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A series of Pd-Ni alloys, of Ni concentrations up through the critical value (~ 2.5 at.%) for
ferromagnetism, was studied by detailed magnetization measurements from 2.4 to 50 K in fields
up to 56 kOe. The paramagnetic susceptibilities and high-field magnetizations are both found to
consist of two components arising from stable magnetic clusters and locally enhanced Pauli
paramagnetism. The magnetic clusters are shown to be nucleated by groups of three or more
nearest-neighbor Ni atoms, as reported earlier, and also by nearest-neighbor Ni pairs that have
other Ni pairs (and/or Ni singles) in close proximity. Both types of clusters have giant mo-
ments (—~ 17 and ~ 12up, respectively) and anomalously low spins (2 and 1, respectively), sug-
gesting that the large induced polarization of the Pd atoms around the cluster nuclei has no in-
dependent.degrees of freedom. Since the fraction of Ni pairs that nucleates magnetic clusters
increases rapidly above ~ 2 at.% Ni and does not contribute significantly to the locally enhanced
susceptibility, this susceptibility component has a broad finite peak near the critical concentra-
tion. Thus, the onset of ferromagnetism does not derive from any critical exchange enhance-
ment but from a percolation among the interacting clusters.

I. INTRODUCTION

It is well known that, unlike iron or cobalt, nickel
as an isolated impurity atom does not form a stable
magnetic moment in a nonmagnetic metal host. Even
in the most auspicious case, when the metal host is
palladium, isolated nickel atoms simply contribute
a large and nearly temperature-independent sus-
ceptibility arising from local exchange enhancement.!
However, more recent magnetic measurements in
Grenoble?3 and in our laboratory* have shown that
when a Ni atom in Pd has two or more Ni nearest
neighbors, it forms a stable magnetic cluster, whose
enormous moment [~ 18up (Ref. 4)] indicates that
it also contains the exchange-induced polarization of
many neighboring Pd atoms. Thus, the origin of gi-
ant moments in PdNi is quite similar to that in PdFe
and PdCo, with each group of three or more near-
est-neighbor Ni atoms playing a nucleating role
analogous to that of a single Fe or Co impurity atom.

From their results, Sain and Kouvel* also deduced
that the effective spin of a giant-moment cluster in
PdNi is remarkably small (~2), which differs from
the larger values (between 5 and 8) obtained by
Chouteau® but which resembles the low spin values
derived from specific-heat data®® on PdFe and PdCo.
Moreover, for the average moment per cluster, Sain
and Kouvel found no measurable deviation from a
value of ~ 18up (or from a spin value of ~2) in al-
loys of up to ~ 1.8 at.% Ni, although they did ob-
serve that for a 1.95 at. % Ni alloy these values are
no longer applicable within a simple interpretation.
Chouteau, on the other hand, obtained giant-moment
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values that increased from ~ 10up fora 1.29 at.% Ni
alloy to ~ 16up for 1.65 at.% Ni, the increase being
ascribed to the induced moments of isolated Ni
atoms and nearest-neighbor Ni pairs that lie within
the polarization radius of a magnetic cluster. A more
consistent picture is clearly needed for the magnetic
properties of a broader composition range of Pd-Ni
alloys.

In this paper, we will present the results of magnet-
ic measurements on Pd-Ni alloys of Ni concentra-
tions that extend up to and somewhat beyond the
critical value [~ 2.5 at.% (Refs. 7 and 8)] for the on-
set of ferromagnetism, where neutron scattering ex-
periments have already given evidence of magnetic
clusters.” From the analysis of our results (and those
of Sain and Kouvel* for lower Ni concentrations), we
will deduce the principal local-environment criteria
for stable magnetic-moment formation that are con-
sistently pertinent in both the paramagnetic and
weakly ferromagnetic regimes.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

Our Pd-Ni alloy samples, ranging in Ni concentra-
tion from 2.1 to 3.0 at.%, were cut as cylinders (3
mm in diameter, 6 mm long) from buttons made by
arc melting 99.995% pure metals under argon, and
were then annealed for 5 d at 1000 °C and water
quenched. These procedures and the batches of pure
metals were identical to those used earlier* for the
preparation of alloy samples of lower Ni concentra-
tion. The samples, like the earlier ones, contained a
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superparamagnetic (presumably Fe) impurity of ~ 20
ppm, whose very small contributions to the measured
properties were subtracted out, as indicated later in
Table I. The magnetizations of the samples were
measured with a temperature-controlled vibrating-
sample magnetometer between 2.4 and 50 K in fields
from 20 Oe up to 56 kOe.

The magnetization versus field (o vs H) curves we
obtained at 2.4 K are displayed in Fig. 1, together
with those of Sain and Kouvel* for alloys of 1.3—1.95

“at.% Ni and for pure Pd. Figure 2 displays our
results and those of the earlier work for the inverse
initial susceptibility (xg!) as a function of tempera-
ture (7). In both cases, our measurements provide
very smooth extensions of the earlier results up
through the critical concentration (2.5 at.% Ni), for
which it is seen that Xg' approaches zero at 0 K. The
ferromagnetism of the 2.8 and 3.0 at. % Ni alloys is
evidenced by their nonzero spontaneous magnetiza-
tions and by the positive intercepts of Xg! with the T
axis, indicating Curie temperatures of ~6 and ~ 10
K, respectively.

Furthermore, the Xg! vs T curves in Fig. 2 for the
ferromagnetic and nearly ferromagnetic alloys are
seen to develop a positive (concave-upwards) curva-
ture at low temperatures, which is typical of magnetic
short-range ordering, whereas at higher temperatures
they exhibit a distinctly negative curvature. This
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FIG. 1. Magnetization (o) vs field (H) at 2.4 K for vari-
ous Pd-Ni alloys (designated by at.% Ni) and for pure Pd.
Closed circles from present work; open circles from Ref. 4.
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FIG. 2. Inverse initial susceptibility (Xal) vs temperature
(T) for various Pd-Ni alloys (designated by at.% Ni).
Closed circles from present work; open circles from Ref. 4.

negative curvature, which exists at all temperatures
for the more weakly magnetic alloys (<1.95 at.%
Ni), was shown earlier* to be consistent with the
coexistence of a Curie-Weiss-like susceptibility com-
ponent contributed by superparamagnetic clusters,
and a relatively temperature-independent susceptibili-
ty component derived from locally enhanced Pauli
paramagnetism. Hence, in Sec. III, the analysis of
our results for the more strongly magnetic alloys will
start with a similar component separation of the mea-
sured paramagnetic susceptibility and, again following
the earlier work,* with an analogous separation of the
low-temperature magnetization versus field curves in
Fig. 1.

III. DATA ANALYSIS AND DISCUSSION

Since the Curie-Weiss-like component of the sus-
ceptibility becomes increasingly dominant with in-
creasing Ni concentration, as evidenced in Fig. 2, it
becomes correspondingly difficult to separate out the
other susceptibility component (X’) whose weak tem-
perature dependence is to be determined from the
separation. Fortunately, for the alloys of low
(=<1.95) at.% Ni, where such a separation was
achieved quite easily, it was found that although X’
varies with alloy composition its relative changes with
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temperature remain essentially the same.* Hence, for
the alloys of higher Ni concentration, after assuming
that their initial susceptibilities can be similarly
resolved into a Curie-Weiss-like cluster component
(X4) and an exchange-enhanced component (X'),
i.e.,

X0=X(-/+Xl, Xog = d/(T—G) , (€))

we further assumed that X’ has the same relative
temperature dependence that it has at lower Ni con-
centrations. Using the X’ vs T curve determined pre-
viously for 1.95 at.% Ni,* we adjusted the scale of X'’
for each alloy so as to attain the most linear variation
of (Xo—X')~" with temperature. The results thus ob-
tained for X7' vs T are plotted in Fig. 3 and, in each
case, the variation is essentially linear except for the
positive low-temperature curvature that presumably
arises from magnetic short-range ordering. Also
displayed in Fig. 3 are the relatively flat )('_l vs T
curves used for this analysis. The extrapolated zero-
temperature values of X', that is X'(0), and the
values of C, and 0 determined from the slopes and
temperature intercepts of the linear portions of X7'
vs T are listed in Table I, together with the values
obtained earlier for the alloys of lower Ni concentra-
tion.* .

For the latter alloys, it was also found that the

T( K)

FIG. 3. Temperature dependence of Xg' (solid curves)
~—1 . . .
and of X' (dashed curves) for various Pd-Ni alloys (desig-
nated by at.% Ni), where X, + X' = X, the measured initial
susceptibility.

x'(0) values deduced from the low-field susceptibility
differ very little from the high-field slopes of the
low-temperature o vs H curves. It was thus conclud-
ed that X' is nearly field-independent up to ~ 50 kOe
and that at these high fields the cluster contribution
to the magnetization (o) has reached its saturation
value, which could then be determined by a simple
extrapolation to zero field. However, for the alloys
of higher at.% Ni, the o vs H curves in Fig. 1 are
decreasing in slope up to our highest field, which—
under the assumption that X’ remains fairly
c¢onstant—indicates that o has not yet attained sat-
uration. Hence, in order to determine o for these
alloys, we adopted a somewhat different tactic. In
Fig. 4, we have plotted all our magnetization data at
24K as o vs H/a. These Arrott plots are very
anomalous in their strong positive curvature, which
in itself suggests that more than one process is con-
tributing to the magnetization. We therefore as-
sumed by analogy with Eq. (1) that the measured
low-temperature magnetization consists of two com-
ponents as follows: )

o=oy+XH , (2)

where, for each alloy, X’ has the zero-temperature
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FIG. 4. Arrott plots of o2 vs H/o (open circles) and 0-3,
vs H/a (closed circles) at 2.4 K for various Pd-Ni alloys
(designated by at.% Ni).
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(and field-independent) value x'(0) listed in Table I,
as determined from X,. After subtracting X'H from
each measured o (at 2.4 K) to obtain o, we pro-
ceeded to calculate the revised Arrott plots of o3 vs
H /o, displayed in Fig. 4. In contrast to the original
Arrott plots, the new plots show a normal negative
curvature which eventually, at our highest fields,
develops into an approach to saturation. The satura-
tion values of o readily determined from these plots
are listed in Table I, together with those for the al-
loys of lower at. % Ni.*

Our numerical results for the saturation magnetiza-
tion (o) and Curie-Weiss constant (C,) that derive
from magnetic clusters in Pd-Ni, as well as the earlier
results,* are plotted against Ni concentration in Fig.
5. Both o, and C, are seen to vary smoothly and
monotonically through the critical concentration for
ferromagnetism, which the Arrott plots in Fig. 4 con-
firm to be ~ 2.5 at.% Ni. Also plotted in Fig. 5 (and
listed in Table I) are o34 and Cs4, the saturation
magnetization and Curie-Weiss constant calculated
for magnetic clusters nucleated by groups of three or
more nearest-neighbor Ni atoms (whose statistical
concentrations'® ¢y, are also listed in Table I); the
average magnetic moment (u34) and spin (S;4) per
cluster are taken to be 17upg and 2, respectively. Cal-
culations on essentially this basis were found by Sain
and Kouvel* to give excellent agreement with the o
and C, values deduced for alloys of up to 1.85 at. %
Ni, as is evident in Fig. 5 and Table I. This contrasts
with Chouteau’s results® for about the same composi-
tion range, where much larger S34 values were in-
voked and w3, was considered to grow with increas-
ing Ni concentration. However, Sain and Kouvel did
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FIG. 5. Experimental values of o, and C, (closed and
open circles, respectively) and calculated values of o34 and
C34 (dashed curves) vs Pd-Ni alloy composition.

observe that for a 1.95 at. % Ni alloy the experimen-
tally derived o, and C, were significantly larger than
the calculated o34 and Cj;4; Fig. 5 shows that this
discrepancy becomes even more pronounced at
higher Ni concentration.

In order to study this discrepancy, we have plotted

TABLE I. Magnetic and concentration parameters for Pd-Ni alloys.

Alloy x'(0) 0 Cyt Cay ot Ty c® c,® C34°
(at.% Ni) (1078 emu/g Oe) (K) (107% emu K/g Oe) (emu/g) (1079) (107%) (1077)
1.3¢ 179 =2 48 47 0.080 0.082 1111 801 914
1.5¢ 20.2 -2 67 70 0.117 0.123 1251 1028 1367
1.65¢ 22.3 =2 92 91 0.155 0.160 1351 1211 1779
1.85¢ 24.5 ~2 137 125 0.232 0.219 1479 1467 2440
1.95¢ 23.8 0 214 145 0.374 0.253 1540 1601 2817
2.1 24 0 397 174 0.63 0.30 1628 1806 3392
2.2 24 1 472 200 0.73 0.35 1685 1946 3906
2.35 24 2 624 239 1.01 0.42 1767 2160 4655
2.5 23 3 777 280 1.30 0.49 1845 2377 5455
2.8 20 10 1189 379 2.02 0.66 1991 2821 7382
3.0 18 14 1420 453 2.50 0.79 2082 3121 8825

4C. and o were corrected for 20-ppm Fe impurity by subtracting 9 X 10~® emu K/gOe and 0.011 emu/g, respectively, from the

experimental values.
bSee Ref. 10.
‘Parameters for these alloys were originally reported in Ref. 4.
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Cy— C34 Vs 0y — a4 in Fig. 6 for each of our alloys,
and we note that the variation is smooth and extends
almost linearly to the origin. Let us first consider the
possibility that these two difference quantities derive
from an enlargement of the cluster moment due to
the induced polarization of single Ni atoms and
nearest-neighbor Ni pairs close to a Ni-triad cluster
core, as proposed by Chouteau.’ If the nearest-
neighbor Ni triad (or larger group) constituting the
cluster core were surrounded only by polarized Pd
atoms, the saturation magnetization and Curie-Weiss
constant associated with the clusters would be expres-
sible as

o34 =Nesppsy, Cip=Neyud(S3e+1)/3kS5,
3)

where N is the number of atoms per gram and & is
the Boltzmann constant. It was via these expres-
sions, in fact, that w3+ =17up and S3+=2 were de-
duced for Ni concentrations up to 1.85 at.%. Howev-
er, if we allow the cluster moment to vary as
wi+(1+a), where a is the relative contribution from
polarized Ni singles and pairs, the cluster magnetiza-
tion and Curie-Weiss constant become -

0'c,=0'3+(1 f‘i‘O(), Cc,=C3+(1 +0£)2 ’
which combine to give

Coy—Csy _ 2(oq—034) + (og—034)? @

2
Cis O3+ T3+

Using this expression and the values of o, o34, and
C;4 in Table I, we calculated C,; — C;, for all our al-
loys and found their values to be 3 to 4 times as large
as the values shown in Fig. 6. The calculated

Cy — C;; values (times %) are plotted in this figure,

and it is clear that their variation with o — o34 is
qualitatively different from that of the directly deter-
mined values. Hence, it appears that these difference
quantities and their almost linear interdependence do
not stem from any appreciable changes of the average
moment per Ni-triad cluster with alloy composition.

Alternatively, let us now consider the possibility
that, in addition to the Ni-triad clusters, magnetic
clusters are also nucleated by some other type of Ni-
atom group, whose identity is to be determined. In
this case, if the latter clusters are designated by the
subscript x, the saturation magnetization and Curie-
Weiss constant associated with all the clusters can be
expressed additively as

ga=03+ 0oy, Cy=Cs+Cs

where o34 and Cs, are given in Eq. (3) and, analo-
gously,

o =Ncpy, Co=Nceu(S,+1)/3kS, . 5
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FIG. 6. Cy—Csy and X7 —X'(0) vs 0y — o34 (closed and
open circles, respectively) for Pd-Ni alloys of 2.1—3.0 at. %
Ni. Crosses represent %(Cc,— C34) vs oy — o3y calculated
from Eq. (4).

Since these expressions give

(Cy~C3)/(ga—034) =Cof o =px (S + 1)/3kS, ,
(6)
where u, and S, are undetermined constants, it fol-
lows that C., — C;4 will depend linearly on oy — o734, in
qualitative agreement with the experimentally derived
results in Fig. 6. Furthermore, since the straight line
that closely approximates these results has a slope of
5.95x 10~* deg/Oe, we deduce from Eq. (6) that

px (S +1)/S, =26.6u5 . %)

To test this possibility further, we will examine it
against our results for X'(0), the susceptibility com-
ponent at 0 K that derives from local exchange
enhancement (and also includes the enhanced sus-
ceptibility of the Pd matrix). For the alloys of < 1.85
at.% Ni, it was found* that the values of X'(0) could
be fitted very closely by the calculated quantity,

Xr=(1—c;—2c))Xpq+c X1 +02X5 (8)

where Xpg=0.069, X;=3.5, and X53=90 (in 10~*
emu/gOe) are, respectively, the contributions from a
Pd atom, an isolated Ni atom, and a nearest-neighbor
Ni pair. ¢ and c; are the statistical concentrations of
the Ni singles and pairs, whose values'? are listed in
Table I. The component terms of X7 in Eq. (8), cal-
culated on this basis, are plotted cumulatively as
functions of Ni concentration in Fig. 7(a). Also plot-
ted here are the experimental values of x'(0) for all
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the alloys (including those of Sain and Kouvel*) as
well as the values obtained by Chouteau'! for alloys
of lower at.% Ni. We note that the experimental

X' (0) values rise along the calculated X7 curve up to
~ 1.8 at. % Ni, but then fall increasingly below this
curve at higher Ni concentrations, where they ulti-
mately go through a broad maximum and start to de-
crease. In fact, the variation of X'(0) above ~ 1.8
at.% Ni appears to be such that the Ni-pair contribu-
tion (c,X3) is rapidly disappearing. This suggests that
an increasing fraction of the Ni pairs may be forming
stable local moments, in which case the concentration
of these polarized Ni pairs may be expressed as
[x7—=x'(0)1/x5. If we proceed to identify these po-
larized Ni pairs with the Ni-atom groups of concen-
tration c,, to which we attributed the nucleation of
magnetic clusters (other than those nucleated by Ni
triads), it follows that:

Xr—X'(0)=c.Xx; , 9)

which, combined with the expression for
ox(=0y—034) in Eq. (5), yields

[Xr=x'(0)]/(og—034) =X2/Npy . (10)

Since all the quantities on the right are essentially
constant, Eq. (10) expresses a linear relationship
between X7 —X'(0) and o, — o34+. For comparison,
values of X7 —Xx'(0) were taken from Fig. 7(a) for
our various alloys and plotted against oy — o34 in
Fig. 6. The plot is seen to fit a straight line extend-
ing to the origin and thus conforms to Eq. (10).
Equating the slope of this straight-line fit, which is
13.9 x 107 Oe™!, with the right-hand side of Eq.
(10), where X5=90 x 10~* emu/g Oe and

N =5.7%x10% g1, we obtain

we=122up
which, together with the result in Eq. (7), gives
S, =085=1

These results for the clusters formed around Ni pairs
are not very different from the giant moment (17uz)
and low spin (2) deduced earlier for the clusters
formed around Ni triads. Both these moment values,
however, are much larger than the cluster moments
of ~4.5up obtained from neutron scattering data on
some weakly ferromagnetic Pd-Ni alloys.” But as
Chouteau® has correctly pointed out, the neutron
results correspond to integrations over the spatial
fluctuations of the local magnetization, which for a
high concentration of overlapping ferromagnetic clus-
ters are bound to be smaller than the total moment
of an individual cluster.

As we have shown from a simple but consistent in-
terpretation of the linear relationships found among
the quantities, oo — 0734, Cy— C34, and X7 —X'(0), it
can be readily concluded that magnetic clusters in
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FIG. 7. (a) Experimental X'(0) values from present work
(closed circles), Ref. 4 (open circles), and Ref. 11 (dia-
monds) plotted vs Pd-Ni alloy composition and compared
with cumulative plot of component terms of X'T. (b) Corre-
sponding values of [X7—X'(0)1/c,Xj vs alloy composition.

Pd-Ni are nucleated not only by nearest-neighbor Ni
triads (and larger groups) but also by some fraction
of the nearest-neighbor Ni pairs. Furthermore, ac-
cording to this picture, the fraction of Ni pairs acting
as cluster nuclei is ¢,/c,, which from Eq. (9) equals
[x7—Xx'(0)]/c,X5. Values of this quantity calculated
for the different alloys are plotted in Fig. 7(b), where
they are seen to rise rapidly from essentially zero
when the Ni concentration exceeds — 1.8 at.% and.
reach almost to unity at 3 at.% Ni. Since this varia-
tion appears to involve some fairly high power(s) of
the Ni concentration, it suggests that the Ni pairs that
form magnetic clusters are those in close proximity to
other Ni pairs and/or single Ni atoms. The question
as to exactly which Ni-atom configurations in a Pd
host are capable of stable moment formation, is being
examined by us theoretically and will be discussed in
a future paper. ‘

A related question arises from our finding that the
magnetic clusters in Pd-Ni are all characterized by gi-
ant moments and anomalously low values of spin,
corresponding to effective g factors of approximately
10. A similar characterization for magnetic clusters
in dilute PdFe and PdCo has been deduced from
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specific-heat data.®” In each case, it would appear
that the induced polarization of the Pd atoms near a
cluster nucleus, which constitutes a major portion of
the giant cluster moment, is so tightly coupled to the
polarized atom(s) of the nucleus that it has no in-
dependent degrees of freedom. The peculiar cir-
cumstances that this suggests are presently under
theoretical study.

Finally, it should be noted that the resuits present-
ed here for Pd-Ni have a strong qualitative resem-
blance to previous analogous results for-alloys of Ni
with Cu,'? V.3 and Rh.!* In each case, the measured
susceptibility has been resolved into a Curie-Weiss-
like component (X, ) ascribable to magnetic clusters
which increase rapidly in number as the Ni concen-
tration approaches the critical value for ferromagne-
tism, and a relatively temperature-independent com-
ponent (X') which exhibits a broad finite maximum
near the critical concentration. Thus, the onset of

ferromagnetism in these systems does not derive
from any divergence of X’ but from a percolation
among the interacting clusters. Quantitatively, how-
ever, there is an important difference between Pd-Ni,
where the highly polarizable Pd matrix allows very
small groups of neighboring Ni atoms to form stable
moments, and the other systems, where the number
of neighboring Ni atoms required for stable moment
formation is much larger (~ 10) and therefore hard-
er to define exactly. Thus, Pd-Ni offers a situation in
which the exact criteria for the formation of magnetic
clusters can be deduced experimentally with relative
ease, and we have taken advantage of this situation.
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