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The results of small-angle (0.025 & Q ( 0.125 A ') neutron scattering measurements on di-

lute ferromagnetic Pd Fe (0.25, 0.5, 1, and 2 at. '/0) and Pd Mn (0.5 and 2 at. 'lo) alloys are
presented. Critical scattering has been clearly observed in a wide temperature interval around
the Curie temperature, which for T & T& could be described by the usual Ornstein-Zernike for-

malism, but for T ( Tc exhibited an extra quasicoherent scattering. Both the temperature and

magnetic field dependence of this additional scattering could be explained by the presence of
randomly oriented ferromagnetic clusters or microdomains. It is found that a distribution of
cluster sizes is necessary to describe the observed scattering. The induced magnetic polarization
associated with the individual giant moments in Pd Fe is obtained from the anisotropic scatter-

0
ing in a magnetic field and gave an average spatial extent of about 50 A, A comparison of the
macroscopic magnetization and the neutron scattering results is made, A modified percolation

type of model has been employed to describe the ferromagnetic ordering process, and evidence
is provided that the giant moment systems can be characterized as a special case among the
more general spin-glass systems.

I. INTRODUCTION

Random dilute alloys exhibit a variety of interest-
ing phenomena for different concentrations of mag-
netic impurities. ' If single, localized magnetic im-

purities are considered with indirect couplings via the
conduction electrons, then, in general, two types of
magnetic order can be distinguished in these alloys:
"giant-moment ferromagnetism" and "spin-glass
freezing. " The term giant moment describes the
behavior which results from substituting an impurity
in a nonmagnetic, but exchange enhanced, host met-
al, and thereby producing a magnetic moment per
impurity much larger than that due to the bare mag-
netic impurity alone. This overall magnetic moment
is composed of the single, localized moment plus an
induced moment in the surrounding host metal.
Such magnetic entities can be considered as one mag-
netic moment which is then called giant. Good ex-
amples of giant-moment systems are Pd alloys with
small amounts (c ( 2 at. o/o) of Fe, Co, or Mn. '
Magnetic moments up to 12@,q have been observed
in Pd Fe alloys of which about 8p, q is distributed
among the surrounding Pd ions. This increase of in-

teraction range leads to a ferromagnetic ordering in

these alloys with concentrations c «0.1 at. '/0 which is
far below a critical concentration for direct (nearest-
neighbor) interactions. The concept of percolation as
introduced in the spin-glass systems by Smith ' will

be adopted to give a meaningful description of the
ordering in the ferromagnetic giant-moment systems.

Magnetic diffuse neutron scattering has-been wide-

ly used to study the microscopic magnetic properties
of alloys and, in particular, has shown that all fer-
romagnetic alloys are magnetically inhomogeneous.
In general the variation of magnetic moment with
composition can be very complex involving the ef-
fects of chemical clustering. ' However, if the con-
centration of impurities is sufficiently small and good
local moments are available, the magnetic scattering
is predominantly determined by identical scattering
centers. For the giant-moment systems the angular
distribution of the scattered neutrons is then related
to the giant-moment complex. Indeed, the diffuse
scattering results by Low et al. ' on Pd Fe and Pd Co
alloys has revealed an additional scattering in the for-
ward direction which has been attributed to the in-
duced Pd polarization. However, in view of the
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present results, we must conclude that this additional
scattering contribution contains both critical scattering
as well as a quasicoherent contribution due to the in-
homogeneous ferromagnetic state of the alloys. In
these early experiments the scattering cross sec-
tions were measured at large Q values ( & 0.2 A ')
with a Q resolution of = + 0.15 A ' which did not
permit a fine separation of the various scattering con-
tributions. Indications for the additional scattering
mechanism in the small-angle region came from simi-
lar diffuse neutron scattering studies on Pd Mn al-
loys' " where the scattering in the forward direction
did not extrapolate to the value prescribed by the
saturation magnetization. A detailed investigation of
the small-angle scattering of some Pd Fe and Pd Mn
alloys was then performed to elucidate this
anomalous behavior. A preliminary report on this
work has been published. '

In Sec. II experimental details and data reduction
will be outlined. The experimental results of the
temperature and magnetic field dependence of the
small-angle scattering are given in Sec. III. Section
IV contains the anisotropic scattering results for some
Pd Fe alloys due to an external magnetic field and
these will be related to measurements of the macro-
scopic magnetization on the same samples. An in-
terpretation of the results and a description of the
cluster ordering in these alloys in terms of a modified
percolation model is presented in Sec. V.

II. EXPERIMENTAL DETAILS
/

Measurements have been carried out on nominal
concentration Pd Mn 0.5 and 2 at. % and Pd Fe 0.25,
0.5, 1, and 2 at. %. The samples were prepared by in-

duction melting the appropriate amounts of Pd
[Johnson-Mathey (JM) 6—9], Fe (JM4—9), and
Mn (JM4—9) in an argon atmosphere, followed by an-
nealing at 800'C for 4 h and furnace cooling. From
the ingots, cylinders were made with a diameter of 15
mm and thickness of 6 mm via spark erosion. The
impurity concentrations of the alloys have been
determined chemically and gave Pd Mn 0.45 and 2.1

at. % and Pd Fe 0.27, 0.48, 0.95, and 2.2 at. %.
Small-angle neutron scattering measurements have

been performed with the small-angle camera D11A at
the High Flux Reactor, Institute Laue-Lan evin in
Grenoble. A neutron wavelength of 6.28 has been
employed and the distance between sample and mul-
tidetector was 2.5 m, resulting in an effective Q range
of 0.025 to 0.125 A ', with a spatial resolution of
EQ = 3 x 10 ' A '. The samples were mounted in
the tail of a flow cryostat in which the temperature
could be controlled between 2.5 K and room tem-
perature within 0.1 K during runs of typical 30 min.
The temperature was measured using a calibrated Si
diode. A cadmium shield was used to reduce back-

ground scattering from the sample holder.
All metallic systems show small-angle scattering

due to metallurgical properties such as grains, disloca-
tions, voids, surface contaminations, etc. , which may
vary from sample to sample. In order to obtain the
isotropic magnetic contribution the correction for nu-
clear and background scattering has been made by
taking a high-temperature measurement, where mag-
netic correlations are not important. All low-

temperature and field dependent scattering due to
magnetic interactions are obtained by subtracting this
high-temperature spectrum from the spectra in the
temperature range of interest. In most cases this
background spectrum has been measured at or just
below room temperature. However, this experimen-
tal method is insufficient to obtain the magnetic dif-
fuse scattering which is associated with the individual
giant moments. Here careful correction and calibra-
tion procedures are required to analyze the raw data
taken in a magnetic field of 0.36 T by exploiting the
anisotropic character of the diffuse magnetic scatter-
ing in a field. The background is determined in two

ways with an empty sample holder and with a pure
Pd sample under identical conditions as the actual ex-
periment, while the correction for fast neutrons is
done by placing a cadmium shield in front of the
sample. The absorption correction is usually calculat-
ed with tabulated cross sections and compared with
the results of transmission experiments. From care-
ful transmission experiments on pure Pd and Pd Mn
alloys with neutron wavelengths of 2.58 and 4.04 A,
we have now obtained an absorption cross section for
Pd of a, = 5.2 + 0.5 b at X =. 1.8 A. (thermal neu-
trons) which is smaller than the value uoted in the
literature of cr, =6.9+0.4 b at A. =1.8 ." A detec-
tor efficiency correction has been applied to the an-
isotropic scattering data since the individual counting
cells of the multidetector possess variations in count-
ing efficiency. The efficiency has been measured us-

ing the strong, isotropic, incoherent scatterer, poly-
styrene. The normalized detector efficiency for every
cell has been used to correct all cells of the sample
spectra. After having applied the corrections, the
data are normalized on an absolute cross-section scale
by comparing with the intensity obtained from a 3-
mm-thick vanadium standard corrected for multiple
scattering and background.

III. EXPERIMENTAL RESULTS

A. Temperature and magnetic field dependence
of the magnetic scattering

The temperature dependence of the magnetic
scattering for various Q values in zero magnetic field
of Pd Mn 2 at. %, Pd Fe 0.25 and 0.5 at. % are shown
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mean-field description of the critical scatteringi4
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FIG. 1. Small-angle neutron scattering irin intensity vs tem-
perature o - a. of Pd-2 t % Mn for various g values.

FIG. 3. Neutron small-angle scatteringrin of Pd-0. 5 at. % Fe
vs temperature for various g values.
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Lorentzian

x( )=- xc
R'(Q'+tr') (2)

200- 200-

where for T ) Tc. Rt' = —J("/J(0) =RNN/6 for

nearest-neighbor impurities, K~ is the inverse correla-
tion length trt = (T —Tc)/( TcR t') and Xc is the Cu-
rie susceptibility. For a dilute system one can'esti-

,mate R NN as the mean distance between the impurity
atoms given in Ref. 15 for fcc lattices

R NN
= 0.34aoc

100- 100-

I(Q) ~F'(Q)Tx(Q), (4)

where F(Q) is the magnetic form factor. The diver-

gence in the scattering intensity is determined by the
divergence in the wave-vector-dependent susceptibili-

ty X(Q ) and, therefore, the true critical scattering
can- be isolated from the total scattering by plotting
I (Q)/T vs T. In Fig. 4 the results are given for Pd-2
at. % Mn and Pd-0. 25 at. % Fe. From these figures
clear evidence is found for a low-temperature contri-
bution which is not caused by critical scattering ori-
ginating from thermal fluctuations in the magnetiza-
tion near the Curie temperature, but which arises as
a special property, namely, the presence of clusters in

the low-temperature ferromagnetic phase of these di-

lute alloys. Further evidence for the existence of
these clusters comes from the Q dependence of the
small-angle scattering which will be presented in Sec.
III B.

where c is the fraction of impurities and ao the lattice
parameter. The mean distance is relatively large —a
few lattice constants —so that the inverse correlation
length, K~, remains small over a wide temperature
range.

The second explanation, which anticipates a more
general conclusion about the ferromagnetic ordering
in these systems, involves the presence of clusters of
giant moments due to the random, statistical distribu-
tion of impurities in the host. These clusters or
correlated magnetic regions, which give rise to the
small-angle scattering, may be formed at tempera-
tures much higher than the Curie temperature, since
this temperature only indicates the onset of the
long-range order, e.g. , hysteresis effects in the mag-
netization have been observed by us at temperatures
T = 5 Tc for Pd Co and Pd Fe. From Figs. 1—3
it is clear that, especially on the low-temperature
side, the scattering intensity remains unusually large
to be simply attributed to critical scattering. Indeed,
an extra magnetic contribution is present at low tem-
peratures which can be shown to be much more pro-
nounced in the following way. If the expression for
critical magnetic scattering [Etl. (I)] holds for dilute

systems, then the scattering intensity is given by

0
5
T (K)

10
0

5
T (tC)

10

FIG. 4. The scattering intensity divided by temperature
(I/T) vs temperature for Pd-2 at. % Mn (right) and Pd-0. 25

at, % Fe (left). An extra low-temperature contribution is
clearly observed. The 0 values are the same as in Figs. 1

and 2, from top to bottom: 0,0246, 0.041, 0.0696, and 0.106

In order to investigate the origin of the anomalous
low-temperature contribution in the small-angle
scattering, measurements have also been carried out
with external magnetic fields up to 0.36 T. Since the
critical scattering near the ferromagnetic transition
originates from large fluctuations in the magnetiza-
tion which are essentially time dependent, one would
expect the critical scattering to be very sensitive to an
applied magnetic field, because a magnetic field will

diminish the thermally driven fluctuations (reducing
the critical scattering) and will favor the spontaneous
magnetization which will appear in the magnetic
Bragg scattering. In Figs. 5 and 6 typical results are
sho~n of the reduction of the critical scattering upon
applying magnetic fields at temperatures in the vicini-

ty of the Curie temperature for Pd-2. 1 at. % Mn and
Pd-0. 5 at. % Fe. These results are in agreement with

the above-mentioned qualitative argument for reduc-
ing the thermal fluctuations in the magnetization.

The magnetic field dependence of the critical
scattering has not received much attention in the
literature. A theoretical study within the mean-field
approximation for ferromagnetic systems by Villain'
showed that the scattering intensity in the vicinity of
the Curie temperature is a complicated function of
the applied magnetic field H, temperature T, and the
wave vector Q. Good agreement has been obtained
between this calculation and experimental results on
the field dependence of the critical scattering in pure
iron, illustrating that the inverse critical scattering in-
tensity is proportional to the applied magnetic field
(I ' ~ H) for small scattering angles. Indeed, a simi-
lar behavior is found in the present results on Pd Mn
and Pd Fe alloys. A typical example is shown in the
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FIG. 5. The critical scattering intensity at T =6 K of Pd-

2.1 at. /o Mn in various magnetic fields. The reduction is

evident from the graph. The insert shows the inverse inten-
sity for Q =0.024(b, ) and 0.057(k) A ' vs magnetic field
(villain relation).

insert of Fig. 5 where the inverse intensity of Pd-2, 1

at. % Mn for two Q values is plotted against the ap-

plied magnetic field strength, and clearly the data
obey the Villain inverse field relation.

The anomalous scattering intensities at low tem-
peratures as a function of the scattering wave vector

Q also show a magnetic field dependence very similar
to that of the thermal critical region near T~. Typical
results for Pd-2 at. % Mn and Pd-0. 25 at. % Fe are
shown in Figs. 7 and 8 and, once again, a drastic
reduction of the scattering intensity is observed.
Furthermore, the Villain relation (I ' ~ H) is obeyed
as sho~n in the insert of Fig. 8. This result suggests
a similar origin of the sma11-angle scattering in these
dilute alloys at the lowest temperatures, as well as in

the critical temperature region where the thermal
fluctuations cause the large small-angle scattering.
Therefore, from the field dependence of the low-

temperature small-angle scattering, we propose that
static fluctuations in the magnetization (inhomo-
geneities) due to the random distribution of clusters
and/or microdomains cause the enhanced scattering
in zero magnetic field. Additional evidence for this
point of view comes from the Q dependence of the
scattering.

%e can simply describe the field dependence of the
intensity in the following way. At low temperatures a
random distribution of ferromagnetically correlated
regions (clusters or domains) with different orienta-
tions gives a strongly Q-dependent, quasicoherent
contribution to the scattering intensity. Upon apply-

ing a magnetic field a preferred direction is imposed
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FIG. 6. The critical scattering intensity vs 0 of Pd-0. 5

at. % Fe at T =19.5 K in magnetic fields of 0 and 0.36 T.
The solid curves represent a fit of the experimental data to a
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FIG. 7, The scattering intensity at low temperature of
Pd-2 at. % Mn vs Q in magnetic fields of 0 and 0.36 T.
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FIG. S. The scattering at T=2.S K of Pd-0. 25 at. % Fe vs
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Villain inverse field relation for 0 =0.036 A

calculated. In Figs. 9 and 10 typical scattering data
for Pd-2 at. % Mn and Pd-0. 2S at. % Fe are presented
and, indeed, excellent linear plots are obtained for
temperatures above the Curie temperature. The
correlation lengths (= (1/"&) for all alloys for which
the temperature dependence has been measured, are
calculated from a least-squares fit to the experimental
data and are given in Table I. The rapid increase of (
as the critical temperature Tc is approached signals
the onset of long-range ferromagnetic order.

However, at temperatures close to and below the
Curie temperature deviations from the straight lines
are observed. Similar effects have been observed in
other random ferromagnetic alloys as for example
Co(GaFe) and Co(GaMn), '7 AuFe, '8 CrFe, '9 and
Pd FeMn. ' Although no clear explanation exists for
this behavior of the small-angle scattering in the
low-temperature phase of random ferromagnetic al-

loys, a number of attempts have been made to attri-
bute this tendency to an additional Q4 dependence,
originating from magnetic assemblies, with a
Lorentzian form factor' or from ramified clusters
within the long-ranged ferromagnetic phase. ' The
Q4 contribution to the scattering intensity in the vi-
cinity of the transition temperature might be obtained
from an expansion to second order in J(Q), the
Fourier transform of the exchange interaction J(R).

on the crystal and results in an alignment of the mag-
netization directions and increases the long-range fer-
romagnetic order. However, the long-range order
contributes to the magnetic Bragg scattering and
results in a strong decrease of the quasicoherent
scattering.

0.06

0.0&

0.02

I

(a)

= 10K

$. Q dependence of the magnetic scattering

Measurements of the Q dependence of the small-

angle neutron scattering intensity lead to information
about the spatial correlations between the magnetic
moments. A study of the variation of scattering in-

tensity with scattering vector Q, especiaily in the vi-

cinity of a magnetic phase transition, is very useful
since it gives an insight into the ordering process.
The average correlation lengths can be obtained
directly from the Q dependence of the critical scatter-
ing intensity determined by the wave-vector-
dependent susceptibility X(Q) given by Eqs. (2) and
(4).

According to Eq. (2), one obtains a straight line
when the reciprocal intensity I ' is plotted versus Q'.
From the intercept of I ' with the vertical axis and
the slope of the line the correlation length is readily

0

0.06
.6

0.04

0.02

0
0 0.01

a'(k')
FIG. 9. Reciprocal intensity vs 0 Pd-2 at. % Mn for (a)

T&Tcand(b) T&Tc
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0.04-
Such an expansion gives

J(Q) J(o) J(2)Q2+ J(4)Q4 (5)
10 K-
8
7

0
0.08

0.06

0.04

0.02

0
0 O.OI

cia(A ')
FIG. 10, Reciprocal intensity vs Q for Pd-0. 25 at. % Fe

for (a) T & Tc and (b) T & T&.

where J'"'=
XaR "J(R ). The experimental results

for temperatures below the Curie temperature can be
well fitted with an extra Q4 term, however, it is then
found that this deviation from the Lorentzian curve
increases with decreasing temperature, where one
should expect the effect of thermal critical scattering
to become unimportant (see, e.g. , Sec. III A). There-
fore, we believe that this expansion argument is not
applicable to the present results and the origin of the
observed deviations must lie in the microscopic prop-
erties of the ferromagnetic phase of the dilute Pd al-

loys.
Since the Curie temperatures of the alloys studied

are low, it is difficult to separate the thermal critical
scattering from any other scattering mechanism
present at temperatures T & T~. Nevertheless, we

may estimate from Fig. 4 that the thermal critical
scattering contribution is very small at the lowest
measurement temperature and here the scattering in-

tensity will predominantly be determined by the
scattering of static fluctuations in the magnetization
due to the-random distribution of magnetic giant-
moment impurities. Although long-range inhomo-
geneous ferromagnetic order is established, percola-
tion calculations on lattices show that the infinite

TABLE I. Correlation lengths ( obtained from the Q dependence of the critical scattering for
T&Tc

PdMn
T (K)

0.46 at. %

g (A)
PdMn
T (K)

2 at. o/

g (A)

5

2.5
(Tc =1.8 K)

5.8+ 0. 1

14+ 2

10
9
8

7

6.5
6

(T, =S.7 K)

12.0+ 0.2
14.6+ 0,2

18.9+ 0.2
35.2+ 0.3

78+ 8

117+ 14

Pd Fe
T (K)

0.25 at, %

g (A)
Pd Fe
T (K)

0.5 at %

g (A)

10
8
7

(T, =6.5 K. )

10,2+ 0.2
18.6+ 0.2
34.5+ 0.4

50
35
27,5

25
20

(Tc =17.5 K)

12.3+ 0.6
15.8+ 0.6
25 ~ 5+ 0.6
33.7+ 0.8

78+ 7
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cluster(s) can be very ramified" and may be broken
up in zero magnetic field at the weakest links into
smaller randomly orientated ferromagnetic clusters or
microdomains due to the shape anisotropy of the
clusters. This implies that the small-angle scattering
at the lowest temperature is determined by a collec-
tion of ferromagnetic microdomains giving rise to a
large peak in the forward direction. This explanation
is strongly supported by recent neutron scattering ex-
periments on Pd FeMn (Ref. 20) where the fer-
romagnetic coupling has been intentionally weakened
by the addition of Mn with its direct antiferromagnet-
ic interaction to the Pd Fe. For this ternary system a
much larger scattering intensity upturn has been ob-
served at the lowest temperatures.

C. Cluster description

1

a(i )

FIG. 11. Form factor of a cluster with various radii Rc0
(A) vs scattering vector Q.

In the following we will employ a model for the
small-angle scattering in inhomogeneous ferromag-
netic systems based upon the existence of finite fer-
romagnetic clusters or microdomains with random
orientations. This model is analogous to the nuclear
small-angle scattering by a large number of arbitrarily
shaped particles with random orientations. %e will

employ a spherical cluster shape as a first approxima-
tion since it appears not to be too severe a restriction
to the model, and assume an average homogeneous
magnetization within the spherical cluster of radius
R. It should be noted that the calculations can be
carried out with any shape. The neutron scattering
cross section per atom for a collection of ferromag-
netic clusters with radius R, is then given by

2
'2

d a 2 'Ve c'—ikFR (Q) ~

2~p2 ~ c c
(6)

F(Q)= f(r)exp( —iQ r)dr
~ sphere

3 " ~
d z sin(Qr)
dr r

R,' o Qr

sin( QR, ) —QR, cos(QR, )

( R, )'

where the normalization constant is chosen such that
F (0) = l. In Fig. 11 the form factor F (Q) is plotted
against the scattering vector Q for various cluster ra-
dii. This figure clearly demonstrates that large clus-
ters give narrow peaks, and thus a strongly Q-

where c' is the fraction of magnetic ions in clusters, n

the number of ions in each cluster, p,~ is the total
c

magnetic moment of the cluster, and Ftt (Q) the
c

magnetic form factor of the cluster which is given
with the above-mentioned assumptions by the
Fourier transform of the cluster form function f ( r ):

dependent small-angle scattering. It can further be
shown that the central region of the peak is relat-
ed to a geometrical parameter of the scattering object,
independent of the shape of the object. The approxi-
mated average scattering intensity for smail Q values
is given by

1(Q) ~tkt't exp( ——,'R'Q') (8)

where R' is the radius of gyration of the scattering
object —called the Guinier radius —and for a sphere
R = —R,'. If the small-angle scattering of the Pd-

based alloys at low temperatures is determined by a
collection of identical ferromagnetic clusters, than a
logI vs Qz plot would result in a straight line. This,
however, is not observed experimentally. Instead,
the logI vs Qz shows a pronounced curvature
throughout the Q region and this deviation must be
taken as evidence for a distribution of cluster sizes '3.
Within the Guinier region [Eq. (8)1 the scattering in-
tensity is now given by

1(Q ) ~ Xgktkk exp( —
3 Rk Q )

k

1(Q) = Xgktkk(I ——,R 'Q'+
k

(10)

where

XgktkkRk
R2=

Xgktkk

where p, k is the magnetic rnornent of a cluster with
radius of gyration Rk and a probabiliy factor gk. The
scattering intensity is not an exponential curve
anymore, but for small Q, 1(Q) can be approximated
by
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is the weighted average radius of gyration. It must
be noted that in calculating this average the largest
clusters contribute much more than the smaller ones.
Equation (9) can be written in a general normalized
form as

10

10

Xgk) kFk'(Q)

I(Q) k

QgkPk
(12)

10

In principle the distribution function gk can be ob-
tained from a Fourier transform of the experimental
intensity curve, providing all clusters have the same
composition and a known shape. In practice this pro-
cedure rarely works well because of a limited experi-
mental Q range. """Therefore, we have calculated
scattering intensity curves firstly assuming a uniform
distribution of cluster radii

1 ifR, &R
0 if Rk)R (13)

giving a one-parameter fit, and secondly with a
Gaussian distribution (a two-parameter fit)

g(R„) mexp— (Rk —Rk)

2{SR„)'
(14)

10
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FIG. 12. The scattering intensity I vs Q2 of Pd-0. 27 at, %
Fe at T =2.8 K. The solid curve is a fit to the data with a
Gaussian distribution of radii of gyration (Rk = 25 A and
5=1.2). Dotted curve is the fit with the uniform distribu-

0
tion (RI,„=50 A) and the dashed curve is the scattering
intensity from a collection of identical clusters with R, =25
A,

where Rk is the average cluster radius of gyration
[note that R„ is different from R given by Eq. (11)]
and 5 the relative width of the distribution.

The results of these calculations are shown in Figs.
12 and 13 for Pd-0. 27 at. % Fe and Pd-2. 1 at. % Mn at
the lowest measurement temperature. A good fit to
the experimental data has been obtained via the
Gaussian distribution using Rk = 25 A and 8 = 1.2 for
Pd Fe, and Rk = 20 A and 5 = 1.5 for Pd Mn.

10
0 0.01

n'9, ')
FIG. 13. The scattering intensity I vs 02 of Pd-2. 1 at. 0/o

Mn at T=2.6 K, The solid curve is a fit to the data with a
Gaussian distribution (Rk = 20 A and 5 = 1.5). The dotted

0
curve is the fit with the uniform distribution (R,„.=40 A)
and the dashed curve is the scattering intensity from a col-

0
lection of identical clusters with R, = 20 A.

IV, MAGNETIC DIFFUSE SCATTERING
AND MAGNETIZATION

A. Anisotropic magnetic scattering

In this section we present the results of the mag-
netic ani otropic small-angle scattering at low tem-

The scattering intensity calculated with the uniform
cluster radius distribution and an average value
R„=25 and 20 A is given by the dotted curves in
Figs. 12 and 13 and a rees very well. with the experi-
ments for Q' ) 0.05 '. There are, however, devia-
tions for smaller Q values because the uniform distri-
bution is apparently inadequate to take into account
the presence of (a few) very large clusters. This
drawback is overcome by the Gaussian distribution
function where the probability of large clusters is
given by the tail of the distribution. Clearly such
large clusters are present in the alloys since the
scattering intensity shows a strong upward curvature
at very small Q values. The scattering intensity can-
not be described by a collection of clusters of the
same size (5 = 0) as is shown by the dashed curves
in Figs. 12 and 13.

In summary, we have found that a distribution of
cluster sizes is important to describe the experimental
small-angle neutron scattering from inhomogeneous
ferromagnetic systems, Nevertheless, the good fits
with a Gaussian distribution function do not imply
that a Gaussian distribution of spherical clusters is
the correct description of the low-temperature phase
of the Pd-based alloys. Instead, we feel that similar
good results may be obtained from any other distri-
bution function which, in some way, takes into ac-
count the large clusters.
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peratures from ferromagnetic Pd Fe alloys with con-
centrations of 0.27, 0.48, 0.95, and 2.2 at. '/o in which
high magnetic polarization has been achieved by ap-
plying a magnetic field of 0.36 T.

In the preceding sections evidence has been found
that the magnetic diffuse scattering in zero magnetic
field includes a large contribution from randomly
orientated ferromagnetic clusters and domains. Obvi-
ously, this "quasicoherent" scattering severely hinders,
the observation of the diffuse scattering from the gi-
ant moments which are associated with the individual
impurity moments. However, we also have seen that
a magnetic field of 0.36 T was sufficient to annul the
small-angle scattering. The field probably aligns the
clusters and thereby suppresses the scattering from
these static fluctuations in the magnetization, as well

as, the thermal critical scattering from dynamic flu-
ctuation.

The ordinary type of diffuse magnetic scattering,
which can be compared for g = 0 with magnetization
measurements, can be separated from the total
scattering because of its anisotropic character in a
magnetic field.

The anisotropic magnetic scattering intensities are
very small compared to the total isotropic background
scattering and, therefore, these magnetic contribu-
tions have -been determined in two ways. The inten-
sity of a pure Pd sample of the same size has also
been measured and, since the incoherent scattering
of Pd is negligible, it is, apart from the attenuation of
the beam by absorption, comparable to an empty
sample holder measurement. The empty sample
holder and the pure Pd background measurements
are in general agreement with each other, when the
previously quoted value for the absorption cross sec-
tion in Pd (5.2+0.5 b at )I. =1.8 A) is used. The
correctness of this value has been confirmed by in-

dependent transmission experiments on the same
samples at neutron wavelengths of 2.58 and 4.04 A.
The magnetic intensities were obtained by averaging
the results of both methods.

The diffuse magnetic cross section for a dilute fer-
romagnetic alloy one of whose components is non-
magnetic is given by '"

(ye /2mc ) has a value of 72.9 mb. The factor
(1 —cos2a) enables one to separate the magnetic
contribution from the isotropic nuclear and back-
ground scattering by applying a magnetic field.
Therefore, the geometry of the two-dimensional
detector allows a direct measurement of the anisotro-
pic magnetic contribution to the scattering within the
detector plane. The magnetic scattering was evaluat-
ed from the total scattering intensity by performing a
least-squares fit of the observed scattering (after
corrections have been made for detector efficiency
and the background) to the function

I(R„)=W (R, )+B(R,) cos'

where R; represents the radial distance from the
center of the beam to the ith detector element and o,

is the angle between a radial line to that element and
the horizontal magnetic field direction. The parame-
ter B (R;) is negative and is determined by the mag-
netic scattering, whereas the isotropic scattering
parameter A (R;) contains both the nuclear as well as
the magnetic scattering. A typical example of the an-

isotropic scattering intensity is shown in Fig. 14 for
Pd-0.48 at. % Fe at T = 3.3 K, and, indeed, the exper-
imental data obey Eq. (17) reasonably well.

The magnetic scattering intensities have been cali-
brated with the incoherent scattering intensity of a
3-mm-thick vanadium plate. The magnetic moments
are then calculated using the ferromagnetic cross sec-

400-

—300- ~'
=N (1 —cos cK)T(Q)

d 0 2mc2
(15)

with

T(Q) =c(1—c)[F; ~(Q)P, ; ~+Fh„I(Q)H(Q)]2

(16)

where a is the angle between the scattering vector Q
and the magnetic-moment direction, F; „(Q) and

F„„,( Q ) are the magnetic form factors of the impur-

ity and host magnetization, H(Q) represents the in-

duced polarization around the magnetic moment, and

200-
Pd-0.48 at '/o «
Q=0.05 A

fit A+Bcos2a,
I I I I

u 90
r

180

FIG. 14. The total scattering intensity of Pd-0. 48 at. % Fe
vs the angle a between the scattering vector Q and applied
field direction.
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tion, Eq. (15)
r

[F(Q)p, l'
2 fnc

(18)

10—

I

0.27 at. '/o
o--0 o 00 00 -- og

o oo-o-

0 I

)0~ 0.48 a4 o/

00
0000 p-- - &OQ--OQO—

Since in our Q range we may set F(Q) =1 this equa-
tion reduces to the simple expression do./d D
= 0.0729 p,

' (b/sr atom).
In Fig. 15 the magnetization M as a function of

scattering vector expressed in p, ~/atom is shown for
all the investigated Pd Fe alloys. All alloys, except
for the lowest concentration, show a rather flat Q
dependence which is characteristic for the 3d form
factor of the impurities, but different from the dif-
fuse magnetic scattering results in zero magnetic field
obtained by Low and others. In view of the
preceding section on the zero-field scattering results
we must conclude that the analysis of these earlier
measurements on Pd Fe are, in view of their large Q
values and poor Q resolution, probably hampered by
the contribution from clusters and domains in the
small-angle region, which cannot be only attributed to
the giant-moment polarization. On the other hand,
the present scattering results do not extrapolate

linearly to the Q =0 value determined by the mag-
netization of the alloys, (see next section) indicated
by the arrows in Fig. 15. This would suggest a
nonuniform spatial distribution of the magnetization
per impurity with an average correlation length of or-
der 50 A.

The Pd-0. 27 at. % Fe alloy shows an enhanced
scattering in the forward direction as compared to the
magnetization (Q =0) which is similar to the earlier
neutron scattering results on Pd Mn alloys. ' " In
the present measurements this enhancement is prob-
ably related to the incomplete magnetic saturation,
and we would suggest that an extra contribution to
the scattering results from a few nonaligned clusters.
A similar effect was observed much stronger in the
Pd Mn experiment since these latter measurements
had essentially been performed in zero magnetic
field.

B. Magnetization measurements

Magnetization measurements have been carried out
with a vibrating sample magnetometer (PAR type
155) on small spherical pieces cut from the same
samples as used in the neutron scattering experi-
ments. These samples have been measured in mag-
netic fields up to 1.2 T at the same temperatures at
which the neutron experiments were performed. The
results for the magnetization are shown in Figs. 16
and 17, where the impurity magnetization is plotted
versus magnetic field for all alloys. The magnetiza-
tion data have been corrected for the Pd-host mag-
netization by using the susceptibility value

ppd = 6.85 x 10 emu/g. The arrows indicate the

095 at, /o
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0 I
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0 Q.
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o T=5.5K o T=3.2K
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I
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I

).0
FIG. 15. The g dependence of the magnetization ob-

tained from the anisotropic scattering interisities of Pd Fe al-
loys. The arrows indicate the value of the magnetization as
obtained from macroscopic magnetization measurements at the
same temperatures and magnetic fields as used in the neu-
tron experiments.

H (T)
FIG. 16. Impurity magnetization of Pd Fe 0.27 and 0.48

at. % as function of magnetic field. The arrow indicates the
magnetic field for which the neutron measurements have
been performed,
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a
g) 5- T=55K

0 Pd-2.2 at. Io Fe
T= 3.2 K

0
H (T)

FIG. 17. Impurity magnetization of Pd Fe 0.95 and 2.2
at, 'k as function of magnetic field. The arrow& indicates the
magnetic field used in the neutron experiments.

V. FERROMAGNETIC ORDERING IN DILUTE
ALLOYS AND PERCOLATION

The existence of giant moments in Pd alloys is one
of the conditions for ferromagnetic ordering in alloys

magnetic field value of the neutron experiments.
Again, in the magnetization, a marked difference in
the magnetic behavior is observed between the Pd-
0.27 at. % Fe and the more concentrated alloys. The
latter alloys show a normal ferromagnetic behavior
and already saturate in rather small fields. The Pd-
0.27 at. % Fe alloy shows a rather peculiar magnetiza-
tion, no well-defined knee is observed and saturation
is not achieved in fields up to 1.2 T. Such magneti-
zation behavior is very similar to magnetization
results on dilute Pd Co alloys, and this has been as-
cribed to the large width of the ferromagnetic transi-
tion. Such an interpretation agrees with the present
neutron results in that magnetic clusters are expected
to grow in a wide temperature range due to the ran-
dom distribution of impurities in the host. The same
concentration dependent magnetic behavior in Pd Fe
alloys with concentrations below 0.3 at. % Fe has also
been obse'rved by other magnetization measure-
ments. ' Furthermore, the nuclear-spin-lattice relax-
ation rates in Pd Fe alloys ' show a strong decrease
for concentrations c & 0.5 at. % for which no proper
explanation could be given.

We therefore feel that a systematic, magnetic, and
lattice-structure study of Pd Fe alloys with concentra-
tion up to 0.5 at. % is necessary to understand the
peculiar magnetism of these low-concentration alloys.
The structural properties may be of importance since
the lattice expands unusually with increasing amount
of Fe and has a maximum for c =0.3 at. %.'8

with concentrations much less than a critical concen-
tration for direct interactions between the magnetic
impurities. Obviously, the conduction or band elec-
trons provide the coupling between the giant mo-
ments as well as being polarized into the giant mo-
ments. A simple description of the static properties
of giant moments in Pd can be obtained within the
linear-response approximation by assuming that the
bare magnetic moment polarizes the surrounding
electrons of Pd, and that the polarization, as a func-
tion of distance, is determined by the generalized
magnetic susceptibility of the Pd host.

If the host were a normal metal in which the con-
duction electrons could be treated as free electrons,
this susceptibility x(r ) would be determined by the
RKKY (Ruderman-Kittel-Kasuya- Yosida) interaction
which is oscillatory and of infinite range, if mean-
free-path effects are neglected. Here, no significant
net polarization would be present, because the spatial
integral of X(r ) approximates zero. However, if the
Coulomb interaction between the band electrons (i.e.,
the intra-atomic exchange interaction) is important as
in the case of Pd, it will enhance the spin susceptibili-
ty of the electron gas leading to the exchange
enhanced susceptibility given according to the
random-phase approximation as

'I

x(q ) = x«&„(q )/t 1 —Ixaxgv(q )j, (19)

where xaxxv(q ) is the Fourier transform of the
RKKY interaction function and I is a measure for the
strength of the Coulomb intra-atomic interaction.
Since Xaxxv(q ) is a monotonically decreasing func-
tion with increasing q, xaxxv(q ) is more enhanced at
low values of q than at higher q values. This selec-
tive enhancement at low q increases the range of in-
teractions and causes an extra net polarization in the
host metal which creates the giant moment. An im-
portant result is that the first node in x(r ) obtained
from Eq. (19) appears at a much larger distance than
in the pure RKKY case. This means that in alloys
for which the average distance between the impurities
is smaller than the first node distance, the interac-
tions are now predominantly positive, leading to a
ferromagnetic type of ordering. Only at large mean
distances (i.e., very low concentrations) can the oscil-
latory character of the interaction produce a spin-
glass phase. ' "

The general concept of percolation has widely been
appl!.d to the problem of dilute ferromagnetic sys-
.tems in which direct interactions between the mag-
netic ions determine the magnetic behavior. " The
percolation limit, c~, in a dilute ferromagnetic system
is the lower bound to the concentration of spins re-
quired for a cluster of infinite size, i.e., the oc-
currence of a ferromagnetic phase transition. In ad-
dition to the infinite cluster(s) a large number of fin-
ite clusters coexist for concentrations just above c~.
If the interactions between the spins are short ranged
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(e.g. , only a first-nearest-neighbor distance) the per-
colation limit strongly depends upon the lattice struc-
ture. But for longer-ranged interactions the detailed
lattice structure becomes less important. The critical
concentration c~ then depends mainly on the coordi-
nation number z, which is defined as the number of
bonds to each lattice site. An asymptotic approxima-
tion of the critical concentration for large coordina-
tion number z in three-dimensional lattices is

c, = 2.7/z. "
In the spin-glass problem the concept of percola-

tion has been introduced by Smith4' in order to give
a qualitative description of the magnetic clustering
and the zero-field susceptibility behavior. Since the
RKKY interaction and its exchange enhanced form
are long ranged and decay approximately as 1/r',
magnetic ordering can now be obtained 'for any con-
centration by sufficiently lowering the temperature.
A magnetic cluster is defined as a group of spins each
of which is coupled to at least one other member of
the group by an exchange bond stronger than the
thermal energy. This definition does not necessarily
mean that the spins in the cluster are all ferromag-
netically coupled, but a spin in a cluster is aligned ac-
cording to the internal field produced by its neighbor-
ing spins. In addition to the strongly coupled spins
there are two types of "loose" spins. The first are
those spins which are rather isolated in the lattice due
to the random distribution of impurities, and have
only a weak interaction with other spins. The second
type are loose spins embedded in the cluster, but
which due to a cancellation of the interactions from
various neighboring spins experience a small or zero
internal field.

A bond length Rq of a spin can be defined such
that the interaction energy Jaxxv(Rq) is of the same
order of magnitude as the thermal energy k8 T.
Hence, the bond length Rb is strongly temperature
dependent and the clusters will grow with decreasing
temperature. The coordination number of a spin in a
cluster is for large Aq given by

c~ =0.0012 was obtained, and this corresponds, via
Eq. (21), to an average bond length of about 20 A
which is consistent with the average distance between
the Fe impurities for this concentration = 17 A.

The properties of dilute alloys with concentrations
just above the percolation concentration are thus
determined by the infinite cluster and the many finite
clusters. The onset of long-range order is esta-
blished by the infinite cluster in which the fluctua-
tions lead to thermal critical behavior and are observed
at fixed concentration by varying the temperature.
On the other hand, the finite clusters determine the
static inhomogeneity of the alloy, and as a function
of concentration lead to geometrical (or static) critical
behavior which can also be studied' in alloys below
cp.

The ferromagnetic ordering process in dilute Pd
based alloys can be described in terms of bond
lengths in a way very similar to the freezing process
of the spin-glasses. '4 This is visualized schematically
in Fig. 1S. Here a Pd-1 at. % Fe alloy in a two-
dimensional lattice is computer simulated. The im-
purities are randomly distributed in the lattice and
periodic-boundary conditions have been applied. The
magnitude of the interaction bonds is related to the
induced magnetic polarization as given in Fig. 19.
The contours of equal magnetization (or bond
lengths) in Fig. 18 create a strongly inhomogeneous
distribution of magnetization in the lattice. From this
figure the ferromagnetic ordering in the alloy can be
followed as function of temperature. At high tem-
peratures the exchange interaction is insufficient to

z =4m Rp3/3vp, (20)

where vo is the atomic volume. Using the asymptotic
relation c~ = 2.7/z, the percolation concentration is
related to the bond length Rq by

c~ = 0.64vo/Rp (21)

%'ith this relation it is easy to see why order in dilute
alloys is obtained at very low concentrations in Pd al-
loys. Because the bond lengths Rq are enlarged due
to the exchange enhanced susceptibility of the Pd
host, c~ is small. Recently, a critical concentration
has been obtained for the onset of ferromagnetism in
Pd Fe alloys by analyzing the available experimental
data within a framework based upon the Landau

, theory of phase transitions. '5 A critical concentration

FIG. 18. A computer simulation of the distribution of Fe
impurities in a two-dimensional Pd-1 at. % Fe alloy in which
contours of equal induced'magnetization are shown.
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FIG. 19. Contours of equal magnetization in the Pd host
around an impurity atom placed in the origin.

overcome the thermal energy k&T and the system is
in the paramagnetic phase. At lower temperatures,
but still above the Curie temperature Tc, those im-
purities with exchange interactions larger than the
thermal energy will be coupled and form dynamic fer-
romagnetic clusters. As T approaches Tc the fer-
romagnetic clusters grow because of the increase of
the bund length R~, and at Tc the first infinite clus-
ter is formed. However, in contrast to an infinite
cluster with short-range interactions, now the mag-
netization within the infinite cluster is not completely
homogeneous, but is made up from large, static ag-
glomerates of clusters. Furthermore, the infinite
cluster is composed of a so-called "backbone" and a
large number of "tag ends" which behave rather like
the additionally present, finite clusters because they
feel the exchange field only at one external end.
These "tag ends" provide the shape anisotropy by
which the magnetization of the clusters or micro-
domains have different orientations as observed in

the present neutron results. For T & Tc the infinite
cluster grows at the expense of the finite clusters,
and at T = 0 an inhomogeneous ferromagnetically or-
dered state appears.

VI. CONCLUSIONS

Small-angle neutron scattering has been employed
to study the magnetic behavior in dilute Pd-based al-

loys. The measurements showed two distinct scatter-
ing contributions as a function of temperature. First,
critical scattering has clearly been observed near the

Curie temperature and the intensities could be
analyzed for T & T& with the usual Ornstein-Zernike
formalism. Secondly, for temperatures below T~, de-
viations from the Ornstein-Zernike behavior indicat-
ed an extra quasicoherent scattering associated with
the inhomogeneous character of the ferromagnetic
phase. Both scattering contributions are very sensi-
tive to an applied magnetic field. This effect has
been explained by a reduction of the fluctuations in
the magnetization for T = T~, and by an alignment
of the ferromagnetic clusters or microdomains for
T « Tc. By taking into account this behavior of the
diffuse scattering in a magnetic field, one can explain
the anomalous small-angle scattering in the earlier
studies on Pd Mn as being due to critical scattering.
The field-difference counting technique employed in
these measurements and previously used by Low
et al. is, therefore, not suitable for inhomogeneous
ferromagnetic systems near or below the transition
temperature.

The anisotropy of the magnetic diffuse scattering in
a magnetic field has been exploited to determine the
magnetic scattering associated with the giant mo-
ments of some Pd Fe alloys. The average spatial ex-
tent of the induced polarization has been estimated to
be about 50 A. Also the induced polarization per im-

purity atom decreased with increasing concentration
in agreement with macroscopic magnetization mea-
surements. However, a different behavior in both
magnetization and magnetic scattering has been
found for Pd-0. 27 at. % Fe which is still unresolved.
In view of these systematic deviations, we suggest
further magnetic and lattice-structure studies of
Pd Fe alloys for c & 0.3 at. %.

The Q dependence of the small-angle scattering for
T « T& of Pd Fe and Pd Mn alloys could be satis-
factorily described by a model which includes a distri-
bution of ferromagnetic clusters with different sizes.
The presence of such clusters is a basic property of
random alloys. This result has been used to em-
phasize the similarity between the ferromagnetic or-
dering in Pd based alloys and the more general spin-
glass ordering in which the concept of percolation
provides a useful description.
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