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W. F. Brinkman and S. Engelsberg*
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 31 July 1968)

We have investigated the role of spin-independent and spin-dependent impurity scatter-
ing in itinerant Fermi systems which have a large susceptibility enhancement and find
that at very low temperatures the smearing of the Fermi surface due to spin-independent
scattering leads to a stronger temperature dependence of the specific heat than for pure
systems, but that at still lower temperatures spin-dependent scattering changes the
temperature dependence to the usual power-series expansion.

Since the discovery of the effects of spin fluctu-
ations in the equilibrium® and transport? proper-
ties of alloys, there has arisen the question of
how impurity scattering modifies the original
theory.® Recently, Fulde and Luther* carried
out a calculation of the effects of spin-indepen-
dent impurity scattering. We have examined this
problem and find that although the calculations
they have published are correct, the conclusions
they reach differ considerably from ours. We
have, in addition, included the effect of spin-de-
pendent (e.g., spin-orbit) impurity scattering and
find yet another behavior for the very low tem-
perature susceptibility and specific heat.’

We will first address ourselves to the case of
spin-independent impurity scattering. Fulde and
Luther* found that at wavelengths shorter than
the mean free path the dynamic susceptibility
x(g, w) was essentially identical to that found
originally.® However, for wavelengths longer
than the mean free path, the low-lying mode of
x(¢, w) which went as w =«kg*vpg changes into an
even lower lying diffusive mode at w = «,2Dg?,
where D is the diffusion constant D=jvg?r. (7 is
the lifetime, k,2=1-Tis the exchange enhance-
ment of the susceptibility.)

The effect on the specific heat of having a low-
er lying mode over a small region of phase space
is to increase the mass enhancement slightly,
and change the temperature dependence of the
T®InT term to a more rapidly varying term which
goes as T%2 for temperatures much less than
Fiky?/kpT. In the microscopic calculation which
we will outline later both the change in mass en-
hancement and the coefficient of the 7T¢/2 term go
as a power of 1/ppl. This coefficient should be
much less than 1 if the numerical constants given
in microscopic calculations are to be correct.
However, we expect on physical grounds that un-
der the conditions ¢ «1/I «<p a diffusive mode
will be present, and thus the very low-tempera-
ture enhancements mentioned above will also be

present. The diagrams left out of the microscop-
ic calculation will serve to renormalize the life-
time appearing in the diffusion constant. It should
be emphasized that the lowering of the spin-fluc-
tuation mode does not eliminate the 7°1nT behav-
ior in favor of a less singular 7° behavior but
rather replaces it by the more singular 7%/2 de-
pendence. Thus it appears unjustified to con-
clude®* from this calculation that the anomaly in
the specific heat will be eliminated by normal im-
purity scattering.

We will now discuss the effects of spin-orbit
scattering. One effect is to introduce a new life-
time 7go which is usually much greater than the
lifetime 7 introduced above. The presence of
spin-orbit scattering will be seen to lead to a
new low-temperature regime 7T «<hKky’/kpTgy- In
this range the specific heat has the usual low-
temperature power-series expansion C =yT-bT%
+0(T®).* This new regime comes about because
of the rather radical effect spin-dependent scat-
tering has on the dynamic susceptibility. For ¢
«<1/1,
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The pole in the susceptibility thus no longer ap-
proaches the origin as g goes to zero but rather
remains at a finite value, ikg?/7gy. Another ef-
fect of 754 is to saturate the mass enhancement
due to the low-lying modes. Without spin-orbit
scattering the mass enhancement is singular as
ko2 goes to zero. However, with spin-orbit scat-
tering the maximum mass enhancement is of the
order of 7go/T.

For g >1/1, the pole structure of y is just as
given in Ref. 3; i.e., there is no effect of impuri-
ty scattering.

At this stage we will outline the calculation of
the susceptibility. In the contact-interaction
model used by Doniach and Engelsberg,® the spe-
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cific heat may be calculated once the dynamic susceptibility is known. The impurity scattering is ap-
proximated by a term in the Hamiltonian of the form’

—_
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where V3K, K) =a(K, E')laﬁﬂ'b(ﬁ, K)(&xK)G 3, | op is the unit matrix in spin space, and 3,4 are

the Pauli matrices. Following Abrikosov and Gor’kov,” the unenhanced susceptibility is calculated
once the vertex function

g0y iy [6557, (04507 +$)R GnaV o (- p-L)0(p-)c(p+E)

is known. Here G is the single-particle propagator modified by the presence of impurities. If the dq
dependence of the scattering matrices V is neglected and the solution for the poles of A is required
only to order (q/pF)"’, then the solution to (3) is obtained after some algebraic manipulation. The
transverse unenhanced dynamic susceptibility is given as

-\ _.[d*% -

In the limit |§| «<1/1, the technique of Fulde and Luther* may be used to obtain the solution given in
(1), where
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Note that within the random phase approximation the effective diffusion constant (k,2D) and the effec-

tive inverse spin-orbit lifetime (ky?/75,7") go to zero proportional to the inverse static susceptibility
as the ferromagnetic limit is approached.

We will now check the consistency of this approximation by use of Fermi-liquid theory. The expres-
sion for the collision term in the Landau transport equation given by Heine, Noziéres, and Wilkins® is
easily generalized to include spin-dependent scattering. Making a collision time approximation to this
integral we obtain a set of modified Hasegawa equations?® for the motion of the magnetization,

— —~ ff - — 2, - -0
oM/ ot = (W xH) - (1 /r_ *F-) +D_ v (5151, (6)
where M°= y H.
The solution of (6) for the Fourier transform of the transverse susceptibility is identical to (1) if we
identify 1/‘rsoeff =K02/Tso and Dggs=ky?D. However, including the spin-flip scattering vertices and
renormalization effects in the effective mass given in the Landau transport equation, we find
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in the limit x,2~0. We have made the identification!®

m*/m _1
(1+By) k4’

and taken the effective mass proportional to lnk,2.> Thus Fermi-liquid theory also yields an effective
lifetime and diffusion rate which goes to zero at the ferromagnetic instability; however the approach
to zero is slightly different than that predicted by the random phase approximation. The lnk,? factor
enters the inverse spin-orbit lifetime because of the large enhancement of the forward spin-flip scat-
tering amplitude at the ferromagnetic instability, whereas the factor entering the diffusion rate comes
from the square of the Fermi velocity, which enters D.

We next consider the change in specific heat of a nearly ferromagnetic system due to impurities by

calculating the shift in thermodynamic potential

°°dw
:%2]
o

where for g<1/1,
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where o’ is a number O(1) and for ¢ >1/1,
1 ¢ 71w p
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The result for the mass enhancement is
1 K2 +1T
<—— -1= ; 1.2 = +377 2ln [—-—2——2—-—3————7“, (10)
m, T/T 3K, (pFl) X +I/12(pFl)

where we have set @’=1. The saturation effect
mentioned before is apparent in (10): If 1/74,
=0, the effective mass would increase indefinite-
ly as k.2 ~0. However, the spin-orbit scattering
limits the mass enhancement to be less than rg,/
7. The next term in the expansion of the low-
temperature specific heat depends upon which of
the three possible regimes we are in: For re-
(Koz/l’so )2 (ch/'r)2
2
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FIG. 1. Influence of impurities which separate the
low-temperature behavior of the specific heat into
three regions.

gion I, kgT «hk(?/Tgo, the next term is an ordi-
nary 7° term; for region II, fiky?/7gy<kgT
<<fiK0 /7, C OC(KBT/KO 7)3/2; and for region III,
ﬁxo 2 /1« KBT<<K0 €p C OC(KBT/KO ep)® ln(KBT/
KQ eF), i.e., there are no effects of impurities.
This behav1or is sketched in Fig. 1.
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TWO-CURRENT CONDUCTION IN NICKEL
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Measurements on the low-temperature electrical resistivity of dilute nickel-based al-
loys give strong evidence that spin-t and spin-+ electrons carry current in parallel,
providing important implications for the interpretation of transport properties of pure

as well as alloy ferromagnets.

Electrical-resistance results on Ni! have re-
cently been interpreted by Herring® by a model
in which no account is taken of the ferromagnetic
nature of the metal. On the basis of measure-
ments on Fe containing a number of dilute im-
purities, we have suggested? that there is strong
evidence that in ferromagnetic metals spin-* and
spin-¥ electrons carry current in parallel with
different conductivities (at least at low tempera-
tures). This model has a direct bearing on the
interpretation of transport properties of pure as
well as alloy ferromagnets.

We report in this Letter experiments on the
electrical resistivity of Ni containing Co, Mn,
Cr, and Ti as dilute impurities. The results
confirm the two-current model and can lead to a
better understanding of the scattering processes
in Ni.

The model used can be summarized as follows.
It is assumed that the conduction electrons of the
two half-bands of opposite spin have different re-
laxation times 74 and 7;. In addition there are
spin-flip and electron-electron collision process-
es characterized by a relaxation time 744 which
couple the Boltzmann equations for the two sorts
of conduction electrons; these equations can then
be written*

= L0f, _ =Sy Fa-fy

CBVE Ty T e
9 - -

B -3lo- _Tihy Syt (1)
9FE T+ TH

in the usual notation.® By solving the coupled
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system of equations, it can be shown? that the to-
tal resistivity is

Py+Py 4Py

whzere Py =m/ne21*, p,= m/nezr*, and Pyy =m/
ne T’*.

We will further assume for p4 and py that the
effects of the various scattering mechanisms add
together by the quasi-Matthiessen rules:

S0 i

p,(0)=0,"+0, (D), 3)

where p,°, p¢° are the temperature-independent
scattering components due to the impurities
while py?, p}? are the temperature-dependent
parts of the scattering for the two half-bands. It
will also be assumed that the temperature-inde-
pendent part of p4y is zero.® We will concen-
trate attention on the low-temperature limit with-
in these restrictions.

When

0 O>> z 1)
Py 2Py PPy PPy (4)
the development of Eq. (2) gives
(@-p)? ( a-1 )2

=p +p.+p —t —_
PPt rars PP Lo

0 ¢ (5)

where p,=p4°%;°%/(p4°+p,°) is the residual resis-



