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TRANSPORT PROPERTIES AT CRITICAL POINTS: THE RESISTIVITY OF NICKEL
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The divergence of the temperature coefficient of resistivity of nickel at the Curie tern .

perature is emphasized. Application of the modified Ornstein-Zernike spin-pair correla-
tion function is shown to yield results which cannot be made consistent with both resistiv-
ity and susceptibility results.

The decrease in electrical resistance which
is observed upon cooling a ferromagnet through
the Curie temperature T was discussed many
years ago by Mott' and has been reviewed re-
cently. '&' The relationship between critical
fluctuations and resistivity has received occa-
sional theoretical attention, but the experimen-
tal result that the temperature coefficient of
resistivity [o.(T) = dp/dt, whe-re p is the resis-
tivity] is divergent at Tc appears to have been
overlooked. We find o.(T) to be positive both
above and below T~, and to diverge logarith-
mically above T~ with the strength of the di-
vergence increasing within a few degrees of
the transition. This is contrary to the predic-
tions of Kim4 and of de Qennes and Friedel. '
These authors find the resistivity to exhibit
a cusp at the Curie temperature, so that the
temperature coefficient of resistivity chang-
es sign at the transition. Although a logarith-
mic divergence of the resistivity is predicted,
the sign of o;(T) above the transition is nega-
tive, in disagreement with experiment.

The singular behavior of o.(T) was apparent-
ly first noted by von Bohlen-Halbach and Ger-
lach, ' whose results we reproduce in Fig. l
[a(T)/p is plotted]. No critical discussion of
these results seems ever to have been published.
Although the data points are sparse, and the
Curie temperature differs somewhat from pres-
ent-day values, the solid curve is well repre-
sented some distance above the Curie temper-
ature by an expression of the form -A. ln I T-T~ I
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FIG. 1. The temperature coefficient of resistivity of
Ni was measured over three decades ago by a student
of Gerlach. The results, reproduced here, illustrate
qualitative features (the divergence near T~) relevant
to transport theory today.

+B. Experiments illustrating the logarithmic
divergence both above and below T~ have re-
cently been reported by Kraftmakher. ' Diver-
gent behavior is typical of equilibrium thermo-
dynamic quantities such as specific heat near
second-order phase transitions. ' It now appears
that divergences occur in transport quantities
as well.

In order to characterize the critical behav-
ior near T, we have directly measured o.(T)
in five -9's purity ¹,using an ac resistance
bridge' (usually operated at 33 cps) in which
two of the arms contained identical Ni samples
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held at a fixed temperature difference of about
0.25'K. As the temperature of the samples
was varied, a(T) was recorded versus T on
an x-y recorder. A portion of a trace is shown

in Fig. 2. The interval presented includes about
10'K above and below T . (For comparison,
this interval is indicated by the vertical lines
in Fig. 1.) Temperatures were measured with

copper -Constantan thermocouples. No attempt
was made to determine absolute temperatures
accurately. Slight hysteresis of unknown orig-
in was observed in a region including a few
degrees about the Curie temperature. Similar
behavior was reported by Gerlach. ' The data
reported here were obtained during cooling
through the transition.

In analyzing critical-region results, small
errors in T~ can significantly affect the con-
clusions. We have, therefore, determined that
Tc occurs within 0.2'K of the maximum of n(T)
by simultaneously measuring o.(T) and a quan-
tity related to the magnetic susceptibility. This
latter quantity was the high-frequency resis-
tivity, which was measured at 40 kc/sec. Al-
though the sample was noninductively wound,
residual inductance produced reactance at high
frequencies, and hence phase shifts near the
Curie point where the sample susceptibility
approaches infinity. (It was verified that no

frequency-dependent effects occurred at low

frequencies. ) Thus, the curve of high-frequen-
cy resistivity versus T shows a peak at T~.'
The width of the transition measured in this
way was about 1'K, in agreement with the o.(T)
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results. The maxima in the two types of mea-
surements, which we identify as T, occurred
within about 0.2'K of each other. This discrep-
ancy is too small to effect the data analysis
significantly.

In order to analyze the data, we represent
o.(T) in a manner proposed by Fisher" for oth-
er divergent quantities'.
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Here e =—
I
T-T

I /T, and 2, A., and B are con-
stant or are only weakly temperature dependent.
The Gruneisen function expressing phonon scat-
tering yields p(t) - T, and hence B = const. When

~ = 0, the divergence is logarithmic. Data anal-
ysis is simplified and quantities showing a slow
variation with T are minimized in importance
if we study

(2)

Figure 3 is a log-log presentation of dn(T)/
de vs c obtained through differentiation of Fig.
2 for T& T . For e&5x10 s, the slope -(X
+ 1) is unity, implying that A. = 0 and that there
is a logarithmic divergence. However, for
g & 5 x 10 ' the divergence becomes more rap-
id. While our experimental resolution precludes
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FIG. 2. Modern data on u(T) —= dp/dT, the tempera-
ture coefficient of resistivity, in the immediate neigh-
borhood of the Curie temperature. The region shown
is approximately that indicated by the vertical lines in
Fig. l.

FIG. 3. The slope of the data of Fig. 2 above T~,
when plotted logarithmically versus e —= I T T I/Tc, —
yieMs A, + 1, where A, is a critical exponent describing
the divergence of e (T). A logarithmic divergence is
found for T Tck 3'K. The stre—ngth of the divergence
increases near T~.
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~~
«/did =p e (S ~ S ),y' 0

where (So ~ S~) is the static spin-pair correla-
tion function, and inelastic scattering has been
neglected. In the work of de Gennes and Frie-
del, (So ~ Sz) is approximated using a molecu-
lar-field mode. The calculation can be carried
out using the Ornstein-Zernike form

(S S ) =(4/r)e
0

(4)

where the inverse range vector is z, =1/( =(1/

precise statements about the behavior in this
region, the data are consistent with 5/3&g &1,
implying an approximately linear divergence
of o.(T).

The crossover between the two types of be-
havior seems to occur when the range of the
critical fluctuations (g) roughly equals the elec-
tronic mean free path (f). Near the transition,
the fluctuations grow in size. If we assume
that the crossover occurs when these two lengths
become comparable, we may derive a value
for the coefficient a, in the expression for the
temperature dependence of the fluctuation size'

$ =a,e ~, where v is a parameter usually
determined by neutron scattering [see Eq. (4)
below]. ' For our sample, p(T ) =25 0 cm, "
implying an electronic mean free path /& 25 A.
From Fig. 3, the crossover from logarithmic
to approximately linear behavior occurs near
c=5x10 3. From these values we find that
ao = 0.9 A if v = 0.63, and ao = 1.8 A if v has the
classical value of —,'. Such values for a, are
not atypical of those found and implied for fer-
romagnets and for lj.quid helium. "~'

We note that changes in critical exponents
near e =0 have heretofore been found below
T in Ni' and in YFeO, ." The mean-free-
path criterion presented above suggests that
crossover behavior is expected in resistivity
and Mossbauer measurements, but not neces-
sarily in specific-heat measurements. The
absence of crossover in the specific heat of
Ni, "either above or below T~, thus offers
support for this proposal.

It is instructive to re-examine the calcula-
tion of de Gennes and Friedel' and to general-
ize it slightly. These authors treat the conduc-
tion electrons as being scattered by the d spins
and show that for T & Tz, the magnetic part
of the differential scattering cross section as
a function of momentum transfer z is

a,)e~. We convert the sum over lattice sites
in Eq. (3) to an integral (a valid procedure near
T, where ] is large and the details of the lat-
tice unimportant). Upon integrating over all
solid angles and including the resistivity weight-
ing factor 1-cos8,' the temperature coefficient
of resistivity is finally found to vary with tem-
perature as

T -T
C 2v-1

a(T) = Be inc+ C.
C

(5)

Here the constant 8 is positive, and the fac-
tor (Tc-T)/I Tc-T ~ has been included to show

explicitly how the sign of n(T) reverses at the
transition. The constant C includes both mag-
netic and phonon contributions to the resistiv-
ity. (We have assumed magnetic and phonon

scattering to be additive. )
Equation (5) reduces to the result of de Gennes

and Friedel when v = —,', the classical value.
It is in disagreement with experiment for all
values of v. In particular, if one takes v=3,
the presently accepted value, '~"~" Eq. (5) im-
plies that a(T) should show no divergence near
T . It thus appears that the above approach,
despite its apparent generality, is incapable
of dealing with the experimental facts.

The region below T has not been discussed
here, largely because the behavior appears
more complex. The divergence is approximate-
ly logarithmic, and evidence is present for
a break in the shape of the curves at about Tc
-T =8'K, where such behavior was seen in the
Mossbauer measurements. '4

Mott' has applied density-of-states arguments
to a band-theory viewpoint, which omits fluc-
tuations. Above T~ no magnetic resistivity
contributions whatever are expected, while
below Te the theory predicts a(T) -e~ 1, where
J3 is the exponent (typically —', ) describing the
temperature variation of the magnetization.
Molecular-field theory predicts a logarithmic
divergence below as well as above T .'~' Al-
though some progress on scaling laws for trans-
port processes has been reported, " the results
have yet to be applied to situations such as re-
sistivity.

Improved measurements are in progress in
the region below Tz. In addition, we are study-
ing the thermal conductivity near T in an ef-
fort to understand the dramatic breakdown of
the Wiedemann-Franz law.

We wish to thank I . P. Kadanoff for suggest-
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ing to us the probable relevance of the temper-
ature derivatives of transport quantities, and
M. Blume, V. Emery, M. E. Fisher, P. C.
Martin, and J. Langer for a number of com-
ments.

Note added in proof. —Dr. M. E. Fisher and
Dr. J. S. Langer have independently pointed
out to us that while the Ornstein-Zernike mod-
el is a reasonable one for large ranges, at
short ranges one may expect the resistivity
to be controlled by factors involving the sys-
tem energy. Should this occur, then n(T) is
expected to vary approximately with the spe-
cific heat, as is qualitatively observed.

*Also at State University of New York, Stony Brook,
New York.
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TEMPERATURE AND FREQUENCY DEPENDENCE OF THE AMPLITUDE
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In recent years a number of workers have
used the radio-frequency size effect (RFSE)
to determine the dependence of the mean col-
lision time on temperature for well-defined
groups of carriers on the Fermi surface. ' '
The underlying assumption used in the analysis
of the experimental data has been that the strength

of a resonance is proportional to exp( —I/&ac~),
where v~ is the cyclotron frequency and & the
mean collision time. This Letter reports mea-
surements of the strength of the RFSE in very
pure gallium which cannot be explained in such
simple terms. %e have found resonances whose
strength 8 increases monotonically with tem-
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