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ABSTRACT
THE MAGNETOTHERMOELECTRIC EFFECT

_ IN SINGLE CRYSTAL ALUMINUM AND
INDIUM AT LIQUID HELIUM TEMPERATURES

By
Barry Jay Thaler

We have studied the effect of a transverse mag-
netic field H upon the low temperature absolute thermo-
power S of very dilute aluminum and indium based alloys.
Measurements were carried out on single crystal samples
at temperatures T between 1.5 and 5K and with magnetic
field strengths up to 20kG. The aluminum measurements
were performed on a sample grown along the [001] axis
and containing 50 ppm gallium The indium measurements
were performed on several samples containing from 0 to
500 ppm added impurities, which were grown along several
crystaliographic axes. S of both metals consisted of
both a component which was oscillatory with increasing
magnetic field and a non-oscillatory component.

The non-oscillatory component of the aluminum
sample was obtained for H along both the {010} and
{110} families of axes. The data were consistent with
the equation S(H,T) = A(H)T + B(H)T3, allowing a

separation of the electron diffusion component,
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S. = A(H)T, from the phonon drag component, SJH) = B(H)T3.

d
This separation allowed determination of the quantity

ASd = Sd(H > ®) - Sd(H = 0). The average value of ASd
for H along the crystallographically equivalent [100]
and [010] axes was AS; = (2.23 + .25)T x 107°V/K, in
good agreement with both previous measurements on poly-
crystalline samples and with a calculation by Opsal and
Wagner, provided that a 45% electron-phonon mass enhance-
ment factor was included. For H along the {110}
family of axes, a value of ASgy = (2.0 + .2)T x 10" 8v/k
was obtained. This value is slightly lower than the
average value of ASd along the {010} axes, in agree-
ment with the calculation of Opsal and Wagner.

The non-oscillatory component of the indium data
could not be unambigously separated into electron dif-
fusion and phonon drag components. It is concluded that
this was principally due to the fact that our available
temperature range was too close to the phonon drag peak.
For T between 3 and 5K, S becomes more negative with
increasing H. This is the antithesis of the aluminum
data in this T range, and is due to S of indium being
dominated by Sg. For T between 1.5 and 2.5K, the high
field 1imit of S either gives strong evidence that it
will become more positive than the lower field values or
actually does become more positive. This is interpreted
as showing that Sd is increasing relative to Sa with

-

decreasing T.
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The size of the oscillatory component of S,
Sosc' due to oscillations in the density of states at the
Fermi energy is estimated for H along the [010] axis
for both the g-orbit in aluminum and the neck orbit of
the B-arms in indium. This estimate is several orders
of magnitude smaller than the measured oscillation
amplitudes of all large amplitude oscillations. We
interpret this tomean that these oscillations are caused
by magnetic breakdown, the only other mechanism expected
to cause this oscillatory behavior.

For aluminum, the above interpretation is sup-
ported by the fact that independent magnetoresistance
measurements strongly suggest that magnetic breakdown is
present for H directed along the [010] axis. 1In

addition, sos¢

was largest for H along this axis, being
an order of magnitude larger than the non-oscillatory
component at 20kG. As H was rotated away from the [010]
axis the oscillations decreased in magnitude, but per-
sisted throughout the (00l1) plane. The oscillations had
periods corresponding to those of the B-orbit. The

field and temperature variations of the [010] oscilla-
tions were dominated by a term exponential in the ratio
m*(T + TD)/H. Analysis using the de Haas-van Alphen pro-
cedure for determining effective masses and Dingle
temperatures yields m* = (0.093 + 0.01)me and T_. = 1-4K.

D
*
This value of m agrees with the value obtained from
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de Haas-van Alphen measurements for the same orbit, and
corresponds to an electron-phonon mass enhancement of
approximately 40%.

Large amplitude, low frequency oscillations in
S were observed in indium below 2.5K for H between 10
and 20kG and directed along either the [0101, [101], or
[110] axes. The periods of these oscillations correspond
with those obtained from de Haas-van Alphen measurements
on the neck orbit of the B-arms of indium. Arguing by
analogy, comparison of the [010] indium data with similar
data for the [010] breakdown orbit in aluminum leads to
the conclusion that these oscillations also arise from
magnetic breakdown. This is the first evidence that there

may be magnetic breakdown in indium.
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I. INTRODUCTION

A. The Experimental Problem

Thermoelectric effects are usually classified in
one of three categories: the Seebeck, Peltier; or Thomson
effects. However, all three effects are related by the

Kelvin-Onsager Relations,(l)

and therefore provide equi-
valent information. The experiments forming the basis of
this thesis are measurements of the Seebeck effect. This
effect is characterized by the generation of an electric
field E by means of a temperature gradient VT which is
applied along an electrically isolated sample. Using

(2)

dyadic notation, the thermopower tensor ‘4 is defined

as
%= gm~t . (I.1)
. > 2> .
Since E = -VV, we may write
%= Jvim L. (I.2)
This is equivalent to
%= -2 g—‘lf 5 (I.3)

where i and 5 are unit vectors in the directions of
the voltage and temperature differences respectively.

1



Since measurements are performed over paths of

finite length, the experimentally measured thermopower,

gexp' is defined as

where AV and AT are measured voltage and temperature
differences. If AT = 4T then S = Sexp’ this may be
attained when AT << T. Since the present measurements
were performed at temperatures between 1.5 and 5K, temper-
ature differences of approximately 0.1 to 0.3K were used.
A typical value of S for aluminum or indium is 10-8V/K,

8 9

which implies that 10°° - 10°°V must be measured. To

make measurements with 1% accuracy required a voltage

10 _ 10711y, This is not a trivial

sensitivity of 10
task in the presence of a large magnetic field (20kG.).
However this problem can be solved by using a supercon-

ducting chopper-amplifier.

B. Previous Work on the Magnetothermopower of

Aluminum
The thermopower is the most difficult transport
property of a metal to properly calculate. A major reason
for this is that thermopower is the transport property
which is most sensitive to the details of the scattering
processes. However, Averback found a property of the

electron-diffusion component sd of the thermopower of




aluminum which was insensitive to the scattering details

and depended only on the host metal.(3'4) Using a number

of polycrystalline samples of very dilute aluminum alloys,
he showed that although both the zero field and high field
values of S (note that S saturates in the high field
limit for aluminum or any other uncompensated metal with

no open orbits) varied from sample to sample, the difference
between these two values, ASd = Sd(H + ©) - Sd(H = 0), was
approximately constant -- for all samples ASd/T varied
between 2.1 - 2.6 x 10”Sv/K2.

Averback and Wagner(s)

calculated ASd using no
adjustable parameters and obtained the value ASd/T =
1.6 x 10-8V/K2, about 30% smaller than experiment. Some
possible sources of this 30% discrepancy are:
(1) The measurements were performed on poly-
crystalline samples, while the calculation
is appropriate for H directed along a
four-fold symmetric axis of a single crystal.
(2) The impurities in the samples might have
been anisotropic scatters in aluminum, while
the calculation assumed isotropic scattering.
(3) The 1-OPW Fermi surface used b& Averback and
Wagner in their calculation might be in-
appropriate for comparison with experiment.
(4) The effects of mass enhancement were not in-

cluded in Averback and Wagner's calculation.



(Averback and Wagner neglected effects of
electron-phonon mass enhancement because
Prange and Kadanoff(s) had claimed that such
effects were not present in the electronic

- properties of metals.)

C. The Present Thesis

This thesis began as an attempt to measure the
transverse magnetothermopower of an aluminum sample which
satisfied the requirements of the calculation of ASd made
by Averback and Wagner. We hoped that such measurements
would isolate the source of the discrepancy between theory
and experiment.

A single crystal foil, oriented so that the mag-
netic field could be directed along either a four-fold
symmetric [010] crystallographic axis or a two-fold
symmetric [110] axis, was used. This crystal contained
50ppm Ga, an impurity which should be a nearly isotropic

(7)

scatterer in aluminum. The data obtained for AS

d
with this single crystal are compared below with the data

from polycrystalline samples reported by Averback,

(4) (5)

et. al.; with the calculation of Averback and Wagner;

with an improved, 4-OPW version of this same calculation

(8)

by Opsal and Wagner which was stimulated by the experi-

mental results to be described; and, finally, with the
Opsal and Wagner calculation including the effects of mass

(8)

enhancement.



The results obtained with this aluminum single
crystal stimulated us to extend magnetothermopower measure-
ments to indium single crystals to see whether Asd be-
haved the same as in aluminum. It was anticipated that
such measurements would be interesting because although
aluminum and indium are both Group III metals, they
crystallize with different structures; aluminum in a face
centered cubic (FCC) structure, and indium in a face
centered tetragonal (FCT) structure. The slight tetragonal
distortion of indium causes some axes which are four-fold
symmetric in the FCC structure to be only two-fold symmetric
in the FCT structure. Thus indium would allow a study of
the effects of this small distortion on Asd. Unfortunately,
this study yielded results which did not allow the electron-
diffusion component of the magnetothermopower to be un-
ambiguously separated from the phonon drag component. The
indium data will be presented and wiil be analyzed to de-
termine the source of this lack of separation. Some
indium samples exhibited a significant magnetothermopower
umkehreffect; this will also be discussed.

In the process of making the aforementioned studies,
giant quantum oscillations were discovered in both metals
for H along a number of crystallographic directions. For
H along the [010] axis in aluminum these oscillations
could easily be distinguished from the noise for T between

1.7 and 4.8 K; therefore the temperature dependence of the



oscillation amplitudes was systematically studied. 1In
indium the oscillations could only be distinguished from
the noise for T between 1.5 and 2.5 K; therefore an
oscillation amplitude study similar to that performed for
the [010] direction in aluminum was not attempted. The
experimental results will be compared with theories which
predict oscillatory behavior. Also, the periods of the
magnetothermopower oscillations will be compared with the
same periods obtained from independent magnetoresistance
or de Haas-van Alphen measurements.

The remainder of the thesis is organized as
follows:

Section II provides a description of the experi-
mental apparatus and measurement techniques.

Section III furnishes the theoretical background
for the calculation of magnetothermopower. Particular
emphasis is placed on the role of electron-phonon mass en-
hancement in thermoelectricity. In section IV the experi-
mental results for the non-oscillatory component of the
magnetothermopower for both aluminum and indium, are pre-
sented.

Section V presents the theory of the oscillatory
component of the magnetothermopower. These oscillations
can be caused by either oscillations in the density of
states at the Fermi level, or by magnetic breakdown. Both

of these pictures are developed. A simplistic calculation



is used to estimate the magnetothermopower oscillation
amplitude expected from oscillations in the density of
states. 1In section VI the experimental data for the
oscillatory component of the magnetothermopower of both
aluminum and indium are presented and compared with the

simple calculation.



II. EXPERIMENTAL TECENIQUE

A. Voltage Measurement

The voltage measuring system is shown in Figure
II.1. This chopper-amplifier system was designed and de-
scribed in detail by R.S. Averback.(3) In view of this,
only the techniques of voltage measurement will be de-
scribed in this thesis. The system was operated in two
modes: (1) At steady magnetic fields the signal gen-
erated by the sample was nulled out, using the chopper-
amplifier as null detector, (2) In continuously varying
magnetic fields the signal generated by the sample was
directly measured using the chopper-amplifier as a linear
amplifier. Operation in the first mode will be described
in the next section entitled "Nulling Technique". Opera-
tion in the second mode will be described in the section

entitled "Field-Sweep Technique".

1. Nulling Technique

As can be seen from Figure II.1l, the chopper-
amplifier system contains a reference resistor which is
in the liquid helium bath. This reference resistor was
a small segment of copper wire having a resistance of
about 8uQ, which remained constant to within our
ability to measure it (< 2%) at all temperatures and

fields employed in these measurements.

8



Figure II.1l:
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matic (actual size) of the device (after Averback(3)).
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When a known current (produced by a series of
12V dry cell batteries) is passed through the reference
resistor, a known voltage is generated in the chopper-
amplifier circuit. This voltage is used to null out the
voltage which is being generated by the sample. At null
condition there will be no net current flowing in the
circuit, so the panel meter (output) of the phase sensitive
detector will show no deflection. The accuracy of the
technique is limited by the circuit noise, which appears
as a small oscillation of the needle of the panel meter.
Using a time constant of 3 seconds on the phase sensitive
detector (PAR model JB-4), this noise was usually
2 - 4 x 10'11v in zero field and increased to

1 -3 x 10710 at 20kG.

2. Field Sweep Technique

At all magnetic fields used in these experiments
the output of the chopper-amplifier system was quite linear
(to within 2%). So after independently calibrating the
panel meter, the voltage generated by the sample was
measured by reading the deflection of the needle of the
panel meter. The panel meter was calibrated by passing a
known current through the reference resistor under con-
ditions where the sample was not generating a voltage, and
then measuring the resulting deflection of the needle.

In addition to monitoring the output of the phase

sensitive detector on the panel meter, the analog output
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wa§ fed directly into the y-axis input of an x-y recorder
(HP model 7004B). Sweeping the magnetic field at a con-
stant rate and feeding the analog ouput of the Hall probe
gaussmeter (F.W. Bell model 660) into the x-axis, resulted
in a continuous recording of the voltage generated by the
sample as a function of H. Since a changing magnetic field
induces a voltage within our measuring system, the magnetic
field had to be swept up twice - once with the sample gen-
erating a voltage, and once with it generating zero voltage
(to define a zero voltage baseline). The difference be-
tween these two lines gives the voltage generated by the
sample. Data taken using this field sweep method agreed
with data taken independently using the nulling technique.
The field sweep technique is advantageous for recording
data when the voltage generated by the sample varies rapidly
with field (e.g. giant quantum oscillations).

There are two reasons why it is important not to

sweep the field too rapidly:

(1) If the field is swept at a rate such that the
thermally induced voltages are changing faster
than the time constants allow the circuit to
respond, then the voltage variations will be
smoothed out (i.e. reduction of amplitude of
the quantum oscillations).

(2) If the field is swept too fast, the voltage

induced by the changing magnetic field may
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cause a component of the voltage measuring

system to saturate, thus giving "false" data.

The field sweep technique has some disadvantages

compared to the nulling technique:

1)

2)

The field sweep technique offers less accuracy
because the quantity of interest must be ob-
tained by taking the difference between two
lines on a recording, each of which contains
noise. Additionally there may be slow varia-
tions in both the signal and the zero baseline
which lead to systematic errors. Comparisons
between equivalent data suggest that the field
sweep technique is about a factor of three less
accurate than the nulling technique.

A second problem with the field sweep technique
is that the gain of the chopper-amplifier
system is field dependent (at 20kG the gain

can be as much as 50% less than at 10kG).
Figure II.2 shows a typical field dependence

of the amplification of the system. The raw
data must be corrected for this field depen-

dent gain.

Toward the end of the present thesis research,

the effect of shielding the chopper-amplifier with 5 mil

thick lead foil was investigated. When the shielding ex-

tended from above the chopper-amplifier to about 8cm below
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Figure II1.2: The variation with magnetic field of the gain
of an unshielded chopper-amplifier system.
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it, the amplification factor only decreased about 10% be-
tween 10kG and 20kG, rather than the 50% obtained pre-
viously. Figure II.3 shows the field dependence of the
amplification factor of a shielded chopper-amplifier
system. Note that this field dependence is linear over a
larger portion of the region between 10 and 20kG than it

was for unshielded chopper-amplifier (see Figure II.2).

B. Thermometry

The temperatures of the thermocouple junctions
were obtained using standard carbon resistance thermo-
metry techniques. Nominal 100 ohm, 1/8 watt Ohmite re-
sistors were used. These resistors are highly tempera-
ture sensitive between 1.5 and 5K, and they also have a
low magnetoresistance for H < 20kG. This combination of
properties makes these resistors quite satisfactory for
use as thermometers.

The resistance of the carbon resistors was

(9) The off

measured with an a.c. Wheatstone bridge.
balance signal was detected by a phase sensitive detector
(PAR model HR-8). This technique had a resolution of
about 0.1 ohms (~0.0004K at 5K and less than 0.0001K at
2K) .

The circuit was arranged so that RC
tance of the resistor at the cold end of the sample) and

(the resis-

AR (AR==RC - RH' where RH is the resistance of the re-

sistor at the hot end of the sample) could be alternately
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measured. From these two measurements, R.c and RH could
be deduced. As a check against self-heating, the power
level of the phase sensitive detector (current source
of the bridge) was varied, and the 1level which gave the
same measured resistance as the next lower level was used.
The carbon resistors were calibrated below 4.2K
against a pumped helium bath. The vapor pressure was
measured by a mercury manometer, which was mounted with a
silvered scale backing. The pressure could be read with
an accuracy of 0.2 - 0.3 mm Hg. These pressures were
corrected for hydrostatic head pressure and for the tem-
perature dependence of the mercury density. The pressure
vs. temperature relationship and the aforementioned
pressure corrections were obtained from the National Bureau
of Standards 1958 tables. The helium bath temperature was
controlled by a Walker Manostat, which controlled to
better than 0.001K above 2.5K and also between 2.0K and
the A-point of the liquid helium. Between the A-point
and 2.5K the system was somewhat less stable, presumably

(3)

due to bubbling on the vacuum can surface. Below 2K
the pressure difference across the diaphragm of the
Walker Manostat was not large enough to completely close
off the pumping line; thus the temperature normally de-
creased slowly while the Walker Manostat was trying to
control the bath temperature. |

The carbon resistors were calibrated every time

the cryostat was cooled, by fitting their resistances to
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the equation:(lo)

1nR

X
T )* + b . (IT1.1)

1n R=m (

For 100 Ohmite resistors, typical values of m and b were
2.31 and 4.25 respectively. The temperature could be ob-
tained for any R by simply inverting eq. (II.l). The
calibrations were usually limited to a range of about 1K.
The "goodness of fit" was checked by substituting the
calibration resistances into the inverse of eq. (II.l) to
obtain the temperature corresponding to that resistance.
The calculated temperature rarely deviated from the
calibration temperature by more than 0.002K, and quite
often deviated by less than 0.001K. To obtain tempera-
tures between 4.2K and 5K, the calibration for the ranges
3.4 to 4.2K or 3.6 to 4.2K was simply extrapolated to
higher temperatures. Earlier measurements using a
calibrated germanium thermometer demonstfated that this
procedure introduced no significant error up to about

sk. (4)

It is well known that at a given temperature the
resistance of a carbon resistor slowly drifts with time.
A simple method was used to correct for this drift. Be-
fore this correction is described, it would be beneficial
to review the placement of heaters on the sample. Figure
II1.4 shows that two heaters are attached to the sample -

one at either end. Aside from the connection of one end
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of the sample to a cold sink, which is in direct contact
with the helium bath, the sample is thermally isolated.
The end of the sample attached to the cold sink will be
called the "cold" end and the other end will be called the
"hot" end. When the heater at the "hot" end of the sample
(the "hot" heater) is turned on, a temperature gradient
is produced along the sample; this also causes the tem-
perature of the sample at the position of the "cold"
resistor to be higher than the bath temperature. After
measuring Rc and AR the "hot" heater is turned off and
the "cold" heater is turned on. The "cold" heater heats
the sample to a uniform temperature. The heating power
of the "cold" heater is adjusted so that Rc has the same
value as when the sample was heated only by the "hot"
heater. Rc and AR are measured. The inverse of eq (II.1l)
is used to calculate the temperature at either end of the
samplé, and therefore T is determined. 1If the resistance
of the two resistors drifts with time this drift should
show up as a false temperature difference when only the
"cold" heater is on. By substracting this false tempera-
ture difference from the temperature difference obtained
using only the "hot" heater, the correct AT is determined.
The false temperature difference was usually less than 5%
for temperature differences greater than 0.03K.

If the sample is not completely isolated, the

"cold" heater will produce a real temperature difference,
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which should be indicated by a thermally induced voltage.
In our measurements, such voltages where typically about
1% of those produced by the "hot" heater. It was there-
fore concluded that the real temperature difference pro-
duced by the "cold" heater was about 1% of that produced

by the "hot" heater.

C. Sample Preparation

Figure II.4 shows how the measuring probes and
other apparatus were mounted on a sample. In order to
have enough surface area to accommodate all these elements
and also to maintain a sufficiently large temperature
difference, the samples were about 7cm long, and 2 to 5mm
wide. The following procedure was utilized to quickly
mount the elements on the sample while introducing a
minimum of cold work.

First the potential and current leads were
attached. These leads were 3 mil copper-clad NbTi wire,
chosen because NbTi remains superconducting at all tempera-
tures and magnetic fields employed in these experiments.
For aluminum samples, the leads were spotwelded on. 1In
preparation for spotwelding, the sample was glued to a
template using Duco Cement. The insulation and copper-
cladding were removed from both ends of each NbTi wire.
The leads were then varnished, using G.E.-7031 varnish,
to the sample, so that one end of each lead was in posi-

tion for attachment. The leads ran from these points
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to the center of the sample from where each pair of leads
was twisted tightly together as it led away from the
sample.. The potential and current leads were then spot-
welded to the aluminum sample. The sample was removed from
the template by soaking in an acetone bath, and then glued
to a Glastic backing, again using Duco Cement. Glastic

was chosen as a backing material because it is an in-
sulator whose thermal expansion is similar to that of a
metal.

Since indium is a much softer material than
aluminum, the potential and current leads were either
"acid-welded" or soldered to the indium samples; this
avoided the damage to the sample inherent in spotwelding.
Indium has the property that when the surface is well
cleaned with hydrochloric acid, it will bond to another
indium surface which has been similarly prepared. This
permitted NbTi leads which had been previously "wetted"
with indium to be "acid-welded" to the sample. Alter-
natively the leads could easily be soldered to the in-
dium samples using Rose's metal and Superior #30 liquid
soldering flux. Tests showed that the data were the same
for both methods of lead attachment. For both of these
methods the copper-cladding was not removed from the lead
ends which were to be attached to the sample. This was
done because it was much easier to "wet" the copper-

cladding with either indium or solder than it was to "wet"
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NbTi. Since tests showed that the thermopower of indium
with either method of lead attachment was zero (to within
experimental uncertainty), when the indium was in the
superconducting state, it is concluded that the copper-
cladding did not introduce any measurable spurious vol-
tages. Since the potential and current leads were not
spotwelded to the indium samples, these samples could be
glued to the Glastic backing before the leads were attached
to the sample.

Once the leads were attached and the sample
mounted on the Glastic, the sample was placed in a brass
sample holder which held the sample parallel (to within
1°) to the magnet pole pieces. The sample was isolated
from the brass holder by 2 small lucite blocks, one at
either end of the sample. These blocks were varnished
between the Glastic and the brass holder using G.E.-7031
varnish. In the case of aluminum, one end of the sample
was then mechanically clamped to the cold sink. 1In the
case of indium, a small piece of very pure indium with
about the same cross-sectional area as the sample was
clamped to the cold sink, and the end extending from the
clamp was melted and attached to one end of the sample.
This was done to avoid the strains which would be intro-
duced if the indium single crystal were directly clamped

to the cold sink.
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The other ends of the potential and current leads
were then spotwelded to permanent leads which ran out of
the sample chamber through an epoxy seal (which was con-
structed in accordance with the procedure outlined by

Anderson(ll)).

Since the insulation and copper cladding
had already been removed from the last centimeter or so
of these ends, only the superconductor, NbTi, remained.
Superconductors are poor thermal conductors, and therefore
these leads shouldn't provide a significant heat leak.
This was verified by the fact that the thermal emf gen-
erated when the sample was heated only with the "cold"
heater, was typically 1% or less of that generated by the
"hot" heater.

Next the carbon resistors and heaters were mounted.
The insulation on the carbon resistors was ground off on
one side. Cigarette paper saturated with G.E.-7031 varnish
provided electrical insulation between the resistor and
sample, and the varnish held the resistor in place. The
leads to the resistors were 3 mil. manganin wire. To pre-
vent large heat leaks through these leads, the manganin
wires were attached to a-small heat sink at a temperature
within 0.01 to 0.02K of each carbon resistor before being
brought out to connections external to the sample. These
small heat sinks were made by varnishing several turns of
the manganin wire to copper posts which were either var-

nished to the aluminum samples or soldered (using Cerrolow



24

$117 solder) to the indium samples, about 0.5cm from the
carbon resistors.

The heaters were constructed by wrapping about
5002 of Evanohm wire (~13Q/cm) around a copper post and
varnishing the wire to the post. The copper post was then
attached to the sample in the same manner as the heat
sinks. The heaters were operated using a d.c. current
of 1 to 10mA.

The several leads from the heaters and resistors
were soldered to permanent leads on a vector board which
was mounted on the brass sample holder. The permanent
resistor leads were 3 mil. managanin wire and the per-
manent heater leads were 38 awg. copper wire. All these
leads entered the sample chamber via the vacuum line and
were heat sunk by varnishing them to a copper post which
was tightly screwed into the main frame of the cryostat
(which was in contact with the helium bath).

Finally, the brass vacuum can was attached. The
seal between the can and the sample chamber was made by
squashing a Pb + 0.05%As O-ring between the can and the
sample chamber with 12, 2-56 x 3/8" stainless steel Allen
head screws. The O-ring was made by wrapping Pb + 0.05%As
wire, which had already been greased with Apiezon M
grease, around the flange (see Figure II.4) and twisting
it tight. Not a single O-ring prepared in this manner

leaked. A few times tempered steel (black) screws were
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substituted for the stainless steel screws. In almost
every instance these seals leaked at 4.2K.

This entire sample preparation procedure could
be completed in 1-2 days. This procedure was conceived
to introduce a minimal amount of cold work to the rather

delicate samples.

D. Alloys

Both the aluminum and indium alloys were mixed
by Mr. B. Shumaker, using the procedure described by
R.S. Averback.(3) The only difference in procedure was
that the indium master alloys were prepared with a con-
centration of about 1% solute material. The "pure"
aluminum was 69 grade aluminum supplied by Cominco Inc.
The "pure" indium was either 69 grade indium supplied by
Cominco Inc. or 59 grade indium supplied by the Indium
Corporation of America. The solute materials, gallium
and tin, were 69 grade. The aluminum alloys were rolled
into 20 mil. thick foils, while the indium alloys were

rolled into rods with a 2mm square crosssection.

E. Crystal Growth

The Al(Ga) single crystal was grown by 2.

(12,13) Before

Katsiapis using a strain anneal technique.
mounting, the single crystal was annealed in air for 1

hour at 400cC.
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The indium crystals were grown in an atmosphere
consisting of 90% argon and 10% hydrogen using a simple
zone refiner and seeds of known crystallographic orienta-
tion. First the indium alloy and seed were placed in a
crucible made from spectroscopically pure carbon. A heat
lamp housed in an elliptical reflector was used to pro-
duce a molten zone abéut 1.5 to 2.5cm. long. The molten
zone was first produced at the unseeded end of the indium
alloy. This zone was then slowly moved along the entire
length of the alloy until a small portion of the seed
melted. The zone was then moved slowly away from the seed
back along the entire length of the alloy. This two-pass
procedure was adopted with the intention of achieving a
homogeneous impurity distribution, since an odd number of
passes is expected to produce an impurity concentration
gradient along the sample. Once grown, the indium single
crystals were not further annealed. During initial trials
the indium sometimes separated into two pieces within the
molten zone. This problem was eliminated by completing
the etching (using concentrated HCl) and rinsing (using
double distilled H20 followed by methyl alcohol) procedure
between 5 and 10 minutes before the indium was placed in
the crucible. The crucible was then immediately placed
in a tube which was evacuated so that the argon-hydrogen

atmosphere could be introduced.
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All samples were characterized by X-ray (Laue)
pattern analysis. Table II-1 shows the intended impurity
concentration, the measured resistance ratio, RRR
(R (300K)/R(4.2K)), and the crystallographic axis along
which the crystal was grown, for all crystals used in this
thesis.

TABLE II-1l: Some characteristics of the samples used in
this thesis

Nominal Impurity Orignta- Misori-
SAMPLE Conc. RRR tion epta-
tion
Al (Ga) 50 ppm 1,400 [001] < 1°
In-I 0 15,400 [101] 2°
In-II 0 4,350 [001] 3°
In(Ga) 50 ppm 7,400 [100] -
In(Sn)-I 50 ppm 2,300 [101] 3°
In(Sn)-II 100 ppm 1,650 [110] 2°
In(Sn)-III 500 ppm 390 [110] 2°

The rather high RRR of the In(Ga) sample indicates
that considerably less than 50 ppm gallium was in solution.
Single crystals were considered satisfactorily
oriented when the crystallographic axis along which the
sample was grown lay within a few degrees of the sample
axis. The misorientation was determined from X-ray
pattern analysis. The misorientation for each sample is

also given in Table II-1l. Since the sample holder aligned
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the sample axis (not the crystal}ographic axis) trans-
verse to the magnetic field, the magnetic field could not
be aligned exactly along the crystallographic axes. How-
ever, in the interest of simplicity, the magnetic field
will be referred to as being aligned along a given
crystallographic axis when it was aligned as closely as

possible to that axis.

F. Experimental Procedure and Data Analysis

1. Nulling Technigue Measurements of S, K, and R

Thermopower measurements using the chopper-
amplifier as a null detector were performed in the follow-
ing manner. The measurements were always begun with the
helium bath at 4.2K. The "hot" heater was turned on,
producing a temperature gradient along the sample, and the
power was recorded. Within a few seconds the sample
reached a steady state condition, and the thermally gen-
erated emf was then nulled by passing current through the
standard resistor. The current necessary for nulling was
recorded. Rc and AR were also recorded. The "hot"
heater was then turned off and the "cold" heater turned
on. The power input to this heater was adjusted so that
Rc had approximately the same resistance as it did when
only the "hot" heater was on; this power was then re-
corded. Rc and AR were again recorded. Sometimes a
relatively small thermal emf was generated by the "cold"

heater, this is probably indicative of a small heat leak.
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When this occurred, this voltage was nulled and the current
necessary for the nulling was recorded. When analyzing
the data, this latter voltage was subtracted from the
thermal emf generated by the "hot" heater. This series
of measurements was repeated for a few different power
inputs to the "hot" heater and at several magnetic fields.

The electrical resistance of the sample could be
measured by sending an electrical current through the
sample and nulling the voltage which was Qenerated (both
heaters were off when making this measurement). The
electrical current and the nulling current were both re-
corded. To correct for "thermals" the electrical current
was then reversed, the voltage was again nulled and both
currents were again recorded.

The bath was pumped down in 0.2K intervals and
the carbon resistors calibrated. Complete sets of the
types of measurements just described were normally made
at bath temperatures of 4.2, 3.0, 2.1, and 1l.4K.

From the above measurements the thermally gen-
erated voltage V the temperature difference across the
sample AT (including the corrections described in the
thermometry section), and the average temperature of the
sample could be determined. With this information we

could compute

'R

S(H,T) = I (I1.2)
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where £_ is the distance between the 2 carbon resistors

R
and RV is the distance between the two voltage probes.
L
The correction factor TB was needed because the tempera-
\"/

ture difference was measured over a larger distance (10% -
30%) than the voltage difference. This correction factor
assumes that the temperature gradient is uniform between
the carbon resistors. As a by-product of the S measure-

ments, the thermal conductance K is also obtained:

(I1.3)

3l
Alo

where Q is the power input to the "hot" heater.

Having measured the resistance of the sample R,
the thermal conductance K, and the average temperature T,
at which the thermal conductance was measured, the

Lorenz number L can be computed from the relation

2
L = %2_13 (II.4)
\Y
2'R
The correction factor T is included for the same reason
v

as when computing S. At both H = 0, and in the high field
limit L should be equal to the ideal Lorentz number,

8

2.443x 10 watt—Q/K2 in the limit where elastic impurity

scattering is dominant.

2. Field Sweep Technique Measurements of S, K, and R

Measurements utilizing the field sweep method

were performed using the following procedure. The analog
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output of the monitor of the lock-in amplifier in the
chopper-amplifier circuit was connected to the y-axis

of an x-y recorder, and the analog output of the gauss-
meter was connected to the x-axis. The field was then
swept up at a rate of 7G/sec. After the field had in-
creased approximatley 1kG, the "hot" heater was turned on
for the remainder of the sweep. Upon completion of the
sweep, the "hot" heater was turned off and the field re-
duced to its initial value. The field was swept up again,
this time with the heater off. If initially the output
on the x-y recorder had shifted from the output of the
previous sweep when the heater was off, the y-axis off-
set was adjusted to align the two recordings.

Following completion of the second sweep, two
sets of calibration measurements were made with station-
ary magnetic fields. First, the output signal was
measured at several magnetic fields for a constant input
current to the reference resistor. A smooth curve was
drawn through these data points to determine the
amplifications factor at all fields of interest (see
Figures II.2 or II.3); this determined the correction of
the raw data for the field dependent gain of the measuring
system. Second, Rc and AR were measured in the usual
manner, with the "hot" heater adjusted to the same power
as during the first sweep. Since the temperature dif-

ference increased only about 10% over the field range
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between 10 and 20 kG, these resistances were measured
only every 1 or 2kG. These two sets of calibration mea-
surements were made after each thermopower recording.

Eq. (II.2) was again used to calculate S. At
each magnetic field, V was determined by measuring the
difference between the two lines on the x-y recording and
then multiplying this difference by the appropriate
amplification factor. AT was found by first converting
the Rc and R values to temperatures and temperature dif-
ferences appropriate to the calibration fields and then

linearly interpolating to obtain AT at intermediate fields.



III. NON-OSCILLATORY THERMOELECTRIC PHENOMENA - THEORY

A. Electron Diffusion

Electron diffusion S4q refers to the thermopower
that would be measured if the phonon spectrum remained
in local thermal equilibrium. In section III.A.l a gen-
eral expression for AS 4 of any system of non-interacting
fermions (e.g. free electrons or quasi-particles) will be

derived. In section III.A.2 both Averback and Wagner's(s)

(8) results for the evaluation of

and Opsal and Wagner's
this general expression will be presented. Both of these
calculations neglected the effect of the electron-phonon
mass enhancement. Also in section III.A.2 we shall follow
the work of Bass and Opsal(14) to show how this enhance-

ment should be included in the evalution of the general

expression for ASd.

1. General Relations

The following dgrivation of Sq is primarily based

(5)

on the work of Averback and Wagner. In this section it

is advantageous to define the transport coefficients
(tensors) according to the following scheme:
K] € . (-VT) (III.1)

-»> >
J="% +«E +
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3=T+E+% « (-V7) (I11.2)

where 3 and 6 are the electrical and heat currents/unit
1

area respectively. S is defined as E(VT)~ 3_o SO that
S and<g are related by the equation

> -] >

S=0 LI > . (I11.3)

We assume a system of non-interacting fermions (electrons
or quasi-particles) whose motion in the presence of electric

and magnetic fields is governed by the rule:

<>
d _ 2"’ -
Jﬁa—eE'i'cVXH (IT1.4)
-, . .
where v is given by
A v = % ey (III.5)

with ‘A = Plank's constant divided by 2w
e = electronic charge
c = speed of light
. >
€g = energy of an electron in state k

¥o=( =2, d_ 3
k ok, 3k, ok,

It can then be readily shown within the framework of
the linearized Boltzmann equation for E and Q along the

x axis, and H along the z axis that:

e2 3>
o = =3 S dk v f'
X

(III.6a)
XX 4T

k,E
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Here kB is Boltzmann's constant, is the Fermi energy,

F
and [éﬁ f.f,E] ([-kBﬁT f'ﬁ,T]) is the non-equilibrium por-
tion of the distribution function for an electron in state
k when only an electric field (temperature gradient) is
present. The above integrals are over k space, but we
can just as easily integrate over surfaces of constant

energy and then integrate over all energies. Performing

this change of variable gives:15

2
32 _ da’s
/a&°k = 5 de s o (I11.8)
where S is a surface of constant energy. For convenience
fdzs will be written as fdS, with the understanding that
/dS is a 2-dimensional surface integral. It is now con-
venient to define the function wi by

(-af°i)
£r = ——— V3 (III.9)

where fi = (1 + exple}, - eF)/kBT]‘l.
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