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The change AS of the thermoelectric power of high-purity gold wires due to quenched-in lattice vacancies 
was measured between 4.2 and 220°K. The vacancy concentration was determined from the quenched-in 
electrical resistance at 4.2°K. From the value of AS at 200°K, where phonon-drag effects are negligible, the 
electronic part ASe of AS was calculated as a function of the temperature, using the Friedel theory. The 
phonon-drag part ASg was obtained from the equation ASg = AS—ASe. Vacancies were found to cause a 
reduction of the electronic part and of the phonon-drag part of the thermoelectric power. | ASe | and | ASg \ 
reach a maximum at low temperatures. The phonon-scattering cross section of vacancies, as estimated from 
ASg assuming a pure Rayleigh-type scattering mechanism, indicates that phonons are scattered by vacan­
cies predominantly through the strain field associated with the vacant lattice site. 

I. INTRODUCTION 

THE influence of point defects on the thermoelectric 
power of a pure metal has been measured recently 

with dilute alloys of copper1 and of potassium.2 These 
experiments have shown that, besides changing the 
electronic component of the thermoelectric power, 
point defects reduce the phonon-drag component if 
their phonon-scattering cross section is sufficiently 
large. Thermoelectric measurements with metals con­
taining impurities provide, therefore, information on 
the phonon-scattering properties of these imperfections. 

In the present investigation the change AS of the 
thermoelectric power of high-purity gold wires due to 
quenched-in lattice vacancies is measured between 4.2 
and 220°K. From the results the electronic component 
and the phonon drag component of the change in the 
thermoelectric power is calculated as a function of the 
temperature. In Sec. II the theoretical treatment of the 
influence of point defects on the thermoelectric power is 
summarized. A simple derivation of the electronic 
component of AS, given by de Vroomen3 and by 
Gold et al.A is extended to the phonon-drag component. 
Sections III and IV give a description of the experi­
ments. In Sec. V the relaxation time r» of phonon 
scattering by lattice vacancies is estimated from the 
phonon-drag component of AS. The relaxation time n 
and the electronic component of AS are compared with 
theoretical results. 

II. THEORY 

The absolute thermoelectric power S° of a pure metal 
consists of a contribution Se°, arising from the non-
equilibrium distribution of the conduction electrons, and 
a contribution Sg°, caused by the interaction between 
the conduction electrons and the phonons, which are 

not in equilibrium: 

* Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

1 F. J. Blatt and R. H. Kropschot, Phys. Rev. 118, 480 (1960). 
2 A. M. Guenault and D. K. C. MacDonald, Proc. Roy. Soc. 

(London) A264, 41 (1961). 
3 A. R. de Vroomen, thesis, University of Leiden, 1959 (un­

published). 
4 A. V. Gold, D. K. C. MacDonald, W. B. Pearson, and I. M. 

Templeton, Phil. Mag. 5, 765 (1960). 

S*=Sf+S0*. (1) 

Se° and Sg° are usually called electronic thermoelectric 
power and phonon-drag thermoelectric power, respec­
tively. The change AS in the thermoelectric power of a 
metal due to impurities is according to Eq. (1) 

AS=ASe+ASg (2) 

where ASe and ASg are the change in the electronic and 
the phonon-drag thermoelectric power, respectively. 

A. Change of the Electronic Component of the 
Thermoelectric Power Due to Point Defects 

As pointed out by de Vroomen3 and by Gold et al.f 
ASe can be derived in a simple way under the following 
assumptions: 

1. The scattering of electrons by an impurity and all 
other electron scattering events in the crystal are 
independent of each other (Matthiessen's rule). This 
implies that the Fermi surface of the material is not 
changed by the presence of the impurities, and that the 
impurities are randomly distributed. 

2. The heat which is transported by the conduction 
electrons is independent of other heat transporting 
mechanisms (phonons).5 

3. The electron scattering in the material can be 
treated in terms of a single isotropic group of charge 
carriers. 

Under the assumptions 1-3, the electronic part We 

of the thermal resistance of a metal containing imper­
fections is the sum of the resistance We° of the pure 
material and the resistance AWe of the imperfections 

We=We°+AWe. (3) 

We divide a small temperature difference AT across the 
specimen in two parts according to the thermal resist-

5 This requirement is formulated in a more general way as in 
the paper by Gold et al. (see Ref. 4), 
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ances We° and AWe 

WJ 
A T = -

We°+AWe 

-AT-
AWe 

WJ>+AWe 

-AT. (4) 

The thermoelectric potential difference across the 
specimen is then given by the sum 

We° AWe 
AVe=Se° AT+SJ AT, (5) 

WJ>+AWe We°+AWe 

where Se
{ is the electronic thermoelectric power of the 

imperfections in the metal. 
If the scattering potential associated with the 

impurities is isotropic, the quantity Se
i is given by the 

electronic thermoelectric power of a single impurity. In 
the case of an anisotropic scattering potential Se

{ is the 
electronic thermoelectric power of a single impurity 
averaged over all impurity orientations within the 
crystal. 

From Eq. (5) we find the total electronic thermo­
electric power Se of a metal containing impurities: 

Se=-
WJ> 

We°+AWe 

-Se°+ 
AWe 

We°+AWe 

SJ. (6) 

Equation (6) was derived originally by Kohler6 from a 
variational solution of the Boltzmann equation. From 
Eq. (6) we obtain 

AS.=S.-SJ>= ( 1 ) . (7) 
(We0/AWe)+l\SJ> J 

If we require in addition to the assumptions 1-3, 
mentioned above, that the electrical conductivity and 
the electronic component of the heat conductivity are 
determined by the same relaxation time (Wiedemann-
Franz law), Eq. (7) can be replaced by 

ASe= 
CO / C i 

WApH - ( — ' ) • 

(8) 

po and Ap are the electrical resistivity of the pure metal 
and of the imperfections, respectively. 

Equation (8) can also be derived, of course, from the 
expression for Se°, which is obtained from the solution 
of the Boltzmann equation in the case of an electrical 
field and a temperature gradient. With the same 
assumptions which have led to Eq. (8), the Boltzmann 
equation yields for the electronic thermoelectric power 
of a pure metal7 

SJ>=-
A 2 r 

3e \po 

dP0(E)\ 

dE 
(9) 

EF 

6 M. Kohler, Z. Physik 126, 481 (1949). 
7 A. H. Wilson, The Theory of Metals (Cambridge University 

Press, New York, 1953). 

where ks is Boltzmann's constant, T the absolute 
temperature, e the absolute value of the elementary 
charge, E the energy of the conduction electrons, and 
EF the Fermi energy. The total electronic thermoelectric 
power of a metal containing imperfections is found from 
Eq. (9) by replacing p0 with p0+Ap. In this way one 
obtains8 

Se° r(l/Ap)(dAp/dE) 
ASe= 

(po/Ap)+lL (l/Po)(dpo/dE) 

Since the factor 

•] • 
-*EF 

(10) 

r(l/Ap)(d&P/dE) 

L (i/p„)(3p0/a£) 
-l 

*EF 

is independent of the temperature, the temperature 
dependence of ASe is determined by the function 

G=5eV[WAp)+l]. (11) 

According to Eqs. (9) and (10), the measurement of 
ASe yields information on the derivative (dAp/d-E)^, 
provided the quantities Se°, po, and Ap are known. The 
change of the electrical resistance caused by imper­
fections is given by7 

Ap=3Nia(E)/2e'in(E)v(E). (12) 

Here Ni is the number of imperfections per volume, a 
the momentum transfer cross section of the imperfec­
tions for electron scattering, n the density of electron 
states, and v the velocity of the electrons. From Eq. (12) 
we obtain 

1 dAp 1 da(E) 

Ap dE a dE 

1 d[n(E)v(E)2 

nv dE 
(13) 

According to Eq. (13) the quantity (6Ap/dE)EF yield 
information on the derivative (dcr/dE)EF, provided the 
functions n(E) and v(E) are known. 

B. Change of the Phonon-Drag Component 
of the Thermoelectric Power due 

to Point Defects 

For evaluating ASg we may use the same arguments 
for the phonon system, which we have used above for 
the electron system and which have led to Eq. (7). In 
analogy to the assumptions on the electrons, we require 
the following simplifications on the phonon system: 

1. The scattering of phonons by an impurity and all 
other phonon-scattering events in the crystal are 
independent of each other (Matthiessen's rule). This 
implies, that the phonon spectrum is not changed by 
the presence of the imperfections, and that the im­
purities are randomly distributed. 

2. The heat which is transported by the phonons is 
8 J. Friedel, J. Phys. Radium 14, 561 (1953). 
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independent of other heat transporting mechanisms 
(electrons). This requirement is valid in the temperature 
range, where electron-phonon collisions are negligible 
compared to other phonon scattering mechanisms 
(phonon-impurity and phonon-phonon interactions). 

Since the entire frequency spectrum of the phonon 
system contributes to the transport phenomena, and 
because of the frequency dependence of the scattering 
processes, the analogy of assumption 3 in Sec. IIA is not 
valid. We have to treat phonons with a different 
magnitude of the wave vector separately. Under the 
assumptions 1 and 2 the lattice resistance for phonons 
with the wave vector q and the polarization j in a metal 
containing impurities is the sum of the lattice resistance 
of the pure material and the resistance of the imper­
fections. We separate a small temperature difference AT 
across the specimen, as seen by phonons of the type 
q, j , in two parts according to the inverse relaxation 
times of the participating scattering processes. 

Arq,y= 

or 

Vro(q,i) 

[l/ro(q,i)]+QM-(q,i)] 

lA*(q,i) 

£TqJ 

[ l / r o ( q j ) ] + [ l / r ; ( q J ) ] 
•Arq,y 

Arq,y= 
1 

l+t>o(q,i)/r;(q,i)] 
Arq,y 

l+ [^ ' (q j ) / ro (q , . / ' ) ] 
ATqJ. (14) 

ro(q,i) and r;(q j ) are the relaxation time of the phonon 
scattering by the host material and by the impurities, 
respectively. 

The phonons which are scattered by the impurities do 
not contribute to the phonon-drag part of the thermo­
electric potential difference across the specimen. 
According to Eq. (14) the thermoelectric potential 
difference caused by phonons of the type q j is therefore 
given by 

sg(qJ)ATqJ 
AVQ 

l+[ ro(q ,y) /Ti (q , i ) ] ' 
(15) 

where sg is the phonon drag thermoelectric power of the 
host material associated with the phonons q j . By 
integrating over all phonons and by writing the phonon 
drag thermoelectric power of the pure material as 

s/-s/ sg{<\,j)<Pq, (16) 

we find from Eq. (15) the phonon-drag thermoelectric 
power of a metal containing imperfections: 

_ f sg(qj) 
S„ = £ / = d>q. (17) 

/ J l + [ r 0 ( q j ) / n ( q j ) ] 

From Eqs. (16) and (17) we obtain 

AOg — Og Og 2-rf 

l+[n-(q,i)/r0(q,i)] 
dzq. (18) 

Equation (18) corresponds to Eq. (7) for the electronic 
part of the thermoelectric power. According to Eq. (18) 
the phonon-drag thermoelectric power is reduced by the 
presence of imperfections. The reduction depends on 
the ratio of the relaxation time of the phonon scattering 
by the impurities and by the host material. 

An expression for the phonon drag thermoelectric 
power which contains both the normal and the umklapp 
interaction between electrons and phonons has been 
derived by Bailyn9'10 for the general case of a non-
spherical Fermi surface and several bands. For a cubic 
crystal with a single band of standard form Bailyn 
obtained 

I2ir% 
Sa°=-

zez [q,i] 

• E - — - E « ( q , i ; k , k ' ) 
3eNeT A0'B-v(EF) q.y (e*- l ) 2 kk' 

X V ^ - [ v ( k ) - v ( k ' ) ] . (19) 

Here e is the absolute value of the elementary charge, 
Ne the number of conduction electrons of the specimen, 
fi Planck's constant, and A0 the atomic volume of the 
metal. B is the area of the Fermi surface, and v(EF) the 
average velocity on the Fermi surface. v(k) is the 
velocity of the electrons with the wave vector k. The 
parameter z is given by 

z=M<l,J)/kBT, (20) 

where w(q,j) is the frequency of the phonon q,j. 
a(q,y;k,k ;) is the relative probability that a phonon 
q,j will be emitted or absorbed in a k<->k' transition of 
the electrons 

a(q,i;k,k') = 
1 

p(k,k')- / 

1 / r l h.*i 
£—hZ-

i Tl kk ; r ^(k ,k / ) -
i-i. 
(k,k')J (21) 

rep is the relaxation time of the electron-phonon 
interactions, ri are the relaxation times of any phonon-
scattering processes not involving electrons. The sums 
in Eq. (19) and in the denominator of Eq. (21) are over 
all transitions k<-»k' in which the emission or absorption 
of the particular phonons q,j is allowed by the selection 
rule 

k ' -k=q+K, (22) 

where K is a reciprocal lattice vector. 
In the case of a normal band (positive effective 

electron mass) of standard form we have v ^ k . With 
V a w ^ q and with the selection rule (22) we find 

V ,co - [v (k ) -v (k ' ) ] q ( q + K ) . (23) 
9M. Bailyn, Phil. Mag. 5, 1059 (1960). 
10 M. Bailyn, Phys. Rev. 120, 381 (1960). 
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According to Eqs. (19) and (23) the contribution of 
normal processes ( K = 0 ) to Sg° is negative. The con­
tribution of umklapp processes (K?^0) to Sg° is in 
general positive. 

In the case of an inverted band (negative effective 
electron mass) of standard form we have v ^ — k . 
Normal processes are then found to give a positive 
contribution to Sg°, whereas umklapp processes yield in 
general a negative contribution. 

G. Separation of the Electronic Component 
and the Phonon-Drag Component of A S 

The experimentally determined quantity AS can be 
separated into ASe and ASg using the following argu­
ments about the temperature dependence of the 
electronic component and of the phonon-drag com­
ponent of the thermoelectric power. At high tempera­
tures, Sg

Q and ASg become negligible because of the 
dominant influence of phonon scattering processes, 
which do not involve electrons [Eqs. (19) and (21)]. 
Therefore, the value of AS at high temperatures is equal 
to ASe. I t can be used to calculate ASe as a function of 
the temperature from Eq. (10), provided the tempera­
ture dependence of the function G given in Eq. (11) 
has been determined. 

Whereas p0/ Ap in G can be obtained as a function of 
the temperature directly from measurements, Se°(T) is 
derived from the absolute thermoelectric power S°(T) 
in the following way. As shown in Fig. 1, the absolute 
thermoelectric power of pure gold increases rapidly 
with increasing temperature for temperatures higher 
than about 10°K. I t passes then through a maximum 
and, above a temperature of about 200 °K, increases 
linearly with increasing temperature. The high-
temperature branch of S° extrapolates linearly to the 
origin. Since Se° is linear-dependent on the temperature 
according to Eq. (9) and since Sg° vanishes at high 
temperatures, the curve obtained by extrapolating the 

U __«. 1 1 ! I I . I 
0 50 100 150 200 250 300 

T CK) 

FIG. 1. Absolute thermoelectric power of gold versus temperature, 

high-temperature branch of S°(T) linearly to the origin 
is interpreted as the electronic component Se°(T). The 
difference between this linear curve and S°(T) is 
interpreted as the phonon-drag component Sg°(T). 

After determining in this way the function G, the 
electronic component ASe is calculated as a function of 
the temperature from Eq. (10). The phonon drag 
component ASg(T) is obtained from Eq. (2). 

III. EXPERIMENTAL PROCEDURE 

A. Sample Preparation 

The specimen material was polycrystalline 99.999% 
pure gold wire of 0.010-in. diam.11 The specimen, shown 
in Fig. 2, consisted of a center wire and two potential 
lead wires mounted on a stainless-steel sample holder. 
The specimen wires were spot-welded to short pieces of 
0.016-in.-diam gold wire which were attached to the 
sample holder. The center wire was electrically con­
nected with both potential lead wires by two gold wires 
of 0.002-in. diameter and of about 0.5-cm length. The 
potential lead wires were arranged to cross the center 
wire near these electrical connections to provide the 
possibility for spot-welding the wires together after the 
quenching procedure. They were bent as indicated in 
Fig. 2 to obtain a good thermal contact with the heat 
sink inside the cryostat. The length of the center wire 
between the potential lead wires was about 6 cm. All 
gold wires used in assembling the specimen were 
99.999% pure.11 

After mounting, each of the specimen wires was 
annealed in air for 1 h at 750°C by passing direct current 
through it and cooled gradually to room temperature. 
The electrical resistance of the part of the center wire 
between both potential leads was then measured at 
room temperature and in a bath of liquid nitrogen and 
of liquid helium using the following procedure. A dc 
current of about 30 mA passed through the specimen 
wire and through a 1.0000X10-212 resistance standard 
which was held at room temperature. The resistance was 
calculated from the ratio of the voltage drop across the 
specimen wire and the standard resistance. The 
resistance measurements at 4.2 and at 77.3°K were 
carried out using a Rubicon model 2768 microvolt 
potentiometer and a Rubicon model 3550 photoelectric 
galvanometer. For the resistance measurements at room 
temperature a Leeds and Northrup K-3 potentiometer 
was used. Errors in the voltage readings due to thermo­
electric effects within the circuitry were eliminated by 
reversing the current. The ratio of the resistance of the 
annealed specimens at room temperature to that at 
4.2°K was between 1150 and 1400. 

For quenching, the sample holder was attached to a 
pivot joint and placed over a tank filled with ice water. 
The center wire was heated by passing direct current 
through it. The distance between the heated wire and 

"Obtained from the Sigmund Conn Corporation, Mount 
Vernon, New York. 
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® Heater 

® Stainless Steel Frame 

FIG. 2. Scheme of the specimen. 

the water was 0.5 cm. The specimen was shielded from 
drafts by a plexiglass cover. By optical pyrometry the 
temperature of the heated wire was found to be uniform 
within ± 2 % over the length between both potential 
leads. The quench temperature was obtained from the 
ratio of the electrical resistance at high temperature to 
that at room temperature in combination with a 
resistance temperature calibration. The electrical 
resistance of the heated wire was measured immediately 
before quenching using a Honeywell model 906C multi­
channel recording oscillograph connected with the 
potential leads. The heating current, which also passed 
through a resistance standard, was determined simul­
taneously with the voltage drop across the heated wire 
using a second channel of the oscillograph. Quenching 
was performed by driving the sample holder into the 
water after releasing a spring. The experiments were 
carried out with quench temperatures between 780 
and 930°C. As indicated by the oscillograph, the tem­
perature of the heated wire dropped about linearly 
with time to the water temperature within (4.5 ±1.2) 
X10~2 sec corresponding to quench rates of about 
2X104°C/sec. Immediately after the specimen had 
entered the water the heating current was turned off. 

By quenching, lattice vacancies, which are thermally 
produced at the high temperature, are trapped within 
the crystal. During the time necessary to cool the 
specimen, monovacancies, which are predominant at 
high temperatures, can coagulate forming divacancies 
and larger vacancy clusters.12,13 The extent to which 
polyvacancies were formed in the specimens during 
quenching can be estimated from the theoretical 
studies of Koehler, Seitz, and Bauerle14 and Cotterill15 

on the influence of the quench temperature and the 
12 M. de Jong and J. S. Koehler, Phys. Rev. 129, 40 (1963). 
13 M. de Jong and J. S. Koehler, Phys. Rev. 129, 49 (1963). 
14 J. S. Koehler, F. Seitz, and J. E. Bauerle, Phys. Rev. 107, 

1499 (1957). 
15 R. M. J. Cotterill (to be published). The author is grateful to 

Dr. Cotterill for providing him with the results prior to 
publication. 

quench rate on the coagulation of monovacancies in 
gold. The calculations of these authors indicate, using 
a binding energy of a divacancy in gold of 0.1 eV,12 that 
with the quench temperatures and the quench rate 
mentioned above predominantly monovacancies were 
obtained. 

After quenching, the specimen was rinsed with 
methylalcohol. The 0.002-in.-diam gold wires connect­
ing the center wire and the potential lead wires were 
cut off. Both potential lead wires were then spot-welded 
to the center wire at the crossing points and the speci­
men was assembled in the cryostat. Before the vacuum 
can of the cryostat was mounted, the sample was cooled 
to liquid-nitrogen temperatures. The specimens were 
kept at room temperature for less than 30 min after 
quenching. After sealing the vacuum can with Woods 
metal the cryostat was filled with helium gas and 
immersed into liquid nitrogen. To determine the 
quenched-in vacancy concentration the electrical resist­
ance of the quenched wire was measured within the 
cryostat at 4.2°K. In order to correct for small changes 
of the specimen length caused by replacing the 0.002-in.-
diam wire connections with direct spot welds, the 
resistance of the center wire was measured again at 
room temperature within the cryostat after completion 
of the thermoelectric measurements. 

B. Cryostat 

The assembly of the specimen within the cryostat is 
shown in Fig. 3. The cryostat contained a thin-walled 
stainless steel tube which was open at the top and which 
was joined with an elbow at the bottom. A copper plate 
with a thickness of 3.5 mm soldered to the end of the 
elbow provided the thermal ground inside the cryostat. 
The sample holder was attached to an extension of the 
copper plate. The area of the heat sink indicated in 

Elec t r i ca l Lines 

Pumping Line 

Open Tube 

FIG. 3. Specimen assembly. Heat Sink 
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Fig. 2 coincided with the surface of the copper plate. 
The specimen wire was held against the thermal ground 
by a second copper plate screwed on. The heater con­
sisted of two copper blocks carrying manganin heating 
wires. The copper blocks were clamped from both sides 
against the specimen wire below the lower (hot) junc­
tion of the quenched and the annealed gold wire. The 
copper plates covering the upper (cold) junction of the 
quenched and the annealed gold wire and the copper 
blocks of the heater were insulated from the specimen 
wire by a thin layer of GE No. 7031 varnish coated with 
vacuum grease. After assembling the sample holder in 
the cryostat, the part of the annealed gold wire, which 
is indicated by a dashed line in Fig. 2, was cut off. 

Two small copper plates, which were attached to two 
nylon blocks, and which were coated with GE No. 7031 
varnish and vacuum grease, were clamped against the 
lower junction of the quenched and the annealed gold 
wire. The temperature of the lower junction was 
measured by a gold 2.1% cobalt versus copper thermo­
couple11 attached to one of the small copper plates. The 
other junction of this thermocouple was attached to 
the inside of the copper plate covering the specimen at 
the thermal ground. The thermocouple wire had a 
diameter of 0.003 in. It was electrically insulated from 
the specimen wire and from the copper plates by thin 
layers of GE No. 7031 varnish. The thermocouple 
voltage was measured with a Leeds and Northrup K-3 
potentiometer. The temperature difference between 
both thermocouple junctions was obtained from the 
table of Powell et a/.16 The thermocouple wire was 
checked at the temperatures of liquid helium, liquid 
nitrogen, and ice water. The thermoelectric voltage was 
found to deviate by less than 0.2% from the data 
obtained from the table of Powell et al.16 for these 
temperatures. 

Liquid helium or liquid nitrogen was used as a tem­
perature bath. The cooling liquid inside the open 
stainless steel tube of the cryostat provided the thermal 
ground for the upper junction of the specimen wires 
and the gold 2.1% cobalt versus copper thermocouple. 
Upon heating the lower junction of the specimen wires 
the temperature of the upper junction rose slightly 
above the temperature of the cooling liquid. In an 
experiment with an annealed specimen, this tempera­
ture shift was measured using an additional thermo­
couple spot-welded to the specimen wire. With liquid 
nitrogen as the temperature bath the temperature shift 
of the upper junction was 1.0% of the temperature 
difference between both junctions. Above 20°K with 
liquid helium as the temperature bath the temperature 
shift of the upper junction was 2.9% of the temperature 
difference between both junctions, below 20°K it was 
somewhat larger. 

The annealed specimen wires were spot-welded to 

16 R. L. Powell, M. D. Bunch, and R. J. Corruccini, Cryogenics 
1, 1 (1961). 

extensions of annealed 99.999% pure gold wire11 leading 
out of the low-temperature bath. 

C. Thermoelectric Measurements 

During the thermoelectric measurements the cryostat 
was evacuated to less than 10~5 mm Hg. The thermo­
electric voltage of the thermocouple, consisting of the 
quenched and the annealed gold wire, was measured 
with the same potentiometer used for the resistance 
measurements at 4.2 and 77.3°K. With this equipment 
voltage changes of 0.01 /xV could be detected. The 
thermoelectric voltage was measured as a function of 
the temperature of the hot junction keeping the cold 
junction at the temperature of the cooling bath. For 
the measurements in the temperature interval between 
4.2 and 80°K the cryostat was placed in liquid helium. 
During the measurements in the temperature range 
between 77.3 and 220°K the cryostat was immersed in 
liquid nitrogen. The temperature of the hot junction of 
the sample was changed by less than 0.3°K per minute. 
The same results were obtained with rising and with 
falling temperature of the hot junction. The data were 
taken at temperature intervals of 1°K at temperatures 
below 130°K and at somewhat larger intervals at higher 
temperatures. 

The thermoelectric power was obtained by differ­
entiating the voltage-temperature curves with respect 
to the temperature using an IBM-704 computer. A 
quadratic function was fitted by the method of least 
squares to six neighboring points with the additional 
requirement that the function, obtained for the total 
range of the data, and its first and second derivative 
were continuous. 

IV. EXPERIMENTAL RESULTS 

The change AS of the thermoelectric power of gold 
wire caused by quenched-in lattice vacancies is shown 
in Fig. 4 as a function of the temperature for different 
vacancy concentrations. At temperatures above about 
10°K vacancies reduce the thermoelectric power. | AS\ 
passes through a maximum between 15 and 20°K and 
at higher temperatures decreases with increasing tem­
perature. Above 150°K, AS was found to be independent 
of the temperature for the vacancy concentrations 
studied. The vacancy concentrations given in the 
caption of Fig. 4 and hereafter are calculated from the 
quenched-in electrical resistivity A/?, assuming Ap is 
caused by monovacancies with a resistivity of 1.8 X 10~6 

Ocm/at. %.17 In Fig. 5, AS at 200°K is shown as a 
function of the quenched-in electrical resistivity Ap. 
At 200 °K |A5| increases linearly with Ap. For small 
vacancy concentrations c the data given in Fig. 5 yield 
the relation 

(ASA)2OO-K= ~ 1.67=1=0.03 MV/°K at. % . (24) 

17 R. P. Huebener and C. G. Homan, Phys. Rev. 129, 1162 
(1963). 
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The thermoelectric voltage measured with a specimen 
which had not been quenched after annealing corre­
sponded to a value of | AS | of about 1X 10~2 /xV/°K at 
temperatures between 20 and 70 °K and to a somewhat 
larger value at temperatures below 20°K. Above 
liquid-nitrogen temperatures, this specimen produced 
a thermoelectric signal corresponding to a value of | AS \ 
of less than 1X10~VV/°K. Similar results were ob­
tained with a quenched sample which had been an­
nealed for 60 h at room temperature within the cryostat. 

The separation of AS in the electronic component ASe 

and the phonon-drag component ASg requires the 
knowledge of the absolute thermoelectric power of the 
annealed specimen wire. Therefore, the thermoelectric 
power of a thermocouple consisting of the annealed 
specimen wire and high-purity lead wire18 (99.9999%) 
was measured as a function of the temperature. The 
absolute thermoelectric power of the specimen wire, 
which is shown in Fig. 1, was obtained from the measure­
ments using the data of Borelius et al.19 and of Christian 
et al.20 on the absolute thermoelectric power of lead. 
The data presented in Fig. 1 are in good agreement 
with the thermoelectric power of annealed pure gold 
reported by Pearson.21 
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FIG. 4. Change of the absolute thermoelectric power of gold 
caused by quenched-in vacancies as function of temperature. 
(A): c = 0.403X10-2 at. %; (B): c = 0.825 X10~2 at. %; (C): 
c = 0.865 X10"2 at. %; (D): c = 1.42XlO"2 at. %. 

18 Obtained from Cominco Products, Incorporated, Spokane, 
Washington. 

19 G. Borelius, W. H. Keesom, C. H. Johansson, and J. O. Linde, 
Proc. Acad. Sci. Amsterdam 35, 10 (1932). 

20 J. W. Christian, J. P. Jan, W. B. Pearson, and I. M. 
Templeton, Proc. Roy. Soc. (London) A245, 213 (1958). 

21W. B. Pearson, Fiz. Tverd. Tela 3, 1411 (1961) [English 
transl.: Soviet Phys.—Solid State 3, 1024 (1961)]. 

102-Ap/p0* 

FIG. 5. Change of the thermoelectric power of gold at 200°K 
due to quenching versus the quenched-in electrical resistivity. 
Po* is the annealed resistivity at 77.3°K. 

The total change AS of the thermoelectric power was 
separated in ASe and ASg using the method mentioned 
in Sec. II. To calculate the temperature dependence of 
the function G given in Eq. (11), the electricalresistivity 
po of the annealed specimen was measured at 4.2, 77.3, 
and 296°K and was interpolated between these tem­
peratures using the data of Burgers, Cath, and Onnes.22 

The resistivity change Ap measured at 4.2°K was used 
for all temperatures. The assumed temperature in­
dependence of Ap was checked by measuring the 
quenched-in electrical resistance of a specimen at 4.2, 
77.3, 194.6, and 273.2°K. At the temperatures above 
4.2°K, Ap was slightly larger than at 4.2°K. The 
maximum deviation from the value of Ap at 4.2 °K 
was 11%. 

The change of the electronic and of the phonon-drag 
thermoelectric power calculated from the data of Fig. 4 
using Eq. (10) is shown in Figs. 6 and 7, respectively, 
as a function of the temperature for different vacancy 
concentrations. Above 80°K the change of the electronic 
thermoelectric power is dominant in AS. Below 80°K 
the change of the phonon-drag thermoelectric power 
becomes appreciable. It exceeds the change of the 
electronic contribution at temperatures below 50 to 
60°K. Both \ASe\ and \ASg\ pass through a maximum 
between 15 and 20 °K for the vacancy concentrations 
studied. 

In order to estimate the error in calculating the 
temperature dependence of ASe from Eq. (10), it is 
necessary to examine the validity of the assumptions 
leading to this equation. As mentioned above the devia­
tions from Matthiessen's rule were found to be less 
than 11%. Deviations from the second assumption 
made in Sec. IIA are negligible since, in pure metals, 

22 International Critical Tables, edited by E. W. Washburn 
(McGraw-Hill Book Company, Inc., New York, 1929), Vol. 6, 
p. 125. 
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FIG. 6. Change of̂  the electronic thermoelectric power of gold 
caused by quenched-in vacancies as function of temperature. (A): 
C = 0 . 4 0 3 X 1 0 - 2 at.%; (B): c=0.865X10"2 at. % ; (C): c = 1.42 
Xl0"2at.%. 

heat is dominantly transported by electrons. The Fermi 
surface of gold deviates from an isotropic distribution23 

assumed in Sec. IIA. However, in a material with an 
anisotropic Fermi surface the expression for ASe given 
in Eq. (7) is still valid, provided the quantities AWe 

and 6V are taken as average values over the Fermi 
surface. 

Deviations from the Wiedemann-Franz law occur if 
the conduction electrons are scattered inelastically. An 
estimate of the deviation from the Wiedemann-Franz 
law may be obtained using the experimental values of 
the thermal conductivity of annealed 99.999% pure 
gold given by White.24 The Wiedemann-Franz ratio 
Kpo/T (K= thermal conductivity) was calculated for 
different temperatures, using the thermal conductivity 
data of White24 and the electrical resistivity of the 
annealed specimen of the present work. As seen from 

FIG. 7. Change of 
the phonon-drag 
thermoelectric power 
of gold caused by 
quenched-in vacan­
cies as function of 
temperature. (A) : 
c=0.403 X10~2 at. 
%; (B): c=0.825 
X10-2 a t . % ; (C): 
c=0.865X10-2 at. 
%; (D): ,=1.42 
X Iff* at.%. 

Table I the ratio Kpo/T decreases with decreasing 
temperature. At 150°K, Kpo/T is close to the theoretical 
value given by the Lorentz number, Z,0=2.45X10~8 

V2/deg2, which is calculated under the assumption that 
the conduction electrons are scattered elastically. The 
scattering of electrons by static lattice imperfections 
such as vacancies is expected to be elastic. Therefore, 
the Wiedemann-Franz law should be valid for the 
electron scattering caused by vacancies. 

In order to account for the deviation from the 
Wiedemann-Franz law, mentioned above, the function 
G, defined in Eq. (11), was replaced by the function 

SJ> 
G>= (25) 

(PO/AP)(L0T/KPO)+1 

where the ratio LQT/KPO was taken from Table I. Using 
the corrected function G from Eq. (25) the electronic 
component ASe and the phonon-drag component ASg 

were calculated again from the data of Fig. 4. The 
results are shown in Figs. 8 and 9, respectively. The 
phonon-drag component ASg at 20 and at 40°K, 

TABLE I. Temperature dependence of the Wiedemann-Franz 
ratio KPQ/T for gold. LQ is the Lorentz number: JL0 = 2 . 4 5 X 1 0 ~ 8 

(V/deg)2. The values are obtained from the thermal conductivity 
data of Ref. 24 and from the electrical resistivity of the annealed 
specimen of the present investigation. 

T(°K) 
hpo/TLo 

20 
0.40 

30 
0.53 

40 
0.62 

50 
0.68 

60 
0.73 

70 
0.77 

80 
0.82 

100 
0.90 

150 
0.99 

23 J. M. Ziman, Advan. Phys. 10, 1 (1961). 
24 G. K. White, Proc. Phys. Soc. (London) A66, 559 (1953). 

calculated with G from Eq. (25), is shown in Fig. 10 as a 
function of the quenched-in electrical resistivity. 

V. DISCUSSION 

At temperatures below approximately 0/10 (6 
= Debye temperature) the thermoelectric behavior of 
the noble metals is generally influenced to a large 
extent by very small traces of transition metal im­
purities such as iron present in solid solution.21,25'26 The 
sharp drop of the thermoelectric power of the specimen 
wire with decreasing temperature at about 10°K to 
negative values (Fig. 1) may be caused mainly by 
traces of iron in the material. By introducing lattice 
vacancies into the metal the contribution which causes 
the negative thermoelectric power below 10°K is 
reduced, thus resulting in a positive value of AS at 
temperatures below 10°K (Figs. 4 and 7). Beyond this 
remark we refrain from a further analysis of the data 
at temperatures below 20 °K. 

As mentioned in Sec. IIIB, the temperature of the 
upper junction of the specimen wires rose slightly 
above the temperature of the cooling bath after heating 
the lower junction. The values of | AS| obtained above 
20°K with liquid helium as cooling medium are, there­
fore, somewhat too large. At 60°K the error of AS, 

26 W. B. Pearson, Phys. Rev. 119, 549 (1960). 
26 A. Kjekshus and W. B. Pearson, Can. J. Phys. 40, 98 (1962). 
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FIG. 8. Change of the electronic thermoelectric 
power of gold caused by quenched-in vacancies as 
function of temperature. (A): c=0.403 X 10~2 at. %; 
(B) :c-0 .865Xl0- 2 at .%;(C): ( ; = 1.42X10-2at.%. 
The curves are corrected for deviations from the 
Wiedemann-Franz law. 
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calculated from the temperature shift measured with 
an annealed specimen, is about 20%. However, the 
actual error of AS, caused by the temperature shift in 
the quenched specimens, is somewhat smaller since the 
heat conductivity of the specimen wire is reduced due 
to the quenched-in defects. The relative error introduced 
by the temperature shift decreases with decreasing 
temperature because of the increasing value of | AS |. 
In the experiments with liquid nitrogen as cooling 
medium this error of AS is 1%. 

A. Electronic Component of AS 

Polak26a-26b measured the change AS of the thermo­
electric power of gold wires due to quenching in the 

FIG. 9. Change of the phonon-drag thermoelectric power of gold 
caused by quenched-in vacancies as function of temperature. 
(A): c = 0.403X10-2 at. %; (B): c=0.825X10~2 at. %; (C): 
c=0.865X10"2 at. %; (D): c = 1.42XH)-2 at. %. The curves are 
corrected for deviations from the Wiedemann-Franz law. The 
dashed curves are calculated from Eq. (36) and are adjusted at 
40°K to the experimental values of ASg. 

™*J. Polak, Czech. J. Phys. B13, 616 (1963). 
26b J. Polak, Czech. J. Phys. B14, 176 (1964). 

temperature range between 78° and 293°K. Polak de­
termined the quenched-in electrical resistance at room 
temperature. This author also found that vacancies re­
duce the thermoelectric power of gold and that AS is 
independent of the temperature for temperatures above 
about 150°K. Using a monovacancy resistivity of 1.8 
X10-6 ft cm/at. %, for 200°K, the relation (A5A)2OO°K 
= -1.30 /xV/°K at. % is obtained from Polak's data. 
The difference between this change of the electronic 
thermoelectric power per vacancy measured by Polak 
and the value given in Eq. (24) may be partly due to 
deviations from Matthiessen's rule which yield, as men­
tioned in Sec. IV, at room temperature, a larger re­
sistance increment due to quenching than at 4.2°K. 

The change of the electronic component of the 
thermoelectric power caused by lattice vacancies has 

VACANCY CONCENTRATION ( I 0 " 2 ot. %) 

0 0.5 1.0 1.5 

* -10 

> 
a. 

O 

<n - 2 0 

" 

-

-

1 

^ s . 

Vo 

o \ 

1 

t V 

\ o 

1 

*^^^ + 

1 

r 

" 

40 °K 

*j 

H 

20 °K 

102-Ap/Po* 

FIG. 10. Change of the phonon-drag thermoelectric power of gold 
at 20 and 40°K due to quenching versus the quenched-in electrical 
resistivity. p0* is the annealed resistivity at 77.3°K. The data are 
corrected for deviations from the Wiedemann-Franz law. 
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been calculated by Abeles27 for gold and by Blatt28'29 for 
copper. Both authors used the free-electron approxima­
tion. Abeles represented the vacant lattice site by a 
repulsive square-well potential whose radius was taken 
as the atomic radius of the metal and whose height was 
adjusted in order to satisfy the Friedel sum rule.30 Blatt 
used the negative of the Hartree potential of the free 
copper ion and adjusted the screening charge distribu­
tion until the Friedel sum rule was satisfied. Taking the 
value of the derivative (d/dE) (InAp) obtained by 
Abeles,27 in the limit of small vacancy concentrations 
the relation (ASe/V)2oo°K= -2.07/xV/°K at. % is 
calculated from Eq. (10). This result is, perhaps 
fortuitously, in good agreement with the experimental 
value presented in Eq. (24). In the limit of small 
vacancy concentrations Blatt28,29 found at room 
temperature for vacancies in copper the relation 
AS0/c~-1.0 i*V/°K at. %. 

B . Phonon Drag Component of AS 

The experimental results on the phonon drag com­
ponent ASg can be analyzed using Eq. (18). To simplify 
the calculation we drop the differentiation between 
phonons with different polarization j . Therefore, we 
omit hereafter the parameter j and replace sums over j 
by the factor of 3. In the integration over all phonons 
the phonon spectrum is cut off at the Debye frequency. 
Further we neglect dispersion. Using these approxima­
tions we can estimate the relaxation time r»-(q) from 
the experimentally obtained phonon-drag component 
ASg with Eq. (18) after determining the functions 
ro(q) and sg(q) independently. 

The relaxation time ro(q) of the phonon scattering 
in the host material may be estimated from the experi­
mentally determined lattice thermal conductivity of 
pure gold. In the Debye approximation the lattice 
thermal conductivity K of an isotropic crystal is given 
by the following equation81'32: 

K= ( ) / dzro(z) . (26) 

The parameter z is defined by Eq. (20). vs is the sound 
velocity, 6 the Debye temperature. The lattice thermal 
conductivity K of gold has been determined from heat 
conductivity measurements with dilute gold-iron 
alloys.33 For gold K has been found to pass through a 
maximum at about 20 °K and to follow the relation 

KT= 8 W/cm (27) 

at temperatures above 30 °K. 
27 M. F. Abeles, Compt. Rend. 237, 796 (1953). 
28 F. J. Blatt, Phys. Rev. 100, 666 (1955). 
29 F. J. Blatt, Phys. Rev. 103, 1905 (1956). 
30 J. Friedel, Phil. Mag. 43, 153 (1952). 
31 P. G. Klemens, in Solid State Physics, edited by F. Seitz and 

D. Tumbull (Academic Press Inc., New York, 1958), Vol. 7, p. 1. 
32 J. Callaway, Phys. Rev. 113, 1046 (1959). 
33 G. K. White, S. B. Woods, and M. T. Elford, Phil. Mag. 4, 

688 (1959). 

In pure gold, phonons are scattered dominantly by 
phonon-phonon interactions at temperatures above 
30°K. The relaxation time r0(q) at temperatures above 
30°K can be estimated by rinding the proper function 
r0(z) in Eq. (26) which yields the relation (27). A good 
fit of the relation (27) was obtained using in Eq. (26) 
the relaxation time 

T^=b^Te-^T, (28) 

with & = 6.96X10-18 sec/deg and /3=22°K. The inte­
gration was carried out with a CDC-3600 computer. 
In the calculation a Debye temperature of34 d= 164.5 °K 
and a sound velocity of35 Z ; S = 3 . 2 1 7 X 1 0 5 cm/sec were 
used. A relaxation time similar to that given in Eq. (28) 
has been calculated by Walker and Pohl36 and by 
Walker37 in an attempt to fit their data on the thermal 
conductivity of the alkali halides which show a T~l 

proportionality at high temperatures. 
The function sg(q) may be estimated from Bailyn's 

expression for the phonon-drag thermoelectric power 
given above. From Eqs. (19) and (23) we find by 
replacing the summation over q by an integral 

[qi rB'T z V 
* V - P £ / dz- - a ( q ; k , k ' ) ( q + K ) . (29) 

At temperatures above 30°K, where the lattice thermal 
conductivity of gold is proportional to J1-1, the relative 
transition probability defined in Eq. (21) is given by 

a (q ; k,k ,) = ro(q)/r e p(k,k /) . (30) 

With Eq. (30) and with r0(q) from Eq. (28) we obtain 
from Eq. (29) 

[q] r6IT z2ez q + K 
Sg°~eWX dz . (31) 

kk'./o ( ^ - l ) 2 r e p ( k , k 0 

The factor (q+K) / r e p (k ,k ; ) within the integral, which 
depends on the electron-phonon interaction, is difficult 
to evaluate. Treating this factor as an adjustable 
constant we find 

j-9/T Z2ez 

Sg°=AeVr dz - . (32) 
Jo (ez-l)* 

By adjusting this expression to the experimental value 
of Sg° at 40°K the factor A is found to be 

A -0 .166 MV/°K. (33) 

Using this value of A, Eq. (32) approximates the 
experimentally determined temperature dependence of 
Sg°, indicated in Fig. 1, within 15% in the temperature 
range between 30 and 80°K. The values of the transport 
integral in Eq. (32) were obtained from Rogers and 
Powell.38 

34 J. R. Neighbours and G. A. Alers, Phys. Rev. I l l , 707 (1958). 
35 H. V. Bohm and V. J. Easterling, Phys. Rev. 128,1021 (1962). 
36 C. T. Walker and R. O. Pohl, Phys. Rev. 131, 1433 (1963). 
37 C. T. Walker, phys. Rev. 132, 1963 (1963). 
38 W. M. Rogers and R. L. Powell, Tables of Transport Inte­

grals, Natl. Bur. Std. (U.S.) Circ. 595 (1958). 
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According to Eqs. (16), (32), and (33) the function 
^ ( q ) is given by 

(0.166 fN/0K)/hvs\* e* 
Sg = ± L ( ) efiiT . (34) 

4TT \kBTJ (e*-l)2 

After the determination of the functions ro(q) and 
sg(q), the relaxation time r*(q) can be estimated from 
the experimentally determined phonon-drag com­
ponent ASg with Eq. (18). Assuming a pure Rayleigh-
type mechanism for the scattering of phonons by 
vacancies, r^(q) has the form 

rr^f lco*. (35) 

Inserting Eqs. (28), (34), and (35) into Eq. (18) we 
obtain 

f9IT Z2ez 

ASg= -0.166Xe^T / dz 

Jo (e*-iy 

xW\l+^)¥vm-(36) 

With Eq. (36) the parameter a was determined from 
each experimental value of ASg at 40°K shown in 
Fig. 9. Using this value of a the phonon drag component 
ASg was calculated from Eq. (36) as a function of the 
temperature. The integration was carried out with a 
CDC-3600 computer. The results are shown in Fig. 9 
by a dashed line for two vacancy concentrations. The 
temperature dependence of ASg calculated from Eq. 
(36) is in qualitative agreement with the experimental 
results. 

Using the data on the phonon-drag component ASg 

at 40°K, presented in Fig. 10, the value 

a/c= (20=1=6) X lO"42 sec3/at. % (37) 

was calculated from Eq. (36). 
A theoretical treatment of the scattering of phonons 

by point defects has been given by Klemens39 using 
second-order perturbation theory. The calculation was 
carried out for a cubic crystal and for phonons of lowest 
frequency neglecting dispersion. Trigonometric ratios 
were replaced by root-mean-square values. Klemens 
obtained a Rayleigh-type scattering law, shown in 
Eq. (35), with a scattering parameter 

a=(3A0c/7TVs*)L*, (38) 

where 
1 /AM\2 r 1 AF / 2 \ 1 / 2 AR12 

!* = -( — )+\ ( - ) QY—\. (39) 
12\ M J U/6 F \ 3 / R J 

Here A0 is the atomic volume of the crystal, c the mole 
fraction of the point defects, vs the sound velocity and 
y the Gnineisen constant. M is the atomic mass of the 
crystal, F the force constant of a linkage, R the nearest 
neighbor distance, and AM, AF, and AR are the changes 
in them at the location of the point defect. AF is positive 

39 P. G. Klemens, Proc. Phys. Soc. (London) A68, 1113 (1955). 

if the force constant of the nearest linkages is higher 
than normal. AR is positive if the nearest neighbors are 
displaced outwards. The constant Q contains the 
contribution to the scattering matrix from the strains 
in the lattice outside the six nearest neighbors of the 
point defect. 

In the case of a vacancy we have AM/M= — 1, 
AF/F= — l, and Q=3.2.39 To estimate AR we assume 
that the interionic distance is the sum of the ionic radii, 
so that AR is the difference between the radii of a 
vacancy and a gold ion. From the activation volume 
for vacancy formation in gold17,40 we obtain AR/R 
= —0.095. With the Grlineisen constant of gold41 

7 = 3.03 we find from Eqs. (38) and (39) 

<zA=1.01X10-42 sec3/at. % . (40) 

The Rayleigh scattering parameter calculated from 
Klemens , theory is by an order of magnitude smaller 
than the value given in Eq. (37). The contribution of 
the mass difference term to the scattering parameter 
given in Eq. (40) is by a factor of about 40 smaller than 
the value shown in Eq. (37). This result indicates that 
phonons are scattered by vacancies predominantly 
through the strain field associated with the vacant 
lattice site, in agreement with recent measurements of 
the phonon scattering by F centers37 and chemical 
impurities36'42 in alkali halides. 

The Rayleigh scattering parameter calculated from 
the phonon-drag component of AS is in reasonable 
agreement with the value derived from Carruthers'43 

theory of the strain field scattering of an imperfection. 
Carruthers obtained for the relaxation time of the 
phonon scattering by the strain field associated with a 
point defect an expression of the form given in Eqs. (35) 
and (38) with 

Z 2 = 8 0 Y 2 € 2 . (41) 

The parameter e describes the displacement of the 
nearest neighbors of the impurity and is equal to the 
ratio AR/R which appears in Klemens' theory. The 
scattering parameter calculated from Eqs. (38) and (41) 
with the value of the ratio AR/R given above is 
a / c= 33Xl0~42sec3/at. %. 
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