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Low-temperature heat-capacity measurements in various fixed magnetic fields were performed on
several Pd-Ni alloys near the critical composition for ferromagnetism (~2.5 at. % Ni). From its
variations with field H and temperature T, the specific-heat contribution from magnetic clusters
(C) was separated from the local exchange enhancement, electronic, and lattice contributions.
Simple model fits to C,,(T,H) and to magnetization M (H) data at low T show that the dilute con-
centrations of giant-moment clusters in these alloys have interaction (exchange and anisotropy)
fields with a broad distribution in magnitude and direction. This spin-glass-like distribution of in-
teraction fields, as it pertains to a weakly ferromagnetic alloy (2.8 at. % Ni), indicates a coexistence
of ferromagnetic and spin-glass order. The Cy(T, H) results for Pd-Ni are qualitatively very similar
to those reported earlier for Ni-Cu near its critical composition for ferromagnetism.

INTRODUCTION

Disordered alloys of transition-metal impurities in a
nonmagnetic host can be thought to raise two basic ques-
tions regarding their magnetism. The first is whether (and
under what conditions) the impurity atoms form stable
moments, and if stable-moment formation does occur, the
second concerns the interactions among the randomly si-
tuated magnetic atoms and the ordered magnetic state(s)
that they may produce. Both questions have received
some interesting experimental answers in the case of Ni-
Cu. Although in Cu (as in any other nonferromagnetic
metal host) an isolated Ni atom does not have a stable lo-
cal moment, neutron scattering! and magnetic’~* mea-
surements have shown that Ni atoms with highly Ni-rich
local environments nucleate magnetic clusters having gi-
ant moments of ~10up. These experiments were per-
formed on Ni-Cu alloys near the critical Ni concentration
(~43 at.%) for ferromagnetism, whose onset was
presumed to result from a percolation among the interact-
ing clusters. Below this concentration, the clusters ap-
peared to behave superparamagnetically, with little evi-
dence of any intercluster coupling.4 However, more recent
magnetic measurements have revealed a sharp low-
temperature susceptibility cusp for a nearly ferromagnetic
Ni-Cu alloy, which suggests the freezing in of a spin-glass
state.” Consistent with this finding, it was later deduced
from the heat capacities of similar Ni-Cu alloys that the
exchange fields on the magnetic clusters have a broad dis-
tribution in magnitude and direction.%” This spin-glass-
like exchange-field distribution was seen to prevail even in
a weakly ferromagnetic alloy, signifying perhaps the coex-
istence of different types of magnetic order.’

An alloy system of considerable related interest to us in
Pd-Ni. In this case, the host being highly polarizable Pd,
it has been found that isolated Ni atoms and Ni nearest-
neighbor pairs make large locally enhanced contributions
to the susceptibility and that critical local enhancement
leading to the formation of giant-moment (~ 18up) clus-
ters occurs in groups of three or more Ni nearest neigh-
bors.®=1© Moreover, our more recent measurements'!
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have shown that as the Ni concentration in Pd approaches
and exceeds the critical value (~2.5 at.%) for fer-
romagnetism, an increasing fraction of the Ni nearest-
neighbor pairs also attain critical enhancement. Here also,
each critically enhanced Ni-atom complex produces a
large cluster moment (~ 12up) which again includes the
exchange-induced polarization of many neighboring Pd
atoms, thus resembling the prototypal giant moment pro-
duced in Pd by a Co or Fe impurity atom.

Regarding the nonferromagnetic Pd-Ni alloys of <2.5
at. % Ni, our magnetic susceptibility measurements gave
no obvious evidence of any coupling among the randomly
situated magnetic clusters, which were seen to act basical-
ly as superparamagnets.!! But some intercluster coupling
in Pd-Ni must exist and, in view of the above-mentioned
findings on Ni-Cu, its existence might very well be re-
vealed and characterized by an appropriate calorimetric
study. Hence we have carried out low-temperature heat-
capacity measurements on several of the Pd-Ni alloys that
we previously studied magnetically. Since the measure-
ments were performed in various applied magnetic fields,
the magnetic cluster contribution to the specific heat
could be separated out fairly readily from the local-
enhancement contribution as well as from the electronic
and lattice heats. Our results are presented in this paper
and compared to those of earlier heat-capacity measure-
ments on Pd-Ni in zero field, which were interpreted
without reference to magnetic clusters.'””> The analysis of
our calorimetric results for Pd-Ni, together with a more
detailed analysis of our magnetization data for the same
alloys, confirm the existence of dilute concentrations of
giant-moment clusters and disclose that their interaction
(exchange and anisotropy) fields have a broad spin-glass-
like distribution, even in the case where the alloy is weakly
ferromagnetic.

EXPERIMENTAL PROCEDURES

The Pd-Ni samples for our calorimetric work were
three of the alloy buttons prepared earlier by arc-melting
99.995%-pure metals under argon, from each of which a
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small piece had been cut for magnetic measurements.'%!!

The buttons chosen, each weighing ~3 g, were those of
1.85, 2.35, and 2.8 at. % Ni, which represent both sides of
the critical composition for ferromagnetism. They were
annealed for 5 days at 1000°C and quenched into water, as
had been done previously with the magnetometric sam-
ples.

The heat-capacity measurements were made between 1.2
and 15 K in magnetic fields up to 40 kOe. The adiabatic
calorimeter employed has been described with regard to its
previous use in the study of Ni-Cu.” However, the acquisi-
tion and reduction of the calorimetric data have now been
automated by means of a microprocessor-based controller,
of which there is a detailed description in a recent in-
strumentation paper.'*

RESULTS AND DISCUSSION

Our results for the temperature (T) dependence of the
molar specific heat (C) of the three Pd-Ni samples in vari-
ous fixed fields (H) are plotted as C/T vs T? in Fig. 1.
The data obtained above ~11 K are omitted in order to
avoid excessive compression of the low-temperature re-
gion, where nevertheless only about half of the measured
points are plotted. This type of plot is normally intended
for a data fit to a straight line expressed as

C/T=y+BT?, (1

where ¥ and B are taken to be the electronic and lattice

heat coefficients, respectively. Such a straight-line
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FIG. 1. C/T vs T?, where C is the total specific heat of Pd-
Ni alloys (designated by at. % Ni) at temperature T in various
magnetic fields. Data for different alloys are displaced vertical-
ly for clarity. Baselines shown dashed are discussed in the text.
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behavior is clearly not followed by our zero-field results,
which show a pronounced concave-upward curvature at
low temperatures, especially for the alloys of 2.35 and 2.8
at. % Ni. However, as H is raised, the curvature in each
case diminishes as C/T decreases towards values that lie
on a linear extrapolation downward of the straight-line
behavior of the zero-field results above ~10 K. If these
linear extrapolations (represented in Fig. 1 by dashed
lines) are regarded as baselines of reference, the experi-
mental departures from them indicate an additional
specific-heat contribution which is gradually suppressed at
low T with increasing H and thus is presumably magnetic.

Leaving this magnetic specific-heat contribution for
later discussion, let us consider the baselines themselves,
which from Eq. (1) give the values of ¥ and B listed in
Table I and plotted versus alloy composition in Fig. 2.
Also plotted in this figure are the ¥ and 3 values deduced
by Chouteau et al. from their heat-capacity data for vari-
ous Pd-Ni compositions in zero field between 0.4 and 2
K.!*15 For a direct comparison with the latter, we show
our analogous results for ¥ and 3 determined from linear
fits to our zero-field C/T-vs-T ? points below 3 K. The
agreement is very close and supports the fact that the
zero-field values for ¥ and B have a maximum and a
minimum, respectively, as indicated by the dashed curves
in Fig. 2. The deviations of these values from the ¥ and
of pure Pd were attributed by Chouteau et al.'’ to a
specific-heat contribution from the local exchange
enhancement of the Ni solute atoms. However, the y and
B values that we determine from the baselines indicate in
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FIG. 2. Values of y and B in Eq. (1) vs Pd-Ni alloy composi-
tion from zero-field data (Ref. 13 and present work) and from
baselines (present work). Curves shown are guides to the eye.
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Fig. 2 that the local-enhancement contribution is actually
much smaller and peaks at a lower Ni concentration (1.8
at. %), which, as we have found earlier,!! is approximately
where the locally enhanced susceptibility is maximum.

Following Chouteau et al. but using our baseline values
for ¥ and B, we will consider that the local-enhancement
component of the specific heat of our Pd-Ni samples may
be expressed as

C'—_—‘}”T—*{-B'T}, )

where y'=y—ypq and B'=B—Pps, and yps=9.40
mJ/mol K? and Bpy=0.149 mJ/mol K* are the electronic
and lattice heat coefficients of pure Pd.!* The positive and
negative values, respectively, for ¥’ and B’ are listed in
Table I. Plots of C’' vs T based on these values are
presented in Fig. 3 and are clearly very similar for all
three alloys, exhibiting in each case a maximum C’ at ~6
K. It should be noted that instead of the T3 term in Eq.
(2) a term of the form T ’InT is what is actually predicted
from the local-enhancement model,'® but since these two
forms are not distinguishable experimentally over our lim-
ited temperature range, the behavior of the curves in Fig.
3 may be considered to be representative. Another error
in these curves could stem from our implicit assumption
that C’ does not change significantly with magnetic field
and that the observed field dependence is predominantly
that of the magnetic specific-heat component that lies
above the fixed baselines (Fig. 1). But as will be described
later, it is the latter component, when it is very small,
whose determination may be seriously compromised by
this assumption.

The magnetic component (C,,) of the specific heat, ob-
tained for each alloy by subtracting the baseline from the
total measured values of C, is plotted against temperature
for various fixed fields in Fig. 4. Although the experi-
mental error in the total specific heat is only about
+0.5%, the baseline subtraction results in a much larger
relative error in C,,, particularly at the higher tempera-
tures. Nevertheless, it is clear in each case that C,, has a
broad peak which shifts progressively to higher tempera-
tures when the field is raised from zero to 20 kOe and
then to 40 kOe. This behavior suggests that C,, depends
in a Schottky-type fashion on the ratio T/Hy, where Hy
is the total effective field consisting of the applied field
plus the interaction (exchange and anisotropy) fields in the
alloy. Indeed, the presence of the interaction fields is
what presumably gives rise to the observed C,, at zero ap-
plied field. However, a simple Schottky function associat-
ed with a single discrete value of Hy behaves exponential-
ly at low temperatures, whereas all our C,,(T) results
show a linear or nearly linear rise from the origin. An

TABLE I. Coefficients in Egs. (1) and (2) for Pd-Ni alloys, as
derived from the baselines in Fig. 1.

Ni content Y B Y B
(at. %) (mJ/molK? (mJ/mol K* (mJ/mol K?) (mJ/mol K*
1.85 12.8 0.115 34 —0.034
2.35 12.2 0.124 2.8 —0.025
2.8 12.0 0.127 2.6 —0.022
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FIG. 3. Local-enhancement specific-heat component vs tem-
perature for Pd-Ni alloys (designated by at. % Ni), as calculated
from y’ and B’ values listed in Table I.

essentially linear low-temperature variation of C,, was re-
cently observed in Ni-Cu,%’ and by analogy with similar
variations seen in typical spin-glass alloys such as Cu-
Mn,!”!® it was attributed to a broad exchange-field distri-
bution P(H ) extending from positive to negative values
of H.,,. This type of distribution in a spin-glass has been
shown to derive from an oscillatory indirect-exchange
Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling
among randomly situated local moments,'®?® which in
Ni-Cu are the giant moments of magnetic clusters. Our
C,,(T) results in Fig. 4 appear to be reflecting a very
similar situation in Pd-Ni.

In establishing the basic features of the interaction-field
distribution in Pd-Ni, we will make use of not only the
C,,(T,H) results in Fig. 4 but also the low-temperature
magnetization-versus-field behavior of the same alloys,
which we reported earlier.!! The M-vs-H data obtained at
2.4 K are shown in Fig. 5(a). Also shown by dashed lines
are the high-field differential susceptibilities (X') which
were ascribed to the Pd host and to locally enhanced con-
tributions from isolated Ni atoms and nearest-neighbor Ni
pairs with subcritical environments.?! The quantity
M —X'H, which is plotted against H in Fig. 5(b), was tak-
en to represent the magnetization of the magnetic clusters
nucleated by the spontaneously polarized Ni pairs and
larger Ni-atom complexes.?! The high-field saturation
values of M —X'H and its initial slopes with H at various
temperatures were the properties used in evaluating the
average moments and concentrations of the magnetic clus-
ters in the alloys. However, it should be noted that the
curves in Fig. 5(b) differ in shape from a simple
Brillouin-function curve which, if normalized to the ex-
perimental curves at low fields, would show a much faster
approach to saturation than was observed. This
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FIG. 4. Magnetic cluster specific-heat component vs tem-
perature for Pd-Ni alloys (designated by at.% Ni) in various

magnetic fields. Curves represent model fits described in the
text.

discrepancy is similar to what was seen in Ni-Cu (Ref. 7)
and suggests that the magnetic clusters in Pd-Ni may have
an analogously wide spectrum of interaction fields.

To obtain simple-model fits to the magnetization curves
in Fig. 5(b) and subsequently to the C,,(T,H) results in
Fig. 4, we consider each Pd-Ni alloy to have magnetic
clusters of concentration c¢*, average magnetic moment
u*, and effective spin S. Furthermore, the clusters are as-
sumed to have a total-field distribution P(Hy7) where,
within an Ising model, H7 is the scalar sum of the net in-
teraction field and the applied field H. The molar mag-
netization M at temperature T, normalized to its satura-
tion value My (=N, c*u*, N, being Avogadro’s number)
can then be expressed as

xmax

M/Mo= [ " Bs(u*Hyx /kT)P(x)dx , (3)

X

where x =Hy/Hyw, Hy being the characteristic half-
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FIG. 5. (a) Magnetization (M) vs field (H) at 2.4 K for Pd-
Ni alloys (in at. % Ni), as reported in Ref. 11; dashed lines signi-
fy high-field differential susceptibilities (X'). (b) M —X'H vs H
derived from (a); dashed curves represent model fits for fixed
Hy, as described in the text.

width of the distribution, and By is the Brillouin function
for spin S. The integration limits define the range over
which P(x) is nonzero. Initially, P(Hy ) was considered
to be rectangular in shape, as was done earlier in fitting
the C,,(T) data for Ni-Cu,%’ in which case

P(x)=%’ Xmax=X+1, Xpin=X—1, (4)

where X = H /Hy, Hr being the mean value of Hy locat-
ed at the center of the symmetrical distribution. This sim-
ple distribution function is depicted in Fig. 6(a), and
curves of M /M, vs Hy/Hy calculated from Egs. (3) and
(4) for various values of kT /u*Hy are shown dashed in
Fig. 6(b). In a nonferromagnetic case, where H; would
essentially equal the applied field H, the curves represent
normalized isotherms of M vs H, and we see that at very
low T the curves rise almost linearly up to the saturation
limit. Hence there is no possibility of achieving a reason-
able fit to the low-temperature curves in Fig. 5(b) for the
nonferromagnetic alloys of 1.85 and 2.35 at. % Ni, unless
Hy, is allowed to depend very strongly on H. To reduce
the need for such an allowance, we shifted to a P(Hr)
function of Lorentzian form which, for calculational con-
venience, is truncated at Hr+2Hy, as depicted in Fig.
6(a). Equation (3) is then to be used in conjunction with

P(x)={2tan"12[(x —%)*+1]} !,
(5)
Xmax=X+2, Xpin=X—2,
where, as before, ¥=Hp/Hy. Curves of M/M, vs
Hp/Hy calculated on this basis are also shown in Fig.
6(b) where, as expected, they exhibit a more gradual ap-
proach to saturation at low temperatures.
In fitting the experimental magnetization curves in Fig.
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FIG. 6. (a) Truncated Lorentzian and rectangular distribu-

tions of total field (H7) used in model analyses. (b) M /M, vs
H;/Hy for various values of kT /u*Hy calculated for truncat-
ed Lorentzian and rectangular distributions (solid and dashed
curves, respectively).

5(b) with curves derived from Egs. (3) and (5), we assume
from the results of our earlier analysis'' that S=2 and
that u* for the different alloys has the average values list-
ed in Table II. Moreover, since Hy=H +Hmh, where
H., is the mean exchange field, we set H .y, =0 for the
nonferromagnetic alloys and H. ;=6 kOe (with c*
chosen as described below) for the ferromagnetic alloy so
that the calculated curves start at the origin and at the
spontaneous magnetization value, respectively. For c*
and Hy, which govern the vertical and horizontal scaling
of the calculated curves, values are chosen to give good
fits to the experimental slopes and curvatures at H=0;
these also are listed in Table II. The calculated curves are
shown dashed in Fig. 5(b), and we see that they depart
from the experimental curves at higher fields. This
discrepancy can readily be removed by allowing Hy to in-
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crease with increasing H. Indeed, for Hy, raised gradually
from its zero H values to the values listed in Table II for
H=50 kOe, we obtain essentially perfect fits to the experi-
mental curves.

For analogous cluster-model fits to the C,, (T, H) results
in Fig. 4, we make use of the expression

Cp=c*N4k f Cs(u‘HWx /2kT)P(x)dx ,  (6)

where x =Hr/Hy as before, and the Schottky function
for §=2,

Cs(p)=(y /2)*csch(y /2)—(5p /2)*csch’(5p /2) .

Again assuming a truncated Lorentzian form for P(x), we
combine Eq. (6) with Eq. (5) and generate curves of
Cpn /c*N 4k vs 2kT /u* Hy, for various values of Hy/Hy.
Typical examples in Fig. 7(a) serve to show that all the
curves have a characteristic peak and that their emergence
from the origin changes from linear to exponential with
increasing Hy/Hy, the curve for infinite H. r/Hy corre-
sponding to a simple Schottky function. Furthermore, as
shown in Fig. 7(b), where the calculated curves are nor-
malized at their peaks, the breadth of the curves about
their peaks decreases with increasing Hy/H .

In applying these curves to the C,,(T,H) results in Fig.
4, we follow a procedure parallel to that d&scribed above
for the magnetization curves. Thus we again set u* at the
average values determined earlier'! and adjust the vertical
and honzontal scaling of the calculated C,,(T) curves by
means of ¢* and Hy, respectively. We again also consider
that Hr=H + H.,,, where H,,, is zero except for the
ferromagnetic 2.8-at. % Ni alloy for which it is an addi-
tional fitting parameter. Although the fits take into ac-
count the experimental peaks in C,(T), predominant
weight is given to the more accurately determined
behavior at the lowest temperatures. The curves of op-
timal fit thus obtained are shown in Fig. 4. They clearly
follow the experimental C,,(T) points quite closely at low
temperatures, indicating a gradual change from a linear
towards an exponential temperature dependence as the
field on each alloy is increased. However, discrepancies
set in at higher temperatures, especially in the 1.85-at. %
Ni alloy case; other related problems with this case are

TABLE II. Cluster-model parameters for Pd-Ni alloys.

From M(H) at 24 K

From C,(T) at fixed H

Ni content  u* H., c* Hy(H) H H,.,. c* Hy
(at. %) (up) (kOe) (1073 (kOe) (kOe) (kQe) (1073) (kOe)
1.85 18 0 0.24 6(0) 0 0 0.57 17

25(50) 20 0 0.71 20

40 0 1.00 23

2.35 16 0 1.20 6(0) 0 0 1.17 18
25(50) 20 0 0.89 20

40 0 0.93 22

2.8 14 6 2.97 14(0) 0 15 2.01 23
35(50) 20 15 2.04 28

40 15 2.21 33
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discussed below.

The parameter values used in calculating the C,(T)
curves in Fig. 4 are listed in Table II for each alloy at each
field of measurement (H). For the 2.35- and 2.8-at. % Ni
alloys, the values for the cluster concentration (c*) are
reasonably the same for different H and are fairly con-
sistent with the c* values deduced from the magnetization
curves. But for the 1.85-at. % Ni alloy, the c¢* values de-
rived from C,,(T) vary considerably with H and are much
larger than the value derived from M (H). This unphysi-
cal situation may arise from the distinct possibility that
the exchange-enhancement specific heat (C’) at these tem-
peratures (Fig. 3) has a field dependence similar to
(though weaker than) that of C,. Since the low-
temperature positions of the baselines (which include C’)
were determined at high fields and were subsequently re-
garded as field independent, any such change in C’ with H
would appear as an increase in C,, (and hence in c¢*),
which would be relatively pronounced when the true C,, is
small, as in the case of 1.85-at. % Ni. The values for the
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exchange-field distribution halfwidth (Hy ) for each alloy
show a steady rise with increasing H, which is qualitative-
ly in accord with theoretical prediction,?? and agree quite
well with the Hy values derived from M (H) at 50 kOe.
However, the Hy, values derived from M (H) at zero fields
are much smaller, which may stem from an intrinsic de-
crease of Hy with increasing temperature®® since M (H)
was measured at 2.4 K, well above the temperature range
emphasized in our model fitting of C,,(T). An analogous
rationale may account for the fact that the average ex-
change field (H,y) in the ferromagnetic 2.8-at. % Ni al-
loy is much smaller as derived from M (H) at 2.4 K than
the value derived from C,,(T). The drop in H,,., with in-
creasing temperature, which this implies, is so large
presumably because the ferromagnetic Curie point of this
alloy is very low (~6 K).!' Thus, if reasonable al-
lowances are made for their field and temperature depen-
dences, the parameter values deduced from our cluster-
model analyses of the specific-heat and magnetization
data for the three Pd-Ni alloys are fairly consistent.

In summary, our calorimetric and magnetic results
show, after the contributions from local exchange
enhancement have been separated away, that the dilute
concentrations of giant-moment clusters in these Pd-Ni al-
loys have a broad distribution of exchange (and anisotro-
py) fields, both in magnitude and direction. This spin-
glass-like exchange-field distribution in Pd-Ni presumably
arises from indirect (RKKY) interactions among the ran-
domly situated magnetic clusters and therefore resembles
the situation produced by the frustrated demands of such
interactions on individual magnetic atoms in a more typi-
cal spin-glass alloy.’® Moreover, with increasing at. % Ni
in Pd, the cluster concentration rises and ultimately
reaches a critical value for the onset of ferromagnetism,
which probably results from a percolation among magnet-
ic clusters that are overlapping. But even then, as our re-
sults for the weakly ferromagnetic 2.8-at. % Ni alloy testi-
fy, the exchange-field distribution remains quite broad,
though displaced such that the average exchange field is
no longer zero. This state of affairs, recently also found
in weakly ferromagnetic Ni-Cu,” appears to represent a
coexistence of ferromagnetic and spin-glass order.?* Such
a coexistence in a random alloy can be expected to be spa-
tially inhomogeneous, and this may well explain why re-
cent neutron scattering studies of Pd-Ni indicate that the
ferromagnetic correlation range does not diverge at the
Curie temperature.?’
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