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The thermoelectric potential difference between a well-annealed aluminum wire and a quenched aluminum
wire has been measured as a function of temperature from 4 to 150 °’K. Measurements were made for several
quench temperatures and for a distilled ice and water quench followed by rapid insertion into a dry ice and
methanol medium. These data were used to determine the effect of vacancies on the thermopower of
aluminum. The thermopower is enhanced by vacancies at temperatures below about 70 °K and reduced at
higher temperatures. It is proposed that the enhancement is due to the change in electron-diffusion
thermopower. A calculation of this effect has been made based on the theory of Nielsen and Taylor, and the
agreement with the experimental results is striking. The reduction in thermopower above 70 °K is explained
by the change is the phonon-drag thermopower due to vacancies. The Rayleigh-scattering parameter was
determined from the experimental data and is compared to calculated values using the theories of Klemens

and Carruthers.

I. INTRODUCTION

The absolute thermopower S of a pure metal con-
sists of an “electron diffusion” contribution S,,
arising from the nonequilibrium distribution of the
conduction electrons, and a “phonon-drag” contri-
bution S,, caused by the interaction between the
conduction electrons and the phonons which are not
in equilibrium:

§=S,+S, . (1)

The introduction of defects into a metal causes a
change, AS, and AS,, respectively, in both contri-
butions. The change in S, depends only on the elec-
tron scattering properties and on the electronic
band structure of the system. The absolute mag-
nitude of S, is normally reduced because the addi-
tional phonon scattering by the defects reduces the
phonon current set up by the temperature gradient.
Possible exceptions to this were found in 1966 by
Farrell and Greig,® in 1967 by Van Baarle? and
Guenault, ® and in 1968 by Huebener* when he mea-
sured the thermopower of dilute alloys of aluminum.
Huebener’s data for the thermopower of the alloy
Al+0.03-at.% Zn versus pure aluminum is shown
as a function of temperature in Fig. 1. The con-
vention is such that positive values of S indicate a
reduction in the thermopower of aluminum due to
the impurities while negative values indicate an en-
hancement. AS is the total change in thermopower
due to impurities and can be written

S=AS,+AS, . 2)

Huebener calculated A S, using the theories avail-
able in 1968 and found it to be positive at all tem-
peratures. This led him to conclude that at low
temperatures AS, was negative, implying that al-
loying aluminum increased the phonon-drag com-
ponent of thermopower.

8

Semiquantitative treatments of these anomalies
in the phonon drag contributions have been devel-
oped by Van Baarle,? Fletcher and Dugdale,®
Bailyn, ® and Dugdale and Bailyn.” They have
shown that anomalies in the low-temperature pho-
non-drag thermopower in impure systems can oc-
cur if the relaxation time for the electron scatter-
ing by impurities and the relaxation time for the
electron scattering by phonons vary differently
over the Fermi surface. Huebener was able to use
these ideas to qualitatively explain the low-temper
ature enhancement of the thermopower of alumi-
num on alloying.

From 1968 to 1970 Nielsen and Taylor®™'° devel-
oped a new theory of electron-diffusion thermo-
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FIG. 1. Thermopower of the alloy Al+ 0, 03-at,%Zn.
(Taken from Huebener, Ref. 1.)
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power which was applied to aluminum alloys by
Dudenhoeffer and Bourassa.!' The new theory pro-
vided a relatively simple explanation for Huebener’s
experimental data on aluminum alloys, namely that
the low-temperature negative peak in AS was due

to AS, as calculated now using the Nielsen-Taylor
theory and that the high-temperature positive peak
was due to AS,.

The importance of determining the validity of the
Nielsen-Taylor theory is readily apparent when one
realizes that most published thermopower work in-
volves a separation of the electron-diffusion com-
ponent from the phonon-drag component. If the
Nielsen-Taylor theory is valid, that separation has
been made incorrectly in the past.

In this experiment the difference in thermoelec-
tric voltage between a well-annealed aluminum wire
and an aluminum wire containing vacancies was
measured as a function of temperature from 4.2 to
150 °K, and the difference in thermopower, AS,
between the two wires was determined. The Niel-
sen-Taylor theory as well as phonon-drag theory
were used in analyzing the results.

II. THEORY

Thermopower Relationships

The electron-diffusion thermopower of a metal is
given by

N alnp(€)
s.= -5, (5) ®)
So=m%k% T/3et , (4)

where e is the (negative) electronic charge, &y is
Boltzmann’s constant, 7 is the absolute tempera-
ture, € is the hypothetical height of the Fermi lev-
el, ¢ is the Fermi energy, and p(€) is the electrical
resistivity of the metal evaluated at €.

In dilute metallic systems the crystal defects
can be treated approximately as independent so that
the resistivity p of the system is given by the re-
sistivity of the host lattice, p,, plus the resistivity
of the defects, Ap. This is written as

p=py+Ap (5)

and is known as Matthiesen’s rule.!® The electron-
diffusion thermopower S, of a metal containing a
dilute concentration of defects is then given by

_ aln[p,(€) + A ple€)]
Se==S, ( alne ); ’ (6)

where it follows that,

A :
S, =20 sg+—p—ps;, (7
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8
: dlnA
si=-s,(Tmat) | ®)
and
ol
Se= _S°( a?:é))g : ©)

S is the electron-diffusion thermopower of the pure
metal, and S} is identified as the intrinsic electron-
diffusion thermopower of the defect.

S, is defined as

S,=S,-S7 . (10)
Then from Egs. (7)-(10), we have
S <alnA p/ 8lne >
AS.= po/Ap+1 \ 8lnp,/8lne +1:' (1)

Corrections for deviations from the Wiedemann-
Franz law were not included since the approxima-
tions involved in the Nielsen-Taylor theory de-
scribed below are more serious.

Nielsen and Taylor® use a free-electron model
and a Debye spectrum to develop a simple expres-
sion for the electron-diffusion thermopower of a
metal. The electrical resistivity is written as

ple)oc 1/2%(€)T(€)N(e) , (12)

where 7(€) is the electron relaxation time, v(€) is
the electron velocity, and N(¢) is the density of
states. In a system of free electrons, both v(e€)
and N(€) are proportional to €!/2. Thus we have

(alnp(e)) _ <aln(1/r>> _3 (13)
8lne :— dlne I3 2
or
alnp) 3
R0 -
(aln€ =Di-3, (14)
and
dnAp) E
(ahK )c-Dz—z, (15)
where
_ aln(l/Ti)> . _
Di_( olne /. =hE ve

The relaxation times 7, and 7, are for electron-
phonon scattering and electron-impurity scattering,
respectively. Equations (9) and (11) can now be re-
written as

Se=5,(3 - Dy) 17)
and
S? D,-3
A — e 2 2 A
S pu/Ap+1<Dl—% 1) e

Rearranging terms in Eq. (18) and making use of
Eq. (17), one gets
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The major contribution of Nielsen and Taylor
enters at this point through the calculation of D,.
Dudenhoeffer and Bourassa used the pure metal ex-
perimental data for S] (see Fig. 2) to compute D,
via Eq. (17), and that method will also be used in
this work. It was assumed that the plot of the dif-
fusion thermopower of pure aluminum versus abso-
lute temperature is a straight line with slope - 3.0
X107 uV/°K?2, as determined by Gripshover, Van
Zytveld, and Bass.!?

The expression for D, as calculated by Nielsen
and Taylor® is

AS, (D, -D,) . (19)

9u m N’ (T)

_1, o 80U mi (L
Dp=2+2 5 T a,TM N \@©

2_ 1w om Z_N)”a (H)
*3 4kBT(k56)M<N’ L\g)> @0

where © is the Debye temperature, N is the num-
ber of ions in the sample, N’ is the number of free
electrons in the sample, m/M is the ratio of elec-
tronic to ionic masses, Vis the pseudopotential of
the host, U is the renormalized pseudopotential
appropriate to the dilute alloy, and ¥(7/6) and
L,(2T/©) are complicated functions of temperature
given in Ref. 8. Nielsen and Taylor® have shown
that the limit of high temperature D, reduces to the.
traditional temperature-independent result given
by the first two terms in Eq. (20).

The value of U was obtained from the expression

=4 [ Ux)x%dx (21)
where
x=q/2s, (22)
kr being the Fermi radius, and
Ulx)=(Q,/8,) V,({x) - V,(x) . (23)
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FIG. 2. Absolute thermopower curve for aluminum.
(Taken from Gripshover, Van Zytveld, and Bass, Ref. 7.)
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The quantities V;(x) and V,(x) are the pseudopo-
tentials of the host and solute, respectively, cal-
culated by Animalu and Heine, !* as quoted by Har-
rison'®; the quantities £,, and §, are the atomic
volumes of the host and the solute, respectively.
The value of the pseudopotential V,(x) of the vacan-
cy might reasonably be taken as an adjustable pa-
rameter, but in keeping with the simplicity of the
model, i.e., free electron and Debye spectrum,
the value of V,(x) has been assumed to be zero.
Nielsen and Taylor® developed the expression for
u? given above. However, they took U(x) to be
constant and evaluated it at x=0. This can lead to
large errors for some alloys. The sign of U was
taken as the sign of the values of U(x) which make
the major contribution to 4. The value used in this
paper was 0.1 Ry.

Similarly U is obtained from the expression
ote Jo? | V lx) 12x*csch(@x/ Txp)dx
*0x *eschix/ Txp ) dx

) (24)

where xp=qp/2kr, qp being the Debye cutoff. This
expression was developed by Nielsen and Taylor,
although they again took V,(x) as a constant and re-
moved it from the integral. The values used for ¥
were temperature dependent and ranged from
-0.55t0 —0.38 Ry. The value of 8lnu/élne | ,
could have been adjusted to match A S, with the to-
tal measured thermopower difference A S at high
temperatures. This was not done because there is
evidence®® in aluminum that the phonon-drag con-
tribution to the thermopower is nonzero even at the
melting point, and it certainly remains important
at the highest temperature in this experiment,
150 °K (see Fig. 2). Instead a simple screened
Coulomb potential was used to express the energy
dependence of U. The logarithmic derivative is
then given by

alnu 1 1
" 2eQ) (25)
where €(g) is the Hartree dielectric function for
aluminum as tabulated in Harrison.'® An average
over g was taken, and that value used was alnu/
dln€ | ;= -0.72.

The determination of A S, was carried out and is
presented in Sec. IV. The values of AS, were then
determined by subtracting A S, from the total mea-
sured AS. These results are discussed in Sec.
Iv.

alne ;—_E

Estimation of the Rayleigh Scattering Parameter for Phonon
Scattering from Vacancies

In a solid a defect of atomic dimensions, such
as a vacant lattice site, will upset the regularity of
the crystal lattice. At low temperatures this ir-
regularity will be very much smaller than the pho-
non wavelength so that the scattering which it pro-
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duces is analogous to the Rayleigh scattering in op-
tics and atomic physics with the scattering prob-
ability proportional to the fourth power of the pho-
non wave vector ¢g. It follows that the phonon-va-
cancy relaxation time 7; is inversely proportional
to the fourth power of the phonon frequency, the
constant of proportionality being the Rayleigh scat-
tering parameter a. The actual magnitude of the
scattering will be determined by the difference in
density and in elastic constant caused by the scat-
tering center in the lattice.

Huebener!® using the results of several authors
has obtained an expression for the change AS, in
phonon-drag thermopower; this expression includes
the Rayleigh-scattering parameter a and is given

by
o/T 2z 2,-8/T
— _AGBIT 2% bhe )
AS, = -Ae fo P <1+akZBzzT )
(26)
where
z2=Rw/ksT;

and A, b, and g are constants determined empiri-
cally. This expression is used in this work to es-
timate the Rayleigh-scattering parameter and to
indicate that the broad maximum in the thermopow -
er curves found above 80 °K is most likely due to
phonon drag.

The constants b and 8 were determined from the
lattice thermal conductivity K;, which is given by

kg [k TN} rerr T,2%"
e (%2 )f -1 %o #7)

where v, is the velocity of sound and 7, is the re-
laxation time for phonon scattering in the host ma-
terial.

The form used for 7, was that used by Pohl and
Walker'”:

T = bw?Te ™' T (28)

The constant A was determined from Huebener’s
expression for the pure metal phonon-drag thermo-
power S; which is

2z
Sg”=AeB/Tf0®/T (ef——el)_z dz . (29)

The results of these calculations are presented in
Sec. IV. The value of the scattering parameter a
obtained in this way is to be compared with the val-
ues of a predicted by Klemen’s theory'® and Car-
ruthers’s theory.!®

Using second-order perturbation theory, Klem-
ens obtained an expression for a:

a=(3Qc/md) L%, (30)

where £ is the atomic volume of the crystal, c is
the mole fraction of the point defects. and
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1]

2 1<AMZ 1 aF [2\'/? AR]?

=1 7) +[7§*F—-<§> 9y 7] ’
(31)

where 7 is the Gruneisen constant, M is the atomic
mass of the crystal, F is the force constant of a
linkage, R is the nearest-neighbor distance, and @
is the contribution to the scattering matrix from
strain outside the six nearest neighbors. Also,
AM, AF, and AR are changes in the appropriate
quantities at the sites of the point defects.

For strain-field scattering, Carruthers obtained
the same relation as did Klemens, Eq. (30), but his
expression for L? differed:

L%2=80y%(AR/R) . (32)

III. EXPERIMENTAL APPARATUS AND PROCEDURES
Sample Preparation

Aluminum wire of 99.9999% purity was procured
from Cominco American Inc., of Spokane, Wash-
ington. The specimen wires were 0.010-in. diam-
eter, the holder wires were 0.018-in. diameter,
and the wire forming the junctions were 0.005-in.
diameter. Figure 3 shows the arrangement of the
wires in the specimen.

In order to spot-weld aluminum it was necessary
to acid etch the wires for 4 min in an 8% hydro-
flouric acid solution, rinse off the acid in distilled
water, and then rinse again in methanol. An Ewald
welder, model WHDSA, was used to perform the
spot welds.

The design of the sample holder was patterned
after that of Huebener.'® The holder and its speci-
men consisted of a hot junction, a cold junction, a
heater, a heat sink, and terminal blocks.

Since it provides good electrical insulation and
high thermalconductivity yet is not attacked by
methanol, Emerson and Cuming 2850 GT Stycast
was used to coat the metal surfaces of the heat sink
and heater. Apiezon N grease or Dow-Corning
high-vacuum grease further improved the thermal
conductivity and was used on all clamping surfaces.
Stainless-steel tubing of 0.010-in. wall thickness
was used in the frame.

It was not desirable to spot weld the sample after
quenching since quenched-in vacancies in aluminum
rapidly anneal out at room temperature. Instead a
pressure junction was formed by clamping in a low-
temperature liquid bath of methanol and dry ice.
It was desired to determine the annealing temper-
ature of the wire specimen. This was accomplished
using 0.005-in. thermocouple wires spot welded at
the two junctions before quenching, providing elec-
trical contact for this measurement without creating
significant heat sinks and resulting nonuniformitv
in temperature.

Two low-temperature electrical feedthroughs
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FIG. 3. (a) Specimen: (1) 0.005-in. junction wire,
(2) expansion loop, (3) specimen wire, (4) holder wires,
(5) lower junction, (6) well-annealed lead, (7) upper junc-
tion. (b) Sample holder: (8) terminals block, (9) heat
sink, (10) thin-wall stainless-steel tubing, (11) thermo-
couple, (12) heater. Specimen and sample holder shown
separately for clarity.

were fabricated following the design of Anderson.?
These seals were still functioning satisfactorily
after being thermally cycled many times and sub-
jected to thermal shock. Note that the part of the
wire which was in contact with the Stycast sealing
compound was stripped of the insulative varnish to
insure a better seal.

Annealing and Quenching Procedure

The specimen and the two potential lead wires
were annealed by passing a direct current through
them. It is estimated that the temperature along
the length of the wire was uniform to +5%. The
potential lead wires were heated at more than
525 °C for 13 h. Over a period of 20 min the tem-
perature was reduced continuously to approximately
150 °C. The potential lead wires were then air
quenched to room temperature to prevent forma-
tion of voids. The specimen wire was similarly
heat treated and then annealed at the particular
temperature of interest for 13 h before quenching.
This heat treatment follows that used by Bass.?!

The resistance of the specimen wire at room
temperature was determined by measuring the volt-
age across the specimen as a known current passed
through it. The resistance of the well-annealed
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wire was also measured. This information was
used to compute the annealing temperature prior to
quench, Tq, by comparing the resistivity of the
specimen at temperature to the resistivity-versus-
temperature data of Simmons and Balluffi.?

The maximum value of current used in annealing
was about 6 A. The annealing current value was
obtained by measuring the voltage across a Leeds
and Northrup 0.01-§ standard resistance which was
immersed in a stirred oil bath.

In quenching it is important that all parts of the
wire enter the bath simultaneously and that the wire
remain in motion while the wire is cooling to en-
sure a rapid quench.? Strain introduced in the
wire during the quench can be minimized by making
the distance of the specimen wire from the quench
surface as small as possible, about 1 to 2 cm. It
was found that expansion loops (see Fig. 3) reduce
specimen distortion during annealing.

The specimen was quenched into a medium of
distilled water and ice. The quench rate in this
procedure was measured to be 2.5x10* °C/sec.
Then the specimen was transferred from the ice
and water bath into a second bath of dry ice and
methanol at a temperature of — 80 °C. The transfer
time from the water quench until the specimen was
immersed in the cold methanol was less than 15
sec. This was an essential step because in alumi-
num the temperature should not exceed — 80 °C to
insure that the quenched-in vacancies do not anneal
out.

In his work on quenching in aluminum, Bass®!
found no systematic differences between data taken
on wires quenched to 0, —40, or —50 °C, provided
that the wires were quickly (10 to 15 sec) immersed
in liquid nitrogen.

After the specimen had been immersed in metha-
nol, the hot and cold junctions and the heater unit
were clamped in place in the cold liquid. A copper
can with an indium O-ring in place was lowered in-
to the methanol bath and allowed to cool. The sam-
ple holder, which was connected to the quench lever
(see Fig. 4), and the specimen were inserted into
the copper can. This operation was performed with
the specimen wire at all times submerged in the
cold methanol. The quenching leads and quench
lever were then removed.

After the vacuum O-ring seal was made, the li-
quid within the copper can was drained, and nitro-
gen gas was introduced into the can to inhibit at-
mospheric condensates from forming. The can
was immersed in a liquid-nitrogen bath, evacuated,
and finally inserted into a cryostat which had been
precooled to liquid-nitrogen temperature.

Liquid helium was then introduced to reduce the
sample temperature to 4.2 °K.

In order to determine the vacancy concentration
the resistances of the specimen and of the well-



FIG. 4. Quench tank with quenching assembly: (1)
pivot axis, (2) connecting vacuum plate, (3) five gallon
aquarium tank, (4) electric feed through, (5) quenching
medium, (6) cover, (7) specimen and holder, (8) heated
specimen wire, (9) solenoid, (10) release bar, (11) quench
lever, (12) quenching leads, (13) terminals.

annealed wire were measured at 4.2 °K. The re-
sidual resistance ratios of the specimen and of the
well-annealed wire were obtained; then the resis-
tivities of both of these wires were computed at

4.2 °K using the value of resistivity of aluminum at
room temperature from Simmons and Balluffi, %
p(20 °C)=2.65 pQ2 cm. The quenched-in resistivity
due to vacancies was calculated by subtracting the
resistivity of the well-annealed wire from the spec-
imen resistivity. Finally the vacancy concentration
was determined using the Simmons and Balluffi val-
ue? for the intrinsic resistivity of a vacancy in
aluminum as 3x107® Qcm/at.%.

Measurement Procedures

A Guildline 9176-G nanovolt potentiometer was
used to measure the very small thermovoltages of
this work. It has a theoretical sensitivity of 10~
V and in this application has given stable readings
of 5X107° V. A Guildline 9461-A galvanometer and
a Guildline 9460-A photoelectric nanovolt amplifier
were used in association with the potentiometer.

A Leeds and Northrup Type K-4 potentiometer
(with a sensitivity of 1077 V) together with a Leeds
and Northrup dc null detector were used to measure
the hot-junction thermocouple voltages. The K-4
instrument was also used to monitor the heat-sink
temperature.

The temperatures of the hot junction and the heat
sink were monitored by two thermocouples (Fig.

5). The thermocouple wire was obtained from the
Sigmund-Cohn Corporation. These thermocouple
materials have been calibrated by the National Bu-
reau of Standards of Boulder, Colorado.?* One
wire was gold plus 0.07-at.% iron, while the other
was chromel. Both were 0.003-in. diameter and
coated with teflon. The two wires were spot welded
together and to a 0.0005-in. -thick copper foil, 0.5

THEODORE RYBKA AND RONALD R. BOURASSA 8

by 1 cm. A phenolic wafer thermally insulated the
junction and foil from the sample holder. Good
thermal contact with the aluminum wire junction
was aided by a coating of Apiezon N or Dow-Corn-
ing high-vacuum grease. % The change in tempera-
ture of the copper heat sink was measured to be a
maximum of 1 °K during the experiment. This oc-
curred when the temperature gradient along the
sample reached its maximum value of 10 °K/cm.
The voltage picked off from a motor-driven vari-
able resistance supplied the heater current, which
was reasonably linear with time. The experiment
required a wide temperature range to be spanned
within a few hours, since the liquid-helium boil -
off rate limited the time available for measure-
ment. The temperature was changed from 4. 2

to 77 °K over a period of 53 h.

IV. RESULTS AND ANALYSIS

The thermoelectric voltage between the well-an-
nealed wire and the specimen wire containing va-
cancies was measured as a function of hot-junction
temperature. The difference in thermopower be-
tween the well-annealed wire and the specimen wire
was found by taking the temperature derivative of
the thermoelectric voltage curves using a seven-
point quadratic fit. See Fig. 6, solid lines. The
main characteristic of these curves is the pro-
nounced negative minimum which occurs at approx-
imately 30 °’K. A second feature is the small broad
positive maximum which occurs at approximately
90 °K. Thus the thermopower curves exhibit a
double-humped shape. This shape is very similar
to the dilute-alloy curves in aluminum obtained by
Huebener, * except that in the vacancy data the nega-

INSULATOR

VARNISHED COPPER FOIL

(0.0005iN. THICK)
STAINLESS
STEEL

SLEEVING SLEEVING

0.003in. GOLD
+0.07at %
IRON WIRE

0.003in.
CHROMEL WIRE

SPOT-WELDED JUNCTION

FIG. 5. Hot-junction thermometer arrangement.
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FIG. 6. Thermopower curves for vacancies in aluminum: (a) Tq=416°C, ¢=0.852X% 107 at.%; (b) Tg=476°C, c=1.94
x 10 at.%; (c) Tg=538°C, c=2.36% 107 at.%; (d) Tq=585°C, c=3.05% 107 at.%; (e) Tg=555°C, c¢=3.48% 107 at.%.

tive peak is much enhanced relative to the positive
peak.

The dashed curves represent the theoretical elec-
tron-diffusion thermopower as computed from the
Nielsen-Taylor theory. This calculation was dis-
cussed in Sec. II. Note the good agreement of the
negative peak magnitudes and the location in tem-
perature, especially for the high concentrations.
No adjustable parameters have been used in this
calculation.

For the samples the resistance ratio Rygs0x/
R,.50x Was measured to be from 1900 to 2400.

In order to identify the source of the broad maxi-
mum above 80 °K, the Rayleigh-scattering param-
eter a is evaluated as outlined in Sec. II.

From the expression for the lattice thermal con-
ductivity K; in Eq. (27) and the expression for the
inverse phonon scattering relaxation time 75 in Eq.
(28), the constants b and g were evaluated as 4.0
x107® sec/°K and 62 °K, respectively. The values
used for the velocity of sound® and the Debye tem-
perature were, respectively, 6.42x10° cm/sec
and 428 °K. The value for the lattice thermal con-

ductivity K; was taken from White’s table?” as

K;=19/T+50% ergecm™sec™ °K™ . (33)

Next, the constant A was determined in the ex-
pression for S? (Eq. 29). The value used for SJ
was taken from the graph of Gripshover, Van
Zytveld, and Bass'® at 100 °K as —2.16 pV/°K;
see Fig. 2. The result is A=-0.40 pV/°K.

In order to determine the scattering parameter
a from Eq. (26) experimental values of A S, at
100 °K are needed. These values were obtained by
subtracting the calculated value of A S, from the
experimental value of AS in each case [see Eq.
(2)]. These scattering parameters obtained for
each quench temperature 7, are listed in Table I.

It is worthwhile to compare these experimental
values with the values obtained from the theories of
Klemens and Carruthers (see Sec. II). Using the
atomic volume of the crystal for aluminum as
16.53%107% cm?, one obtains from Eq. (30)

a/c=6.0x10"% L%sec’/at. % . (34)
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TABLE I, Scattering parameters for quench tempera-
tures Tq.

Quench
temperature Ap a/c
To(C) (10" @ cm) (107 sec®/at. %)
416 2,56 16.4
476 5.83 18.7
538 7.07 20.3
585 9.15 19.9
555 10.45 18.3

In Klemens’s theory the expression for L? is giv-
en by Eq. (31). Klemens states that for vacancies
AM/M=-1, AF/F=-1, and @=3.2. From
White, %" y=2.35. It is also necessary to obtain the
relative change in the nearest neighbor distance,
AR/R. From Butcher, Hutto, and Ruoff,?® the ac-
tivation volume of a vacancy is AV =22x10"% c¢m?,
which implies a vacancy radius of (AV)}/3=2.80
%108 ¢cm. The atomic volume for an aluminum
ion, AV, is taken from Kittel?® as 16.95x107%4
so that (AV,,)!/3=2.57x10"® cm. Following Klem-
ens one obtains AR/R=+0.041. L2? is calculated
to be 0. 52 and from these values

a/c=3.1xX10"% sec®/at. % . (35)

From Carruthers’s theory, using Eq. (32) one ob-
tains

008 T T T T T T
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0061~ N —
N /TQ= 555 °C
o005k / .
N N g Ty = 538 °C
X \\ / / a
0.04} . -
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9]
< 0.03 Tq=416°C
0.02
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FIG. 7. Change in phonon-drag thermopower tempera-
ture dependence curves, Solid lines are the values of
AS, determined by subtracting the Nielsen-Taylor value
of AS, from the measured total change in thermopower,
AS. Dashed lines are computed from Eq. (26).
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FIG. 8. Change in thermopower of aluminum at 150°K
versus quenched-in vacancy concentration.

a/c=4.4x10"% sec®/at. % . (36)

The change in phonon-drag thermopower as cal-
culated by subtracting the Nielsen-Taylor electron-

AS
>

AS. ,ASg

| 1 L 1 1
(o} 25 50 75 100 125 150
TEMPERATURE (°K)

FIG. 9. Proposed resolution of the total change in
thermopower into the electron-diffusion and phonon-drag
components: (a) shows schematically the double-humped
form of the AS curve; (b) shows schematically the pro-
posed curves of the thermopower components AS, and
AS,.
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diffusion component from the total thermopower is
shown in Fig. 7. The temperature dependence of
the theoretical expression for AS, obtained from
Eq. (26) has been evaluated and also has been
plotted on Fig. 7 (dashed lines) for comparison
purposes. These theoretical values have been nor-
malized to the experimental values at 100 °K. The
curve for To=585 °C is not shown because it fol-
lows the curve for Tg=555 °C closely.

The change in thermopower AS in Fig. 8 varies
linearly with concentration within the experimental
accuracy of the data. Indirect evidence® indicates
that the slope for aluminum vacancies might be
anomalously high, but this has not been found in
this work. The slope of the plot gives

(AS/c)1500x=3.3£0.5 pV/°Kat. % . (38)

V. DISCUSSION AND CONCLUSION

1t is proposed that the double-humped curve of
thermopower of vacancies be resolved into two
components. This is shown schematically in Fig.
9. The negative minimum at 30 °K is due to the
electron-diffusion thermopower and the positive
maximum near 85 °K is due to phonon-drag thermo-
power.

It is apparent, in fact, from Fig. 6 that the Niel-
sen-Taylor theory predicts a negative minimum of
the same magnitude and occurring at approximately
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the same temperature as the experimentally ob-
tained curves. This successful prediction of the
peak temperature was also found by Dudenhoeffer
and Bourassa'! in the case of aluminum alloys.

The concentration spanned by the vacancy data and
the alloy data is from 0.33x10™*t0 0.5 at.%. Cau-
tion is advised in concluding that the Nielsen-Taylor
idea has replaced the phonon-drag interpretation

of enhancement. Both theories need to be refined
further before such a conclusion can be reached.
Perhaps the truth will contain contributions from
both.

There is also evidence that the positive maximum
in A S is the expected reduction of the phonon-drag
component of thermopower due to the vacancies.
This evidence comes from the calculation of the
Rayleigh-scattering parameter a. The experimen-
tal determination of this parameter gives values
consistent with the values calculated from the the-
oretical expressions of Klemens'® and Carruthers.!®
In addition, the temperature dependence of the
change in phonon-drag thermopower due to vacan-
cies in aluminum has been calculated using the the-
oretical expressions of Huebener.!® The agreement
with the experimental data indicates that the pho-
non drag component is dominant in this tempera-
ture range. These calculations were also made
on two of the alloy curves of Huebener* and the re-
sults are consistent with the proposed explanation.

*Work supported in part by the Atomic Energy Commission,
Contract No. AT-(40-1)3940. A grant from the Research
Corporation made preliminary work on this project possible.
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FIG. 4. Quench tank with quenching assembly: (1)
pivot axis, (2) connecting vacuum plate, (3) five gallon
aquarium tank, (4) electric feed through, (5) quenching
medium, (6) cover, (7) specimen and holder, (8) heated
specimen wire, (9) solenoid, (10) release bar, (11) quench
lever, (12) quenching leads, (13) terminals.



