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Detailed magnetization measurements have been performed on a sample of Pd-0.23-at.go Fe, which is the
same one employed in a previous study of spinWsorder resistivity. The resistivity and magnetization were

found to be correlated extremely well by a modified form of Yosida's theory of magnetoresistance. In
particular, the Curie temperatures obtained by considering the resistivity and the low-field magnetization
data were found to be identical. The temperature dependence of the zero-field resistivity and the
extrapolated zero-field magnetization, however, differ markedly from predictions which employ a simple
molecular-field description of the spin system. We therefore present a simple extension of molecular-field

theory which takes into account the distribution of exchange fields expected in PdFe alloys of this

concentration. With a single additional parameter to describe the width of the exchange-field distribution the
theory can fit both the zero-field resistivity and magnetization data.

I. INTRODUCTION

Dilute I'dFe alloys exhibit a number of striking
magnetic properties. Because of the strongly ex-
change-enhanced nature of the host d bands the
magnetic moment associated with each iron impu-
rity is very large, approaching (10-12)ps. ' Neu-
tron-dif'fraction measurementsm have shown that
only about one-third of this moment is localized
on the impurity site, while the remainder is asso-
ciated with a long-range polarization of the host
matrix extending a distance on the order of 10 A
from each iron atom. Since this polarization pro-
vides a mechanism for long-range interaction be-
tween impurities, RSFe alloys remain ferromag-
netic down to iron concentrations on the order of
0. 1 at. % or less. ~ Because of the finite range of
polarization together with the random location of
the iron atoms, however, the effective exchange
interaction "seen" by the iron impurities in low-
concentration samples (less than about 4-at. % Fe)
varies appreciably from site to site. Clear evi-
dence for this phenomenon has been seen in both
Mossbauer effect4 and NMR5 measurements. It is
the purpose of the present work to discuss how this
distribution of exchange fields can affect the spin-
disorder resistivity and magnetization of these
alloys.

The resistivity of dilute PdFe alloys has been
studied extensively in the low-concentration region
(below l-at. % Fe) by Williams and Loran and in
the high-concentration region (1-12-at.% Fe) by
Skalski et nl. ~ One very interestiag feature of
these investigations was that in the low-temyera-
ture region (T«T,) the resistivity was found to
vary as T ~ for the low-concentration samples
and as T~ for the high-concentration samples. The
low-temperature behavior af the l-at. % sample
was found to be intermediate between T3~~and Ta.

The T3~s dependence is expected if conduction
electrons scatter from a spatially disordered ar-
ray of local moments and if the low-lying magnetic
excitations have a magnonlike dispersion rela-
tion, while a T~ dependence is expected under
similar conditions if the scattering moments are
spatially periodic. " 's

Measurements of the resistivity in a magnetic
field for T«T, on a sample of Bd-0.78-at. % Fe
have been reported by Williams, Swallow, and
Loram, ' who obtained reasonably good agreement
with spin-wave theory. Grassie, Swallow, Wil-
liams, and Loram' have measured the magneto-
resistance of a O. l-at. %-Fe sample for T& T,.
&hey fitted their data to a theory which ignored the
presence of exchange interactions between spins
and obtained values for the spin and g factor rea-
sonably consistent with magnetization measure-
ments. '

Recently we reported a study of the resistivity
and magnetoresistance of two PdFe alloys con-
taining 0. 16- and 0.23-at. % Fe, respectively. 'I
The data extended from temperatures below T, to
well above T, in both cases and employed magnetic
fields up to 60 kQe. A modified form of Yosida's
theory of magnetoresistance'~ together with a sim-
ple molecular-field theory of the spin dynamics
was used to analyze the data. One interesting fea-
ture of the results was that when the applied mag-
netic fields were large compared with the internal
exchange fields, good agreement between theory
and experiment could be obtained. At low and zero
fields, however, there were significant differences
between the calculated curves and the experimental
data. We suggested that these differences were
due primarily to the fact that the theory did nat
properly take into account the distribution of ex-
change fields. Based on a comparison of the cal-
culated and experimental zero-field resistivity
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data we also suggested that the zero-field magne-
tization of both alloys studied decreased much
faster with temperature than predicted by simple
molecular-field theory. This latter suggestion
was in general agreement with the analysis of
Mossbauer data on a Ftf-0. 4-at. /o Fe sample by
Kitchens and Trousdale, ~ although we knew of no
magnetization measurements on alloys in this con-
centration range which were sufficiently detailed
to check this point.

The present work was undertaken primarily to
verify the above suggestions. To do this we first
performed detailed magnetization measur ements
on one of the same alloys used in the previous re-
sistivity study. The results, given in Sec. III,
show that the zero-field magnetization does indeed
decrease with temperature much faster than pre-
dicted by molecular-field theory. Furthermore,
when the experimental magnetization is inserted
into the theoretical expression for the resistivity
in place of the values calculated from molecular-
field theory, excellent agreement with the experi-
mental resistivity is obtained. In particular, the
Curie temperature as determined from resistivity
is found to agree very well with an analysis of the
low-field magnetization data. In Sec. IV we pre-
sent a simple extension of molecular-field theory
which takes into account the distribution of ex-
change fields. With one adjustable parameter de-
scribing the width of the exchange field distribution
the model can fit both the zero-field resistivity and
magnetization data.

II. EXPERIMENTAL

Preparation of the BdFe alloy used in this study
has been described previously. ' Wet chemical
analysis gave the iron concentration as 0.23 at. %,
and the Curie temperature as determined from re-
sistivity measurements is 3.75 'K.

The magnetization measurements were made
using a vibrating sample magnetometer mounted

in the bore of a NbTi superconducting solenoid.
The temperature was controlled and measured in
all cases to better than 0.01 'K by a combination
of resistance and gas thermometry. The magnetic
field was measured with a resolution of 1 Oe and

an estimated accuracy at low fields of 2 Oe.

III. MAGNETIZATION

Magnetization measurements were made as a
function of magnetic field from approximately 50
to 1200 Oe and as a function of temperature from
1.40 to 5.18 'K. Corrections were made for the
demagnetizing field of the sample. The results
are presented in the form of an Arrott plot in Fig.
1. Although the constant temperature curves on
this plot are not straight lines, they do exhibit
some interesting features. Most significant, per-
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FIG. 1. Magnetization of Pd-0. 23-at. % Fe presented
in the form of an Arrott plot for temperatures between
1.40 and 5.18 'K and for fields between 50 and 1200 Oe.
The solid lines through the data near T~ were calculated
from Arrott's relation, which was fitted to the data by the
method of least squares.

haps, is that, except for temperatures very near
T„ the low-field data can be extrapolated rather
unambiguously to zero values of H/o in order to
obtain the zero-field magnetization. This is prob-
ably a reasonable procedure in view of the fact
that Bagguley et al. '8 found from ferromagnetic
resonance that anisotropy and magnetostriction ef-
fects in dilute PdFe alloys were extremely low.

A second interesting point concerns the data near
T,. It is well known that high-field extrapolations
of magnetization data on these alloys leads to
Curie temperatures which are considerably higher
than those obtained from resistivity or Mossbauer
data. O' It is clear from Fig. 1 that this is true
in the present case also, since the Curie temper-
ature as determined from resistivity measure-
ments is 3.75 'K. ' When the low-field results
are considered, however, there does not neces-
sarily appear to be any discrepancy, although it is
difficult to tell for certain because of the curvature
of the data. To analyze the data near T, we use
the approach of Arrott, ' who pointed out on very
general grounds that very near and above T, the
magnetization should obey the relation

ff/o=go +so +be +. . ~1 2 4

where g is the zero-field susceptibility. In a plot
of o~ vs H/o the value of Xo' is given by the inter-
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cept on the H/o axis, which is uncertain in the
present case because of the curvature of the data.
We therefore fit the data near T, to Eq. (1) by the
method of least squares, retaining in each case a
sufficient number of terms in the expansion to en-
sure that adding additional terms did not change

g significantly. The values of o' and H/o calcu-
lated from this fit are shown in Fig. 1 as the solid
lines through the data near T,. If this procedure is
correct then it is clear that at 3.70 'K the sample
is ferromagnetic and at 3.84 K it is paramagnetic.
Within the limits of experimental error, therefore,
resistivity and low-field magnetization appear to
yield identical Curie temperatures.

In order to make a direct comparison between
resistivity and magnetization data it was necessary
to determine the relative magnetization a(T)/a{0).
The magnetization at temperatures greater than
zero was obtained simply by smooth extrapolation
of the low-field points to zero values of H/o. The
saturation magnetization at zero temperature was
determined indirectly from high-field (40-60-kOe)
measurements made at 1.3 'K. It was assumed
that the magnetic moment associated with the iron
atoms was completely saturated and that the change
in magnetization was due to the susceptibility of
the host. This assumption is supported by the fact
that the high-field susceptibility was found to be
7.2xlo~, which is close to that of pure Pd, and
only slightly higher than obtained by Budnick et
al. ~ from measurements on dilute PdFe alloys
made at much higher fields. The saturation mag-
netization at zero temperature was then estimated
by subtracting off the magnetization associated
with the susceptibility of the host. The extrapo-
lated zero-field moment per iron atom was 9.7p. &,
which should be regarded as somewhat uncertain
because of possible errors in the concentration.
It is interesting to note, however, that if one as-
sumes a g factor of about 2, which is suggested by
resonance data, ' then the total spin per iron atom
is 4.85, which is very close to the value of 5 de-
duced from high-field magnetoresistance data on
the same sample. '6

The theoretical expression used to relate the
magnetization and the normalized spin-disorder
resistivity was derived by Koon, Schindler, and

ills"

2 ~T (S'& gp~H
S+1 T S k T

In this expression p& is that contribution to the
resistivity due to potential and exchange scattering
from the iron impurities, S is the assumed spin
of the scattering entity, and &= &u/ks T, where v
is the 2', eeman splitting. Molecular-field theory
was used to calculate (S')/S and 4. In Eq. (2) the
second term, which is proportional to the square
of the magnetization, is clearly dominant for large
spins. Furthermore, the presence of this term
does not depend upon the assumption of a molecu-
lar-field-theory description of the spin system. I
One may therefore calculate this part of the ex-
pression for 5 quite rigorously by inserting the ex-
perimental relative magnetization in place of ~/
S. The last part of the expression does depend on
the assumption of molecular-field theory, but
since it is essentially a correction term it need not
be accurately computed to fit the data. The idea
of calculating a value of 6 by inserting the experi-
mental magnetization into Eq. (2) should therefore
be rather generally valid.

The techniques used to extract the experimental
values of 5 have already been discussed. ' The
value of the spin S was assumed to be 5, which was
found to fit the high-field magnetoresistance data.
A comparison between the experimental 6, the 6

0
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FIG. 2. Normalized spin-disorder resistivity of Pd-
O. 23-at. % Fe as a function of reduced temperature T/T, .
The diamonds are the resistivity calculated from the ex-
perimental magnetization. The solid line is a theoretical
curve calculated using molecular-field theory assuming
$=5. The dashed curve was calculated from the theory
of Sec. Dr' assuming $=5 and &=0.85.
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1.0

lowing set of approximations to the Heisenberg
Hamiltonian for a spatially random set of spins:

X= -ZZggS( '
Sg -ggsH ZSg

f

Z-J(g&S(&' Sg -gee HEST
if f

- —Z (Jy&S')~ +gPsH)Sg
f

where

I-
& 0.5-

and

J~=ZJgg
i

0
0

I

0.5 1.0

If we assume that the exchange field at the various
impurity sites has a zero-temperature probability
distribution P(J), then the following self-consistent
integral equation is obtained for the average mag-
netization.

FIG. 3. Zero-field magnetization of Pd-0. 23-at. % Fe
as a function of reduced temperature T/T~. The upper
curves were calculated using molecular-field theory.
The lowest curve was calculated from the theory of Sec.
IV assuming S= 5 and & = 0.85. Circles are the experi-
mental data.

calculated from molecular-field theory and the
6 obtained from the experimental magnetization is
given in Fig. 2, which shows very clearly that the
resistivity calculated using the experimentally
determined magnetization agrees far better with
the experimental resistivity than the values calcu-
lated from molecular-field theory. The reason
why is clear from Fig. 3, which shows that the
experimental zero-field magnetization does fall
well below that predicted by molecular-field theory
for any value of spin S. Presumably the reason
for this behavior is a broad distribution of ex-
change fields, as discussed previously. I

It is of interest to note that the full expression
for the resistivity [Eq. (2)] fits the data better than
the high-spin limiting form 5=1 —(&S')/S) . The
reason is that the two terms in Eq. (2) have a
markedly different temperature dependence, espe-
cially at low temperatures.

IV. MODEL OF EXCHANGE FIELD DISTRIBUTION

The subject of exchange field distributions in
dilute magnetic alloys has been extensively treated
by a number of authors. ~'2'~' Since the resistivity
is such a crude probe of the actual exchange field
distribution, however, we confine ourselves to a
very simple model which has the advantage of being
easily soluble for all values of the temperature
and magnetic field. The model is based on the fol-

-&S') /S

= fuZP(Z)a, [(Z&S'&„+g p,,a)/a, r], (3)

P(J)

J, (l- e)
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FIG. 4. The assumed probability distribution P(J) for
the exchange interaction at zero temperature for the mod-
el of Sec. IV.

where Bz is the Brillouin function for spin S. Rea-
sonable estimates for the general form of P(J)
have been derived for BdFe by Kitchens and Trous-
dale. For simplicity, however, we assume the
simple distribution shown in Fig. 4. With this
distribution Eq. (3) can be immediately integrated
to give

1 sinh(S+ —,')4
S(Q —4, ) sinh( —,'ch)

where

Q =
[clp (1 + «) &S )ar + g /LB']/ks T

d,,=[Z,(1-«.)&S'& +gi,a]/u, r .
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This equation can be solved in the same way as
the usual molecular-field-theory equation, to
which it reduces in the limit as c -0.

To calculate the spin-disorder resistivity we
simply replace (K/S, in Eq. (1) by (S') /S. A
more accurate expression for the resistivity can
be written within the framework of the model, but
it hardly seems warranted in view of the approxi-
mations already made. Since a spin value of ap-
proximately 5 has already been fixed by the high-
field results, ~e the only adjustable parameter
available to fit the zero-field data is e, which de-
scribes the width of the exchange field distribution.
The dashed curve through the resistivity data in
Fig. 2 was calculated assuming &=0.85, which
indicates that the exchange field distribution is
extremely broad. This is in good qualitative
agreement with the exchange field distribution
derived by Kitchens and Trousdale~ on a more
concentrated sample (0.4-at. % Fe) using the
Mossbauer effect. At T/T, =O. 519, for example,
they found a very broad distribution with a width
greater than the exchange energy at the peak of
the distribution.

In Fig. 3 we have plotted the relative magnetiza-
tion calculated using the same values af S and a
as were used to fit the resistivity. Agreement
with experiment is within the estimated uncertainty
of the extrapolation used to determine the zero-
field magnetization. Within experimental accuracy,
therefore, the model is capable of fitting both the
zero-field resistivity and magnetization data. In
Fig. 5 we show a comparison between the theoret-
ical and experimental spin-disorder resistivity
over the entire temperature and field range, with
the same g factor assumed previously. '~ Agree-
ment is very good except at low fields in the vi-
cinity of T„where mean-field-type theories could
be expected to do poorly in calculating the magne-
tization. When the experimental magnetization at
1 kOe is inserted into Eq. (2) the fit is much im-
proved, as shown by the solid dots in the figure.

In comparing the theory outlined in this section
to the zero-field resistivity data of Williams and
Loram (below 1-at. /o Fe(and Skalski ef al '(1- 12-.

at. % Fe), it is apparent that the theory can fit the
data reasonably well oyer this entire concentra-
tion range by an adjustment of e and S, although it
does not work qu'te so well in the low-temperature
limit where the magnetic excitations are generally
assumed to be spin waves. In general the higher-
concentration samples appear to be consistent
with small values of E and the lower-concentration
samples with large values, which is a reasonable
result in view of the fact that the polarization
range becomes large compared with the average
separation between atoms in the higher-concentra-
tion samples. A more detailed discussion of the

concentration-dependent data will be the subject
of a separate publication.

The existence of a very broad exchange field
distribution has some interesting implications
concerning the nature of the dominant elementary
excitations at very low temperatures. Even at
temperatures such that T«T, it is possible, for
example, to have a significant temperature depen-
dence of the magnetization through local "molec-
ular-field"-type excitations of thos impurity spine
which are most weakly coupled to the rest (J(S')„

keT«&sT, ). In fact, for the model of this sec-
tion having a probability distribution P(J) of arbi-
trary form it is possible to show that if lim~ OP(J)
&0, then both the low-temperature magnetization
and resistivity contain terms linear in T which
would dominate the T terms expected from
spin-wave theory in the limit as T-0. ' Even
for a very dilute ferromagnetic alloy one would
normally expect, on very general grounds, to
have well-defined spin waves for wavelengths
much longer than the mean impurity spin separa-
tions. What the present result seems to suggest,
however, is that under some circumstances the
temperature dependence of the magnetization in
the low-temperature limit may be dominated by
localized excitations which can be described phe-
nomenologically using a mean-field theory. It is
not clear, however, that such excitations would
broaden the long-wavelength spin-wave energies
enough to render a spin-wave description inappro-
priate for very long wavelength excitations. There
are, in fact, some experimental results on dilute
PdFe alloys which might be explained in terms of
'competing" spin-wave and molecular-field con-

io

H= Q

H= I koe
a H= 3koe

+ H = 97koe
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4 H = 40koe
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c

FIG. 5. Comparison of the experimental and calculated
spin-disorder resistivity of Pd-0. 23-at. %%upFeas a func-
tion of temperature in magnetic fields up to 60 kOe. The
solid curves were calculated from the theory of Sec. IV
assuming S=5, g=3.6, and a=0.85. The large solid
dots were calculated from experimental magnetization
data at 1 kOe.
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tributions to the low-temperature magnetization.
Among these are the observation that the acoustic
spin-wave stiffness constant obtained by fitting
low-temperature magnetization data appears to
increase with increasing magnetic field. ~~'~ This
phenomenon is quite pronounced at very low con-
centrations and decreases with increasing concen-
tration, as one might expect. Further evidence
that spin-wave theory may not provide a complete
description of the spin dynamics in the dilute limit
comes from the specific-heat data of Teal and
Rayne, who found a well-defined spin-wave con-
tribution for a sample containing l. 52-at. /g Fe,
but not for lower concentration samples.

V. SUMMARY AND CONCLUSIONS

It has been shown that the magnetization and
spin-disorder resistivity of dilute J'dFe alloys

are correlated extremely well by a modified form
of Yosida's theory of magnetoresistance. ' '"
When the effects of an exchange field distribution
are included, the theory is able to fit both the
zero-field magnetization and resistivity data. In
addition, the theory can fit the magnetoresistance
data except in low fields at temepratures near T,.
It is suggested that local molecular-field excita-
tions of weakly coupled spins may be responsible
for the marked magnetic field dependence of the
acoustic spin-wave stiffness constant observed
for the more dilute alloys.
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