second, the
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voltage across the sample is measured by noting the signal level on
the PSD with VT = 0. The unknown sample voltage is then given by

VS = (signal level)/A.

Feedback Mode

With the addition of the feedback circuitry to the basic chopper
system, the chopper can be operated in the feedback mode. The negative

4He

feedback, provided by the feedback current IF through the liquid
feedback resistor Rf, is generated by the output of the PSD. The pur-
pose of the isolation amplifier is to break the ground loop between a
grounded sample and the ground of the PSD. An analysis of the circuit
reveals that the voltage VRF generated across the room temperature feed-
back resistor RF is proportional to the voltage across the sample by

an effective feedback amplification AF' That 'is‘VR = AFVS. To an

F
excellent approximation

Re
AF = A/(1 + ﬁ; A) (4.3)
where A is the open loop gain of the system. (See Appendix C for more
details.) In this study A Rf/RF = 83, so Ap = RF/Rf. Because the
amplification of the system depends only upon RF and Rf and is inde-
pendent of other components, it is very stable. In practice AF is

experimentally measured by using a known voltage across RT' That is

AF = VRF/VT. Subsequently any sample voltage is given by VS = VRF/AF'
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A1l three modes of operation were used during this thermopower
study. Depending upon the specific experimental situation, the
advantages and disadvantages of each technique can be evaluated to
determine the most advantageous mode.

The main disadvantage (a very severe one) of the amplifying mode
is that the amplification of the system must be measured repeatedly
because it changes with time and magnetic field.* It is a useful
technique however if the sample voltage is changing rapidly with respect
to an external parameter. For example, in this study W was found to
have magnetothermopower oscillations at low temperatures. Data was
taken in the amplifier mode with the magnetic field slowly sweeping
to reduce the scatter in the data taken using the nulling technique.

On the other hand, gain instability causes no problems in the null-
ing mode because the gain must remain constant only over the relatively
short time needed to make a measurement. (The field is already constant).
However the technique does involve operator participation in adjusting
the nulling current. This not only increases the time needed to make
a measurement but also contributes to operator fatigue.

The feedback mode has the advantage that it requires no operator
involvement--the result is simply read out as a voltage on a digital
voltmeter. Also, because the amplification is quite stable, it need
only be measured infrequently. An added benefit of using feedback is
that the input impedance of the system is increased. A drawback of
this method is the possibility of having some positive feedback present--

which occurred in this particular system. Because of the particular

*The changes over time are generally believed to be the result of the
rather critical dependence of the gain on the Modulator heater power
adjustment. The dependence on magnetic field is not well understood.
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components and their configuration, oscillations were present in VRF
under steady state conditions--presumably the result of positive feed-
back. Attempts made to reduce these oscillations by introducing various
capacitors along the feedback loop found little success. Because most
of the magnetothermopower studies had been completed before the feed-
back work of Fletcher and Stinson was known, more time spent eliminating
these oscillations was not justified. Simply passing the signal through
- a filter to minimize these oscillations was found to be adequate to
complete the magnetothermopower studies. The long time constants needed
were a hindrance; therefore, it is recommended that a more satisfactory
solution to this problem of positive feedback be found if this system
is to be used again.

In operation, the noise level for this chopper system (in any mode)

was typically ~2x10” !

volts for sample resistances of ~5 mQ which
degrades to ~2x10']0 volts at the highest magnetic field used (50 kG).

An extrapolation of the field profiles of the magnet(]7) suggested
that the fringing field in the vicinity of the chopper was 600 Gauss
for a central field of 50 kG. This would correspond to a change of

£0.1% in the resistance of the standard resistors used in the chopper.

5. S3 OF Cd AND W: RESULTS AND DISCUSSION

The measurements of S2 for our Cd crystal were made during the
course of nine experimental runs for which the crystal was inserted in
the cryostat and realigned with respect to the magnetic field direction
three separate times. In the first five runs, voltage measurements were
made using the chopper in the nulling mode while in the latter four runs,
the chopper was used in the feedback mode. Differences between data

taken during various runs were not discernable.
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As a further check of our measurement systems, we also made
measurements of the electrical resistivity Pyx and the Nernst-Ettinghausen
coefficient Qa of this Cd crystal. In absolute numbers, our results were
within 5% of those obtained by R. Fletcher at all temperatures and mag-
netic fields, which not only confirmed the validity of our measurement
techniques but also indicated that the Cd crystal was relatively unchanged
since Fletcher's studies.

The measurements of S for our W crystal were made during the course
of four separate experimental runs. Voltage measurements were generally
made using the chopper in the nulling mode, however, because we observed
magnetothermopower oscillations, some data points, particularly at low
temperatures and high magnetic fields, were taken using the chopper in
the amplifier mode.

These magnetothermopower oscillations were significantly larger
than the precision of our nulling mode measurements as shown in Figure 5.1
where some S? data taken near 4.36 K and 50 kG is plotted against the
field strength. At lower temperatures, the magnitude of these oscilla-
tions become quite comparable to the non-oscillitory component that we
were interested in. To reduce the effects of these oscillations, the
chopper was operated in the amplifying mode and the output of the PSD
recorded on an x-y recorder. An example of the recorded output using
this method is shown in Figure 5.2 for T near 1.7 K and for magnetic
fields between 35 kG and 40 kG. Data such as this was generated and
analyzed in several steps:

1. First, the AT heater was turned on to establish a temperature

gradient along the sample and then the field was increased at

a uniform rate to generate the "SM" curve.

2. The field was then reduced to its initial value, and with the
AT heater turned off, the field was swept again to generate the
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Figure 5.1 s? oscillations of W--nulling mode
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"zero" curve. The difference between the non-oscillitory com-
ponents of the "SM" and the "zero" curves represents the emf
induced across the sample.

3. These differences were converted into absolute voltage dif-
ferences using the calibrated amplification of the system.
This calibration was made at specific fields by recording the
system's output which resulted from a test voltage generated
by passing a known current through the standard resistor R
in the chopper circuit. The temperature differences were Ihen
measured at these same calibration fields after®turning on the
AT heater to the same power output as used in step 1.
Oscillatory phenomena have been seen in many properties of metals
at Tow temperatures--the de Haas-van Alphen effect being the most well
known. These oscillations arise due to the quantization of the elec-
tronic orbits in large magnetic fie]ds.(]a) Because the oscillations

have a period in 1/B of

A(1/8) = %’-‘fd—e—f)- (5.1)

where Ae is any extremal cross-sectional area of the Fermi surfaces in
a plane normal to the magnetic field, these phenomena are useful for
studying the shape of the Fermi surface.

The principal frequency component of our observed magnetothermo-
power oscillations was determined from two of our recorder outputs by
numerically labeling consecutive peaks and plotting these peak numbers
against 1/B. One of these plots (shown in Figure 5.3) yielded a
frequency of 6.18x106 Gauss while the other yielded a value of 5.96x106
Gauss which are in good agreement with the de Haas-van Alphen frequencies

6 6

of 5.93x10 Gauss observed for the third band holes

(19,20)

Gauss and 6.12x10
and the electron-jack necks in the Fermi surface of tungsten.
Our measurements of the thermopower for both the Cd and W crystals

were not symmetric under field reversal, that is, Sm(B) # Sm(-B). In
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fact, this asymmetry was so severe for the Cd crystal that sm actually
changed sign under field reversal at the lower temperatures as is seen

in Figure 5.4. However, the thermopower (Sa) is expected to be symmetric
as can be deduced either from Equation (2.15) or by using a similar

argument to the one used in proving

Pyx(B) = oy, (-B) (3.8a)

since s can be thought of as the xx component 6f a transport tensor.

Our first reaction was that the difference between S™(B) and
Sm(-B) arose from ineaxact alignment of the crystal with respect to
the magnetic field direction. To check on this possibility, the W
crystal was purposely misaligned by ~0.5° prior to one run--the results
for S™ were consistent with our other data to within experimental
accuracy. This meant that if misalignment was the cause of the asymmetry,
then, for some unknown reason, it must be more severe than ~1°,

To check out this possibility, one run for the Cd crystal and two
runs for the W crystal were made using a cryostat designed by J. Cleve-
land to be used in conjunction with a rotatable 20 kG electromagnet.
These runs indicated that changes in the magnetic field orientation by
as much as 20° resulted in changes of the measured thermopower of $20%.
Therefore, crystal misalignment with respect to the magnetic field
direction was ruled out as the source of the asymmetric behavior of sm
under field reversal.

The next most likely candidate for the source of the asymmetry was
misalignment of the measurement probes with respect to the heat current
axis. As shown in Appendix D, if the measurement probes were misaligned

relative to the heat axis by a small angle 6 then a contribution due to
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the Nernst-Ettinghausen coefficient Qa would show up in our 53 measure-
ments and the measured thermopower would be related to the true

thermopower by

s™B) = s¥(B) - Q%(B) tans (5.2)
We can take advantage of the fact that

s3(8) = s¥(-B) (5.3a)
and

Q®(8) = -Q%(-B) (5.3b)

to calculate the true thermopower from our results of sm by reversing

the field and taking the average
s%(8) = x[s"(8) + s"(-B)] (5.4)

If this analysis were correct, we should expect that the asymmetric

component of Sm, defined as
D(B) = %[s"(B) - S"(-B)] (5.5)
to be proportional to Qa

D(B) = -Q%(B) tane (5.6)

The degree to which Equation (5.6) is obeyed can be seen from Figures 5.5
and 5.6 where our results of D for the Cd and W crystals respectively,
are plotted as functions of temperature for various magnetic field
strengths. The solid curves in these figures represent Qa multiplied by
a constant--the Q® values for Cd came from our measurements while the Q?

values for W came from Fletcher's results extrapolated from his highest



Y,

7 . o
— ° 0.- 3T |
;04“‘ . .'.'. L. -
= . B )
= ~

b

T§\°

0.4_ < ) (d }2‘[ —
02-, °. -
y e

Figure 5.5 D of Cd



55

>

o
o

-
-y
-
-
-y
-
-y
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-y
-
-
-
-y
-y
-
-
-
-y
-
-
-}
-

Figure 5.6

Dof W



56

fields of ~35 kG up to 50 kG. The obtained fits are very reasonable,
especially at low fields, and the resulting values for 6 of 0.86° for
the Cd crystal and 0.25° for the W crystal are quite realistic. We
therefore believe that the difference between S™(B) and S™(-B) is due

to probe misalignment and we go on to use Equation (5.4) in determining
s? with confidence. We note in passing that in the Mo studies mentioned
earlier, S™(B) and sM(-B) were equal to within experimental accuracy.
Because of the relatively much smaller Qa in Mo, the Nemst-Ettinghausen
contribution to Sm, for a probe misalignment by as much as 45° (i.e.
tane = 1), would amount to only 0.1%; thus it is not surprising that sm
was found to be symmetric under magnetic field reversal.

Shown in Figure 5.7 for Cd and in Figure 5.8 for W are our results
for the magnetothermopower, plotted as functions of temperature at
various magnetic field strengths.

The next step in the analysis of this s? data is to investigate the
possibility of separating the diffusion from the phonon drag contribu-
tions. The traditional method of performing this separation has been

to try to fit the data to the form
s? = aT + bTS (5.7)

where the T and T3 terms correspond to the diffusion (Sd) and the phonon

drag (Sg) thermopower components respectively. Fletcher et al.(1)

plotted Sa/T against T2

d

for their Mo crystal and were able to separate

and S9 from the resulting linear plots. However,

they went on to point out that the T3 part may include a contribution

the contributions S

from the diffusion thermopower due to the temperature variations of the

parameters which occur in Equation (2.15). Thus Equation (5.7) should
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be treated with a certain amount of skepticism. Our plots of Sa/T
versus T2 shown in Figures 5.9 and 5.10 for Cd and W respectively,
indicate that for these systems Equation (5.7) is not a valid fit.

Since we are primarily concerned with the diffusion thermopower as
far as the magnetic field dependence is concerned, the best we can do
under the circumstances is to study the extrapolated values of
Al T+0° Our results are plotted in Figure 5.11 and indicate a linear
dependence on the magnetic field. Although this field dependence is not
consistent with the saturation of S2 predicted at the start of the
investigation, it is consistent with our new interpretation of the high

field theory of LAK discussed in Section 3.

The thermopower, given by Equation (2.15), can be written as

Yux Pyx )
Fo e |14 X IXX (5.8)
yx X Yxx Pyx |

©

(4,5,6)

For both Cd and W, Fletcher's measurements indicate that

(ny/Yxx)pyx/pxx << 1, so to a good approximation

+ =2
XX~ XX pyxeyx P

Y P
s? = o ¢ ]+ XXX (5.9)
Yxx Pyx

The term in parenthesis in Equation (5.9) is complicated at finite tem-
perature, however, for T + 0, (ny/Yxx)(pxx/pyx) + 1. Therefore

a &y -
ST -0 = pxxsxx/T + 2pyxeyx/T (5.10)
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The LAK theory predicts that Pyx should show a 82 magnetic field
dependence at high fields and is observed to do so for these Cd and W
crystals. From Equations (2.35) and (3.11) the theory also predicts

that €y should approach a I/B2 behavior. We have extracted values of

X
Eyx for this W crystal from our measurements of s? and Fletcher's meas-
urements of T?, ﬁf and eyx using Equation (5.9). Since one expects that
€yx should depend linearly on temperature at low temperatures (see

Equation (2.35)), which implies that

B e,y = T (5.11)

2

we present our results for € x in Figure 5.12 in the form of B Exx

versus T. There is considerable uncertainty in these results arising
from the many terms in Equation (5.9), however, they do show that
Equation (5.11) is substantially correct in that the data is consistent
with parallel straight line fits passing through the origin--particularly
at high fields. Therefore we conclude that the first term in Equation
(5.10) saturates in high magnetic field.

For the second term in Equation (5.10), Fletcher found experiment-
ally that eyx/T « B'] as expected from theory. With his other results

of o, ~ -aB'*? for Cd below 3 K and gy = BB * 82 for W (a,b,c, are

y
all positive) it is clear that the term pyxsyx/T is the source of the
linear field dependence seen in our Sa/TlTaO data.

As discussed in Section 3, this 82

dependence of pyx found experi-
mentally by Fletcher, which appears in our thermopower measurements, is
no longer unexpected and is now consistent with the high field theory of
LAK. And, no behavior arising from non-compensation was observable for
these "pure" samples as expected, i.e. no B3 term was discernable in the

results of pyx'
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CHAPTER II

T1"I+x52

6. INTRODUCTION

The layered compound titanium disulphide (Tisz) has received con-
siderable attention in recent years, not only because of its potential
practical use as the cathode material in lithium-anode intercalation
chemistry batteries(ZI) but also because of the unusual T2 temperature
dependence seen in its a-axis electrical resistivity.

Although it is agreed that TiS2 exhibits metallic conduction, the
origin of the carriers remains controversial. Early investigators
considered T1S2 to be a degenerate semiconductor with extrinsic con-

(22,23) It is well known

duction electrons arising from excess titanium.
that Tis2 tends to grow metal rich and the excess titanium atoms in non-
stoichiometric T'IHXS2 are assumed to be donors, with each Ti atom
yielding four electrons to the conduction band. .

More recently, with improved materials preparation techniques, it
has become possible to prepare highly stoichiometric titanium disulphide.

(24)

Takeuchi and Katsuta and Thompson et a].(zs) have reported the

preparation of T1‘1+XS2 with x € 0.001. Investigations have found that

even these highly stoichiometric materials exhibit significant con-

(26) that the resistivity

2

ductivity. More specifically, Thompson reported

of titanium disulphide depended on temperature as p(T) = a + bT~ and

65
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5/3, both of which are
(27)

depended on the carrier concentration as n_

characteristic of carrier-carrier scattering. Thompson then con-

cluded that the metallic behavior of titanium disulphide is an intrinsic
effect and that TiS2 is not a semiconductor but is a semimetal. These
contradictions to long-held beliefs generated a lot of interest in T1'S2

from other researchers.

(28)

Kukkonen and Maldague theoretically examined the semimetal

picture of TiS2 and argued that the carrier-carrier scattering must be
electron-hole scattering; both electron-electron and hole-hole scattering
are prohibited in TiS2 because the assumed carrier pockets in TiS2 are too
small and well separated to allow umklapp scattering processes to occur.

Furthermore, their investigation predicted that in stoichiometric TiSz,

2

electron-hole scattering would produce a T~ behavior of the resistivity

for all temperatures, but off stoichiometry (ne;fnh), their results pre-

dicted a T2 dependence only at low temperatures, with a slower temperature

dependence at higher temperatures.
In opposition to this new semimetal view, the work of other research-

ers continued to support the semiconductor view of Tisz. Band calculations

(29,30)

have always shown an indirect band gap between the p and d bands

(31)

and second generation calculations with improved treatment of the

muffin-tin corrections and basis set are beginning to settle towards the
value for this gap of ~+0.5 eV reported from photoemission studies.(32'34)
The work of Friend et al.(35) on the pressure dependence of the resistivity
and the Hall effect also showed evidence for a band gap in Tisz. And

finally, Wilson(36:37)

claimed that the semiconductor model for TiS2
should not be abandoned because it was actually consistent with the

existing data.



67

Specifically, Wilson argued that anyone attempting to interpret
the transport ‘properties of T1'S2 within a semimetallic scheme must first
establish that the material is free from defects. Until that time, it
is quite reasonable to believe that the source of the residual electrons
in stoichiometric T1'S2 (~2x1020 electrons/cm3) is the displacement

(24)

defects inferred by Takeuchi and Katsuta (vacancy in Ti site/inter-

stitial Ti between the layers). Wilson also claimed that the resistivity

data could be explained by Fivaz(38+3%)

mode homopolar optic phonon scat-
tering. Scattering from the phonons associated with the "Ereathing" mode
of the individual T1‘S2 layers results in a temperature dependent resis-
tivity which is approximately T2 over the temperature range of ~77 to

400 K. (Below 77 K, Wilson asserted that a coﬁfinuation of the T2
behavior was not definitive from Thompson's work.)

To try and answer the many questions raised in the literature about
TiSz, a systematic investigation of several physical properties of single
crystals of titanium disulphide with varying degrees of non-stoichiometry
was begun by Kukkonen et a].(4o) at Ford Motor Company. It was our
contact with this group that first introduced us to the unusual behavior
seen in this system. Because samples of TiS2 were made available to us
courtesy of Kukkonen et al., we decided to repeat and extend down to
~1.5 K the resistivity measurements of Thompson, not only to re-examine

the T

behavior with an increase in measurement precision, but also to
see if this behavior continues below 10 K. Since we also had the capa-
bility of introducing magnetic fields, we could measure the magneto-
resistivity for the first time and also investigate the dependence of
the resistivity on the carrier concentration (derivable from the Hall

coefficient) which could then be compared with Thompson's results
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suggesting carrier-carrier scattering. In contrast to Thompson's con-
clusion that T1‘S2 is a semimetal, Kukkonen et al. present convincing
evidence using their infared reflectivity data that titanium disulphide
is a degenerate semiconductor.
7. EXPERIMENTAL TECHNIQUE: Ti

1+x52

7.1 Tiy4,S2 Samples

The single crystals of titanium disulphide used in this study were
grown by S. P. Faile at Purdue University using the vapor transport
technique with sulfur or iodine as the transport agent. In a typical
crystal growth, a charge of T'iS2 powder, either commercially obtained
or prepared in-house, was placed at one end of an evacuated quartz tube
together with the transport agent. The transport was achieved by
establishing a 75-100°C temperature gradient along the tube with the
powder at the hot end and growth occurring at the cool end. Highly
stoichiometric crystals were obtained when the growth temperature was
near 650°C--lower temperatures produced unwanted whiskers of TiS3 while
higher temperatures result in increasingly non-stoichiometric Ti]+x52.
Listed in Table 7.1 are the conditions under which the samples used in
this study were grown. Also shown in this table are the carrier con-
centrations of these samples derivedlfrom Hall effect measurements at

room temperature using a single carrier model as well as estimates of

the stoichiometry x of the samp]es.*

*The values for x were gesained by comparing their c-axis lattice para-
meters with Thompson's( results for the c-axis lattice parameter as

a function of x for Ti|+xS2 powder samples. Because of several incon-
sistencies associated with this procedure at small x, the values for x
should not be taken quantitatively but should only be used as an indicator
of the relative no?-stoichiometry of the various single crystals. (See
Kukkonen et al.(40) for a thorough discussion.)
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Physically, the samples were in the shape of thin plates, with
their c-axes orientated perpendicular to their plate faces. Their
thicknesses ranged between 40 and 150 microns while the dimensions of

their planar faces were crudely 2 cm x 2 cm.

7.2 Cryostat
To provide both thermal contact and mechanical strength, the crystals

were mounted on a sapphire substrate using G.E. varnish. This substrate
backing was varnished on to a copper block attached to the cryostat's
mounting post (see Figure 7.1). This block had been optically aligned
relative to the magnetic field direction to within %° (see Appendix B),
which means that, in the measurements made in magnetic fields, the field

was directed along the c-axis of the Ti S2 crystal.

1+x

Four Pt electrical leads (0.006" in diameter) were secured to the
saphire backing with ceramic cement before being attached to the crystal
using gold paste (Englehard A-1644). The entire length of the Pt wires
(~3-6 cm) as well as ~5 cm of the connecting copper wire leads were
lagged to the copper block. With this configuration, we are confident
that the T1']+XS2 sample was at the same temperature as our germanium
resistance thermometer.

Generally the leads were attached to the sides of the crystals, how-
ever, for two samples (TS-11 B164 and TS-12 B3) the leads were attached
to the top surface. No effects attributable to these two different lead

configurations were observable in our measurements, except possibly, in

our magnetoresistance results.
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Cu leads
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Ge
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sample Pt leads
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mounting
post copper block

Figure 7.1 Experimental situation for T'inS2 study
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7.3 o(T,B) and Ry of Ti14,S2: Measurements

The a-axis electrical resistivity p and the Hall coefficient RH of
the titanium disulphide single crystals were measured using the four-

(41) method. With

probe measurement technique known as the van der Pauw
this technique, the resistivity and the Hall coefficient of an irregularly
shaped sample can be accurately measured provided:

1) The sample is singly connected. (i.e. it has no holes in it)

2) The contacts are small.

3) The contacts are placed at the circumference of the sample.

4) The sample has a uniform thickness.

If these four conditions are satisfied then the resistivity is given by

(R + R23) ] R34 71
B A Rys (7.1)

and the Hall coefficient is given by

4 = B (Ryy(B) = Ry, (B=0)) (7.2)

where the electrical contacts have been sequentially numbered 1 through
4 around the circumference of the sample, d is the thickness of the
sample, f(r) is a universal function given by van der Pauw, and Rij is
a measured resistance derived from the voltage drop between contacts
i and j resulting from a current flowing between the other two contacts--
for example, R34 = V34/I]2.

These measurements were made using a lock-in detector as both an
A.C. voltmeter and as the A.C. current source. A schematic of the

electronics used for the electrical resistivity measurements is shown in
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Figure 7.2. A digital voltmeter (D VM ) with A.C. voltage capability
was used to measure the magnitude of the electrical current flowing
through the sample. The output of the PSD was "read" using another DVM.
The measurements were conducted using currents of ~1.5 mA at a frequency
of 200 Hz. (The results were current and frequency independent to
within experimental uncertainty.)

The temperatures at which these measurements were made were deter-
mined using the germanium resistor as discussed in Section 4.3. In the
studies of the Hall effect and the magnetoresistance (i.e. for measure-
ments in magnetic fields), after a "constant" temperature was obtained
by maintaining a constant output from the heater attached to the "one-
degree”" pot, the temperature was measured in zero field. The voltage
measurements in non-zero fields were then made, assuming that the tem-
perature remained constant. Periodically, the field was reduced to zero
and the temperature re-measured in order to make corrections to the data
due to the small drifts in temperature that occurred. Although these
temperature corrections were very small and had a negligible impact on
the Hall effect data, they were needed in the analysis of the magneto-
resistivity data.

S

8. p(T,B) AND RH OF Ti RESULTS AND DISCUSSION

1+x°2°
8.1 Electrical Resistivity p(T)

The measurements of the a-axis electrical resistivity p for each
Ti.H_xS2 single crystal were generally made over a time period of approxi-
mately 36 hours. Measurements were taken over the temperature range of
77 to 100 K while the system was pre-cooling to nitrogen temperatures,

after which, helium was transferred and the measurements over the range
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Figure 7.2 Electronics schematic for Ti]+xS2 study
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of ~1.5 to ~80 K were taken. The results are shown in Figures 8.1-8.5
where the a-axis electrical resistivity for each sample is plotted
against the square of the temperature over the temperature range of ~2

to 100 K. As can be seen, the temperature dependence is not simply T2

as previously reported.(zs)

but instead, it depends upon the stoichio-
metry of the sample. At the higher temperatures, the more stoichiometric
samples TS-11 B164, TS-39 B164 and TS-41 B6 depend more strongly on tem-
perature than T2 while the least stoichiometric sample TS-40 B1 might
héve a lower dependence than Tz; sample TS-12 B3 has a very nearly T2
temperature dependence.

These results are consistent with the measurements of Kukkonen et

al.(40)

on other Ti xS2 samples taken from the same batches that our

1+
samples came from. They found that their samples did not exhibit a

pure T2

temperature dependence over their range of investigation of

77-700 K. Forcing fits to their data of the form o = p + AT", they

found that the temperature coefficient m increases with increasing
stoichiometry from a low value of 1.85 for the least stoichiometric

batch #1 up to a high value of 2.21 for the most stoichiometric batch #164
with m = 2.03 for batch #3. Over the range of overlap of 77-100 K, our
results are in quantitative agreement with Kukkonen et al.'s results if
our results are multiplied by a normalizing factor specific to each

~ sample. This factor presumably arises from our uncertainty in knowing

the thickness of each sample (~10-15%).

Further examination of our p versus T2 plots reveals that p varies

more steeply than TZ at the lower temperatures. Shown in Figures 8.6-

8.10 are our lower temperature data for p below 41.5 K. From these

3

plots of p versus T°, it appears as though, at low temperatures, the
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Table 8.1 o(T) = pg + aT> fits

Sample po(10em) a(10-3 pqoem k-3
TS-39 Bl164 150.20 0.366
TS-11 Bl164 150.90 0.331
TS-41 B6 © 95.24 0.250
TS-12 B3 108.65 0.213
TS-40-B1 155-09 0.104

—_—
temperature dependence of T11+x52 is very nearly cubic regardless of the
stoichiometry of the sample. "Eyeballed" best fits to the data of the
form p = Po * aT3 produced the coefficients Po and a listed in Table 8.1.
The solid lines in Figures 8.6-8.10 represent these fits. A further

blow up of our p data below ~21.6 K is shown in Figures 8.11-8.15, where

again p is plotted against T3. These graphs reveal that these same

cubic fits remain quite reasonable down to our lowest obtained tempera-

tures of ~1.5 K.

Although this T3 behavior is independent of the sample stoichio-

metry, it can be seen from Table 8.1 that there is a systematic trend in

the slope "a" of the T3 dependence--the slope increases with increasing

stoichiometry. Also, it appears as though the range of the T3 behavior
increases with increasing stoichiometry as can be seen in Figure 8.16.
In this figure the difference between the measured resistivity and the

T3 fit is plotted against T3. (The temperature dependence of the samples

were normalized to sample TS-39 B164 in generating this graph. That is,

3

*
a change of scale was made so that all the T~ fits had the same slope. )

The tentative range limits of this T3 behavior, derived using Figure

8.16, are listed in Table 8.2.

*The data was normalized only for clarity--the results shown in Table
8.2 are unchanged if the original data is used to make a graph similar
to Figure 8.16.
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Table 8.2 Range of T3 Behavior

Sample T (K)
TS-11 B164 32.7
TS-39 B164 31.2
TS-41 B6 31.2
TS-12 B3 27.8
TS-40 B1 24.7

It should be noted that the scatter in the resistivity data of
Figures 8.6-8.15 is not representative of the precision of these measure-
ments. This scatter appears to be the result of small shifts in the
measured residual resistivity Po that occur over the duration of an
experimental run. As discussed in more detail in Appendix D, this
problem is most T1ikely an experimental artifact associated with the
electrical contacts. The existence of this problem should forewarn any
future experimentalists, that its solution must be found before any use
can be made of either an increase in temperature capability below 1.5 K
or an increase in measurement precision (estimated to be <0.02% in this

study--Appendix D).

8.2 Hall Coefficient Ry

From Equation (7.2) the change in the voltage AV measured between
contacts 2 and 4 for a constant current I flowing through contacts 1 and

3 depends linearly on the magnetic field strength.
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RHI
AV=TB . (8.1)

Our measurements indicate that the linearity expressed by Equation (8.1)
was obeyed to a high degree for samples TS-39 B164 and TS-40 B1 as can
be seen from Figure 8.17 where representative data for AV taken near

T =5 K is plotted against B. For sample TS-41 B6 significant departures
from linearity consistently occurred at fields greater than ~15 kG. From
our programmed fits using Equation (8.1) to data such as shown }n Figure
8.17 we have obtained values of the Hall coefficient RH over the tempera-
ture range of ~4 to ~80 K. However, it is more enlightening to express

these results in terms of the carrier concentration n which is given by

n = ﬁe-)- (8.2)

using a single carrier model.

The results of our Hall effect measurements are shown in Figure
8.18 where the concentration n of these negatively charged carriers in
TinS2 is plotted against temperature over the temperature range of 4
to 80 K. Our results showing that the carrier}concentration increases
slightly as the temperature decreases in this regime are consistent with
the higher temperature results of Kukkonen et a].(40) who found n to
behave in a similar manner over the temperature range of 77 to 300 K.

A fit to our data of the form
n=n_-CT (8.3)

produced the values of the coefficients o and C listed in Figure 8.18.
As can be seen, n increases the fastest for T7S-41 B6 at a rate of 0.11%/K

while n increases the slowest for TS-40 B1 at a rate of 0.038%/K.
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8.3 Magnetoresistivity p(B)

Magnetoresistance measurements were made over the temperature range
of 4 to 80 K for samples TS-39 B164, TS-11 B164, TS-41 B6,and TS-40 Bl
in magnetic fields up to 50 kG. These results are shown in Appendix G
in complete detail, however, a summary of the data is presented in
Figure 8.19. Plotted against the field strength are our results for the
magnetoresistivity near 5 K, represented by the symbols and solid lines.
This effect is relatively small--for sample TS-41 B6 the magnetoresis-
tance amounts to only 3.8% at 50 kG while it amounts to less then 0.5%
for the other samplies taken from bafches #1 and #164. The magnetoresis-
tance is also largely independent of temperature as can be seen from the
dotted lines in Figure 8.19 representing the data taken near 80 K.

These results for the magnetoresistivity are somewhat similar to
that found in highly doped semiconductor systems which exhibit metal
insulator transitions.(42) In those systems, the experimentally observed
magnetoresistance is generally negative at low fields, passes through a
minimum and becomes positive at higher fields. This behavior is tenta-
tively explained using the idea of two competing mechanisms--a negative
contributing mechanism which saturates in higher fields competing with a
positive contributing mechanism which dominates in higher fields. This
comparison should not be heavily stressed because our magnetoresistivity
results for T1'1+XS2 are somewhat limited and are quite tentative in view
of the apparent difference in the magnetic field response of samples
TS-39 B164 and TS-11 B164 taken from the same batch but with their
electrical leads attached to their sides and top surface respectively.
This suggests that some of the observed magnetoresistivity may be an

experimental artifact associated with the placement of the contacts.
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8.4 Scattering Mechanism(s)

Because the carrier concentration is relatively independent of tem-
perature, the unusual temperature dependence of the electrical resistivity
must be due primarily to the temperature dependence of the scattering
mechanism(s) operating in Ti1+x52‘ To try to identify these scattering
mechanism(s), it is useful to examine the mobility of the carriers as a
function of the carrier concentration at a fixed temperature. Using a
single carrier model, the mobility p is related to the electrical con-

ductivity o by

g = ne v = neu (8.4)

where t is the relaxation time. The mobility, calculable from our

resistivity and Hall effect data using
u=R/p (8.5)

is more reliable then either the Hall coefficient or resistivity data
alone when comparing measurements made on different samples. Unlike RH
and p which are both linearly dependent on d, u is independent of the
sample thickness.

Using Matthiessen's rule, the mobility can be written in terms of
two partial mobilities:

1 1

1 .
MO CY IR ) (8.6)

where the residual mobility (taken at 4.2 K) is given by

R
u(4.2 K) = F(THZ'TY (8.7)
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and the temperature dependent partial mobility is given by

R
Ty H
U O () R C 29D (8.8)

Our results are presented in Figure 8.20 where the logarithm of the
residual mobility is plotted against the logarithm of the carrier con-
centration. Also shown are the high temperature results for u'(T) of

Kukkonen et a].(40) Our data for u(4.2 K), which arises from temperature

4/3

independent "impurity" scattering, appears to vary as n- at carrier

21 cm-3.

concentrations above ~10 This n'4/3 dependence can be understood

by noting that the scattering rate due to impurities is given by

1
Timp

2
« Nimp <M®> D(ef) (8.9)

where Nim is the density of impuritieé, M is the scattering matrix element

whose squzre gets suitably "averaged" over [4 space, and D(ef) is the density
of final states. The experimentally observed relationship of

u=et/ma« n'4/3 is obtained if M is independent of n (which occurs for
impurity scattering), D(ef) is given by the free electron relation

D(af) « n]/% and if the scattering impurities are also the source of the

carriers (Nim « n). This latter condition is met in the T, 52 system

p i+x
where, at least for the more stoichiometric samples, the source of the

carriers is generally thought to be the excess Ti atoms, with each atom
contributing its four valence electrons to conduction. In contrast, the
results at "finite" temperatures are not as well understood.

The room temperature results of Kukkonen et al. which showed a

n“o'27 dependence for u'(T) is characteristic of electron phonon scat-

-1/3

tering in nondegenerate semiconductors where u'(T) = n but, as they
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point out, electron phonon scattering is not consistent with the tem-
perature dependence of the electrical resistivity. Simple acoustic
phonon scattering predicts a linear dependence on temperature above
about eD/3, where the Debye temperature eD for TiS2 is 235 K, and it

predicts a T5

dependence at low temperatures. Electron phonon scattering
is also inconsistent with our results for the carrier concentration
dependence of u'(T) in the T3 resistance regime. Our results of u'(T)
are shown in Figure 8.21 where the logarithm of u'(T) (arbitrarily
calculated at 20 K) is plotted against the logarithm of n, which shows

“1/3, ' (T) depends as n"0-54..

that instead of depending on n as n a
dependence that we can not explain with any mechanism.

As of the present, no one has come up with a satisfactory explanation
of the nominal T2 temperature dependence seen in the electrical resistivity
of T11+XS2 at high temperatures, nor have we found an explanation for the

new T3 behavior at low temperatures that we have observed.
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APPENDIX A
TENSORS IN A MAGNETIC FIELD
In this appendix it will be shown that if the applied magnetic

field is along a 3-, 4-, or 6-fold symmetry axis of the system, then

each of the transport tensors in Equation (2.1) has the form

Zxx zxy 0
'zxy Zxx 0
o0 Dy,

where the z-axis is along the field direction.

Consider a crystal in a magnetic field applied along a symmetry
direction, the z-axis. The other Cartesian directions (x and y) are
arbitrary. Now consider a new coordinate system {x',y',z'} that is
related to the original system {x,y,z} by a rotation through an angle 6
about the z-axis. Using the transformation matrix

cosd sine 0
T - -sing cose O (A.1)
0 0 1

+, _ s s
any vector b in {x,y,z} becomes B' in {x',y',2'} where b' =T b. Similarly

e
for a second rank tensor |

T T T (A.2)
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If the amount of rotation 6 corresponds to a symmetry operation of the
‘crystal, then each of the components of the physically relevant tensor
in the new coordinate system must be equal to its counterpart in the

old system. That is,
Z%j = Zij (A.3)

for each i and j. By performing the indicated algebra of Equations
(A.1-A.3) it is easily shown that for any physically relevant second

rank tensor TT,

szx zxy 0 -
T L, o
0 o0 Zzz

if the applied magnetic field is along a 2-fold symmetry direction; and
that if the field is along a 3-, 4-, or 6-fold symmetry direction then

Lux zxy 0
ST = 'ny Low O
0 o Zzzd .




APPENDIX B

SAMPLE ALIGNMENT

The samples investigated in this thesis were aligned relative to
the magnetic field of a superconducting solenoid using an optical
technique. Basically the method consists of shining a laser beam onto
a microscope cover slide which is attached to a planar surface and
using the reflected beam as a reference to the normal of the surface.
In this way, planar faces can be adjusted to be parallel to a very high
degree.

We will now outline the specific steps that were followed in
aligning samples in the particular cryostat used in these experiments,
however, the principles behind these steps are more general and may be
applied to other systems.

1. The cryostat was inserted into the magnet support structure
and "jammed" into the bore of the solenoid in the same position that
it would occupy during an experimental run.

2. The cryostat was securely fastened to the support structure in
such a way as to allow the magnet and the cryostat's vacuum can to be
removed without changing the cryostat's position.

3. A small piece of a microscope cover slide was "attached" to
the bottom planar face of the solenoid using a small drop of water. A
laser beam was then shown onto this cover slide and the position of the

reflected beam was recorded.
106
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4. The magnet and the vacuum can were then removed to expose the
inner workings of the cryostat.

5. A piece of cover slide was "attached" to the sample's planar
face and the sample soldered into the cryostat while making sure that
its reflection was in the same position as that recorded in step #3.
(Between steps 4 and 5 the laser was moved vertically using a lab jack.
Checks must be made to insure that the laser beam moves parallel to
itself over this displacement.)

6. The can was carefully replaced and the reflection off its
bottom face was also recorded. (This position is not related to that
in step #3.)

7. The magnet was put back in place while monitoring tﬁe can's
reflection (step #6) to insure that its position remained unchanged,
which meant that the sample's reflection was also unchanged.

8. Finally, after the magnet was firmly attached, its reflection
was rechecked with its old position recorded in step #3.

With some practice and some care, the differences between all the
recorded positions could be made less than 1/10°. We have claimed that
our alignments with respect to the magnetic field direction were within
%°. The main uncertainties lie in the assumptions that the field of the
solenoid is perpendicular to its bottom face and that the cryostat's
position inside the solenoid is reproducible after each time the

cryostat is removed from the dewar.
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APPENDIX C
CHOPPERS WITH FEEDBACK

(see Figure 4.5 for a circuit schematic)

Brass standard resistors with nominal resistances of
80x10°% a at 4.2 k.

Room temperature resistor (~9.9x103 Q)

~1 inch of bare NbTi wire. ~1 foot of Evanohm wire

(418 Q/ft); doubled before winding around the NbTi in
a monolayer. This assembly was inserted into a piece
of glass capillary tubing filled with Apiezon grease.

4.2 K transformer consists of two identical transformers
wound oppositely to reduce pick-up. Cores: Teflon,
Length 0.225 in., Diameter 0.25 in. Primary: 3 mil NbTi,
40 turns, monolayer. Secondary: AWG 46 copper wire,
2,000 turns.

Room temperature transformer

Low-Noise Amplifier; Princeton Applied Research Model
CR4-A

Phase Sensitive Detector; Princeton Applied Research
Model 124A with Model 116 Differential Preamplifer

Krohn-Hite Model 4100

Frequency doubler consists of a resistor and a diode in
series. Lock-in detects the first harmonic in the
voltage drop across the diode.

108
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Iso1§tjon Isolation amplifier built in-house by Electronics Shop,
Amplifier MSU Physics Department.

Filter Krohn-Hite Model 3750

Chopper Circuit Analysis

A straightforward analysis of the chopper circuit diagram reveals

that the ratio of the feedback current IF to a test signal current IT is

I [ ]
F T
= Sum (c.1)

2
T [ARg + R - RE/R. o+ R.]

RelA - Rf/R

sum

where Rsum is the summation of all the resistances in the low temperature

network including an effective input impendance Rin of the amplifying

network. That is RSum = RT + Rf + Rs(samp]e) + Rin‘ The open loop

gain of the system A is defined as the output of the system VEF = RFI;

(with the feedback current disconnected from the low temperature feed-

back resistor Rf) divided by an input signal V% = R; %. That is

A= VﬁF/V%. With the switch in the feedback circuit, A can be experi-

mentally determined if desired. Typically the system was operated with
10

a value of A =~ 3x10 . Because Rf/Rsum <1 and Rf << RF then Equation

(C.1) becomes

I RTA

IT IARf + RFI ’

The effective gain AF of the system with feedback, given by
AF = VRF/VT = RFIF/RTIT is then

R R
A=—F[]+_

| —

F Rf

-

-1
] (c.3)
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16))

(This result is given in the paper by Fletcher and Stinson.( In

10

our system if A = 10 = then RF/ARf = 0.012, so

Re

AF = —; (C.4)
to within 1.2%. The fact that Equation (C.4) is not valid to a high
precision is not important since AF is experimentally determined. The
real benefit of using feedback is in the stability of the system's gain.
From Equation (C.3) it can be seen that any change in the open loop gain
of the system corresponds to a much smaller change in the feedback gain.
For example, a 10% change in A (for A==10]0) corresponds roughly to a
0.12% change in AF' Thus the gain of the chopper with feedback is much
more resistant to changes in time and/or magnetic fields than is the
basic chopper.

According to Fletcher and Stinson, another benefit of feedback is
that the input impedance of the chopper system increases by the factor
A/AF. This result can be deduced by considering the change in the gain
due to a small change GRS in the sample resistance. From Equation (C.3)

the change in the feedback gain of the system would be

-2
R R R
.3 Fl 1
SAr = = [1+R A} [RMZ GA]

or

A
SAp | 5| SA (C.5)
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where S6A is the change in the gain of the system with no feedback. The

percentage change in the gain of the feedback system is then given by

i
A

SA A
" =

F|SA
7?] i (C.6)
which is related to the input impedance Rin of the chopper by

SA
1 (F) ( (F)y=1
— = (R, + R, + R. + R} /) (C.7)
Provided the resistances in the low temperature chopper circuit are

much less than the input impedance of the chopper, i.e. RT + Rf + RS<<'Rin,

then equations (C.6) and (C.7) imply that

-~ [A
Rin = [ﬁ‘} Rin (.8)
Thus the input impedance of the chopper using feedback is roughly increased
by the factor A/AF ~ 100. Several tests were conducted on the chopper

system used in this study to ensure that the system was operating

correctly.

8 10

With values of A between 1x10° and 1.6x10 -, Equation (C.3) was
obeyed to within 1%. In the Fletcher-Stinson system, the agreement was
within their experimental error (<0.2%). Presumably our results would
have been similar had more effort been exerted to improve the uncertainty
level.

Checks on the system's gain were made during the course of the thermo-
power experiments. It was found that the gain was independent of time and
magnetic field strengths to within experimental uncertainty of $0.3% over

times of ~6 hours and magnetic fields up to 50 kG.
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Finally, measurements of the system's gain, with and without feed-
back, were conducted as a function of the sample resistance. Shown in
Figure C.1, plotted as a function of the sample resistance RS, are our
results for the percentage change in the gain of the system AA/A. (That
is AA = A(RS) - A(RS = 0).) As can be seen, the magnitude of the changes
AA/A produced by increasing RS’ were reduced using feedback by the factor
~0.011 which compares favorably with the experimental values of AF/A
ranging from ~0.005 to 0.013. (See Equation (C.6).) Using Equation (C.7)
we estimated the values of the system's input impedances, with and without

feedback, to be 0.1 Q@ and 0.001 Q respectively.
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Figure C1  Chopper loading



APPENDIX D
MEASUREMENT PROBE MISALIGNMENT

Consider a perfectly aligned crystal, i.e. one for which its
potential probes 1,2,3,4 (see Figure D la) form a coordinate system with
one axis aligned along the heat current U direction. The heat current
is assumed to be uniform. The thermopower is defined as s? = Ex/%£ and
the Nernst-Ettinghausen coefficient is defined as Qa = -Ey/%£. These
are experimentally determined by measuring the voltage differences gen-
erated by the heat current between the probes. The voltage differences

are given by

2
VZ - V] = -L Exdx (D.1)
and
4
Vg - Vg = -L £, dy (D.2)

Assuming linear response (i.e. operationally small temperature dif-

ferences) the potential differences can be written as
2
= .| g2 3L

=-S3(T (T, - Ty) (D.3)
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and

4aaT

-T])

(T
a 2
=Q (Tav) 2/

_ (D.4)

where Tav is defined as !s[Tz - T]]. Therefore

(V, = Vy)
Sa(Tav) = -'(-Tz—_%y (D.5)

and " V)
Qa(Tav) = %EHY (D.6)

But suppose probes 1,2 are misaligned with respect to the heat axis by
an angle 8 és shown in Figure D 1b. Then

a b 2
V2 - V] = -L Exdx - L Eydy - L Exdx (D.7)

Now VT = -YU where ¥ is the thermal resistivity tensor which implies

b
that£=-y So T -Ta=I§ldy=-Y

5y nyx‘ b T (Tav)Ufo tang . But

yx

ny << Yxx for Cd and W and if tang 1is small then to an excellent

approximation Tb = Ta‘ Hence the right hand side of Equation (D.7)
2 b
becomes -L Exdx - J Eydy. Comparing the first term on the right hand
a
side with Equations (D.1) and (D.3), and the second term with Equations

(D.2) and (D.4)
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where p is the distance between a and b, i.e.

Vy = Vq = =SY(T, (T, - Tq) + Q3(T,,) tane(T, - T,)

Experimentally we measure

(v, = V;)
m - 2 17 _ qa _nd
S (Tav) = - T S (Tav) Q (Tav)tane
Therefore

s™(B) = s3(B) - Q¥(B) tane

(D.8)

(D.9)
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APPENDIX E
SCATTER IN o(T) DATA

As mentioned in Section 8.1, the scatter in our p(T) data for
T1]+XS2 is significantly larger than is our level of precision. The
aim of this appendix is to determine the source of this "noise."

During one experimental run for sample TS-12 B3 we took a lot of
data in the low temperature range in the hopes of finding some char-
acteristics of this "noise" with which to identify it. Our results,
taken over a 24 hour period from 10 a.m. to 10 a.m., are shown in
Figures E1 and E2 where plotted against time is a quantity §, defined
as the difference between the measured resistivity and the calculated

cubic fit discussed in Section 8.1. That is,
5= o(T) - (p, +aT’) (E.1)

Also plotted in these graphs are the measured temperatures at which the
points were taken. (Straight line segments were drawn connecting these
temperature points for clarity and only in a very vague way do they
represent dT/d(time).)

There are several mechanisms which readily come to mind that would

cause non-zero &'s, however they can not explain the data.

118



gy ‘sA 9

13 34nbyy




(*3u00) awgy °sA 9

23 aunbiy

ive

] 1



121

1. Noise
Any noise arising from imprecision of the measurements would result
in a completely random scatter of § about zero. Examining the data for
random scatter between data points places a conservative estimate of the
noise level at 6§ £ 0.02 uQcm (or <0.02%), which is certainly much less
than the changes in § of the order of 0.1 uQcm (or 1%), so noise can

not be the source.

2. Fit Error

Since 6 depends critically on the choice of the fit used, there are

three sources of error which will contribute to non-zero §'s. They are:

a. If the chosen value of Po is incorrect then § would be equal
to a constant at all times and temperatures.

b. If the value of "a" is incorrect, § should systematically increase
(decrease) with increasing temperature if "a" is lower (higher)
than its correct value.

c. If the functional form is wrong, that is, if the resistivity
does not depend on the cube of the temperature but depends in
some other way, then again 6§ should change with temperature in
a systematic and consistent way. .

Because none of these predictions are consistent with the data, fitting

error can be ruled out as the source of the scatter in the § data.

3. Finite Response Time

A possible source of non-zero &§'s could be the failure to wait a
sufficient time for the sample to reach an equilibrium temperature after

a temperature change has been made before making a measurement. However,
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this effect would be much too small. For a 6 of 0.05 uQecm to occur a
difference bf ~3 K would have to exist between the sample and the
germanium resistance thermometer--a ridiculously large amount. There-
fore, a finite response time of the system with respect to temperature

changes can not be the source.

4. Thermopower

Associated with changes in temperature it is conceivable that the
thermopower might contribute to our measurements, although it is hard
to imagine given the geometry of the experimental situation how tempera-
ture differences could even arise across the sample. However, any gen-
erated thermal voltages would have a nearly D.C. frequency component
associated with the relatively slow changes of AT with time which simply
would not contribute to our A.C. measurements of p. Therefore, the
thermopower can not be the source of non-zero §'s.

Having exhausted the simple experimental artifacts which would
cause non-zero S's, we must think of some other source. From an over-
all view, ignoring the early data from 10 a.m. to 12 p.m., the § data
appears to assume three (if not more) distinct values of approximately
+0.06, 0.0 and -0.08 uQcm. To see how this manifests itself in the
resistivity results, we have replotted our data in Figure E3, where p
is plotted against T3 and the data .assignable to these three & values
are designated x, o, and A respectively with @ labeling unassigned data
points. Drawn through these groups of data are three parallel straight

3

lines 1, 2 and 3. (Line 2 is the T~ fit to all the data shown in

Figures 8.9 and 8.14).
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The most likely source for these apparent shifts in Py is the
rather nebulus interface between the sample and the electrical leads
mediated by the gold paste. It is not too unreasonable to believe that
the contact area between the relatively low resistivity of the gold
paste and the relatively high resistivity of the sample could change
over time or because of stresses and strains caused by temperature )
cycling, thus changing in effect, the sample's effective size by a
small amount.

In support of this idea is the observation that the largest §'s
occur quite generally early in the experimental runs relatively near the
He transfer as shown by the data in Figure E1 between 10 a.m. and 12 p.m.
(10 a.m. is ~one hour and 20 minutes after the He transfer.) Also in
support, a significant change in contact resistance was observed during
the run of sample TS-40 Bl where a contact became quite resistive twice
during the run and was restored by passing ~5 mA through the sample.

This may account for the relatively larger "scatter" in the resistivity
data for TS-40 B1.

This idea can be tested on a semi-quantitative basis by considering
the change in the measured resistance of a planar specimen of area 02
having a small zero resistant contact placed on its surface, effectively
shorting out an area d2. The change in the measured resistivity of this

ficticous sample because of the contact would be(4])

do . (d)% 1
o \D] 4&n2

This means that in order to produce changes of 0.2 to 0.4% (as seen in
our TinS2 measurements) d/D would have to be 3.7 to 5.3%. However,

for our TinS2 samples, the entire contact area amounted to only ~4
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to 8% of the sample area. This means that to see changes in Po of 0.2
to 0.4%, 50 to 100% of the contact area must change, which is very
unrealistic.

Also in opposition to the idea that contact area changes are the
source of the non-zero §'s is the remarkable tracking with temperature
excursions that § maintains in the time periods 12 p.m. to 1:30 p.m.
and 5 p.m. to 7 p.m.--it is just hard to imagine that changing contact
areas could respond that consistently to such small temperature changes.

Even with these opposing arguments, we feel that the contacts are
the most 1ikely source for these apparent shifts in Po that occur over
the duration of our experimental runs. Until the cause of these shifts
are found, it will be useless to try to refine our measurements by
either going lower in temperature or by improving our measurement

precision.



APPENDIX F

p(B) OF Ti,, .S,

In this appendix, we present our results for the magnetoresis-
tivity of T'I.HXS2 in complete detail. Our results for samples
TS-11 B164, TS-39 B164, TS-41 B6, and TS-40 B1 are shown in Figures
F1-F4 respectively, where plotted aginst the field strength is the
field dependence Pg of p, defined to be

pg(T) = o(B,T) - o(B = 0,T)

126



127
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Figure F1 pB(T) for TS-11 B164
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Figure F2

g

(T) for TS-39 B164
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Figure F3 pB(T) for TS-41 B6
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APPENDIX G

ELECTRICAL RESISTIVITY OF AT BELOW 1 K

In this appendix, we present the preliminary results of our

investigation of the electrical resistivity of Al over the temperature

range of ~0.08 to 4 K.

1. Introduction

In recent years, several observations at low temperatures of T2
behavior of the electrical resistivity of the metals K,(43) Ag,(44)
Cu,(45) and Al (46) have been reported as evidence for electron-electron
scattering. One of the most recent studies of Ribot et al.(46) presented
convincing evidence that the T2 behavior in Al was due to electron-electron
scattering by showing it to be independent of the residual resistivity of
their samples. However, the temperature range over which this T2 behavior
was observed was very small. As in other systems, one must go to low
temperatures to avoid electron-electron scattering contributions to the
resistivity and since Al goes superconducting, one must stay above its
superconducting transition temperature Tc. Thus investigations of
electron-electron scattering in Al are restricted to the temperature
range of 1.196 to ~2 K.

We believed that it might be possible to extend resistivity measure-

ments of metals down below their superconducting transition temperatures
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by destroying the superconducting state with a small applied magnetic
field. We chose to study Al primarily because it has a low critical
field (99 Gauss) which implies that measurements below Tc in small
magnetic fields might be straightforwardly extrapolated to the zero
field 1imit. Thus it was our hope to be able to investigate whether
the T2 behavior seen in Al extends down to our lowest obtainable

temperature of ~0.08 K.

2. Experimental Technique

A. Al Sample

The Al sample was spark-cut from a block of polycrystalline
stock which was represented as having a nominal resistance ratio of
13,000 by Cominco American Inc. (The sample was cut from a section
which had no grain boundaries visible, so our sample may have been a
single crystal.) The die for the spark-cutter was made by cutting
0.020" slots in a block of brass into which pieces of 0.020" stainless
steel shim stock were soldered. The dimensions of the Al sample are
shown in Figure Gl. Current and potential leads were soldered to the
Al sample using special solder from the Indium Corporation of America.*
The residual resistance ratio (p(300 K)/p(4.2 K)) of the sample was

measured to be 9,900.

B. Cryostat

The sample was soldered, via its center arm to minimize any thermo-
power generated emf's, to a copper support which could be inserted into

a superconducting solenoid designed by J. Rowlands. To provide good

*Indalloy Solder #6, Indalloy Flux #3.
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thickness 250

50 ,
130 _ .
50
'-\ -

solder

dimensions :

10~3 inches

Figure G1 Al Sample
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thermal conduction between the support and the sample, a special solder
(Cd 8.5%, Zn 17.5%) was used which has a Tow superconducting transition
temperature (estimated to be ~0.55 K). The magnet, sample and support
structure are shown in Figure G2.

In our measurements, the magnet was operated in a persistent current
mode using the persistent current switch attached to the magnet. This
switch consisted of a free standing piece of NbTi wire shorting out the
magnet. Superconducting connections were made by pressing the switch
leads and the magnet leads against a block of NbTi using a washer coatéd
with Pb-Sn solder. A current of ~0.6 mA through the heater (~400 @),
made of Evanohm wire and wrapped directly on the NbTi wire, was sufficient
to open the switch. The calibration of the magnet was madé By noting that
the critical current Ic needed to drive the Al sample normal was found to
be Ic = 0.1429+0.0002 Amps at a temperature of 0.649 K. Assuming the
critical field depends upon temperature with the form

= 2
B.(T) = B(0)(1 - (T/T)?)

where BC(O) = 99+]1 Gauss, the conversion factor for the magnet is 489
Gauss/Amp. (An "infinitely long solenoid" calculation gave an estimated
value of 550 Gauss/Amp).

The entire magnet assembly was mountable into a dilution refrigerator
designed by W. P. Pratt, Jr.(47) The magnet was supported from the mixing
chamber using a support structure made of stainless steel tubing with a
50 uQ multistrand filament of Ag wires providing the thermal link between
the magnet and the refrigerator.

The measurement system and the measurement technique used are

(48)

described in detail in the paper of Edmunds et al. The measurements
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were made in the form of [%J %%rwhere the difference in temperature AT
is calculable using the Wiedemann-Franz law. AT can be determined from
knowing the power used to raise the temperature of the sample and knowing
the resistance of the thermal 1link, provided all the heat current flows
through the heat link. Our calculations indicated that this last con-
dition would be met because, at 2 K, the thermal conductance of the
support structure is only ~1% of that of the thermal link. The calculated
values of AT at ~2 K were within 5% of the experimentally measured values
obtafned using a germanium resistor attached to the magnet. Therefore,
for our results using the dilution refrigerator, errors attributable to
the AT calculations are ~5% at 2 K and become progressively smaller at
lower temperatures.

Prior to the experiments conducted in the dilution refrigerator,
some feasibility studies were conducted in a cryostat designed by S. D.
Steenwyk.(49) This system was capable of making resistivity measurements
directly, rather than its derivative, over the temperature range of ~1.0

to 4.2 K.

3. Results and Discussion

Our higher temperature results for the electrical resistivity of
our Al sample at various magnetic field strengths are shown in Figure G3
where p is plotted against the square of the temperature. (The T2 =0
intercept of each field plot is completely arbitrary.) These results
show that the T2 behavior can only be the dominate temperature dependence
below ~2 K.

Shown in Figure G4 are our lowest temperature results using the

2

Steenwyk cryostat where we have plotted p against T~ for temperatures
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below ~2.2 K. (Again, the Tz = 0 intercepts are arbitrary.) In this

regime, the dominant form of the resistivity is

. 2
p=p,* AT

Our values for the coefficients po and A are listed in Table GI.

2 coefficient is shown in

The magnetic field dependence of the T
Figure G5. Our results for A, plotted against the magnetic field
strength B, are internally consistent and show a negative magnetic field
dependence. (The data point for B = 0.293 kG is taken from our results
using the dilution refrigerator presented later.) Our results are also

13 oo k72

consistent with the zero field value for A of 2.9:0.1x10
given by Ribot et a1.(46)

For completeness, we present in Figure G6 our results for the mag-
netoresistivity (longitudinal) of our Al sample, plotted against the
field strength for various temperatures, including the results at zero

temperature given by the values of Po in Table GI.

Table G1. p = p  + AT Fits
B(Gauss) 00(10-10 Qcm) A(10'13 Qcm K'z)
0 2.460 2.93
73 2.699 2.70
147 3.049 2.66
220 3.393 2.56

318 3.791 2.71
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Figure G5 A vs. B
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Encouraged by these results, we mounted the magnet assembly into
the dilution refrigerator and continued our investigation to lower tem-
peratures. Our results for a field of 293 G are shown in Figure G7

where plotted against T is our data in the form (%ﬂ %%-. For this
largest field that we used, we find a continuation of the T2 behavior

in the resistivity down to ~0.2 K. However, the results for all smaller
fields show anomolous behavior at low temperatures as can be seen in
Figure G8. From this composite graph of all our data, we see deviations
from a largely T2 behavior at temperatures below ~0.9 K even though these

fields are well above the zero temperature critical field of 99 G.

Summation

We have shown that for one sample and for one magnetic field strength
of 293 G, that the T2 behavior seen by Ribot et al.(*8) in A1 and attrib-
uted to electron-electron scattering extends down to ~0.2 K. We have
also shown that the magnetic field dependence of the T2 coefficient is
negative and is ~-0.07% G/Amp over the field range of 0 to 300 G. This
field dependence may prove to be another check on whether the T2 behavior
seen in Al is due to electron-electron scattering once a theoretical
prediction for its dependence becomes known.

As stated earlier, these results are still considered tentative,
not only because they are for a single sampie but also because of the
“"funny" behavior observed in the resistivity for fields below 293 G.
The next step in this investigation is to study another Al sample at
these lower temperatures, which has a completely different geometry,

as a check on which behavior is reproducible.
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