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The electrical and thermal resistivities ob-
served by White and Tainsh' on very pure nick-
el provide a clear confirmation of theoretical
estimates'&' that electron-magnon, ~~' as well
as electron-phonon, scattering should be much
less important than electron-electron scatter-
ing at very low temperatures. The latter mech- .

anism is known to yield an electrical resistiv-
ity p proportional to T, and a thermal re-
sistivity "W proportional (as for the case"~"
of He') to T; these behaviors are observed"
for nickel below 20 K.

The purpose of this Letter is to point out that
these latest data on the electrical and thermal
resistivities of nickel provide a test, though
of course only a single one, for a simple and
plausible hypothesis concerning the nature of
electron-electron scattering in nickel and sim-
ilar metals, a hypothesis which if correct can
greatly facilitate the decipherment of a wide
variety of electronic transport phenomena.
Let k, s represent reduced wave vector and

spin, respectively, for an electronic quasi-
particle. A collision is described by (k, s; k, s)- (k+ q, s; k'-q, s'). The significant collisions
are those for which all four wave vectors lie
in a thermal neighborhood of the Fermi surface.
For given k, k+ q on the Fermi surface, the
locus of possible k', s giving a k'-q on the Fer-
mi surface is some curve or curves on the Fer-
mi surface. If we were to limit ourselves to
non-Umklapp collisions on a spherical Fermi
surface, there would be just one such curve.
But for the many-sheeted Fermi surface of
ferromagnetic nickel, '~ with Umklapp allowed,
actual constructions for typical values of k and

q have shown that there are usually 10 to 15
such curves, or even more. (Umklapp colli-
sions should usually have sizable matrix ele-
ments because of the considerable hybridiza-
tion" of the wave functions. ) This suggests
that the collision operator of the linearized
quasiparticle transport equation" ~" will pret-
ty well wipe out any preference for a particu-
lar direction of velocity that may be possessed
by the distribution function on which it acts.

The property just described leads to a very
convenient mathematical formulation. In an

obvious generalization of the familiar Fermi-
liquid transport theory, "~"let the perturbed
occupation number of the quasiparticle state
k (including band and spin indices) be written as

where f is the Fermi function, ek in the first
term is the quasiparticle energy in the perturbed
distribution, and gk is infinitesimal. Then,
to the first order in the perturbing fields it is
easily shown that

/ank

(at „»,„,„,
where I.kk, describes the increment in the rate
of arrival or removal at k due to the increments
in the nk, for k'ek. The mathematical state-
ment of our assumption is that for the gk's that
occur in electrical and thermal conduction,

~k' kk'~k'

In such case the electrical and thermal conduc-
tion are described by a k-dependent relaxation
time Tk, where

Bek k' k'k

The condition kT «bandwidths and Fermi en-
ergies allows one to separate Tk into energy-
and direction-dependent factors, the former
being of the form familiar in Fermi-liquid the-
ory 11&12

where Ak is a function of direction, band, and

spin, defined over the Fermi surface, and p,

is the Fermi level.
The driving term (ank/at)fields, contains

(af/ask)vk dotted into E or (ek p.)vT, for the-
electrical or thermal case, respectively, '

vk
is the velocity of state k. The coefficient of
the perturbation of nk in the expression for the
electrical or thermal flux is proportional to

vk or (ek p, )vk, respectively—. Therefore, the
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electrical and thermal conductivities, if eval-
uated to the leading order at low temperatures,
involve the function A@ in the same manner,
and the I orenz ratio is given by a ratio of two

energy integra, ls as

P & '~x'(~'+x') '(8 f/8x)dxj ("+")-'(8f/8x)d.
=1.45(k/e)'=1. 08x 10-' W g/deg',

where x = (e p),'-kT, No.te that no assumption
other than (3) has been needed: The relative
participation of different bands, etc. , may be
anything.

When the assumption (3) is not made, the
I orenz number can be quite dependent on the
angular distribution of the scattering. The pre-
diction (6) accords nicely with the observed
value' 1.0x10 ' W 0/deg', and this may be
taken as significant, though of course not con-
clusive, evidence for the validity of (3). It would
therefore be appropriate to attempt to corre-
late other transport data, for transition met-
als in the range where p~T, using a relaxa-
tion time of the form (5).

In the data of White and Tainsh' it is notewor-
thy that although p ~ T' only below 20 K, the
I orenz ratio is constant up to about 50 K. This
would be understandable if the most important
of the scattering mechanisms supplementing
electron-electron scattering at. the higher tem-
peratures are also describable by a relaxation
time with the energy dependence (5). This is,
in fact, the case for any phonon- or magnon-
scattering processes that have the property of
of effectively destroying the initial velocity,
either by Umklapp or by transitions to a high-
mass band.

I am indebted to Dr. G. K. White for an illu-
minating correspondence.

G. K. White and R. J. Tainsh, preceding Letter
[Phys. Rev. Letters 19, 165 (1967)].

L. Colquitt and D. A. Goodings, in Proceedings of
the International Conference on Magnetism, Not(ing-
ham, England~1964 (The Institute of Physics and The
Physical Society, London, 1965), p. 29.

3L. Colquitt, Phys. Rev. 139, A1857 (1965).
4T. Kasuya, Prog. Theor. Phys. (Kyoto) 22, 227

(1959).
~Sh. Sh. Abelski and E. A. Turov, Fiz. Metl. i Metal-

loved. 10, 801 (1960) [translation: Phys. Metals Metal-
log. (USSR) 10, 1 (1960)j.

6L. D. Landau and I. Ya. Pomeranchuk, Phys. Z.
Sowetunion 10, 649 (1936); Zh. Eksperim. i Teor. Fiz.
7, 379 (1937).

VW. G. Baber, Proc. Roy. Soc. (London) A158, 383
(1937).

SZ. M. Ziman, Electrons and Phonons (Clarendon
Press, Oxford, 1960), Sec. 9.14.

~T. Kasuya and K. Yamada, J. Phys. Soc. Japan 14,
416 (1959).

~'M. Rosier, Ann. Physik 16, 70 (1965).
~~A. A. Abrikosov and I. M. Khalatnikov, Uspekhi Fiz.

Nauk 66, 157 (1958) [translation: Soviet Phys. —Usp.
61, 68 (1958)]; Rept. Progr. Phys. 22, 329 (1959).

~2D. Pines and P. Nozieres, Quantum Fluids (W. A.
Benjamin, Inc. , New York, 1966), Sec. 1.8.

3Ref 1. The change in slope in Fig. 1 of this refer-
ence at about 5'K comes just at the point where it
would be expected if it were due to the deviation from
Matthiessen's rule that is normally present in com-
plex metals. The high-temperature (7' —T -20 ) slope
is, of course, the one pertaining to ideal material.
See, for example, M. Kohler, Z. Physik 126, 495
(1949).

L. Hodges, H. Ehrenreich, and N. D. Lang, Phys.
Rev. 152, 505 (1966).

58ome representative figures on the amounts of d
character in the wave functions of different points in
the various bands have been tabulated by A. Hasegawa,
S. Wakoh, and J. Yamashita, J. Phys. Soc. Japan 20,
1865 (1965).

~6A. H. Wilson, Proc. Roy. Soc. (London) A167, 580
(1938); Theory of Metals (Cambridge University Press,
Cambridge, 1958), Sec. 9.51. (Phonons-d scattering. )

~TD. A. Goodings, Phys. Rev. 132, 543 (1963). (Mag-
non ~-d scattering. )


