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ELECTRICAL RESISTIVITY OF NICKEL AT LOW TEMPERATURES*

F. C. Schwererj' and J. Silcoxf
Department of Engineering Physics, Cornell University, Ithaca, New York

(Received 27 November 1967)

Measurements of the temperature dependence of the electrical magnetoresistivity of a
nickel polycrystal are analyzed to find the resistivity at zero magnetic induction as a
function of temperature. It is seen that quantitative differences occur between these da-
ta and data taken at zero applied field.

In a recent Letter, ' White and Tainsh have
reported measurements of the temperature
dependence of the electrical and thermal re-
sistivities of high-purity nickel which have
been used to deduce the dominant, thermally
excited, electron-scattering processes. ' There
is ample experimental evidence' that the ap-
propriate field acting on the conduction elec-
trons is the magnetic induction B(=H+«Ms)
and not the applied field II. Accordingly exper-
imental electrical resistivity data taken at H
= 0 include a term due to the normal magneto-
resistance effect of the spontaneous magneti-
zation 4RMs (= 6.4 kG in nickel' ). Therefore
for comparison with theory the data should
be analyzed to find the resistivity at B=0, i.e. ,
p(B = 0, T). We have developed an analysis of
magnetoresistance data which enables us to
find p(B = 0) unambiguously. In this Letter,
we apply the analysis to the thermal component
of the electrical resistivity of a nickel sample
and find that the coefficient of the T' term in
p(B= 0, T) is significantly altered from the cor-
responding value in p(H= 0, T). Similar effects
in other electronic transport processes, such
as thermal conductivity, may reasonably be
expected.

The effect of a magnetic field on the electri-
cal resistivity can often be described by Koh-
ler's rule' [p(B)-p,]/p, =F (B/p, ), where p,
= p(B = 0, T) in the present experiments is the
resistivity due to the thermal scattering pro-
cesses. Difficulty arises because p(B, T) can
be measured only for (9 kG)/p, &B/p, &(24.5
kG)/p„where the upper limit is instrumental
and the lower limit is the field needed to re-
move the ferromagnetic domain structure.
If F(B/p, ) is known, then p, could be found by
adjusting B/p, until the magnetoresistance match-
es the appropriate section of I . Usually I'

is not known and we illustrate the analysis in
that case with experimental data on the tem-
perature dependence of the magnetoresistance
of a nickel sample of relatively high purity.

Kohler's rule is rewritten in the form K(T)p(B,
T) = p*[1+F(lcB/p") ], where K( T) = p*/p, now

characterizes the scattering-process resistiv-
ity of the sample. We note that ~p-p* as ~B
-0. For data taken at T= 17'K, K is chosen
arbitrarily as 1.00. Data taken at 20K are al-
so shown in Fig. 1 for values of v=1.00 and
0.726. The second value of w was chosen to
make any one point of the 20'K data lie on the
same curve as the 17 K data. If Kohler's rule
is obeyed then not only will the points match
but so will the slopes. The 20'K data will form
a smooth continuous curve with the 17'K data,
as is indeed observed, and the value of v ob-
tained will be unique. Provided there is suf-
ficient overlap between data at neighboring
temperatures, this analysis can be extended
to map out the function p*(1+F) over as large
a range of ~ as proves feasible. In Fig. 1,
p*(1+F) is continuous over two decades of lneB
corresponding to 17'K&T &64'K. At the high-
temperature, high-resistance end, wp tends
asymptotically to a constant value identified
as p*. From this value, good to a few percent,
and the values of tc(T), values of p(B= 0, T)
can be obtained. Smooth curves are obtained
only when B(=H+ 4wM+)+500 G is used. This
has proved to be true over a wide range of ex-
periments, '&' and is considered as further evi-
dence that B, not II, is the field acting on the
conduction electrons. Success in obtaining this
curve implies that Kohler's rule is obeyed ex-
perimentally for thermal scattering in nickel
and that the corresponding values of p(B = 0, T)
can be determined.

Data were taken over a range of temperatures,
1.4'K &T &150'K, and the procedure outlined
above was found to break down below 17'K and
above 64'K. Below 17'K, the shape and slope
of the magnetoresistance changed markedly
and, at the lowest temperatures, became much
less temperature dependent suggesting that
the resistance was becoming impurity domi-
nated. One criterion for the validity of Kohl-
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FIG. 1. Transverse magnetoresistivity of nickel in the form of Kp as a function of vp (see text). The bars de-
note the range over which data could be taken at each of the following temperatures: open squares, 1.4 K; hexa-
gons, 12'K; closed circles, 17'K; open circles, 20'K; triangles, 23.6'K; and closed squares, 64'K. The long bar
designates the data for eight temperatures between 24 and 64'K. For each temperature, x has been chosen to ad-
just the data to the continuous curve. In addition, for pedagogical reasons, the 29'K data are shown with ~ = 1.00.
The dashed curve is a similar plot obtained by varying the concentration of chromium in nickel.

er's rule, suggested by Chambers, ' is that
the scattering should be dominated by one re-
laxation time, i.e., by one type of scattering
center. This suggests that from 17 to 2'K,
the impurity and thermal scattering are of com-
parable magnitudes, that Kohler's rule breaks
down, and that it is impossible to find p(B = 0,
T). At 1.4'K, the thermal scattering has di-
minished sufficiently that the impurity scatter-
ing now dominates. The problem of impurity
scattering can evidently be treated by exper-
iments similar to these described here. Such
experiments at 4.2'K have been carried out'
on nickel doped with iron, chromium, manga-
nese, cobalt, and carbon. In analysis of these
data, tc(c) and p,(c) are now functions of the
concentration of impurities c but in all other
respects the analysis is as given above. Each
impurity gives rise to a Kohler function F which
is characteristic and unique for a given impur-
ity, demonstrating that in nickel Chambers'
criterion ' is a necessary one. We have com-
pared the impurity magnetoresistance, i.e. ,
p(B, 1.4 K), of the specimen discussed here
with the Kohler functions corresponding to these
particular impurities and find that the speci-
men corresponds closest to the chromium-doped
series with a residual resistance p;(B = 0) of
2.4 nA cm, i.e., a residual resistance ratio
p»gp4, -2600. The equivalent H= 0 ratio is
1400. Reasonable agreement was also found
with the carbon-doped series but not with the
others. These comparisons serve to give a

precision for p (B= 0) of .-5%. The curve for
the chromium-doped series together with the
magnetoresistance of the present specimen
at 1.4 K is shown in Fig. 1 and illustrates the
quality of the agreement. The deviations from
the continuous curve which occur above 65'K
are due to the increased importance of what
is probably spin-disorder scattering. " This
is manifest as a decrease in resistivity with
increasing field corresponding to spin order-
ing by the applied field. The source for scat-
tering, i.e. , p, is now a function of II and the
field dependence of the total resistivity does
not obey Kohler's rule.

Both p(B = 0, T) and p(H = 0, T) were analyzed
in terms of the customary p(T) = p(1.4'K)+ aTP
+ bT&. Good fits were obtained for 16 K&T
(50'K for P=2, @=4 as illustrated in Fig. 2.
For p(H=O, T) the coefficients were aH=14
x10 s nQ cm ('K) and bH=1. 6x10 ' nO cm
('K) A in close agreement with Greig and Har-
rison" (aH=15.5x10 ', bH=1. 7x10 '). How-

ever, p(B = 0, T) was best given by aB = 9.5 x 10-'
and b~=1.7&&10 '. Thus analyzing for the nor-
mal magnetoresistance effect results in a sig-
nificant change (-30%) in the coefficient of T'.
As pointed out by Harrison, our data are con-
sistent with his in predicting a substantial con-
tribution from the T term even at 15'K Good
fits were also obtained with P = —,, q = 4. The
theoretical justification for using expressions
of this nature to fit the data rests on identify-
ing the Tf' and T& terms with different scat-
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FIG. 2. The resistivity of nickel at zero applied
field and zero induction shown as the function p(T)
= p (1.4'K) +aT2+ bT4,

tering mechanisms, e.g. , with electron-elec-
tron or electron-magnon scattering and elec-
tron-phonon scattering. ' Thus we might ex-
pect two scattering processes and have no right
to expect Kohler's rule to hold. The fact that
it does hold suggests that possibly one single,
thermally excited scattering mechanism with
a complicated temperature dependence is dom-
inant. Alternatively, both scattering process-
es are similar functions of the electron wave
vectors.

The transition region from impurity to ther-
mally dominated scattering (-2 to 17 K in this
study) is a temperature span in which the scat-
tering-process resistivity cannot accurately
be obtained. Similar studies on a substantial-
ly higher purity sample would enable the anal-
ysis to be made at lower temperatures with
more sensitivity in differentiating between lin-
ear, 2, and quadratic dependences. A glance
at Fig. 2 reveals that the discrepancy between
B= 0 and II = 0 data increases as the temper-
ature decreases. Significant quantitative da-
ta will therefore only be obtained if care is
taken to eliminate the magnetoresistance af-
fects. Great care should also be taken to elim-
inate any similar effects in estimating the elec-
tronic contributions to other transport process-
es such as the thermal conductivity.
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