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Thermoelectric Power of Aluminum and Dilute Aluminum Alloys*

R. P. HUKBENKR

Argonne NationaL Laboratory, Argonne, Illinois
(Received 8 January 1968)

The thermoelectric power of dilute alloys of aluminum with Ag, Zn, Mg, and Au has been measured
versus pure aluminum between 4.2 and 460'K. The solute concentrations were in general 0.1 at.% or smaller.
The absolute thermopower of high-purity Al has been measured between 4.2 and 300'K. The phonon-drag
component S& in Al is negative, with a peak at about 70'K. At temperatures above 40 to 80'K, depending
on the composition, the alloys show the usual reduction in the phonon-drag thermopower. However, at
lower temperatures, an increase in

~

So
~

due to alloying is observed in all specimens. It is suggested that this
anomaly in the phonon-drag thermopower of the dilute aluminum alloys is because of the anisotropy of
the electron scattering. The results can be explained with a relaxation time for electron-phonon scattering
which is shorter in the third band than in the main portion of the Fermi surface, in combination with an
isotropic electron-impurity interaction. The electron diffusion component S' in Al is negative. All alloys
show a positive change in S'.

I. INTRODUCTION

A T not too high temperatures, the thermoelectric
power S of a pure metal consists in general of two

components: the electron-diffusion component S' and
the phonon-drag component Sg. The contribution S'
is caused by the deviation of the electro' system from
the equilibrium distribution in the presence of a tem-
perature gradient. The component 5' is due to the
deviation of the phottort systerrt from the equilibrium dis-
tribution in the presence of a temperature gradient in
combination with the electron-phonon interaction. The
introduction of impurities into a metal causes a change
of both quantities S' and S'. The change in S' depends
only on the electron scattering properties and on the
electronic band structure of the system. The absolute
magnitude of S& is in general reduced because of the
presence of impurities, simply because the additional
phonon scattering by the impurities reduces the phonon
current set up by the temperature gradient. At low
temperatures, this reduction of Sg is rather small since
the phonon scattering cross section of point defects
decreases strongly with decreasing phonon frequency.
An exception to this rule may occur if the phonon scat-
tering by point defects shows a resonance at low phonon
frequencies. The resonant scattering of phonons by
point defects has been investigated extensively through
lattice heat-conductivity measurements in electrical
insulators. ' The eGect of quenched-in lattice vacancies
on the thermoelectric power of platinum has been
explained recently2 by a low-frequency resonance in the
phonon scattering cross section of vacancies. Reso-
nance modes associated with substitutional atoms
can exist if the force constants of the foreign atom
are very small, or if the mass is very large relative to
the host atoms. Part of the present study of the thermo-
electric power in dilute aluminum alloys was stimulated

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

~ A. A. Maradudin, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press Inc., New York, 1966), Vol. 18,
p. 274.' R. P. Huebener, Phys. Rev. 146, 490 (1966).

by the desire to look at the change in the phonon-drag
thermopower caused by a heavy impurity in a light host
crystal. Measurements with dilute aluminum-silver
alloys were particularly interesting, since here the
existence of a low-frequency resonance mode has been
detected recently" through the enhancement of the
low-temperature lattice heat capacity.

Van Baarle, ' Bailyn, ' and Dugdale and Bailyn' have
shown recently, that anomalies in the low-temperature
phonon-drag thermopower in impure systems can occur
if the relaxation time 7; for the electron scattering by
the impurities and the relaxation time mph for the elec-
tron scattering by phonons vary differently over the
Fermi surface. The difference in the anisotropy of r;
and ~ph can lead at low temperatures to the surprising
result that the absolute magnitude of S' is enhanced or
that S' changes its sign because of alloying. An enhance-
rnent of ~so~ at low temperatures has been reported
recently for dilute silver-gold, ' ' silver-antimony, ' and
nickel-copper' alloys. A reversal in sign of Sg, because of
alloying, has been found in dilute gold-platinum
alloys. "" A rather complete discussion of these
anomalies in the noble metals has been given by Dugdale
and Bailyn. 7

In view of the anomalies in the low-temperature
phonon-drag thermopower of dilute alloys, discussed
above, we measured the thermopower of aluminum and
a series of dilute aluminum alloys between 4.2 and

3H. Culbert and R. P. Huebener, Phys. Letters 24A, 530
(1967).

H. Culbert and R. P. Huebener, in Proceedings of the Inter-
gatiogal Cogferegce og Localized Excitatjogs ig Solids, 1967
(Plenum Press, Inc. , New York, 1968).' C. Van Baarle, Physica 55, 424 (196'7).' M. Bailyn, Phys. Rev. 157, 480 (1967).

r J. S. Dugdale and M. Bailyn, Phys. Rev. 157, 485 (1967).
A. M. Guenault, Phil. Mag. 1BB, 17 {1967).
T. Farrell and D. Greig, in Proceedings of the Teeth Inter-

gatiogal Coeferegce og Low Temperature Plsysic-s, 3foscour, 1966
(Proizvodstrenno-Izdatel'skii Kombinat, VINITI, Moscow,
1967)."R. P. Huebener and C. Van Baarle, Phys. Letters 23, 189
(1966)."R. P. Huebener and C. Van Baarle, Phys. Rev. 159, 564
(1967).
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460'K. Aluminum has the advantage that it can be
purified relatively easily. Apparently, the low-tem-
perature thermopower of aluminum" is not seriously
affected by traces of magnetic impurities, which
dominate quite often the low-temperature behavior in
"high-purity" noble metals. " The alloys investigated
were aluminum-silver, aluminum-zinc, aluminum- mag-
nesium, and aluminum-gold. The solute concentrations
were 0.1 at.% or smaller except for the Al-Mg alloy.
Preliminary results were reported earlier. '4

II. EXPERIMENTAL PROCEDURE

The specimen material was polycrystalline wire of
0.25 rnm diam. "The aluminum wire was drawn from
99.9999% pure material. The alloy wires were made
from 99.9999% pure Al and 99.999% pure solute ma-
terial. The various specimen wires, including their
source, are listed in Table I.Before mounting the sa,mple
wires, they were placed for 3 to 5 min in an aqueous
solution of NaOH and were rinsed with distilled water.
After mounting the specimens on a sample holder,
they were rinsed in acetone and methyl alcohol. Then
the specimen wires were annealed in air at elevated
temperatures by passing direct current through them
and were gradually cooled to room temperature. The
annealing schedule for the various samples was as
follows: pure Al: about 16 h at 450'C Al-Ag alloys:
about 16 h at 500'C; Al-Zn alloys: about 4 h at 260'C;
Al-Mg alloys: about 20 h at 400'C; Al-Au alloy: about
16 h at 550'C. The annealed aluminum wires had a
resistance ratio E(293'K)/E(4. 2'K) between 2200 and
2800. The specimen arrangement and the technique
of the thermoelectric measurements were similar to
those described elsewhere. '" The absolute thermo-
electric power of pure aluminum was obtained from
measurements versus 99.9999% pure lead. ' For the
absolute thermopower of Pb the data of Borelius et at."
and of Christian et a/."were used. The aluminum alloys
were always measured versus pure aluminum.

Because of the difficulties one encounters in spot
welding aluminum, electrical contact between both
wires of the sample thermocouple at the hot and the
cold junction was made by the mechanical pressure
supplied by the nylon block carrying the thermometer
and the copper plate at the heat sink. The potential
lead wires of the specimens, which were always the pure
Al wires, were spot welded to extensions of annealed
aluminum wires (99.9999% pure) leading out of the

'2 A. R. De Vroomen, C. Van Baarle, and A. J. Cuelenaere,
Physica 26, 19 (1960).

'o R. P. Huebener, Phys. Rev. 135, A1281 (1964)."R.P. Huebener, Bull. Am. Phys. Soc. 12, 533 (1967).
"Obtained from Cominco American, Inc. , Spokane, Wash. ,

and from Sigmund Cohn, Inc. , Mount Vernon, N. Y.' Obtained from Cominco American, Inc., Spokane, Wash.' G. Borelius, W. H. Keesom, C. H. Johansson, and J. O.
Linde, Proc. Acad. Sci. Amsterdam 35, 10 (1932).' J. W. Christian, J. P. Jan, W. B.Pearson, and I. M. Temple-
ton, Proc. Roy. Soc. (London) A245, 213 (1958).

TAI-LE I. Composition and source of the specimens. Ap is the
electrical resistivity di6erence between the alloy and pure Al at
4.2'K.. AS is the thermopower of the alloy versus pure Al at
453'K.

Sample

1
3

10

9
11
12
13
2

Admixture

pure
0.03 at.% Ag
0.10 at.% Ag
0.03 at. f& Zn
0.10 at. /() Zn
0.10 at.% Zn
0.10 at. j& Mg
0.50 at.Fo Mg
0.03 at.% Au

Ap AS(453'K)
Source (10 ' 0 cm) (10 'pV/'K)

C.A.
S.C.
C.A.
S.C.
S.C.
C.A.
C.A.
C.A.
S.C.

~ ~ ~

3,33
11'.7
0.74
2.18
2.26
3,36

20,5
0.268

~ ~ ~

173
4,89
0.78
2.20
2.20
1,28
7.5

III. DATA ANALYSIS

We collect in the following the expressions which
describe the thermoelectric power as a function of
temperature, and which indicate how the electron
diffusion component and the phonon-drag component
can be separated from each other. The absolute thermo-
power So of a pure metal is the sum of the electron
diffusion component So' and the phonon-drag com-
ponent Sog,

&o=~o'+~o'

The electron diffusion component So' is in irst approxi-

"Obtained from Honeywell, Inc. , Philadelphia, Pa.

cryostat into a thermally shielded oil bath kept at
room temperature. Within the oil bath, the aluminum
wire was connected to copper wire leading to the poten-
tiometer. Below 77'K, the temperature of the hot
junction was measured with a germanium resistance
thermometer. " Between 77'K and room temperature,
an Au-2. 1% Co versus Cu thermocouple was used.

Above 223'K, the change 65 due to alloying was
measured in the fol1.owing way. From the annealed
alloy wire and two annealed aluminum wires a thermo-
couple was made by spot welding. The distance between
both junctions was about 30 cm. One junction was then
placed in an ice-water bath. The other junction was
placed in a stirred oil bath which was heated up to
185'C. The temperature of the oil bath was raised by
0.3'C per min. The temperature of the oil bath was
measured with a copper-constantan thermocouple.

The data were taken at temperature intervals of
a,bout 0.3'K below 10'K, about 0.8'K between 10
and 80'K, and 1—2 K above 80'K. The thermo-
electric power was obtained by differentiating the emf
versus temperature curves with respect to the tem-
perature using a CDC 3600 computer. A second-order
polynomial was fitted by the method of least squares to
either 5, 7, or 9 neighboring points. Then the derivative
was calcula, ted for the center point. By shifting the
cluster of neighboring points one step at a time, the
thermopower was obtained as a function of temperature.
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mation given by
sr'kts'T B inpp(E)-

S()'=
3e BE

(2)

Here k~ is Boltzmann's constant, T the absolute tem-
perature, and e the absolute value of the elementary
charge; pp is the electrical resistivity. E is the energy of
the conduction electrons and Ep the Fermi energy.
The phonon-drag component Spg can be written approxi-
mately as"

8/&

Spg= AT' ds
S4e'

(3)~(z)
(e'—1)'

Here A is a constant, 0' the Debye temperature, and
z = hco/ke T (t't = Planck's constant divided by 2sr,
co= phonon frequency). The function rr(z) is the relative
probability for the phonon with the frequency ~ to
interact with an electron.

The change AS due to point defects, which scatter
electrons and phonons, is given by

wi

AS'=S~—Sp~=

~S=~S +8So,

Sp' B 1nhp/BE —1
Wp'/DW'+1 B lnpp/BE —z~

(4)

DSg=—Sg—Spg =—A T'

()
X — . (6)

(e*—1)' 1+r, (z)/rp(z)

pe z

Here S' and Sg are the electron diffusion component
and the phonon-drag component, respectively, in the
impure system. 8"p' is the electronic thermal resistivity
of the pure metal. Ap and 58"' are the additional
resistivities due to the impurity admixture. r; and rp
are the relaxation times for the phonon scattering by
the impurities and by the pure metal, respectively.
Since the electron-impurity interaction is elastic, we
can write Eq. (5) in the form

IV. EXPERIMENTAL RESULTS

The absolute thermopower S of pure annealed alu-
minum is shown in Fig. 1 as a function of temperature.
Our data are in excellent agreement with those of
Gripshover et ttt. ,

's who recently measured S(T) for
aluminum between 4.2 and 700'K. Points from the curve
of Gripshover eI, ul. , between 300 and 400'K, are indi-
cated in Fig. 1. The change AS for the various alloys
is given in Figs. 2—8 as a function of temperature. The
values of Ap and of AS(453'K) for the different speci-
mens are listed in Table I. For the alloy Al+0. 10
at.% Zn, two specimens were investigated which were
made using alloy wire from the two different sources.
It is seen from Fig. 5 and Table I that the material
from the two different sources yielded the same results.
The distribution of the gold admixture in the alloy
Al+0.03 at.% Au is somewhat questionable because of
the low solubility of Au in Al."The small values of the
impurity resistivity hp and of AS(453 K) for Al+0.03
at.% Au shown in Table I clearly suggests that the
gold admixture is precipitated into clusters.

The dashed curves in Figs. 1—7 indicate the electronic
components S' and hS'. They were obtained in the
following way. Richer and Schaumann'4 have measured
the absolute thermopower of aluminum from 440'C
beyond the melting temperature. Assuming that Sp' is
proportional to T, according to Eq. (2), and that Sp'
is negligible above about 450'C in aluminum, we
extrapolated the data of Ricker and Schaumann at
450'C linearly to zero temperature to obtain the func-
tion Sp'(T). The fact that Sp' is negligible above 450'C
can be deduced from our result that in all aluminum
alloys DS was independent of temperature above 350 to

hC
0

M

DS'=
Sp' B in' p/BE —1

Wp TIp/Dp+1 B Inpp/BE

o

Here I.p is the Lorentz number (I.p ——2.45)&10 '
V'/deg') .

At high temperatures, Spg and DSg become negligible
because of the dominant inQuence of phonon scattering
processes which do not involve electrons. Therefore,
measurements at high temperatures can then be used
directly to obtain Sp' and AS'. DS'(T) can then be
calculated for all temperatures using Eq. (5) or (7).
The function ASo(T) is then obtained from (4).

I I.I Hanna and E.. H. Sondheimer, Proc. Roy. Soc. (London)
A239, 247 (1957).

sr M. Kohler, Z. Physik 126, 481 (1949).

~3
0

I

100
I

200

T('K)

I

300 400

"R.J. Gripshover, J. B. Vanzytveld, and J. Bass, Phys. Rev.
163, 598 {196'E).

Hansen, Cortstttltt'ort of Btlary Attoys (McGraw-Hill
Book Co., New York, 1958).

~4 T. Ricker and G. Schaumann, Physik Kondensierten Materie
5, 31 (1966).

FIG. 1. Solid line: absolute thermopower of aluminum versus
temperature. Dashed line: estimated electron diffusion component.
The circles represent some data of Gripshover et at. (Ref. 22).
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0.2-—

FIG. 2. Thermopower of the alloy
Al+0.03 at. /& Ag versus pure alu-
minum (solid line) and the ditference
AS' in the electronic component
(dashed line) as function of temper-
ature.
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FEG. 3. Thermopower of the
alloy Al+0.10 at.% Ag versus
pure aluminum (solid line) and
the difference AS' in the electronic
component (dashed line) as func-
tion of temperature.
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400'K. From Eqs. (4)—(6) we see that at high tem-
peratures a temperature-independent value of hS is
only possible if 0S' is negligible. In this way we obtained

So'/T= —3 7X10 ' ttV/'K' (8)

which is identical with the dashed straight line of
Fig. 1.The temperature independence of DS above 350
to 400'K indicates that 6$g becomes negligible above
this temperature range. We used the value AS(453'K)
=AS'(453'K) to calculate the function hS'(T) with

Eq. (7). The thermal resistivity Wo'(T) was obtained

from Fenton et ttl. ' below 50'K. Above 50'K, Wo'(T)
was found from the electrical resistivity po (T),
assuming the Wiedemann-Franz law. In Figs. 2—7
the function AS'(T), obtained in this way, is indicated

by a dashed curve.
As seen from Fig. 1, the phonon-drag thermopower

Soe in aluminum is negative with a peak of ~Soo~ =2.5

"E.W. Fenton, J. S. Rogers, and S. B. Woods, Can. J.Phys.
41, 2026 (1963)."G. T. Meaden, Etectrecat Resestattce of 3fetafs (Heywood and
Co. Ltd. , London, 'f1965).



638 p HU EBENER

I I

+ Q 0$ Pt ~
aj Zo (SA4)

171

0.2—

O. l

hC
0

0

th4

Fio 4. Yhermopower of the
Al+0.03 at.% Zn versus

u
'

hd line) andure aluminum so i
difference AS' in the electronic

component (dashed in
tion of temperature.

- O. I

-0.2 I

50
I

l00
I

l50
T(K)

I

200
I

250 300

0.5

0.4

0.3

A I + 0.I 0 a t. olo Z A

0 SA9
+ SA I I

0.2

0

O. I

M

0I l

II

s s pure alu-
) d the diBerenceminum so i line an

electronic ccomponent
of t er-

iio fo Si m d
line as function o

tu e. Ci cles: 0o
hn Inc. ; crosses: a oyI-. ''Cominco American,

-0. I

-0.2

-0.3
0

I

50
I

IOO I 50
T (oK)

200
I

250 300

at about 70 K. Spg in aluminum stays negative
the lowest tempera

Fi s. 2—7 the c angeAs seen from ig .
the solute ions causepositive. A gAt hi her temperatures, e so

-d. ornponent, as onepthe honon- rag corn
ince magnesium an a uol p . Sic g

mass the reduction o g a i
I t' 1 11.the AI-Mg alloys is re a

'
peratures in the — g

the solute ions causetl at low temperatures t e sou
aniecr ' 1 allo s. Theincreasein ~S'~ atan srscrease in

~

5'j for all a oys. e
'

indicated in
.%%u' A, h

tb d
h S h. The temperature w ere

~ ~

d 'K f the alloys containingand 50'K or en lies between 40

d th h -dm onent an eelectron dsBus(on comp
be somewhat uncertain. . The valuecomponent may e som



$71 poglERTHF RMMOELF C TRIC 639

20of Gripshovergive»n Eq ~"'
their data on p«e '"et u.22 have argued rom '

aluminum may
upersls

' t even up to the m g '
f the fact that thels

11 s is prac ica
h appears rather un 1 e y

t lly temperature-
independent above 350 to

V. DISCUSSION

0.2—

0.1—

0

V)' -0.1-.

n e DS' or thet to discuss the change
1,i her temperatures

on the fact that ~5'~ increases
Th

' . d
bu ia

res because of a oying.a p
ndin the iu e avalues of ~S'~ foun

''"A d b
res remind us o simi a

these
ave been exp

t
h
r

r

-0.2—

-0.5—

I

200
I

100
I

150

T ('K)

I

50 250 300

I 0.50 at.% Mg versus
the difference AS' jn the

'"""""'yAl 'h l
""'

ine as function of tempcomponent (dashed Hne as u

unchanged. At low tempera
ortant, the elecvectors are impor aphon on wave v

for electron scattering. y
h hdff

e re
ro ic case in w

s between id'fferent regions j can

as consi
1 H hact different y.

p 0
re S gist ep o

he Fermi surface int

eneral '

t, a ter dividing t e er
egions j, eth total phonon- rag t erm

ig erh temperatures twritten in the form

p
Og

at all teinperatures a large nuin sitions
gg= p

0

d lier2 within th
e e

s been derive ear
' t

ture the derivation
and qu

the Peltier pic ure n
g are the e ec ri

-b d odl I
nsider two con u

r of region j respective y

F' . 9) with the electrical
uctivity. Equa ion

at ig
r heat current

divided suchi surface can e

s the circuit, e
t fo h reio Thgj
h

'
ho dil

bh i tm tt (
I I I

h o tt
chan e in he eec

ma, ins 2g p ies if t ep on

0 I I I I

I

tron-
0

0.2 -2—
I

0.1—

/
IIO

I

I

II

O

~ -6

Al+ 0.N at.% Au (SAP)

-0.2—

-0.3—

-0,4-
50 100 150

T( K)

I

200 250

A I + 0.1 a t. % Mg (SA 12)

500

-10—

I

250
I

200 30015050 100

at. & Au versusf the alloy Al+0.03 a . &FxG. f-" 'num as functionpure a uminum

o l 0.10 at. /z Mg versus
t d'ff AS' th

oy ~ ~ o
p re aluminumpu

'
solid line) an t e i

componen t (dashed line as u

ambridge University
DKCMDO ld

'A . i, o o e«,
), p

h Wl @So,Ielectricity (Jo n i



640 R. P. HUEBENER

Qp

Fxo. 9. Two parallel conduction bands.

cients for both conductors are given by

srl =Ql/ff&1 sr2 =Q2/U&2 ~

The Peltier coefficient of the circuit is

sr = (Ql+Q2)/ tftr = (sr 1&l+sr2&2)/& ~ (11)

With the Thomson equation x =ST, we have the analog
of Eq. (9). We note that this derivation is valid for
both the electron diffusion component and the phonon-
drag component.

We now turn to the low-temperature phonon-drag
thermopower of the dilute aluminum alloys. Since at low
temperatures the electron-phonon interaction causes
only small angle electron scattering, the sign of Sg
is determined by the local differential geometry of the
Fermi surface. As has been emphasized by Ziman, ~'

the sign of S' at low temperatures is negative, if the
phonon wave vector joining the two electron states
crosses an occupied region of the Fermi surface (transi-
tion between points on an electron orbit). The sign of
Sg is positive if the phonon wave vector crosses an
empty region of the Fermi surface (transition between
points on a hole orbit). The Fermi surface of aluminum
is nearly a sphere, except near the edges where the
sphere crosses a Brillouin-zone boundary. ' Therefore,
one would expect the low-temperature phonon-drag
thermopower in aluminum to be negative, as found
experimentally. We consider now the second band in
aluminum. If the pseudopotential of the ions would be
infinitely small, the edges of the second band would be
quite sharp and the whole band would behave like free
electrons. However, because of the finite pseudopoten-
tial of the ions, the edges of the second band are rounded
o6, resulting in narrow strips with hole character. For
these strips S& should be positive according to the Ziman
criterium. Therefore, the contribution from the neigh-
borhood of the edges of the second band tends to reduce
the negative value of Sg resulting from the main portion
of the second band.

For the third band in aluminum (monster), one
would expect according to the Ziman criterium a
negative contribution to the phonon-drag thermopower

'8 J. M. Ziman, Advan. Phys. 10, 1 (1961).
22 W. A. Harrison, Psettdopotertteals eN the Theory of Metals

t'W. A. Benjamin, Inc. , New York, 1966),

or
(O 2e/tr) i+ (&2e/tr) ph

(r2 /r)'& (r2 /r) ph.

(13a)

(13b)

Here, i and ph indicate electron scattering by im-
purities and by phonons, respectively. The r's are the
electron relaxation times. In this case the positive con-
tribution S2,g would be reduced because of alloying.
Second, we can assume

or
(as /a);&(as /o), h (14a)

(~2-/r) & (rs-/r). h (14b)

In this case, the negative and rather large contribution
S3 g would be enhanced because of alloying. The varia-
tion over the Fermi surface of the electron-impurity
interaction, as a large-angle scattering event, is prob-
ably rather weak. Therefore, relations (13) and (14)
suggest a strong variation of the electron-phonon inter-
action over the Fermi surface. Such a variation has
been suggested recently by Brandli et at.30 and by
Holwech et al." from measurements of the size effect
on the electrical resistivity in aluminum and its tem-
perature dependence. Whereas relation (13) would be
difficult to understand, relation (14) appears to be
more likely. Small-angle electron scattering is par-
ticularly effective in reducing the conductivity for the
highly distorted parts of the Fermi surface in the third
band. A similar result has been born out by Ziman"

30 G. Srandli, P. Cotti, K. M. Fryer, and I. L. Olsen, in L,og-
Temperature Physics LT9, edited by J. G. Daunt, D. O. Edwards,
F. J. Milford, and M. Yaqub (Plenum Press, Inc. , New York,
1965), p. 827.

2' I.Holwech and J. Jeppesen, Phil. Mag. 15, 217 (1967)."J.M, Ziman, Phys. Rev. 121, 1320 (1961).

at low temperatures, where small-angle electron scat-
tering prevails. However, because of the strong dis-
tortion of the parts of the Fermi surface, forming the
third band, we expect here ~So~ to be larger than for
the main portion of the second band.

If we neglect the relatively small number of carriers
in the fourth band, we can use the following crude
arguments in combination with Eq. (9). We divide the
Fermi surface of aluminum into three regions: (1) the
area around the edges of the second zone (index 2e),
(2) the third band (monster, index 3stt), and (3) the
rest (index r). Then we write

S'= (a2 /a) S2 '+ .(as-/a)S2-'+ (~ /a)S' (12)

As indicated above, S3 0 and S„' are negative, but
( Ss

~
&

~

S„o
~

. Ss,o is positive. Now the essential point
is that the weighting factors o 2,/a, os„/a, and o „/o can
be quite different, depending on whether the electrons
are scattered predominantly by phonons or by im-
purities. To explain the effective enhancement of the
negative phonon-drag thermopower in aluminum at
low temperatures because of alloying, we have two
possibilities. First, we can assume that
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who showed for the noble metals that at low tempera-
tures the relaxation time for electron-phonon scattering
is appreciably shorter at the neck areas than at the
belly areas.
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Observations of helicon wave resonances in some metals have been interpreted by various investigators
as implying values for the Hall coefBcients of these metals which are significantly higher than the theoretical
values. This interpretation resulted from using an approximate solution to the relevant boundary-value
problem, without a full appreciation of the extent of the errors which were thereby incurred. In 1964,
Leg5ndy critically discussed the boundary conditions and gave several solutions. His solution for an in6nite
cylinder parallel to the static magnetic 6eld is particularly interesting in that it predicts the existence of
a surface mode whose total power dissipation is virtually independent of the resistivity of the material.
This paper presents a detailed quantitative experimental con6rmation of the accuracy of this solution,
thus validating the boundary condition used. The observations also yield values for the Hall coeKcients
of aluminum, indium, sodium, and potassium which are equal to the theoretical values to within the experi-
mental accuracy of about $/o.

I. INTRODUCTION

' 'N 1962, Chambers and Jones' showed that the heli-
" ~ con-wave (magnetoplasma) resonance frequencies
and line shapes which occur for a sample could be pre-
dicted from a knowledge of its Hall coe%cient, resis-
tivity, and shape, and from the geometry of the exci-
tation and detection coil system. They suggested that
the observation of helicon resonances could therefore
be used to measure the Hall coeKcients of a wide
variety of materials, in particular, the simple metals at
low temperatures. Since this method di8ers from the
conventional one in permitting rather larger sample di-
mensions and in substituting a frequency measurement
for voltage and current measurements, it would appear
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Commission under Contract No. AT(30-1)-2150, Technical Re-
port No. NYO-2150-44. Substantial help was received from the
Advanced Research Projects Agency through the use of the
Central Facilities of the Materials Science Center at Cornell
University, MSC Report No. 963.

t Danforth and National Science Foundation Graduate Fellow,
1960-65. Present address: Harvey Mudd College, Claremont,
Calif. 91711.

1R. G. Chambers and B. K. Jones, Proc. Roy. Soc. (London)
A270, 417 (1962).

to be capable of substantially higher accuracy. They also
pointed out that the theory of metals makes a clear
prediction for the high-Geld limiting value of the Hall
coeS.cient in metals with a closed Fermi surface. When
they attempted to interpret their helicon-resonance
observations on samples of lithium, sodium, potassium,
aluminum, and indium in terms of the sample materials'
Hall coefficients, however, they obtained values which
were systematically about 5% high with an experi-
mental uncertainty of only about 1/q.

Since the resonance is evidence of a standing wave
pattern in the sample, its frequency can be used to
determine the sample material's Hall coeKcient only if
one has a suQiciently accurate solution to the helicon-

wave-boundary-value problem relevant to the particu-
lar sample and coil geometry used. Chambers and Jones
analyzed the case of a thin slab perpendicular to the
static magnetic Geld, assuming no variation of the wave
6elds in the transverse directions (which could occur
only in a plate whose transverse dimensions were

in6nite). Their principal conclusion was that resonance
occurs when the sample thickness is an integral number
of half-wavelengths. They calculated an approximate


