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The magnetizations of several paramagnetic Pd-Ni alloys were measured between 2.4 and
100'K in field up to 56 kOe. For the alloys of up to -1.8-at. k Ni, it is deduced from the high-

field and low-field behavior that stable giant moments (-18@.&} are nucleated by groups of three

or more nearest-neighbor Ni atoms. However, the spin number associated with each giant-

moment complex is quite small (-2). The isolated Ni atoms and the nearest-neighbor Ni pairs

simply make large exchange-enhanced contributions to a relatively temperature-independent com-

ponent of the susceptibility. At a higher Ni concentration (-1.9 at. /0}, a departure from this sim-

ple situation is seen to emerge.

INTRODUCTION

The alloys of Pd-Ni occupy a strategic position in

the broad spectrum of magnetic solid-solution alloys.
%'hereas isolated impurity atoms ot Fe and Co form
stable local moments in a variety of nonmagnetic me-
tal hosts, there is no analogous situation known in the
case of Ni. %'hen the metal host is Pd, ~hose suscep-
tibility is highly exchange enhanced, the formation of
local moments on Fe or Co impurity atoms is accom-
panied and assisted by the induced magnetic polariza-
tion of the neighboring Pd atoms, giving fisc to giant-
moment complexes with a Curie-gneiss-like suscepti-
bility. Yet even in Pd, isolated Ni atoms do not exhi-
bit stable loca) moments; instead, they make local
exchange-enhanced contributions to the susceptibility,
which remains fairly constant (Pauli-tike) at iow tem-
peratures. ' Ho~ever, stable magnetic moments do oc-
cur in concentrated paramagnetic alloys of Ni with

Cu, '" V, ' or Rh, 6 where giant moments are nucleated
at those Ni atoms with extremely Ni-rich local en-
vironments. Thus, it seems reasonable to expect even
stronger local-environment eA'ects -on stable moment
formation in paramagnetic Pd-Ni, ~here the critical Ni

concentration for ferromagnetism' (-2,5 at. 9o) is
much lower than in any of the above systems.
Indeed, from a recent susceptibility study of paramag-
netic Pd-Ni alloys, it was concluded that groups of
three or more nearest-neighbor Ni atoms may be play-

ing a magnetic role similar to that of isolated Fe or Co
atoms in the same Pd host. However, the data
analysis that led to this conclusion was described cur-
sorily and only for one alloy (of -1.5-at. o/0 Ni).

In this paper, we present our detailed experimental
results for the magnetization-field-temperature proper-
ties of several paramagnetic Pd-Ni alloys. For the al-

loys of up to -1.8-at. '/0 Ni, we deduce fairly unambi-

guously that stable giant moments are produced by

groups of at least three nearest-neighbor Ni atoms.

However, the spin number associated with each
giant-moment complex is anomalously small. The iso-
lated Ni atoms and the nearest-neighbor Ni pairs sim-

ply contribute to a relatively temperature-independent
component of the susceptibility, the contributions of
the latter being especially large. At a higher Ni con-
centration (-1.9 at. '/0), a departure from this simple
situation begins to emerge.

II. EXPERIMENTAL RESULTS AND DISCUSSION

Our Pd-Ni alloy samples were cut as cylinders (3
mm in diameter, 6 mm long) from buttons prepared
by the arc melting of 99.995% pure metals under ar-
gon. They were then annealed for 5 days at 1000 C
and ~ater quenched. Their magnetizations were
measured with a vibrating-sample magnetometer
between 2.4 and 100'K in fields from 56 kOe down to
20 Oe.

The magnetization-field (a-H) curves obtained at
2.4 K for the alloy samples and a pure Pd sample are
displayed in Fig. 1. Compared to the curve for Pd,
which is essentially linear at all fields, the curves for
the aooys rise more rapidly with a distinct concave-
downward curvature, which becomes more pro-
nounced as the Ni concentration increases. In all

cases, however, the curvature diminishes at high fields
and is almost absent above -30 kOe. Thus, the
high-field portion of each cr-0 curve may be ex-
pressed as

0-= ~0+X

where X' is allo~ed to have a mild dependence on H.
The high-field slopes of the curves, determined at 50
kOe, were constant below -10'K and are therefore
representative of zero temperature. Their values are
listed under X'i»(0) in Table I. %'e note that the
X'i»(0) values for the alloys are substantially higher
than that of pure Pd and rise steadily with increasing
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1.6—

that similarly for the Pd-Ni alloys,

x, -x,w+x'(T), x,w=Ccwl(T e—) . (2)
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FIG. 1. Magnetization vs field at 2.4'K for Pd-Ni alloys

of various compositions (in at. % Ni).

Ni concentration up to 1.95 at. %, ~here there appears
to be a small decrease. Later comparison of these
results with those at low fields will allo~ us to esti-
mate the field dependence of X' and thus obtain extra-
polated values for the crp in Eq. (1).

From the zero-field slopes of the o-8 curves at
various temperatures, the initial susceptibilities (Xp)
were determined for each alloy. Their reciprocals are
plotted against temperature in Fig. 2(a). These plots,
in their characteristic concave-downward curvature at
low temperatures, resemble the analogous plots ob-
tained earlier for Ni-Cu, Ni-V, 5 and Ni-Rh, 6 where it

was found that Xp was resolvable into a Curie-W'eiss-
like component {X~w) and a relatively temperature-
independent component (X'). We therefore assumed

Making the additional assumption that X' has a con-
stant value X'LF(0) at low temperatures, we achieved
an excellent data fit to Eq. (2) for each alloy up to
-10'K. W'ith the C~~ and 0 values obtained from
this low-temperature At, we extended X~w up to the
higher temperatures of measurement [as shown for
Xqw 1n Fig. 2(b)l, subtracted it from the measured xp,
and thus determined X'(T), whose reciprocals are
plotted in Fig. 2(c).

The values for C~w, 8, and X'Li-(0) extracted from
this data analysis are listed in Table I ~ Clearly, there
is very good overall agreement between the values of
X'Li;(0) and X'HF(0}. This agreement strongly supports
the validity of Eqs. {1)and (2) and their implication
that Pd-Ni alloys have stable magnetic moments
(whose saturation magnetization and susceptibility are
ap and Xt-.w) as well as induced magnetic moments
(with susceptibility X') ~ In closer detail, the values of
X'&i&(0) are seen to lie consistently just below those of
X'L&(0). Although their differences may in part be an
artifact of our data analysis, they were taken to be in-

dicative of a small field dependence of X'(0). Making
the reasonable assumption that x'(0) has the form
X'&&(0) —uH', and evaluating the coeSgient 0. from
X'&&(0) —X'i~&.-(0), we determined the magnetization

(r' x'LF(0) H —-aH'

which is represented schematically in Eq. (1) by the
term X'H. Matching a' to the high-field portion of
each curve in Fig. 1, we extrapolated back to zero field
and obtained a reliable value for crp. The (xp values
for the alloys are listed in Table I. Also listed are the

harp and C~w values obtained similarjy for our Pd sam-

ple, which can be ascribed to a superparamagnetic
(probably Fe) impurity of -20 ppm.

If the stable magnetic moments in the Pd-Ni alloys,
in excess of those introduced by the impurities in the
Pd host, are ascribed to superparamagnetic entities of

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

Alloy

(at. 9o Ni)

x»(0)" x «(0)" 0'p

(emu/g)

10 c3+ 106c2 10~ci

0 (Pd)
1.3
1.5

1.65
1.85
1.95

6;9
17,4
19.4
21.1
23.7
23.5

6,9
17.9
21.2
22.3
25.4
23.8

—2
—2

0

8.8
56.8
35.5

101
146
223

0.011
0.091
0.128

0.166
0.243

0.385

0
851

1256
1620
2191
2S13

0 0
801 llll

1028 1251
1211 1351
1463 1479
1601 1540

"&"HF(0) and Xr«(0) in units of 10 emu/gOe; C~w in units of 10 emu K/g Oe.
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concentration c' and total moment p, ', we may ex-
press o.

p and C~w for the alloy samples as

(3a)~, = ~,{Pd) + ~c"&",

Cc~ = Ct ~(Pd) + Nc'(5 + 1)g "2/3$k (3b)

6
E0
Q
CI
Ql 4
O

I I

1.5
1.65~
1.95

~here N is the number of atoms per gram, k the
Boltzmann constant, and S the spin number, such that
p,

"=g,qS, in terms of an effective g factor. Further-
more, as a test of the previous report of stable mo-
ments in Pd-Ni, ' we identify c"with c3, the concen-

tration of groups of three or more Ni atoms joined by

nearest-neighbor bonds; calculated values of c3 for
our random Pd-Ni alloys '' are listed in Table I.
Then, according to Eqs. (3a) and {3b), both o-p and

C~w should vary linearly with c3 from their values
for "pure" Pd (C3 =0). tn Fig. 3, our results for o-p

and C~w are plotted versus c3 and give a definite
confirmation of this linear dependence for Ni concen-
trations up to -1.8 at. %, above which there is a no-
ticeable deviation. Quantitatively, by applying Eq.
{3a) to the linear region of crp vs c3„we find that
p.
' =17.8(+0.2) p, a. Inserting this p,

' value into Eq.
{3b), we obtain various straight lines for C& vs c3„
depending on the value of S, as shown in Fig. 3. The
line that best fits our results within the linear region
corresponds to S =2, which differs significantly from
the spin value of -24 given in the earlier report. "

The giant moment of -18',~ associated with each
nearest-neighbor Ni triad (or larger group) in dilute
PdNi must contain to a major extent the induced mag-
netic polarization of the Pd atoms {plus the isolated Ni

atoms and nearest-neighbor Ni pairs) in the vicinity of
the Ni triads. Thus, each nearest-neighbor Ni triad
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FIG. 2. Temperature dependence of (a) inverse initial sus-

ceptibility Xp ', (b) X&w, and (c) X' ', ~here Xq w + X Xp,

for Pd-Ni alloys of various compositions (in at. % Ni).
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FIG. 3. t'rp vs ('3 (closed circles) and C&w vs c3 (open

circles) derived experimentally for various Pd-Ni alloys.
Solid line for (xp vs (.'3 corresponds to p,

" = 17.8p. &, dashed

lines for C&tA vs c3 correspond to p,
' =17.Spa and

different values of S (as labeled).
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X'(0) = (1 —e I
—2C2) X) „'{0)

+ c, X, '(0) + ~,X,'(0), (4)

where X~'(0) and X2'(0) are the susceptibility contribu-
tions of the isolated Ni atoms and nearest-neighbor Ni

pairs, respectively, whose concentrations in our alloy
samples (c

~
and c'&) "are listed in Table I. Applying

Eq. (4) to the X't &(0) results given in the table, we
obtain a very good fit with XI'(0) =3.5 x 10
emu/g Oe and X2'{0)= 90 && 10 ' emu/g Oe, for all the
alloys up through 1.85-at. 'Yo Ni. These values agree
roughly with those given in the previous report" and
correspond to 6.6 & 10 "p&/Oe for an isolated Ni

forms the nucleus of a superparamagnetic complex,
which is analogous to the magnetic role of an isolated
Fe or Co atom in Pd. Moreover, the spin value of 2,
deduced for these giant-moment complexes (corre-
sponding to an anomalously high g, tt. value of -9)
suggests that the only spin degrees of freedom are
essentially those of the Ni triads, with little contribu-
tion from the surrounding polarization clouds. This
situation is also analogous to that of'dilute Fe or Co in

Pd, where the spin value deduced from specific heat
data is anomalously small " Regarding the stability of
the giant moments in dilute PdNi, it is very plausible
that the constant e value of —2 'K {see Table I)
signifies a spin-fluctuation temperature of -2'K,
tlthough other factors (exchange, anisotropy, etc.)
cannot be ruled out.

Aside from the very small fraction included in the
polarization clouds around the nearest-neighbor Ni
triads, the isolated Ni atoms and nearest-neighbor Ni
pairs in dilute PiINi are undoubtedly contributing to
the relatively temperature-independent susceptibility
(X'), which rises with increasing Ni concentration.
Hence, consistent with the analysis of the earlier re-
port, " we express the low temperature X' for the alloys
as

atom and 170 x 10 'p, ~/Oe for a nearest-neighbor Ni

pair. These susceptibility contributions are far greater
than that of a Pd atom (0.13 &10 'p, g/Oe) and thus
represent local exchange enhancements that are ex-
tremely high. In fact, according to the value for
X2'(0), our maximum available field of 56 kOe will in-
duce a magnetic moment per nearest-neighbor Ni pair
of nearly 10@,&. This induced giant moment must
derive in large part from the Pd {and isolated Ni)
atoms in the vicinity of the Ni pairs. It should also be
noted that the spin-Auctuation temperature of a
nearest-neighbor Ni pair is at least 10'K, which we es-
timate from the low-temperature shape of the X' '(T}
curves in Fig. 2(c), the contributions to X' from the
Pd and isolated Ni atoms being fairly constant. A

more detailed analysis of our X'(T) results will be
given in a future report.

In the present discussion, we have sho~n that Pd-
Ni alloys of up to -1.8-at. % Ni are characterized
magnetically by a few well-defined local states involv-
ing small groups of Ni solute atoms and the neighbor-
ing parts of the Pd host. At a higher Ni concentration
(-1.9 at. Yo), our experimental results for various
parameters [o-o, C~w, X'(0), and 8, as shown in Fig.
3 and Table I] all indicate the beginning of a deviation
from this simple behavior. Our Pd-Ni study is
currently being extended to even higher Ni concentra-
tions, up through the critical concentration into the
weakly ferromagnetic regime, where giant polarization
clouds have been observed in neutron scattering ex-
periments", the results will be presented in a later re-
port.

AC KN0% LEOG M ENT

This work was supported by the NSF under Grant
No. DMR 76-22305.

R. M. Bozorth, P. A. WolA, D. D. Davis, V. B. Compton,
and J. H. Wernick, Phys. Rev. 122, 1157 (1961); A. M.
Clog»ton, B. T. Matthias, M. Peter, H. J. Williams, E.
Corcnzwit, and R. C. Sherwood, ibiil. 125, 541 (1962); J.
Crangle and W. R. Scott, J. Appl. Phys. 36, 921 (1965); G.
G. Low and T. M. Holden, Proc. Phys. Soc. Lond. 89, 119
(1966).

D. Shaltiel, J. H. Wernick, H. J. Willianis, and M. Peter,
Phys. Rcv, A 135, 1346 (1964).

'C. (i. Robbin», ll. Clau», and P. A. Beck, Phys. Rev. Lett.
22, 1307 ( l 969); J. P. Pcrrier, B. Ti»sicr, and R. Tournier,
Ib]ci. 24, 313 (1970).

'J. S. Kouvel and J. B. Con~ly, Phys. Rcv. Lett. 24, 598
(1970).

-'A. An~an&ou and B. Locgel, J. Phys. F 3, L79 (1973); A.
An~an&ou, F. Ciauticr, and B. Loegel, J. Phys. (Paris) 35,
C4-217 (1974).

"W. C. Muellner and J. S. Kouvel, AIP Conf. Proc. 5, 487
(1972); Phys. Rev. B 11, 4552 (1975).

'J. 1=. Van Dan&, thesis (University of Leiden, The Nether-
lands, 1973) (unpublished); A. P. Murani, A. Tari, and B.
R. Cole», J. Phy». F 4, 1769 (1974).

"O. Chouteau, R. Tournier, and P, Mollard, J. Phy». (Pari»)
35, C4-1&5 (1974).

"Pd-Ni being a highly n&i»ciblc»y»ten~ and thc alloy»»tudicd
fairly dilute, the rapid quenching ot' our»an~pic» troni
1000'C is assunied to have pre»ervcd an alnio»t perl'cct

aton&ic disorder.
'"For randoni binary»ystcni» ol conipo»ition A

i . 8 and

various sin&pic structure» (including thc f'cc»tructurc of
Pd-Ni), expression» are given by R. l=. Bchringcr f J.
Chen'. Phys. 29, 537 (1958)) t'or thc concentration» of
groups ot two and three nearcst-neighbor B atoni» (c p and

c 3) and ot isolated B aton&s (c
~
). To detcrni inc ~

& „wc



GIANT MOMENTS IN PARAMAGNETIC Pd-Ni ALLOYS 2261

extended these considerations to groups of four B nearest
neighbors in a fcc structure and obtained f'or their approxi-
nlate concentration: c4 = 220x4(1 —x) ". For x «0.02,
this gives c4 +0.08& 3, and since the concentration» of
larger groups are negligible (&0.01 i 3), we take c 3, to be
('3 + C4.

''B %. Yeal and J. A. Rayne, Phys. Rev. 135, A442 (1964);
G. J. Nieuwenhuys, B. M. Boerstoel, J. J. Zwart, H. D.
Dokter, and G. J. Yan den Berg, Physica (Utr. ) 62, 278
(1972).

'~A. T. Aldred, B. D. Rainford, and M. . Stringt'ellow,
Phys. Rev. Lett. 24, 897 (1970).


