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GIANT MOMENTS IN Pd(Ni) ALLOYS NEAR THE CRITICAL COMPOSITION*

A. T. Aldred, T B. D. Rainford, f and M. W. Stringfellow
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(Received 24 February 1970)

Neutron-scattering experiments show evidence of long-range magnetic polarization of
the palladium matrix in dilute ferromagnetic Pd(Ni) alloys. The measured cross sec-
tions, for alloys containing up to 4.7 at.Vo nickel, are interpreted in terms of a model in
which the concentration of ferromagnetically aligned giant moments is less than the con-
centration of nickel atoms.

Evidence will be presented for the existence of
long-range magnetic polarization of the palladium
matrix in ferromagnetic Pd(Ni) alloys. The mag-
netization measurements of Crangle and Scott'
and Chouteau et al. ' indicate that the critical con-
centration for the onset of ferromagnetism in
this system is slightly less that 2 at '%%uo ni.ckel. '
The moment per added nickel atom is about 4p, ,
between 2 and 5.5%%up nickel, but decreases at high-
er concentrations. In contrast, the critical can-
centration for Pd(Fe) and Pd(Co) alloys is less
than 0. 1'%%uo,

"and the moment per solute atom is
about (10 to 12)p B in very dilute alloys but begins
to decrease at solute concentrations as low as
1%. Low, Holden, and Hicks" have shown,
from neutron-scattering measurements, that the
polarization of the palladium matrix in dilute
Pd(Fe) and Pd(Co) alloys extends to a distance of
about 10 A from the solute atoms, and the pre-
sent experiment was undertaken to investigate
the moment distribution in dilute Pd(Ni) alloys.

Polycrystalline alloy specimens containing 3.0,
3.4, 4.7, and 6.3'%%uo nickel were prepared by pow-
der metallurgy from palladium and nickel of
spectrographic purity and were homogenized by
annealing at 1200 C for 12 h. Traces of iron and
cobalt were present in the alloys but their atomic
concentrations were less than 45 ppm in all ex-
cept the 4. 7'%%uo alloy, which had a cobalt concentra. -
tion of 190 ppm. Measurements of the elastic

0
diffuse magnetic scattering of neutrons of 4.8-A

mean wavelength were made at 4.2 K by using
the technique described by Low and Holden. '
The measur ed angular distributions ar e pr esent-
ed in Fig. 1, and all show strong forward peaks
that are characteristic of scattering from wide-
spread polarization distributions in the palladium
matrix. The polarization distributions associat-
ed with the iron and cobalt impurity atoms were
assumed to produce the same scattering in the
Pd(Ni) alloys as in the respective Pd(Fe) and
Pd(Co) alloys. This scattering averaged about
6/o of the total measured intensities and was
subtracted from the observed angular distribu-

tions before performing the analysis described
below.

The cross section for the elastic magnetic dif-
fuse scattering of neutrons by a random array of
ferromagnetically aligned magnetic impurities is
expressed, ' for the magnetic field geometry used
in this experiment, by

do/dQ =0.049c(l-c) i)p'(r)e'' 'dry'

b/sr atom, (1)
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FIG. 1. Diffuse magnetic cross sections for the scat-
tering of neutrons of 4.8-A mean wavelength by four
ferromagnetic Pd(Ni) alloys of given nickel concentra-
tions at 4.2 K. The curves are fits of a form factor,
which is the sum of form factors due to the nickel 3d
moment and to the long-range polarization induced in
the palladium matrix.
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b/sr atom

= (Af;(K)+Bfp(K) ( (4)

where c is the fractional impurity concentration,
p'(r) is the moment disturbance due to an impu-
rity at the lattice site x=0, and v is the neutron-
scattering vector. The integration is taken over
the volume of the specimen. For the forward di-
rection, '

(der/d0), ,=0.049c(l-c)(d p~/dc)

b/sr atom, (2)

where pis the mean moment per alloy atom in
Bohr magnetons. These expressions are valid
only if the moment disturbance produced by each
additional impurity is independent of the disturb-
ances already present. This condition obviously
does not apply for dilute Pd(Ni) alloys which
have a critical concentration for the onset of
ferromagnetism. In order to use expressions (1)
and (2), we shall assume, therefore, that dilute
Pd(Ni) alloys can be described by a model in
which the magnetic diffuse scattering originates
from an array of identical moment disturbances
whose concentration c* is less than the nickel
concentration c. %e shall assume also that c~
increases steadily from zero as the nickel con-
centration increases beyond the critical concen-
tration. This could describe, for example, a
situation in which statistical fluctuations in the
environment of the nickel atoms cause only a
proportion of them to produce separate aligned
polarization distributions. A similar model has
been used successfully to account for diffuse
neutron-scattering measurements on Ni-Cu al-
loys near the critical composition. '

With this model, Eqs. (1) and (2) may be re-
written' as follows:

da/dA=0. 049c*(l-c*)(M'(i)f;(K)+M'(h)fq(K) ('

ment induced in the palladium host by each impu-
rity, and the total moment per impurity atom,
all expressed in Bohr magnetons, and f&(K) and

f&(K) are the form factors corresponding to M'(i)
and M'(h). Low and Holden' conclude, from a
discussion of the generalized susceptibility of
the palladium matrix, that f&(K) is of the form
1/(1+ P/K, '), corresponding to a polarization
distribution of the form e '&" //~. The 3d form
factor for nickel' may be approximated to suffi-
cient accuracy by the expression 1-0.04~' where

O

I(. is expressed in A

Equation (4) was fitted to the experimental data
for each specimen, treating A, B, and ~, as dis-
posable parameters. The best values of the pa-
rameters for each specimen are listed in Table
I, and the fitted curves are shown in Fig. 1. Ta-
ble I also includes values of the forward scatter-
ing cross section that have been extrapolated
from the fits to the experimental data.

The extrapolated forward cross section in-
creases with increasing nickel concentration up
to 4.7% Ni. For the 6.3'%%uo-Ni alloy the sharp de-
crease in the extrapolated cross section and the
change in shape of the angular distribution, indi-
cated by the increase in I('„suggest that nonlin-
ear superposition of overlapping moment distri-
butions is taking place. Saturation effects are
also evident in the concentration dependence of
the magnetization of Pd(Ni) alloys above about
5.5'%%uo Ni." In contrast, nonlinear effects at so-
lute concentrations as low as 1% are evident in
the magnetization'4 and in the diffuse scattering
angular distributions' of Pd(Fe) and Pd(co) al-

Table I. Analysis of the measured diffuse magnetic
neutron-scattering cross sections of ferromagnetic
Pd(wi) alloys in terms of Eq. (4). c is the nickel con-
centration, K& is the fitted value of the inverse-range
parameter, and the fitted parameters A and B are pro-
portional to the nickel 3d moment and the palladium
matrix moment per nickel atom, respectively. The
extrapolated va1ue of the forward cross section (d~/

d~&)K-0 is equal to (A. +8) .

(do/d0), , =0.049c"(1—c")1M'(i)+M'(h))'

b/sr atom (5) (at.% Ni)

K)
CXt: I' RP

A
did K ()

(h/sr atom) (h/sr atom)i/2

= 0.049c*(l-c*)/M (t)) 2

b/sr atom, (6)

3.0

4.7
6.3

0.15
0.15
0.15
0.21

0.018 0.077
0.021 0.09 8

0.033 0.114
0.043 0.068

0.009
0.014
0.021
0.012

where M'(i), M'(h), and M'(i) are, respectively,
the 3d moment on the impurity atom, the mo-

Representative +0.03 +0.014 +0.016
error

+0.004
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loys. The saturation effects presumably occur
at different concentrations because an iron or
cobalt atom exerts a larger driving force on the
palladium matrix than a nickel atom. As a re-
sult, the mean moment per atom of the palladi-
um matrix approaches the saturation value of
0.36@B more rapidly with solute concentration in
Pd(Fe) and Pd(Co) alloys than in Pd(Ni) alloys.
The range of the matrix polarization in the three
most dilute Pd(Ni) alloys is similar to, but some-
what larger than, that in dilute Pd(Fe) and Pd(Co)
alloys which have a reciprocal range parameter
Kl just over 0-2 A-16. 10

Within experimental error, the extrapolated
forward cross sections of the three most dilute
alloys are proportional to the difference c-c&
between the nickel concentration c and the criti-
cal concentration cj; (about 2% nickel). Thus,
ignoring the variation of the factor 1-c*with
concentration, it follows from Eq. (6) that the
quantity c*(M'(t))2 varies as c-c~. The quantity
c*M'(f) is equal to the mean moment per atom of
alloy p, , and p, is known from experimental mea-
surements" to be closely proportional to c-cz.
Therefore, since both c*jM'(t)f and c*M'(t)
vary as c-c~, M'(t) is independent of concentra-
tion and c* varies as c-c+. These are precisely
the conditions that permit the introduction of an
effective concentration c* into Eqs. (3) and (5),
and our model is, therefore, self-consistent.

The actual values of c* and M'(f), calculated
from both p, and the extrapolated forward cross
sections, are listed in Table II, together with
the value of P (obtained by interpolation from ex-
perimental data). " For the 6.3%-nickel speci-
men, saturation effects prevent a meaningful
analysis. Values of M'(i) and M'(h), listed in Ta-
ble II, were derived from c~ and the fitted quan-
tities A and B. Within experimental error, the

nickel 3d moment M'(i) and the total moment per
impurity M'(f) are independent of concentration
with values of 0.9pR and 4.6p» respectively.
The value for the nickel moment may be com-
pared with values obtained by Cable et al."from
neutron-scattering measurements on more con-
centrated Pd-Ni alloys. They find that the nickel
3d moment increases steadily as the palladium
concentration increases to a value of about 1.2p ~

in a 7.7%-nickel alloy. It appears, therefore,
that the nickel moment decreases slightly with
further palladium additions.

The values of c~ listed in Table II are equal,
within error limits, to c-cz. Thus, the dilute
alloys behave as if only those nickel atoms in ex-
cess of the critical concentration are effective
in creating aligned polarization distributions.
This behavior can only be accounted for by a de-
tailed model for the ferromagnetism of the
Pd(Ni) system. Perhaps each nickel atom that
is relatively well separated from all other nickel
atoms, because of the random nature of the al-
loy, is not ferromagnetically aligned and does
not produce an aligned polarization distribution.
Alternatively, it may be that the polarization
distributions can only be produced by the interac-
tion of nearby nickel atoms, so that the distribu-
tions are centered on near-neighbor groups of
nickel atoms, rather than on single atoms. In
this case, c* would represent the concentration
of near-neighbor groups, and M'(i) is the aver-
age magnetic moment of a group, but the analy-
sis given above would not apply in detail because
the form factor f;(7&) for a, group of nickel atoms
would have structure in addition to that of the
atomic 3d form factor. The calculated concentra-
tion of nickel atoms that have one or more nickel
near neighbors is very close to the value of c*
for the 3.0%- and 3.4%-nickel alloys. Although

Table II. Analysis of the results in Table I in terms of a model with an effective concentration c* of the aligned
polarization distributions. c is the chemical concentration of nickel atoms, p is the moment per atom obtained
from magnetization measurements, and M' (t), M' (i), and ~' (h) are the derived values of the total moment per
aligned polarization distribution, the moment per nickel atom, and the matrix moment per polarization distribution,
respectively.

c
(at.%)

M' (~) M' P)
lV q/aligned polarization cloud)

3.0
3.4
4.7

Representative
error

0.042
0.058
0.107

0.9
1.1
2.6

+0.5

46
5.1
4.1

0.87
0.91
0.93

3.7
4 2
3.2

='1.4



VOLUME 24, NUMBER 16 PH YSI CAL REVIEW LETTERS 20 APRIL 1970

this observation should not be given too much
weight, it does suggest that the magnitudes ob-
tained for c* are physically reasonable.

%e wish to thank Dr. G. G. Low for helpful dis-
cussions and V. Rainey for experimental assis-
tance. Thanks are due also to J. I. Harrison of
the Atomic Energy Research Establishment and
to Henry Wiggin and Company Limited for pre-
paring the specimens.
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INTERACTION EFFECTS ON THE APPEARANCE OF A MAGNETIC MOMENT ON Co,
THROUGH NUCLEAR SPECIFIC-HEAT MEASUREMENTS ON Au:Co ALLOVS+
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The specific heat of Au:Co alloys down to 0.02 K is reported. The nuclear term {AT' 2)

is due to the magnetic Co atoms which are found to be those included in groups of three
and more neighbors. The low-temperature linear term (yT) is the sum of the contribu-
tions of the magnetic Co groups, nonmagnetic pairs, and isolated atoms. We estimate
fluctuation temperatures of 50 K for the pairs and 700 K for the isolated atoms.

The available data on the Au:Co system show
that at low concentrations the alloys are nonmag-
netic while phenomena which are generally con-
sidered as characteristic of the existence of a
localized magnetic moment on the impurity are
found at higher concentrations of Co.

Firstly, the resistivity shows a, flat p(T) be-
havior for the low concentrations, but a large
minimum is observed for concentrations over
0.1 %%d.

'

Secondly, the magnetization' is of Pauli type
and remains small compared with alloys of the
Cu:Mn type for the low concentrations, but for
concentrations over 1%%d a remanent magnetiza-
tion and a susceptibility maximum are observed.

Thirdly, above I K, specific-heat measure-
ments' show an electronic term, concentration
dependent, for concentrations below 3 %%d, but for
increasing concentrations a tendency towards
a concentration-independent behavior is observed.
Similar remarks can be made for the Cu:Co'
system. In the early classification of Blandin
and Friedel this has been considered a critical

case, i.e., one for which the criterion for mag-
netism is almost realized: Up(E F)-1-0.' [p(E)
is the density of states in the unsplit virtual
bound state for one spin direction. ]

The theory of localized spin fluctuations has
given rise to the notion of a fluctuation tempera-
ture' T~F [1/&TsF = lip(EF)/(1-UPE F) J which
would separate a nonmagnetic state (well below
T SF) and a state where the impurity would exhib-
it all the properties of a, magnetic impurity. '
Caroli has shown p(E F) to be sensitive to the in-
teractions with other impurities. ' Thus the fluc-
tuation temperature should depend on the inter-
action; Lederer has shown that the susceptibility
is different for an isolated impurity and an inter-
acting pair. ' Such an analysis is particularly
convenient in the case of Co [where 1-Up(E q) -Oj
since a moderate interaction may be sufficient
to make TSF change by several orders of mag-
nitude. Recently Tournier and Blandin inter-
preted magnetic results on the Cu:Co system
with this argument, attributing a lower fluctua-
tion temperature to the groups of two atoms than
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