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We have studied the temperature dependence of the electrical resistivity of palladium-
iron alloys in the composition range 0.5-12 at.% Fe with particular emphasis on the
neighborhood of the magnetic-ordering temperature. Values of the critical temperature
T~ determined from the temperature of the maximum of dp/dT fall consistently below
those obtained from saturation-magnetization measurements. The dependence of T~ on
Fe concentration is discussed and correlated with other properties of this system.

The ferromagnetic-ordering temperature in
palladium-iron alloys has been studied by a vari-
ety of methods including saturation magnetiza-
tion, '~' Mossbauer effect, '~~ heat capacity, ' and
electrical resistivity, '&' but there are significant
discrepancies between the ordering temperatures
deduced from the different measurements. We
report here a systematic study of the electrical
resistivity in a series of Pd:Fe alloys ranging in
composition from 0.5 to 12 at.% Fe with particular
emphasis on the temperature dependence in the
neighborhood of the magnetic-ordering tempera-
ture where pronounced anomalies in the tempera-
ture dependence of the electrical resistivity are
observed. As the criterion for determining the
ordering temperature (Tc) we take the tempera-
ture at which there is a, maximum in the tempera-

ture derivative of the resistivity, dp/dT. The re-
cent measurements of Craig et al.' on ferromag-
netic nickel have demonstrated the relevance of
such a criterion, but we might also mention that
this choice gives values for Tz which are consis-
tent with values obtained from the most reliable
analysis of the data obtained by other methods.

The measurements were made using the stan-
dard four-point probe technique on samples which
were usually about 3X10 ' cm thick, 2 mm wide,
and about 2 cm long prepared from homogenized
ingots. Data for all the samples were obtained
between 4.2 and 300'K. For each sample dp/dT
was obtained from the p(T) data by point-by-point
differentiation using a computer. The tempera-
ture dependence of p and dp/dT in the neighbor-
hood of the ordering temperature for a sample of
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F&G. 1. p(T) and dp/dT for a sample Pd84Fe6 in the
neighborhood of the magnetic-ordering temperature.

Pd~Fe, is shown in Fig. 1. The behavior shown
in Fig. 1 is representative of the concentration
range studied except below 2 at. /o. In particular
all the p(T) curves show a pronounced break in
the neighborhood of the ordering temperature,
and the dp/dT curves show a gentle rise towards
the maximum and a sharp drop just above the
maximum. For samples of 2 at.$ and above, the
magnetic transition occurs in a temperature
range where the phonon scattering dominates and

p (in the absence of spin-dependent effects) is es-
sentially linear in T. However, in the more di-
lute alloys, the transition occurs in a region
where p is a much more rapidly varying function
of T, and therefore the details of the p(T) and
dp/d T curves are somewhat altered from those
shown in the figure. The break in p(T) around
173 K, which we believe is due to the magnetic
transition, is not extremely sharp. The ordering
temperature obtained from the maximum of dp/dT
occurs at the lower temperature 161'K. We be-
lieve that the width of the transition region is a
manifestation of short-range order immediately
above Tz which in Pd~Fe, extends to about 185'K.

The behavior of dp/dT shown in Fig. 1 is very
similar to the behavior in Ni reported in Ref. 7
in which dp/dT was measured directly. It is in-
teresting to do a critical-point analysis in the

immediate neighborhood of the magnetic transi-
tion. Our data for p(T) were used to generate
d'p/dT' via computer for samples with Fe con-
centrations of 2, 6, and 9 at.%. Although there
is scatter in the resulting values for d'p/dT', an
analysis similar to that in Ref. 7 yielded no evi-
dence of a logarithmic divergence above &~ up to
temperatures 50'K higher than Tc In.fact dp/dT
varies as (T Tc-), where 1.2 &A. &1.9 in rough

agreement with the behavior in nickel metal. '
However, the temperature above T& at which this
behavior sets in is approximately proportional to
the impurity concentration; for the Pd,4Fe, sam-
ple it occurs at about 16'K above T~. Below this
temperature d'p/dT' decreases slowly with tem-
perature. It is clear that the mean free path
plays an important role in determining the range
of the critical spin fluctuations above Tz.' A

more complete discussion of our results along
with additional data will be presented in a future
publication. Fisher and Langer' have given a
theoretical treatment of the problem of critical
fluctuations in which the importance of short-
range fluctuations above T~ is stressed. In par-
ticular they argue that above Tc, dp/dT and the
magnetic specific heat should behave similarly.
It is very interesting to note the similarity be-
tween dp/dT shown in Fig. 1 and the magnetic—
specific-heat curves for a few lower concentra-
tion samples obtained by Veal and Rayne. ' In
both cases one has a rise below a maximum,
which is roughly linear, and then a sharp drop
above the maximum.

The magnetic-ordering temperature for our se-
ries of alloys, defined to be the temperature of
the maximum of dp/dT, is shown as a function of
iron concentration in Fig. 2. A few of the results
of other determinations are also shown for com-
parison purposes. The first thing to note is that
our results fall consistently below the values of
T obtained by saturation magnetization measure-
ments, and also below the values of Coles, Wa-
szink, and Loran, ' who also measured the elec-
trical resistivity. The latter discrepancy is due
to the fa"t that in Ref. 5 the ordering tempera-
ture is taken to be the temperature of the kink in
p(T) rather than the maximum of dp/dT. It is
clear from Fig. 1 that this kink will appear above
the temperature of the maximum of dp/dT. The
disagreement between the saturation magnetiza-
tion determinations of T~ and our results is most
likely due to the failure of the extrapolation tech-
nique used to obtain Tz from the magnetization
data. These techniques usually involve a linear
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extrapolation of the square of the saturation mag-
netization to zero applied field. Unfortunately,
because of the nonlinearity in the limit of zero
applied field in systems like Pd:Fe, the extrapola-
tion is sensitive to the field dependence of the
saturation magnetization at high fields. It is
quite reasonable that in inhomogeneously polar-
ized systems like Pd:Fe, the applied field plays
a much more dominant role than it does in homo-
geneous systems. As has been shown for the
Pd:Fe system by Kim and Schwartz, ' the range of
the spin polarization of the Pd matrix is a strong
function of the amount of polarization and there-
fore should be a sensitive function of any applied
field. Craig et al. ' have given an extensive dis-
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FIG. 2. Variation of the magnetic-ordering tempera-
ture T with Fe concentration in Pd: Fe. Open circles:
maximum of dp/dT, this work; filled circles: sponta-
neous magnetization, Crangle and Crangle and Scott
|Ref. 1); cross: Mossbauer effect (Ref. 2); square:
anomaly in the electrical resistivity (Ref. 5); triangles:
maximum of the magnetic specific heat, Ref. 4. For
additional data, not shown above, see the references
above and cited in the text. The inset shows the con-
centration range below 1 at.% Fe on a magnified scale.
The data from Refs. 4 and 5 deviate from the linear
behavior found for the maxima in dp/dT between 0.5
and 3 at.% which extrapolates to Tz =0 at a concentra-
tion of about 0.25 at.%.

cussion of the insufficiencies of extrapolation
techniques used to obtain a T~ from saturation-
magnetization data. In particular, they have
shown, for a sample of Pd97 ~ $5Fe, „, that the ex-
trapolated T~ is considerably higher than T~ ob-
tained from the sharp change in the Mossbauer
linewidth (the appearance of a hyperfine splitting
due to an internal field in the absence of an ap-
plied field). We can argue that the appearance of
this internal field, if it were a local effect rather
than a result of long-range magnetic order, and
if we ignore possible relaxation effects, would
come at a temperature higher than the tempera-
ture at which long-range order sets in rather
than lower as is observed. Therefore, we would
conclude that the Mossbauer determination of Tz
is a better indicator of the long-range magnetic-
ordering temperature. The value for T~ obtained
from the Mossbauer measurements on Pd9I7 ~ 35Fe, „
is in excellent agreement with our dp/dT data
and gives us confidence in the reliability of our
criterion for choosing T&.

A few points from Veal and Rayne giving the
temperature of the maximum of the magnetic spe-
cific heat are also shown for comparison in Fig.
2. Again, since there is evidence of consider-
able short-range order in the Pd:Fe system, we
argue that it is more appropriate to take the
temperature of the maximum of the magnetic
specific heat rather than the temperature at
which it vanishes as the better indicator of the
presence of long-range order. The tail in the
specific heat (as in dp/dT) above Tc is then a
measure of the short-range order present.

Now that we have discussed the differences be-
tween the values of Tc obtained from different
measurements we would like to point out some
interesting features of the data shown in Fig. 2.
First of all, between 0.5 and 3 at.$ Fe, Tc in-
creases linearly with iron concentration. It is
clear from other measurements, '&'&" however,
that this linear dependence does not hold for con-
centrations below 0.5%. This nonlinear behavior
of T~ with Fe concentration we believe can be ex-
plained in terms of the model of clusters of po-
larization, surrounding each impurity atom,
which have a large size (as observed by neutron
scattering") and couple together to produce a
long-range-ordered state. It is reasonable to
expect that, in this region, Tz would probably be
quadratic in the iron concentration, i.e. , propor-
tional to the square of the number density of
clusters. Note that if one extrapolates to T~ =0
the lower concentration linear portion of the data
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shown in Fig. 2, the intercept is at a concentra-
tion of 0.25% where there is a maximum in the
giant moment. ' Furthermore, it has been pro-
posed" that at about this concentration one would
expect a peak in the high-field susceptibility re-
sulting from the band splitting induced by the
iron impurities. This splitting places the Fermi
level at the peak in the density of states which
gives rise to the maximum in the pure Pd sus-
ceptibility at about 80 K. It is also interesting
that a deviation from the lower concentration lin-
ear region shown in Fig. 2 sets in at about 39p
where the neutron scattering cross section be-
comes independent of the scattering vector and
one might conclude that the Pd polarization be-
comes essentially uniform. '

Furthermore, above about 6% Fe in Pd, Tp
again becomes linear in concentration with a
slope which is roughly a factor of 3 smaller than
in the lower concentration linear region. If one
extrapolates to zero concentration the higher
concentration linear region shown in Fig. 2, one
obtains a Tz intercept of 80'K. This coincides
with the temperature of the peak in the pure Pd
susceptibility. If pure Pd were a true ferromag-
net rather than an incipient ferromagnet, its
Curie temperature would correspond to the max-
imum of the observed susceptibility, namely 80'K.
It appears therefore that the linear higher con-
centration dependence of T~ on iron concentra-
tion, where the Pd polarization is uniform and
each Pd has on the average at least one iron near
neighbor, is determined essentially by the Pd
band splitting produced by the iron impurities
acting simply as the source of a uniform molecu-
lar field.

We would like to thank J. H. Wernick of Bell
Telephone Laboratories for providing the sam-
ples used in this work. Note added in proof: Af-

ter submission of this Letter a parallel and inde-
pendent study by Longworth and Tsuei" of the
critical behavior of the resistivity in Pd:Fe al-
loys appeared.
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