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Investigations were made of the electrical resistivity p, thermal resistivity W =1/K, and thermo-
electric power a of high-purity copper and silver single crystals ( o300 x /P4.2 x =10 000-30 000
for copper and ~ 6500 for silver) at temperatures 1.2-17 K. In the absence of magnetic impurities
the temperature dependence of the electrical resistivity measured at <7 K was governed pri-
marily by the electron-electron scattering, the contribution of which was in satisfactory agree-
ment with theoretical estimates. This scattering was manifested also in the temperature depen-
dence of the thermal resistivity. The limiting values ( p,—0) of the coefficient in front of the
phonon part of the thermal resistivity determined for Cu and Ag were in good agreement with the
results of calculations reported by I. M. Suslov [Sov. Phys. JETP §3, 1288 (1981)]. The thermo-
electric power of silver measured at 7> 9 K, where it was governed by the phonon drag, exhibited
adeviation from the familiar relationshipa = aT + 5T (cf. J. M. Ziman, Electrons and Phonons,
Clarendon Press, Oxford, 1960), which may be associated with umklapp processes in the phonon

system.

Studies of the transport properties of electrons in metals
are complicated by the fact that the experimental results can
be compared with self-consistent theoretical calculations
only for a limited class of substances. For example, in the
case of metals, which are easiest to investigate experimental-
ly (Sn, In, T1, Al, etc.) the Fermi surface of electrons is so
complex that reliable theoretical calculations are impossi-
ble, whereas metals with simple Fermi surfaces (Li, Na, K)
are difficult to study experimentally. Clearly, the noble met-
als (Cu, Ag, Au) are the most convenient materials for such
investigations. The Fermi surfaces of metals belonging to
this group haae been investigated thoroughly and are suffi-
ciently simple for a rigorous theoretical analysis of the trans-
port effects'**; the Fermi surfaces of each of these metals
are spheres linked by necks in the [111] directions.

There have been many experimental investigations of
the transport properties of electrons in noble metals (mainly
concerned with the electrical resistivity p and the thermal
resistivity W, for which information can be found in Refs. 1,
3, and 5). However, although investigations of samples of
sufficiently high purity have been reported recently, the
" treatment of the results obtained has been largely arbitrary.
This has been due to the fact that the authors usually employ
empirical relationships of the p =p, + AT " (Ref. 6) or
p=po +NT" + AT> (Ref. 7) and similar type to describe,
for example, the electrical resistivity and these relationships
cannot be compared directly with theoretical representa-
tions. On the other hand, it follows from the theory>?® that at
low temperatures (7«0 ) the electrical resistivity p(T") is gov-
erned mainly by the scattering of electrons on static defects,
electrons, and lattice vibrations:

p(T)=p,+CT*+AT?, (1)
where p, is the residual resistivity due to the scattering of
electrons by static defects; CT 2 and AT ® are the resistivities

associated with the electron-electron and electron-phonon
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scattering processes, respectively.

The electron scattering mechanisms can of course be
separated if the investigated material is sufficiently pure.
This applies particularly to the electron-electron scattering,
which is observed clearly only in the case of samples of ex-
treme purity. Therefore, only recently it has become possible
to determine the contribution of the electron-electron scat-
tering to the electrical resistivity of aluminum® and copper'®
but not the contribution CT'? in the case of silver.5'° The
electron-electron scattering should be manifested also in the
thermal resistivity, but in the earlier experimental studies
this has not even been attempted. The interest in the deter-
mination of the electron-electron scattering has recently in-
creased because of theoretical representations'’ indicating a
possible change in this parameter of a metal depending on
details of the scattering of electrons by static defects.

In contrast to the majority of earlier studies, we investi-
gated simultaneously all the transport coefficients of copper
and silver, namely the electrical resistivity p, the thermal
resistivity W, and the thermoelectric power a. This has
made it possible to identify the range of temperatures where
the dependence p(T') is not distorted by the presence of mag-
netic impurities in a sample. The measurements indicate that
the electron-electron scattering in high-purity samples is the
main process at sufficiently low temperatures. The observed
dependence of the electron-electron scattering on the orien-
tation of a sample has been successfully interpreted, at least
in the qualitative sense, on the basis of the representations
put forward in Ref. 11.

Weinvestigated samples deformed by bending at 300 K.
According to Ref. 12, one would expect considerable (even
severalfold) deviations from the Wiedemann-Franz law.
This prediction of Ref. 12 was not confirmed by our results.

All the transport coefficients were determined employ-
ing a superconducting quantum interference device
(SQUID"?), which enabled us to measure p and W with er-
rors not exceeding 0.15 and 0.4% (random error).
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EXPERIMENTAL INVESTIGATION

Measurements of p, W, and a carried out on copper and
silver single crystals were made using apparatus similar to
that described earlier.’* The difference between the poten-
tials on a sample and on a thermocouple, which was used to
find the temperature gradient, was measured by a compensa-
tion method using a SQUID as a null indicator.

The following two measures were taken in the deter-
mination of AT:

1) The junctions of a thermocouple made of ZLZh alloy
(Au with 0.03% Fe) 0.1 mm in diameter and of a supercon-
ducting wire 0.07 mm in diameter were bonded to a sample
alongside potential leads.

2) Leads made of ZLZh were soldered at two points to a
sample (Fig. 1). The other two ends of the leads were bonded
together at a distance ~ 10 cm to a copper rod which was in
contact with liquid helium. Superconducting wires were sol-
dered to these ends of the ZLZh leads so that the ZLZh—
superconductor junctions were kept very accurately at the
same temperature (control measurements indicated that the
temperature difference between these junctions of the ther-
mocouple did not exceed 107 K). This method made it pos-
sible to determine the temperature gradient at temperatures
above T, of the superconducting component of the thermo-
couple (in our experiments this was done in the interval 1.2—-
17 K).

The balancing circuit of the thermocouple included a
flux transformer (Fig. 1). Its primary winding consisted of
200 turns made of NbTi and the secondary winding had one
turn of the same wire. The transformer was enclosed in a lead
screen, together with leads from the secondary winding to a
coupling coil of inductance L [. The temperature difference
measured using this transformer was accurate to within
3% 10~7K (the error in the absence of the transformer'* was
5% 10~ ¢ K). The error in AT was governed by the precision
of calibration of the thermocouple and did not exceed 0.4%.
The calibration was carried out several times during mea-
surements in the same system and this was done as follows
(The majority of the measurements were made employing
the same thermocouple). The ZLZh-NbTi junction was kept
at a constant temperature of 4.2 K or 1.2 K. Variation of the
temperature of the ZLZh-Nb,Sn (superconductor) thermo-
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FIG. 1. Schematic diagram of the apparatus: A 1 and H2 are
1000- heaters (H 1 is used to create a temperature gradient and
H 2 to alter the average temperature of a sample); R - is a carbon
thermometer; R §, = 2.76 X 10™®  is the normal resistance in
the circuit used to compensate the voltage across a sample (tech-
nical-grade copper wire 10 mm in diameter, d~ 1 mm) placed
inside a temperature-stabilizing copper screen;
R 7 =1.143x10~* Q is the normal resistance in the circuit for
compensating the voltage on a thermocouple (Manganin diame-
ter 2.5 mm, d~1 mm); Ty is a flux transformer; Pb are lead
screens; i, and %, are the compensation currents (measured
with an R363 potentiometer); I are the current leads used to
measure the electrical resistivity of a sample (i, = 10 mA); the
chain line represents the vacuum chamber and the dashed line
inside the chamber is a copper rod with bonded ZLZh-NbTi
junctions.

couple by a heater H 2 was used to find the dependence of the
emf at the ends of ZLZh on the temperature of this thermo-
couple in steps of 0.1 K within the intervals 4.2-17 K and
1.3-5 K (Fig. 1). This dependence was then used to find the
thermoelectric power az;», = AU /AT.

We used copper and silver single crystals of length 5-6
cm and 0.1-0.15 cm? cross section, prepared at the Institute
of Solid State Physics, Academy of Sciences of the USSR.
The starting material from which copper samples were
formed was of OSCh-11-4 purity and it was subjected to elec-
trolysis in a sulfate electrolyte followed by subsequent melt-
ing in vacuum (p = 10~ Torr) during which a temperature
of 1200 °C was maintained for about 2 h. An ingot obtained
in this way was then used to grow single crystals in a hydro-
gen atomosphere by the Czochralski method. The finished
samples were annealed in oxygen at a pressure of 104 Torr
and a temperature of 1050-1070 °C applied for 3 days. The
temperature was then lowered at a rate of 30 °C/h. Before
annealing the residual resistance ratio was ~ 10> and after
annealing it was ~(10-30) X 10°. The results of a mass-spec-
troscopic analysis carried out before annealing indicated the
presence of the following impurities: magnetic impurities—
iron ~3%X1075, chromium ~107%, cobalt <2X107¢,
manganese < 2X 1075 the other impurities < 107> wt.%.

Silver samples were prepared from a solution of silver
nitrate (of analytic purity grade) which was purified by em-
ploying a sorbent in the form of oxidized carbon; this was
followed by drying and zone melting. Silver nitrate purified
in this way was converted into the chloride by precipitation
with hydrochloric acid. The freshly precipitated silver chlo-
ride was reduced at 400-450 °C in a stream of purified hydro-
gen and melted into ingots at 1000 °C. Single-crystal ingots
were prepared by directional crystallization in a hydrogen
atmosphere. The impurity concentrations in these ingots
were as follows: magnetic impurities—chromium
<3% 107, nickel <6X 1079, iron <6X 1077, manganese
<5X%1077; the other impurities <6X 107° wt.%. The sam-
ples used in the measurements were cut by spark machining.
After etching the samples were annealed for 8 h in a hydro-
gen atmosphere at 600650 °C.

In some of the experiments we used also plastically de-
formed copper and silver samples. The deformation was pro-
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duced by bending against a template of 10 cm radius in the
(110) plane at 300 K.

RESULTS AND DISCUSSION
1. Electrical resistivity and thermal resistivity

As already pointed out, it follows from theoretical con-
siderations that the temperature dependence of the electrical
resistivity can be described” by Eq. (1). However, in analyz-
ing the results obtained for noble metals it was essential to be
sure that the sample was free of magnetic impurities which
could change the dependence p(T ) because of the Kondo ef-
fect. The presence of magnetic impurities appeared clearly in
the thermoelectric power of the samples because they indi-
cated a considerable negative contribution to « (Ref. 15 and
16). The results of a determination of the thermoelectric
power of copper and silver samples are plotted in Figs. 2 and
3. They show that all the silver samples and also copper sam-
ples Cul and Cu6 were affected negligibly by the influence of
magnetic impurities at 7> 5 K. Bearing this in mind, we
used the results of our investigation of p(T") of these samples
to calculate the constants in Eq. (1), which are listed in Table
I. It was subsequently found that the criterion in selection of
the range of comparison of the experimental data with Eq. (1)
was too stringent. It was found that in the case of these sam-
ples all the experimental values of p(T') agreed with Eq. (1)
down to 1.2 K and this was true within the experimental
error of ~0.2% (Figs. 4-6). This was allowed for in the de-
termination of the constants in Eq. (1) for other samples, also
listed in Table I. The constants in Eq. (1) for samples Cul and
CuS$ and all the silver samples were independent of the tem-
perature interval within which they were determined (5.5
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FIG. 2. Temperature dependence of the thermoelectric power of
copper. The notation is explained in Table I.
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FIG. 3. Temperature dependence of the thermoelectric power of
silver. The notation is explained in Table I.

K<T<10K or 5.5<T<17K). TableI gives also the results of
recalculations of the data of Rumbo!” and those of
Schroeder et al.,!° Ehrlich and Schriempf,'® and of Fenton et
al.'’® obtained for samples of unknown orientations.

It is clear from Table I that the value of A4 rises on in-
crease in p,. The dependence of 4 on p, is known also for
other metals, such as tin.'* The limiting value of 4, corre-
sponding to p, = O was obtained by extrapolation of 4 ( p, )
and amounted to 1.1 X 107! Q. cm - K~* for copper and
4.5% 10~ Q) . cm - K= for silver. These values were con-
siderably smaller (by one and a half orders of magnitude)
than those obtained by theoretical calculations of Law-
rence.? The experiments showed that at temperatures below
~7 K (corresponding to CT?~AT?) the electron-electron
scattering in copper and silver dominated the temperature
dependence of the electrical resistivity.

In the case of copper samples Cu2, Cu3, or Cu5 which
contained magnetic impurities, as indicated by the thermo-
electric power measurements, the dependence p(T') deviat-
ed at T<5 K considerably from p,,. =po + CT?> +AT>
where the constants listed in Table I were substituted. This
deviation was probably associated with the Kondo effect.
The temperature dependence of Ap = p(T') — p.. Was de-
scribed satisfactorily by the theoretical dependence suggest-
ed by Suhl*®

- pdu{ _ cos 28,-1n(T/Tx) ]}
2 (n*(T/Tx) +n2S(S+1))"

{2)

in the case of scattering of electrons by magnetic impurities
(6, is the phase shift, T is the Kondo temperature, and p,,
is the limiting value of the resistivity during the scattering of
electrons by the spins of magnetic impurities). The dashed
curve in Fig. 5 represents Ap calculated for Cu2 from Eq. (2)
with Ty = 2.2 K and S = 0.07. The value of S corresponds
to the smallest discrepancy between Ap®*® and Ap™*°r.
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TABLE I

**Repeated deformation by bending and unbending at T = 300 K.

***Sample obtained from authors of Ref. 12.
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FIG. 4. Temperature dependence of the electrical resistivity of
copper. The notation is explained in Table I; the experimental
curves for sample Cu2 are labeled with numbers.
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";-3( v B x10°,

Sam- |Notat-| Orientation of |PoX10'% ¢ x10%] 4x10%, | "o | px10°, | g

ple | ion sample Q-om [0 on |2-em K2 :ﬁ L [em-w=| g-1" | Remarks
& §

1 2 3 4 5 6 7 8 9 10
Cult | © [111] 0,622 | 0,68 1,54 (2548 | 1,16 | 1,34 -
Cu2 |4 (0) | 6=62°, p=45° 0,852 | 1,03 1,60 [3512 | 1,69 | 1,39 -
Cu2 | A (1)} 6=62°, =45° 1,153 | 1,06 1,71 4,741 | 1,73 | 1,46 *
Cu2 | A (2)| 6=62°, p=45° 8,275 | 1,02 295 | - - - -
Cu2 | A (3)| 0=62°,¢9=45° | 30,05 | 1,00 433 | — - - **
Cu2 |V (4)| 0=62°, g=45° 1,178 | 1,63 1,78 | — - - annealing
Cu3 | O [100] 1,063 | 1.81 1,82 | 4327| 274 | 145 | 500°C, Sh
Cut | O [100] 1,61 - - 6,594 | 287 | 1,65 ’
Cus5 | ® [110] 1,445 | 1,11 1,98 | 5874| 2,77 | 1,54
Cub | % [110] 4,973 | 1,61 251 (2042 | 2,76 | 2,02 *kk
Cu? | X | 0=72°, ¢=45° 1,71 | - - 7014| 283 | 1,62
Cu8 | +~ - [100 ~20,0 - | ~150 18056 | 2,0 |48 |mnoannealing
Agl | X 210 2214 | 34 935 |9119| 49 |38
Ag2 | o 110 2,445 | 3,1 9,58 | 9964 44 | 3,23
Ag2 | x (1) 110 2,846 | 2,9 9,70 1161 | 3,9 | 3,29 *
Ag2 | % (2) 110 8.052 | 3,2 14,1 32,90 | 48 | 374 ok
Ag2 | x (3) 110 1345 | 3,3 195 54,71 | 45 | 4,35 *x
Ag3 | © 111 2,498 | 14 9,69 11025 | 25 |3:25
Ags | O 113 2,553 | 2,9 10,06 (10,50 | 4,2 | 3,29
Ag5 | A | 0=62°, 9=45° 2,769 | 1,8 10,62 [11,28 | 3,0 | 333
Cu 231 1,131 | 1,14 1,58 | - - |13 [17]
Cu 231 2,101 | 1,02 1,3 | - - |15 [17]
Cu 110 1,759 | 0,8 1,98 - - - [17]
Cu - 1,33 | 0,65 - - - - [10]
Cu - 58 - - - - |21 [22]
Ag [001] 453 429 | 115 - - |34 [17]
Ag [111] 531 | 1,9 | 163 - - 139 [17]
Ag - 146 | - 764 | — - |29 [18]
Ag - 799 | - 16,0 - - 143 [19]

*Single deformation by bending against a template of radius R = 10 cmat 7= 300 K.

The thermal resistivity W =1/K is governed at low tem-
peratures mainly by the scattering of electrons on static de-
fects, the scattering of electrons on phonons,? and at suffi-
ciently low temperatures also by the scattering of electrons
on other electrons?!:

WT=p,/L+DT*+BT*, 3)
where p, is the residual electrical resistivity in Eq. (1),
L =2.445%x10"8W . Q . K~ 2is the Lorenz constant; DT is
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FIG. 5. Deviation of the electrical resistivity of copper from Eq.
(5) at T< 5 K. The dashed curve is calculated from the theoreti-
cal dependence (2) of Ref. 20 for Cu2 sample.
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FIG. 6. Temperature dependence of the electrical resistivity of
silver. The notation is explained in Table I.

the thermal resistivity associated with the scattering of elec-
trons by other electrons; BT ? is the resistivity due to the
scattering of electrons by phonons.

The experimental data for all the investigated copper
and silver samples were indeed described satisfactorily by
Eq. (3), as shown in Figs. 7 and 8. The values of (WT );_,
were identical with po/L to within ~0.7% (Table I), repre-
senting the error in the determination of the geometric di-
mensions in the measurement of p and W. The coefficients D
and B are listed in Table 1. The reliability of the determina-
tion of the contribution of the electron-electron scattering
was in this case low and the possible error in the coefficient D
could reach 20%.

The contributions made by the electron-electron scat-
tering to the electrical resistivity and to the thermal resistiv-
ity are mutually related and the average value is C/
D =(0.64 +0.13)x107® W . Q . K~2, which was close to
the theoretical estimate (0.92 X 1073 W . Q . K~?) obtained
by Lawrence.?

The contribution of the electron-phonon scattering
[represented by the term BT * in Eq. (3)] depends on the value
of po. Extrapolation of the dependence B ( p,) gave the limit-
ing values of the coefficient B, for p, =0, which were
1.15%107° cm - W~'.K~! for copper and 2.4Xx10~°
cm - W—1. K~ forsilver. A theoretical calculation of these
values carried out by Suslov’ gave 1.3x107°
cm-W™!'. K~ for copper and 2.7X 10 5cm - W' . K !
for silver, and agreed quite satisfactorily with the experi-
mental results.
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Itis clear from Table I that the coefficient C varied from
sample to sample and was within the range (0.68-
1.81)x 1072 Q . cm - K~ for copper and (1.4-3.4) < 10~ 3
Q . cm - K™ ! for silver. There was a correlation between the
contribution of the electron-electron scattering (coefficients
Cand D ) and the orientation of the investigated sample. The
smallest values of C and D were obtained for the samples
oriented along the [111] axis. This result was unexpected
because the transport coefficients of metals with the cubic
lattice should not have been anisotropic.

It is known that the electron-electron scattering ap-
pears when unklapp processes occur in the electron system.
In the case of noble metals this process is most likely in the
case of electrons with the wave vector direction k close to the
direction of necks of the Fermi surface. The correlation
between the value of the coefficient C and the orientation of
the sample could have been due to the selection of electrons
in respect of the directions of k in a sample carrying an elec-
tric current.

However, if a sample contains centers characterized by
anisotropic scattering (such as dislocations), then the normal
electron-electron scattering processes without umklapp can
also contribute to the resistivity. This effect was considered
theoretically in Ref. 11. A calculation®* showed that in the
case of copper we have

=027 [1+2/ (1+Pimp/pais)*]-10~** Q- cm - K2, (4)

where p;,, and pg;, are the electrical resistivity components
associated with the scattering of electrons by isotropic and
anisotropic centers, respectively. Therefore, depending on
the relationship between p;,,, and pg4; the coefficient C can
vary from 0.3x1072 Q.cm-K™2 to 0.8x107 1
Q . cm - K2 It should be pointed out that in an earlier cal-
culation Lawrence® showed that C=0.76x10""
Q-cm-K~?*for copperand C=1.4Xx10"2 Q.cm - K2
for silver (only the unklapp scattering processes were al-
lowed for).

It follows from the relationship (4) that if during the
growth of samples along different crystallographic direc-
tions there is a change in the ratio between the number of
isotropic and anisotropic scattering centers, there should be
a correlation between the contribution of the electron-elec-
tron scattering to the resistivity and the orientation of a sam-
ple and the minimum value of C should correspond to the
direction of growth of a crystal with the minimum number of
anisotropic scattering centers (for example, dislocations).
This explanation of the results appears highly plausible, be-
cause the direction [111] corresponds to the direction of the
easiest growth of copper and silver single crystals.

At first sight it seems that this explanation is in conflict
with the experimental results obtained for samples which
were deformed by bending. It is clear from Table I that in the
case of these samples there was no increase in C on increase
in the density of linear dislocations that were formed as a
result of bending. However, if the deformation created not
only anisotropic scattering centers but also isotropic centers
(for example, point lattice defects), so that the ratio p,;, /P s
remained constant, then it follows from Eq. (4) that the value
of C may be unaffected. This hypothesis was checked by

Omel’yanovskil et al. 404



WT—-(WT),_
_L)r_‘ﬂ . 70;7 W"‘ .cm

7—2
20 — * 00
* xx
. <>)( .
|- * Ox o
o oOx. D‘
* <>x°x' 0Lt
x ) . =) A
15 +— X o oo M4 n
* ox o, "
e A A °
ox ° 4 °
* X o o AAA °
- O anan o
* O o« B 4 & o°
OX.D 4a °
* A o
o e D ‘AA o
12 * Xe O ap ©
B » Q. A A ©
/* )((). o A °
* o’ A A
N4 iDD‘A °
| / Lo AL
* D An
*/ /'d AL o
/ %/'d s,
L
| o
8 /*¢zﬁ/;\ﬁo
* //,A °
¥ ‘j/A’O/
% /SY’;’[AA;’
= f;ﬂ &
3@{! &£
<
7
VA%
Ny &'
. Ve
1A%
77
ViV
7/
/
s/
y
| I | ! I ! | I l
) ¥ b g 0 T K

subjecting the most strongly deformed sample Cu2 to an-
nealing at 500 °C for 5 h at a pressure of ~5 10~ Torr in
an oxygen atmosphere, which resulted in healing of point
defects.'* There was therefore a strong reduction in the value
of p, and an increase in the coefficient C from 1.0x 1073
Q.cm-K 2t01.63X107 2 Q -cm - K~2 i.e., the value of
C approached its maximum (see Table I).

This result was confirmed also by the experiments on
sample Cul which was subjected to a cycle of successive
deformations and annealing. The results of this experiment
are presented in Table II. Clearly, the anisotropically scat-
tering defects formed by bending (such as dislocations or
twin boundaries) increased the coefficient C only when an-
nealing suppressed point defects generated during deforma-
tion.

It follows from these results that the different values of
the coefficient C of our copper and silver samples, like the
apparent anisotropy of the electron-electron scattering, can
be explained at least qualitatively using the theoretical repre-
sentations given in Ref. 11. The minimum values of C for the
electron-electron scattering correspond to this effect in ideal
crystals. The experimental data do not differ significantly
from theoretical estimates.>?*

Plastic deformation was used as a method of altering
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FIG. 7. Temperature dependence of the thermal resistivity of
copper. The notation is explained in Table I.

the residual electrical resistivity of the samples without in-
troducing chemical impurities. The electrical and thermal
resistivities of these samples were described satisfactorily by
Egs. (1) and (3). Some changes in the coefficients 4 and B
(Table I) were clearly due to a change in the value of p,,.

It should be pointed out that our deformed copper and
silver samples showed no deviation from the Wiedemann-
Franz law Kp = LT in the limit 70, discussed in Ref. 12.
This was true of copper sample Cu6 obtained from the auth-
ors of that paper and also of sample Ag2, on which a cycle of
measurements with different degrees of deformation was
carried out in order to determine whether the small strain
was an exceptional feature, as postulated in Ref. 12. All our
experiments indicated that at present there are no doubts
that the Wiedemann-Franz law applies to bending-deformed
samples in the limit 7—0.

2. Thermoelectric power

The results of our determination of the thermoelectric
power a of copper and silver are presented in Figs. 2 and 3.
In the case of copper, in spite of the apparent high purity of
the samples, the thermoelectric power was negative
throughout the investigated temperature range, which was

Omel’yanovskir et al. 405



WT—-(WT),_,

77 'me“-cm
*
40 @) (2
o
* ooh
* Q% ©
- * ﬁon
* * -2
o . % .{80
% * o-,go o
* x5
* o o
— * % o"o
* oA
* x &0
a0
- * X.A‘o
20 % x Qa0
//.,2‘- WQ’
P "
B 50
* xf?’é‘f{{
/*/io’/"
P
wl  pEL
J A
7 /; ¢4
)54
//b
74
;/
%
[ [ [ L1 1 |
g 2 4 b 8 10
T K

FIG. 8. Temperature dependence of the thermal resistivity of
silver. The notation is explained in Table I.

typical of samples with magnetic impurities.'> Clearly, sam-
ples of copper with the thermoelectric power near the intrin-
sic value expected for this metal could be obtained by reduc-
ing the number of magnetic impurities by at least an order of
magnitude. In the case of silver the contribution of magnetic
impurities to the thermoelectric power was observed only at
the lowest temperatures T < 3 K.

The temperature dependence of the thermoelectric
power of silver was complex. It could be interpreted as fol-
lows. At temperatures below 3 K all the samples exhibited a
strong reduction in the value of a/T which was probably due
to, as in the case of copper, the presence of magnetic impuri-
ties. Attemperatures 3K < T'< 9 K the valueof a/T depend-
ed linearly on T'? (Ref. 2) and it was possible to distinguish
the diffusion component @, =a7 and the phonon-drag
component a,, = bT">.

The coefficient a in the expression for the diffusion
componentis + (0.8-1.8)x 10~8V . K~2, This value agrees
with + 0.5 10~°V . K~2 obtained by Pearson® by extra-

polation from the high-temperature range (7 6). A theo-
retical calculation made by Abarenkov and Vedernikov?®
gavea =~ +0.7xX1078V.K2

The coefficient b in the expression for the phonon part
a,, of the thermoelectric power is — (2.0-3.4)x107"
V.K~* Anestimate of @,, can be obtained also by measur-
ing the acoustoelectric emf v* = E* /T(E* is the acoustoe-
lectric field and T is the attenuation coefficient of sound),?’
which is also due to the drag of electrons by acoustic phon-
ons. In the simplest case the coefficient b is related to the
acoustoelectric voltage v* by

Cosv*,

b~ (5)
where C,, is the coefficient of the lattice specific heat and s is
the velocity of sound. Averaging the values of v* in Ref. 27
over the angles, we find that b,, ~ —4X 107"V .K™%in
satisfactory agreement with direct measurements of a,,, . It
should be pointed out that the frequency of sound used in the
work reported in Ref. 27 corresponded to a phonon tempera-
ture of ~ 1.5 mK, which was three orders of magnitude less
than the minimum temperature employed in the present
study.

Above 9 K, where the main contribution to the thermo-
electric power was due to the phonon drag, there was a devi-
ation from the relationship

=0, topn=al+bT>,

Asin the case of tin,'* this deviation could be due to umklapp
processes in the phonon system. At low temperatures the
interaction between phonons is negligibly weak and they are
scattered mainly on conduction electrons. The energy mo-
mentum transferred by phonons to electrons is in the first
approximation proportional to

B=TPe—i(TPe’i+TP—i)—‘7 (7)

where 7, is the characteristic time for the processes in the
phonon system involving loss of momentum. If 7, €7, , then
B =1anda,, = b,T". However, when temperature rises to
T~6 /20, phonon-phonon collisions with umklapp begin to
appear in the phonon system and 7, decreases strongly,
which reduces S and, therefore, the phonon drag contribu-
tion. Measurements of the thermal conductivity of insula-
tors?® indicate that 7, < C exp(T*/T). At temperatures
where 7, > 7,,, we have

(6)

ep?

1--p~Tpe/To~ (Tpc/C) exp (=T"*/T). (8)
We shall consider the quantity
a+boT*—a (T)/T=(1—B) b T™. 9)

An analysis shows that log(1 — B) does indeed vary propor-
tionally to the reciprocal of temperature. The value of 7T * is
~70 K, which is not in conflict with the value that can be

TABLE I1
Initial [Deformed] Annealed|Deformed] Annealed |Deformed| Annealed
.00/ 00 init 1,0 1,94 1,04 25,9 1,14 62,6 1,53
(C-1013, 0,68 0,63 0,74 0,61 0,97 0,66 1,46
Q.cm-K™?
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deduced from the phonon spectrum of silver.?® The pro-
posed explanation naturally does not exclude the possibility
that a reduction in the phonon drag is associated also with
the electron umklapp processes near the necks of the Fermi
surface when they are scattered by phonons.*°

Therefore, a comparison of the results of an experimen-
tal investigation of the transport coefficients of noble metals
(copper and silver) with theoretical calculations demon-
strates that the current theoretical models give the correct
magnitude of the effect in the case of the electron-electron
scattering, and of the contribution of the electron-phonon
scattering to the thermoelectric power (phonon drag) and to
the thermal resistivity.

The authors are grateful to A. I. Shal’nikov for his inter-
est, to Yu. V. Sharvin for valuable discussions, and to R. N.
Gurzhi and A. I. Kopeliovich for their comments.

) Obviously, the dependence p(T') can be approximated also by a more
complexexpression, forexamplep(T) = p, + C (n)T" + AT*. Ananaly-
sis of this relationship shows that a satisfactory agreement with experi-
mental results can be obtained if 1.7<n<2.3. The average value n =2
was used in the present study, especially since it follows from a theoreti-
cal analysis.
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