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Size Effect on Phonon Drag in Platinum*
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Thermoelectric measurements with thermocouples consisting of thin platinum foils and 0.254-mm-diam
platinum wire have been carried out between 4.2 and 310'K. The thickness of the foils was 1.6)&10 ~ to
8)(10 3 mm. The diGerence hS between the thermoelectric power of the foils and the wire was separated
into the electronic component d S', caused by the electron scattering at the crystal surface, and the phonon-
drag component AS17, resulting from the phonon scattering at the crystal surface. From the phonon-drag com-
ponent ASf7 the phonon mean free path Xo in the bulk material was determined as a function of the tempera-
ture. Above 60'K (approximately the temperature of the phonon-drag peak) the relation Xe= (1.1X10 ')
e"'K' mm was found, in agreement with the expectation that in this temperature range ) 0 is mainly limited
by phonon-phonon umklapp processes. The pre-exponential factor in Xo is within a factor of two in agreement
with the value calculated from Klemens's theory. From the electronic component bS', the derivative of the
electron mean free path/with respect to the electron energyEwas found to be (Sin//SE)er ——3 4&0 8 (eV) '.
Measurements of the electrical-resistivity difference between the foils and the wire yielded for the electron
mean free path in platinum the value l = (6.4+1 0) X10 r cm at 296'K.

I. DI'TRODUCTION'

~HE thermoelectric power of thin specimens differs
from the bulk value because of the scattering of

electrons and phonons at the crysta, l surface. The elec-
tron scattering at the crystal surface causes a change in
the electronic component of the thermoelectric power.
From measurements of the size effect on the electronic
component of the thermoelectric power, information on
the dependence of the electron mean free path on the
electron energy can be obtained. The thermoelectric
size effect has been investigated in the past by numerous
authors' " in a series of metals. In all but the last of
these papers the specimens consisted of thin Alms de-
posited on a, substrate by evaporation. The thickness of
these films ranged from 50 to 5X104 A. In these experi-
ments with thin evaporated films' ' the electron mean-
free-path effect' ' "was disturbed to a large extent be-
cause of the following reasons. Since the 6lms could not
be annealed a,t suKciently high temperatures after
deposition, they contained apparently regions of local
strain and large concentrations of lattice defects which
contributed to the thermoelectric power. '" On the
other hand, in the extremely thin films, as obtained by
evaporation, the electronic structure may have been
different from that in the bulk material. "Because of
these difhculties most of the studies with thin evaporated
films' ' did not yield quantitative information on the
variation of the electron mean free path with electron
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energy. From this point of view a technique in which the
thermoelectric power of annealed foils versus annealed
wire of the same material is measured, seems to be more
promising. Using this technique, the size effect on the
electron-diffusion thermoelectric power has been inves-
tigated recently in gold. '

The phonon scattering at the crystal surface causes a
change in the phonon-drag component of the thermo-
electric power. The size effect on the phonon-drag com-
ponent of the thermoelectric power has been observed
for the erst time by Geballe and Hull" in germanium.
These authors have found that the phonon-drag compo-
nent of the thermoelectric power in germanium is re-
duced due to the phonon scattering at the crystal
surface. A reduction of the phonon-drag component of
the thermoelectric power due to the phonon scattering
at the specimen surface has also been observed recently"
in evaporated gold Alms.

Quantitative studies of the size eGect on the phonon-
drag component of the thermoelectric power are particu-
larly interesting since they provide information on the
average phonon mean free path in the bulk material. In
the present investigation the difference between the
thermoelectric power of thin platinum foils and 0.254-
mm-diam. platinum wire is measured between 4.2 and
310'K. The thermoelectric size effect is separated into
the electronic component and the phonon-drag com-
ponent. From the size effect on the electronic component
of the thermoelectric power, the dependence of the
electron mean free path on the electron energy is
obtained. From the size effect on the phonon-drag com-
ponent of the thermoelectric power the average phonon
mean free path in the bulk material is found as a func-
tion of temperature. Preliminary results of the present
investigation were reported earlier. "'

"T.H. Geballe and G. W. Hull, Comferelce de 2'hysigue des
Basses Teraperatmres (Paris, 1955), Nr. 86.

"W. Worobey, P. Lindenfeld, and B. Serin, Phys. Letters 16,
15 (1965)."R.P. Huebener, Phys. Letters 15, 105 (1965).

'4 R. P. Huebener and R. E. Govednik, Phys. Letters 17, 99
(1965).
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In Sec. II the theory of the size effect on the elec-
tronic component and on the phonon-drag component
of the thermoelectric power is outlined. It is shown that
measurements of the size effect on the phonon-drag
component of the thermoelectric power provide informa-
tion on the average phonon mean free path in the bulk
material. The method used for obtaining the electronic
component and the phonon-drag component of the
thermoelectric size effect separately is summarized.
Sections III and IV give a description of the experi-
ments and the results. In Sec. V the variation of the
electron mean free path with electron energy, found ex-
perimentally, is discussed. The bulk. phonon mean free
path Xo obtained from the results in the temperature
range where Xo is mainly limited by phonon-phonon
urnklapp processes is compared with theoretical esti-
mates by Klemens.

II. THEORY

So' and Sog are usually called electronic thermoelectric
power and phonon-drag thermoelectric power, respec-
tively. The subscript 0 in Eq. (1), and hereafter, refers
to the bulk value of a pure specimen. The change AS
in the thermoelectric power due to lattice defects (point
defects, dislocations, crystal surface, etc.), which scatter
the electrons and the phonons, is according to Eq. (1)

2 S=AS +ASe. (2)

Here 6$' and ~S' are the change in the electronic and
the phonon-drag thermoelectric power, respectively.

A. Size Effect on the Electronic Comyonent of
the Thermoelectric Power

The electronic thermoelectric power S' of a thin
specimen differs from the bulk value So' by AS' because
of the electron scattering at the crystal surface. The
difference hS' is given by"

ts,
8S~=S~—So' ——

(Wp'/hW')+ 1(Sp'
(3)

Here 8'0' is the electronic thermal resistivity of the
bulk material and AlV' the change in the electronic
thermal resistivity due to the electron scattering at the
crystal surface. S is the electronic thermoelectric power
associated with the electron scattering at the crystal

"R. P. Hnebener, Phys. Rev. 155, A1281 (1964).

The absolute thermoelectric power So of a pure metal
consists of a contribution So', arising from the non-
equilibrium distribution of the conduction electrons,
and a contribution $0', caused by the interaction be-
tween the conduction electrons and the phonon current
present in a temperature gradient:

So= So'+So'.

surface. In the derivation of Eq. (3) the following
assumptions are required:

(1) The electron scattering at the crystal surface,
which causes the increase 3,8"' in the electronic thermal
resistivity, and all other electron scattering processes in
the bulk material are independent of each other
(Matthiessen's rule).

(2) The heat which is transported by the conduction
electrons is independent of the heat transported by the
phonons. This assumption is valid, since the electronic
heat conductivity is not affected by the nonequilibriurn
distribution of the phonon system. "—'
If, in addition to the validity of the requirements (1)
and (2), the electrical conductivity and the electronic
component of the heat conductivity are determined by
the same relaxation time (Wiedemann-Franz law), the
ratio Wo'/AW. ' in Eq. (3) can be replaced by pp/Ap.
Here po is the bulk electrical resistivity and hp the
electrical resistivity change due to the electron scat-
tering at the crystal surface. The electronic thermo-
electric power of a pure metal is then given by"

7r'Itts'T r) inpo(E)
S e

Here k~ is Boltzmann's constant, T the absolute tem-
perature, and e the absolute value of the elementary
charge. E is the energy of the conduction electrons and
EI: the Fermi energy. The change in the electronic com-
ponent of the thermoelectric power due to additional
electron scattering events in the bulk material, which
cause a resistivity increase Ap, can then be written as"

Sp' cl in'/r)E65'= — — — —]
(po/Ap)+1 t) inpp/aE

For calculating the size effect on the electronic ther-
moelectric power from Eq. (5), the size effect on the
electrical resistivity must be known. We refer now, and
hereafter, to the case of the present experiment, in
which thin foils are compared with comparatively thick.
wire of the same material. The electrical resistivity
difference between-a foil of the thickness a& and a cylin-
drical wire of the diameter a2, caused by the electron
scattering at the surface, is"

3 1 1)
Ap=—pt»t —tp. ;,.=- —Ipoi.

4 2at as)

Here l is the average value over the Fermi surface of
the electron mean free path. In Eq. (6) itis assumed that

16 A. Sommerfeld and H. Bethe, Handbuch der I'hysik, edited
by H. Geiger and K. Scheel (Julius Springer Verlag, Berlin, 1933),
Vol. XXIV, Part 2, p. 333.

'~ R. E.B.Makinson, Proc. Cambridge Phil. Soc. 34, 474 (1938)."I. I.Hanna and E. H. Sondheimer, Proc. Roy. Soc. (London)
A239, 247 (1957).

"A. H. Wilson, The Theory ef Metals (Cambridge University
Press, New York, 19&3).

'P E. H. Sondheimer, Advan. Phys. 1, 1 (1952).
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TABLE I. Temperature dependence of the Wiedemann-Franz ratio pp/Wp T for platinum. Lo is the Lorentz number: La=2 45X10
(V/deg)'. Up to 100'K the values are obtained from the data on the electrical and thermal resistivity of platinum given in Ref. 21.
Above 100'K the values are taken from Ref. 22.

T('K) 20 25 30 40 50 60 75 100 150 200 250 300

po

S'0'TL0
0.40 0.45 0.51 0.62 0.71 0.73 0.75 0.89 0.91 0.97 1.01 1.04

)/g, «1 and )/g, «1 and that the electrons are scattered
diffusely at the crystal surface.

At high temperatures the Wiedemann-Franz law is
valid. Inserting Eq. (6) into Eq. (5) and with the rela-
tion hp(&pp the difference between the electronic
thermoelectric power of a foil of thickness aj and a wire
of diameter u2 is found to be

( 1 1)z'kii'T/ B lnl
AS'—=St.;i'—S~;,.'=

~

&2at asi 4s BZ
(7)

gg e-
TLp

From Eqs. (3) and (8) we obtain

AS'=

As seen from Eq. (7) measurements of the size effect on
the electronic component of the thermoelectric power
yield information on the quantity {Bin//BE) zi,.

At temperatures below the Debye temperature
appreciable deviations from the Wiedemann-Franz law
occur because of the inelasticity of the electron scat-
tering by the lattice vibrations. In Table I the Wiede-
mann-Franz ratio ps/We'T is shown for platinum as a
function of the temperature. Up to 100'K the ratio
ps/Ws'T was calculated from the data of ~hite and
Woods" on the electrical and thermal resistivity of
platinum. Above 100'K the ratio ps/Ws'T was taken
from Slack."As seen from Table I, below about 100'K
the ratio pp/Wp T decreases appreciably with decreas-
ing temperature. Above about 100'K the ratio ps/Wp ' T
is close to the theoretical value given by the Lorentz
number, Le=2.45X10—' V'/deg' which is calculated
under the assumption that the conduction electrons are
scattered elastically by the lattice vibrations. Because
of the deviations from the Wiedemann-Franz law, the
ratio We'/5W' in Eq. (3) cannot be replaced by ps/hp
at low temperatures. However, the scattering of the con-
duction electrons by the crystal surface is expected to
be elastic and to follow the Wiedemann-Franz law.
Therefore, the quantity hW' in Eq. (3) can be replaced
by the electrical resistivity change Dp using the relation

B. Size Effect on the Phonon-Drag Component
of the Therm, oelectric Power

The phonon-drag thermoelectric power Sg of thin
specimens differs from the bulk value Sp' by AS'
because of the phonon scattering at the crystal surface.
In a rigorous treatment DSg must be calculated by
integration over the entire frequency spectrum of the
phonons. We write the phonon-drag thermoelectric
power of the bulk material as

Ss ——P sg(q, j)d'q. (10)

Here j is the polarization and p the wave vector of the
phonon. The quantity s, (q, j), as defined by Eq. (10),
is a sum over all possible electron transitions, in which
the emission or absorption of a phonon q,j is in-
volved. "'4" s, (q,j) depends on the velocity of the
electrons and the phonons and on the electron-phonon
interaction. The change of the phonon-drag thermo-
electric power due to the phonon scattering at the
crystal surface is given by"

s, (q,j)
ASg=Sg —S,g= —g — dsq (11).),/), (q,j)+1

Here X~ is the phonon mean free path for boundary
scattering. )ts(q, j) is the phonon mean free path in the
bulk material. In the derivation of Eq. (11) the follow-

ing assumptions are required:

(1) The phonon scattering at the crystal surface and
all other phonon scattering events in the bulk material
are independent of each other (Matthiessen's rule).

(2) The heat which is transported by the phonons is
independent of the heat transported by the electrons.
This assumption is valid, since the phonon distribution
is independent of the distribution of the electrons. "—"

The boundary scattering of phonons is analogous to
the boundary scattering of electrons. Therefore, the
theory developed for the boundary scattering of elec-
trons" can be used directly to describe the boundary
scattering of phonons. In this way we find the phonon
mean free path for the boundary scattering in a foil of
thickness a~,

"G. K. White and S. B. Woods, Can. J. Phys. 35, 248 (1957).
u G. A. Slack, J. Appl. Phys. 35, 339 (1964).

Xa,r„i= Sat/3,
+ M. Bailyn, Phil. Mag. 5, 1059 (1960).
s4 M. Bailyn, Phys. Rev. 120, 381 (1960).

(12)
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and the phonon mean free path for the boundary scat-
tering in a cylindrical wire of diameter a2,

Xs, ;,.——4as/3. (13)

In Eqs. (12) and (13) it is assumed, that X&))7Lp and.
that the phonons are scattered diGusely at the crystal
surface.

According to Eqs. (12) and (13) XJI is independent of
the wave vector and the polarization of the phonon.
Since the bulk phonon mean free path is a function of
p and j, in a rigorous treatment, ASO must be repre-
sented by an integral over q and a sum over j, as indi-
cated in Eq. (11).The calculation of I4IS' may be simpli-
fied by dropping the differentiation between phonons
with diferent polarization and by replacing the sum
over j by the factor of 3. In the integration over all
phonons the phonon frequency spectrum may be cut
off at the Debye frequency. Further, dispersion may be
neglected. With these approximations Eq. (11),in com-
bination with Eqs. (12) and. (13), allows us in principle
to calculate the bulk phonon mean free path Xp(q)
from the experimentally obtained quantity ASg, if
the function sp(q) is known. The function s, (q) may be
obtained from Bailyn's theory"'4 on the phonon-drag
thermoelectric power So'. The term in the theoretically
obtained function s, (q) which contains the electron-
phonon interaction and which is dificult to evaluate
may be treated as an adjustable parameter determined
from an experimentally obtained value of Sog."

Whereas an analysis of the quantity DSg along the
lines given above is desirable, it is rather diQicult,
mainly because of uncertainties in the determination of
the function s, (q). On the other hand, the bulk phonon
mean free path X0 may not depend very strongly on the
phonon wave vector. "Therefore, we simplify the treat-
ment further by replacing the phonon frequency
spectrum by an average frequency around which the
phonon distribution is concentrated at any given tem-
perature. According to Eq. (11) the change of the pho-
non-drag thermoelectric power due to the phonon scat-
tering at the crystal surface is then given by

Spg
(14)

(7L&/7 6)y1
We refer now, and hereafter, to the case of the present

experiment, in which thin foils are compared with
relatively thick wire of the same material. Using Eq.
(14) in combination with Eqs. (12) and (13), the dif-
ference between the phonon-drag thermoelectric power
of a foil of the thickness a~ and a wire of the diameter a2
is found to be

~Sg=Sg ig —S .

= —Sag (15)
(8ar/37Lp)+1 (4as/3Xp)+1

"P. G. Klemens, Sol@ Stake Physics, edited by F. Seitz and
D. Turnbull (Academic Press Inc. , New York, 1958), Vol. 7,
p. 50.
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FxG. 1. Scheme of the specimen.

With the relation )~&&XO, which was assumed in the
derivation of Eqs. (12) and (13), we obtain

aS 3(
Sp' 4(2ar as)

(16)

DS~ 3 1 1
A.~'I&

So' 4 2ag a2
(18)

In platinum the temperature of the phonon-drag peak
is about 65'K. Therefore, Eq. (18) should be valid in
platinum between about 65'K and the Debye tempera-
ture. Below the temperature of the phonon-drag peak
Xo is mainly limited by phonon-electron collisions.

C. Separation of the Electronic Component and
the Phonon-Drag Component of AS

The electronic component and the phonon-drag
component of dS can be obtained separately in the
following way. " At high temperatures, Sog and ASg
become negligible because of the dominant inQuence of
phonon-scattering process|;g which do not involve

As seen from Eqs. (14) and (16), measurements of the
size eGect on the phonon-drag component of the
thermoelectric power yield information on the mean
free path Xo of the dominant phonon mode in the bulk
material.

Presumably, above the temperature of the phonon-
drag peak Xo is mainly limited by phonon-phonon
umklapp-processes. If phonon-phonon umklapp-proc-
esses are the main source of the lattice thermal resis-
tivity, Xo has the form"

X,=de~*I~

below the Debye temperature. Here T* is about half
the Debye temperature. The quantity ASg is then given
by
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FIG. 2. Absolute thermoelectric power of platinum versus
temperature. The circles and the crosses indicate the values given
in Refs. 30 and 31, respectively.

electrons. Usually the vanishing of the phonon-drag
thermoelectric power at high temperatures can be seen
from the fact, that at high temperatures So is linearly
proportional to the absolute temperature (Eq. (4)j.
Therefore, the value of 65 at high temperatures is
equal to hS'. In combination with Eq. (9), it can be
used to calculate AS' as a function of the temper-
ature. In the calcula, tion of AS'(T) the quantity S,'
/So' in Eq. (9) is assumed to be independent of the
temperature. So' is assumed to be proportional to the
absolute temperature. The proportionality factor So'/T
may be obtained frozn the values of So at high tempera-
tures, where the phonon-drag thermoelectric power
vanishes. The function 2S&(T) is obtained. finally from
the experimentally determined function dS(T) using
Eq. (2).

III. EXPERIMENTAL PROCEDURE

The specimen material was polycrystalline 99.999%
pure platinum wire of 0.254 mm diameter. "Foils with
a thickness of 1.6)(10 3 to SX10—' znm were manu-
factured from this wire by cold rolling. The wire wa, s
cold-rolled between stainless steel foils. To check for
possible contamination of the specimen during the

' Obtained from the Sigmund Cohn Corporation, Mount
Vernon, New York.

manufacturing of the foil, several foils were made by
rolling the platinum wire between sheets of platinum.
The specimens, shown. in Fig. 1, consisted of a thermo-
couple made from a foil and two 0.254-zzon diam wires.

They were mounted on a stainless steel sample holder.
The specimen wires and the foil were spot-welded to
short pieces of 0.406-mm-diam platinum wire which
were attached to the sample holder. The lower specimen
wire was bent as indicated in Fig. 1 to obtain a good
thermal contact with the heat sink inside the cryostat.
Before mounting, the specimen wires and foils were

placed for about 30 min in hydrochloric acid and nitric
acid, respectively, and were rinsed with distilled water.
After mounting, the foil and the wires of the specimen
were rinsed in acetone and methyl alcohol. Then they
were annealed in air by passing direct current through
them. The wires were annealed for 15 min at 1500'C
and for 4 h at 1400'C and were cooled within several
hours to room temperature. The foils were annealed for
15-20 h at 800'C and were cooled within about 0.5 h
to room temperature. After annealing, the wires were
spot-welded to the foil to obtain the thermocouple
consisting of both. The annealed specimens were
handled carefully to introduce as little cold work. as
possible. The length of the foils between the hot and the
cold junction was about 6 cm. The width of the foils
was about 3 mm.

To perform the thermoelectric measurements the
specimens were mounted in a cryostat. The cold junc-
tion of the specimen was in close thermal contact with
the heat sink. inside the cryostat and could be kept at the
temperature of the temperature bath (liquid helium,
liquid nitrogen, ice water, and room temperature). The
temperature of the hot junction was raised continuously
above the temperature of the cold junction using a
heater attached to the sample holder. A description of
the cryostat is given elsewhere. "The area of the heat
sink and of the heater is shown in Fig. 1 by a dashed,

line. The annealed specimen wires were spot-welded to
extensions of annealed 99.999% pure platinum wire"
leading out of the cryostat into a thermally shielded oil
bath kept at room temperature. Within the oil bath the
platinum wire was connected to copper wire leading to
the potentiometer.

During the thermoelectric measurements the cryostat
was evacuated to less than 10 ' zzun Hg. The thermo-
electric measurements were carried out using a Rubicon
model 2768 microvolt potentiometer and a Rubicon
model 3550 photoelectric galvanometer. With this
equipment volta. ge changes of 0.01 pV could be detected.
The thermoelectric voltage wa, s measured as a function
of the temperature of the hot junction keeping the cold
junction at the temperature of the temperature bath. For
the measurements in the tempera, ture 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 260'K the cryostat was immersed in

liquid nitrogen. For obtaining the d.ata above 273'K thy
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'TABLE II. Phonon-drag thermoelectric power of platinum for various temperatures. 'The values of Sp~ are the
difference between the curve Sp(T) and the straight line shown in Fig. 2.

r( z.)
Sp&(pV/'K)

20 25 30 40 50 60 75 100 150 200

3.14 3.91 4.64 5.86 6.62 6.97 6.95 6.18 3.79 2.07

cryostat was placed in a mixture of distilled water and
ice. For efficient cooling of the cold junction the ice
water was pumped into the open tube attached to the
heat sink in the cryostat. "Further measureInents were
carried out, in which the cold junction was kept at
room temperature by blowing air of the laboratory into
the open tube attached to the heat sink in the cryostat.
Below 80'K the temperature of the hot junction of the
sample was raised by 0.2'K per minute or slower. Above
80 K the temperature of the hot junction was raised by
0.3'K per minute or slower. The data were taken at
temperature intervals of 0.5—1'K at temperatures below
80'K and at intervals of 1—2'K at higher temperatures.

After plotting the thermoelectric voltage versus the
temperature of the hot junction, a smooth curve was
drawn through the points. The thermoelectric power
was obtained by differentiating graphically the voltage-
temperature curves. Around 80'K the thermoelectric
power obtained in the liquid-helium bath agreed within
3X10—' pV/'K or better with the thermoelectric power
obtained in the liquid-nitrogen bath.

After the specimen was assembled in the cryostat the
electrical resistance of the specimen foil was measured
at room temperature and at 4.2'K. During the resistance
measurements the cryostat was filled with helium gas.
After the thermoelectric measurements the specimen
was taken from the cryostat and the electrical resistance
of the lower specimen wire was measured at room tem-
perature and at 4.2'K. For this purpose an additional
potential lead was spot-welded to the lower specimen
wire. The resistance measurements were carried out with
a conventional potentiometric technique.

The ratio of the electrical resistance of the annealed
0.254-mm-diam platinum wire at 296'K to that at
4.2'K was 5000 to 7000. The difference in the electrical
resistivity of the platinum foils and the 0.254-mm-diam
platinum wire was determined from the ratios of their
resistance at 296'K to that at 4.2'K in the following
way. With

(p(296 K)/p(4. 2 K) f„t=—Bt (19)

(p(296'K)/p(4. 2'K)„;„—=Bs (20)

the resistivity difference hp between the foils and the
wire is given by

~p= pfoil pwire

=p;„(296'K)X (1—Br/Bs)/(Bt —1), (21)

assuming that hp is independent of the temperature.
The resistivity difference hp was calculated with Eq.

(21) using the value

p;,.(296'K) = 10.6X 10 ' 0 cm. (22)

After completion of the electrical measurements,
the foil was cut o8, and the length and the width of the
foil were measured with a micrometer microscope. The
thickness of the foil was then determined from its
weight using 21.45 g/cm' for the density of platinum.

The separation of AS into the electronic component
AS' and the phonon-drag component AS' requires the
knowledge of the absolute thermoelectric power of the
annealed specimen wire. Therefore, the thermoelectric
power of the annealed platinum wire was measured
versus 99.9999% pure lead wire" between 4.2 and
300'K. In the temperature range between 300 and
500'K the thermoelectric power of the annealed plat-
inurn. wire was measured relative to annealed 0.254-
mm-diam gold wire (99.999% pure).

IV. EXPERIMENTAL RESULTS

Figure 2 shows the absolute thermoelectric power of
the annealed platinum wire as a function of the tem-
perature. Below 300'K the absolute thermoelectric
power of the platinum wire was obtained from the
measurements against lead using the data of Borelius
et ct. ' and of Christian et al. ,"on the absolute thermo-
electric power of lead. The data between 300 and 500'K,
shown in Fig. 2, were obtained from the measurements
against gold using for the absolute thermoelectric power
of gold the relation" Sp/T=+7. 05X10—' pV/'K' in
this temperature range. As seen from Fig. 2, the absolute
thermoelectric power So of platinum reaches a maximum
at about 60'K. At about 165'K, So reverses its sign, and
above about 300'K So approaches a straight line which
has a negative slope and which extrapolates to the
origin. Since So' is proportional to the absolute tempera-
ture according to Eq. (4) and since Sp& vanishes at high
temperatures, the curve obtained by extrapolating the
high-temperature branch of Sp(T) linearly to the
origin is interpreted as the electronic component
Sp'(T). The difference between this linear curve and
Sp(T) is interpreted as the phonon-drag component
Spp(T). The values of Sp' obtained in this way from the
data shown in Fig. 2 are given in Table II for various
temperatures. From the high-temperature branch of

"Obtained from Cominco Products, Incorporated, Spokane,
Washington."G. Borelius, W. H. Keesom, C. H. Johansson, and J. O.
Linde, Proc. Acad. Sci. (Amsterdam) 35, 10 (1932).

2' J. W. Christian, J. P. Jan, W. B.Pearson, and I. M. Temple-
ton, Proc. Roy. Soc. (London) A245, 213 (1958).
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TABLz III. Summary of the specimens. The last column indicates the material between which the platinum
wire was sandwiched during the manufacturing of the foil.

Specimen
No.

2
3

5
6
7

9
10

Foil thickness
(10 ' mm)

8.03
5.49
5.45
4.34
3.92
2.71
2.35
1.84
1.62
1.58

p (296'K))
p(4.2'K) )„;

5500
6300
5233
5900
5315
5899
6629
5030
5265
6938

/p (296'K) l

(p(4.2'K) $ g, u

1897
1544
1979
1409
1524
983
801
744
532
680

Material of the
sandwich

Platinum
Platinum

Stainless steel
Stainless steel
Stainless steel

Platinum
Platinum

Stainless steel
Stainless steel
Stainless steel

the function Ss(T) presented in Fig. 2 the relation

So'//T = —1.84X 10—'
p V/'K' (23)

30

was obtained for platinum.
The function Ss(T) for platinum shown in Fig. 2 is

in reasonable agreement with the data which are given
in the literature"" and which are also presented in
Fig. 2. The absolute value of Ss'/2' given in Eq. (23)
is by 5% smaller than the value obtained from the data
given in Refs. 30 and 31 for the temperature range be-
tween 400 and 600'K.

A summary of the specimens used in the experiments
is given in Table III.

The electrical resistivity difference hp between the
platinum foils and the 0.254-mm-diam platinum wire,
as calculated from Eq. (21), is shown in Fig. 3 as a
function of the geometric quantity (1/2at —1/as). As

seen from Fig. 3, hp increases proportional to
(1/2at —1/as), as expected. from Eq. (6). The platinum
foils rolled between sheets of platinum and the platinum
foils manufactured by rolling between stainless steel
foils yield the same relation between Ap and the quantity
(1/2at —1/as). This indicates, that the hp values of the
foils obtained by rolling between stainless steel sheets
are not affected by contamination of the specimen
during the manufacturing of the foil. From the data of
Fig. 3 the relation

&ps= (6.g~1.1)X10-"Q cm' (24)

is calculated using Eq. (6). With the value ps(296'K)
=p„;„(296'K) given in Eq. (22) we obtain from
Eq. (24)

l(296'K) = (6.4&1.0)X 10 ' cm. (25)

Equation (6), which is used for calculating the elec-
tron mean free path l from the experimentally deter-
mined values of Dp, is strictly valid in the temperature
range in which /&&a~ and l((a2. The experimental values
of hp were obtained essentially from the resistivity
measurements at 4.2'K. From the electron mean free
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FIG. 3. DifFerence between the electrical resistivity of platinum
foil of thickness a1 and platinum wire of diameter a2 ——0.254 mm,
as calculated from Eq. (21), versus the quantity (1/2a& —1/uz).
1he circles and crosses indicate the specimens in which the foils
were manufactured by rolling between sheets of platinum and by
rolling between stainless steel foils, respectively.

200
T (oK)

300

~ N. Cusack and P. Kendall, Proc. Phys. Soc. (London) 72,
898 (1958).

'~ Landolt-Bernstein, Zahlenmerte end Eunktionen (Springer
Verlag, Berlin, 1959), Vol. XX, p. 931.

FIG. 4. DifFerence AS between the thermoelectric power of the
platinum foils and the 0,254-mm-diam platinum wire as a function
of the temperature. 'The number at each curve indicates the speci-
men according to Table DI.
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FIG. 5. Difference AS
between the thermoelec-
tric power of the plati-
num foils and the 0.254-
mm-diam platinum wire
versus temperature. The
number at each curve
indicates the specimen
according to Table III.
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FIG. 7, Difference b,SO between the phonon-drag thermoelectric
power of the platinum foils and the 0.254-mm-diam platinum wire
as a function of the temperature. The number at each curve indi-
cates the specimen according to Table III.

path given in Eq. (25) and. from the resistivity ratio
p(296'K)/p(4. 2'K) of 5000 to 7000 for the platinum
wire a value of l= j. 10 4 cm at 4.2'K is obtained. This
value of / at 4.2'K is about equal to the thickness of
the thinnest foils used in the experiments. Therefore,
the validity of Eq. (6) for describing the resistivity dif-
ference between the specimen foils and the specimen
wire at 4.2'K seems to be somewhat questionable.
However, the theory of the electrical conductivity in
a thin film' shows, that the additional resistivity in
the film due to the electron scattering at the surface
varies only by about 18/o over the range 0(l/at(0. 5
(at=film thickness). This means, of course, that in the
temperature range corresponding to this range of //ct
Matthiessen's rule holds reasonably well for the elec-

tron scattering at the crystal surface. Therefore, errors
in the calculation of the electron mean free path due to
deviations from Matthiessen's rule for the electron
scattering at the crystal surface can be expected to be
relatively small.

The difference hS between the thermoelectric power
of the platinum foils and the 0.254-mm-diam platinum
wire is shown in Pig. 4 as a function of the temperature
for different specimens and for temperatures above
20'K. Typical curves obtained for the function 65(T)
below 20'K are shown in I'ig. 5 for three specimens.
At low temperatures hS decreases rapidly with increas-
ing temperature. At about 12'K hS passes through a
minimum, which is more pronounced for the specimens
with the thicker foils. In the neighborhood of this
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FIG. 6. Difference AS' between the electronic thermoelectric
power of the platinum foils and the 0.254-mm-diam platinum wire
as a function of the temperature. The number at each curve indi-
cates the specimen according to Table III.

FIG. 8. Difference between the thermoelectric power of platinum
foil of thickness aj. and platinum wire of diameter ag ——0.254 mm,
measured at 300'I, versus the quantity (1/2az —1/as). The
circles and crosses indicate the specimens in which the foils were
made by rolling between sheets of platinum and by rolling be-
tween stainless steel foils, respectively.
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FIG. 9. Difference between the phonon-drag thermoelectric
power of platinum foil of thickness u1 and platinum wire of diam-
eter as=0.254 mm versus (1/2ai —1/a&) for difierent tempera-
tures. The circles and crosses indicate the specimens in which
the foils were made by rolling between sheets of platinum and by
rolling between stainless steel foils, respectively.

minimum 65 can reach small negative values. Above
about 20'K 65 decreases again with increasing tem-
perature. It passes through another minimum between
50 and 70'K. In the neighborhood of this minimum 65
can again reach small negative values. Above 50—70'K,
DS increases with increasing temperature up to about
280'K. Above 280'K 65 is independent of the
temperature.

The total difference AS betw'een the thermoelectric
power of the foils and the wire was separated into AS'
and DSg using the method mentioned in Sec. IIC. From
the temperature dependence of the absolute thermo-
electric power of platinum, shown in Fig. 2, we can
conclude that the phonon-drag component of the
thermoelectric power of platinum vanishes at 300'K.
Therefore, at 300'K 65 is equal to 65'. From the value
65(300'K) the function 65'(T) was calculated using
Eqs. (9) and (23). The function Ws'(T) in Eq. (9) was
obtained from the data of White and Woods" on the
thermal conductivity of platinum. In addition to the
thermal conductivity, White and Woods also measured
the electrical resistivity of the same platinum specimen.
The resistivity ratio p(296'K)/p(77. 3'K) calculated
from the data of White and Woods" is within 1% in
agreement with the value obtained for the annealed
platinum wire in the present experiment. The resistivity
difference Ap, as calculated from Eq. (21), was used for
all temperatures. It was pointed out above, that devia-
tions from Matthiessen's rule in the quantity Dp can be
expected to be relatively small.

At very low temperatures the quantity d5' is difh-
cult to evaluate since here the thermal resistivity H/'0'

in Eq. (9) depends sensitively on the purity of the

=-3.4&0.8 (eV) ' (26)

was calculated. The value givenin Eq. (26) is, of course,
an average value over the Fermi surface.

In Fig. 9 (—kg/Spg) is plotted versus (1/2ai —1/as)
for different temperatures. (—ASg/Ssg) is seen to in-
crease proportional to (1/2ai —1/as), as expected from
Eq. (16). According to Figs. 8 and 9, the same relation
between the thermoelectric results and the quantity
(1/2ai —1/a, ) was found for the pla, tinum foils rolled
between sheets of platinum and the platinum foils made
by rolling between stainless steel foils. In Fig. 10 the
quantity (—65g/Ssg) is plotted logarithmically versus
the reciprocal of the absolute temperature for different
specimens. "It is seen that at temperatures above about
60'K the data on (—65'/Ssg) can be fitted reasonably

"The preliminary results on (—ASg/So') reported in Ref. 13
were obtained without correcting for the deviations from the
Wiedemann-Franz law. Therefore, the values of (—ASg//'S0I7)

given in Ref. 13 are somewhat too large at low temperatures.

material. Furthermore, the assumption that Ss'/T and
5,'/Ss' are independent of the temperature may not be
satisfied at very low temperatures where the inQuence
of lattice defects on the electron-scattering properties of
the bulk. material becomes appreciable. Because of these
uncertainties, the function /35'(T) was not determined
below 20'K.

The differences 65' and DSg calculated in the way
mentioned above from the data of Fig. 4 are shown in
Figs. 6 and 7, respectively, as a function of the tempera-
ture. DS' decreases rapidly with increasing temperature
above 20'K and decreases only very slightly with in-
creasing T above about 75'K. The qualitative behavior
of the function 65'(T) below 20'K can be seen from
Eq. (9). We assume that Ss'/T and 5 /So' are strictly
constants down to T=O'K. In the temperature range,
where Ap))M~0'TI. O, 65' should then be proportional to
the absolute temperature. At higher temperatures,
where Ap&&'Ws'TLs and where R's'T increases more
rapidly than linearly with T, 65' should decrease with
increasing temperature. Therefore, the function 65'(T)
should pass through a maximum at low temperatures.
As seen from Fig. 7, the phonon-drag component 55g
becomes appreciable below about 250'K. ~65'~ in-
creases with decreasing temperature. Between 50 and
75'K

~

65g~ is about equal to 65'. Apparently the two
minima, in the curves for 65(T) at about 12 and 60'K
are due to the compensation between the electronic and
the phonon-drag component of 65.

Figure 8 shows the difference 65 measured at 300'K
as a function of the geometric quantity (1/2ai —1/as).
As mentioned above, at 300'K AS is equal to 6$'.
65(300'K) is seen to increase proportional to (1/2ai
—1/a&), in agreement with Eq. (7). From the data given
in Fig. 8 in combination with Eqs. (7) and (25) the
derivative
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well by the relation given in Eq. (18). This indicates
that above about 60'K the mean free path Xo of the
dominant phonon mode in the bulk material has the
form given in Eq. (17).This result is in agreement with
the expectation that above the temperature of the
phonon-drag peak (in platinum about 65'K)Xo is
mainly limited by phonon-phonon umklapp-processes.
From the data shown in Fig. 10 for 60 and 100'K the
values

N
O

IOO 50
I I

T (oK)

30 20
I

+~I0

~5~4
~3

and

(—DS'/So') co'K
= (2.48+0.10)10 ' mm

(1/2~~) —(1/~2)
(27)

cn 0.5—
ggl

CA

0.&—

( AS /SO )100 K= (1.62+0.16)10 ' mm (28)
(1/2~~) —(1/~2)

3=1.1X10 ' mm (29)

were calculated. From the average values given in
Eqs. (27) and (28), in combination with Eq. (18), the
parameters

0.2—

O.I—

0.05 I I I I

0 I 0 20 30 40 50 60 70
IO~ / T ( K ')

T*=64'K (30)

FIG. 10.Semilogarithmic plot of the quantity (—ASg/S0I") versus
reciprocal of the absolute temperature. The number at each curve
indicates the specimen according to Table III.

were obtained.
According to Fig. 10, the curves for the quantity

(—DSo/Szo) follow the relation given in Eq. (18) down
to approximately the temperature of the phonon-drag
peak. Presumably, below the temperature of the
phonon-drag peak Xo is mainly limited by the inter-
a,ction between phonons and electrons. The data in
Fig. 10 indicate that between about 60 and 30'K the
decrease of Xo with increasing temperature is somewhat
slower than at lower and at higher temperatures.

V. DISCUSSION

A. Electronic Component of 5,8

The electron mean free path, given in Eq. (25), is
by a factor of 7 to 12 smaller than the electron mean
free path in the noble metals. ""The relatively small
electron mean free path found in platinum is in agree-
ment with the fact that, in addition to the ordinary
s-s transitions, in the transition metals electrons can
be scattered with high probability from the s band into
an unoccupied state of the d band.

The result given in Eq. (26) indicates that the elec-
tron mean free path in platinum increases rapidly with
increasing electron energy. The value of the'quantity
{Bln1/BE) Eo in platinum is of the opposite sign and
larger by more than an order of magnitude than the
value of about —0.1 (eV) ' measured recently in gold. "
The result shown in Eq. (26) can be understood qualita-
tively from the model proposed by Mott'4 for the band

'8 D. K. C. MacDonald, PacyclopcCha of Physics, edited by
S. Fliigge (Springer Verlag, Berlin, 1956), Vol. XIV, p. 188.

34N. F. Mott and H. Jones, The Theory of the Properties of
3&tais and ALloys (Dover Publications, Neve York, 1958).

structure of platinum. According to this model the
location of the Fermi energy in platinum is somewhere
in the middle of the s band and slightly below the upper
band edge of the d band, where the density of states in
the d band decreases rapidly with increasing energy.
The scattering processes mainly responsible for the
electrical resistance in the transition metals are the
s-d transitions. The probability for such a transition is
proportional to the density of states in the d band.
Since the density of states in the d band decreases
rapidly with increasing energy, one would expect a
large positive value of the quantity {Bln//BE)&o, as
indicated in Eq. (26).

B. Phonon-Drag Component of AS

In the temperature range in which the phonon mean
free path Xo is mainly limited by scattering processes
not involving electrons, the phonon mean free path in a
metal is determined by the same scattering processes
as in an insulator. A theoretical treatment of the phonon
mean free path in an insulator in the temperature range
where phonon-phonon umklapp processes are dominant
has been given by Leibfried and Schlornann" and by
Klemens. 25 Apart from numerical constants, Leibfried
and Schlomann and Klemens obtained the same ex-
pression for the phonon mean free path Xo. According to
these authors, below the Debye temperature Xo follows
the relation given in Eq. (17). An explicit expression
for the constant 2 in Eq. (17) has been given by

35 G. Leibfried and E. Schlomann, Nachr. Adad. Wiss. Gottin-
gen, II Math;Physik. Kl. 2a, 71 (1954).
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3=0.59 10—' mm (32)

is calculated from Eq. (31).This value of 2 is within a
factor of two in agreement with the experimentally
obtained value given in Eq. (29).

Peierls~ has estimated the temperature T*in Eq. (1/)
as half the Debye temperature. An accurate calculation
of the temperature T*, which depends on the details of
the zone structure and the dispersion of the lattice
waves, is rather difhcult. Berman, Simon, and %ilks"
obtained the following values from thermal conductivity
measurements at low temperatures: 8/T*=2.6 for
diamond, 8/T*=2.3 for solid helium, and 8/T*=2. 1
for sapphire. The value of T* given in Eq. (30) corre-
sponds to the ratio 8/T*=3.6. This relatively large
value of 8/T* in platinum may be partly due to the
fact that above 60'K collisions between phonons and
electrons, besides phonon-phonon umklapp processes,
still play a role in the limitation of the phonon mean
free path. The collisions between phonons and electrons
are strictly negligible compared to the phonon-phonon
interaction only at high temperatures, where the
phonon-drag thermoelectric power vanishes. Since the

3 Imtereutional Critical Tables, edited by E. %. Washburn
(McGraw-Hill Book Company, Inc. , New York, 1929), Vol. VI, p.
465."C.S. Barrett, Structure of Metals (McGraw-Hill Book Com-
pany, Inc. , New York, 1952).

» J. G. Collins and G. K. White, Progress irf, I.om TemPeruture
Physics, edited by C. J. Gorter (North-Holland Publishing
Company, Amsterdam, 1964), Vol. IV, p. 465."J.L. Feldman and G. K. Horton, Phys. Rev. 137, A1106
(1965).

~ R. Peierls, Ann. Physik 3, 1055 (1929)."R.Berman, F. Simon, and I. Wilks, Nature 168, 277 (1951).

Klemens, "who obtained

2 = (Mt'c )/(Sy'k~B) . (31)

Here M is the mass per atom, v the sound velocity, n
the lattice constant, y the Gruneisen constant, and 6
the Debye temperature. In Eq. (31) a factor boo/ktsT
(co=phonon frequency), which appears in Klemens's
expression for A, was approximated by one. With the
values v=2. 2 10' cm/sec, "n=3.92 10 cm, "y=2.5,'
and 8=230'K" for platinum

influence of the phonon-electron interaction on the
limitation of the phonon mean free path increases with
decreasing temperature, the phonon-electron collisions
tend to reduce the apparent value of T~.

Presumably, below the temperature of the phonon-
drag peak the phonon mean free path is mainly limited
by collisions between phonons and electrons. The phonon
mean free path caused by the interaction between
phonons and electrons has been calculated by Sommer-
feld and Bethe" only for a spherical Fermi surface and
for phonon-electron g processes. In the case when the
phonons are scattered only by electrons these authors
obtained ho= 9sr3A'(dE/dk)'~r/2C Qokttr'Itoo. Here, C
is the electron-phonon interaction constant. Qp is the
atomic volume of the crystal. This result of Sommerfeld
and Bethe" indicates that at low temperatures, where
the phonon frequency increases with T, Xp should de-
crease with increasing temperature. At higher tempera-
tures, where co approaches the Debye frequency, Xp

should be independent of the temperature. According to
Fig. 10, below 50'K the quantity (—ASo/Sso), which is
proportional to Xp, shows qualitatively this tempera-
ture dependence expected from the Sornmerfeld-Bethe
relation. At very low temperatures, where hS' is varying
very strongly with temperature (Fig. 6), a complication
can arise from the fact that here the separation of DS
into the electronic component and the phonon-drag
component may be somewhat uncertain.

A quantitative discussion of the phonon mean free
path in platinum in the temperature range, where
phonon-electron collisions are dominant, would require
a theoretical treatment, which includes phonon-elec-
tron umklapp processes and an electronic band struc-
ture consisting of two overlapping bands. Such a theory
is, at present, not available.
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