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Neutron difFuse scattering study of the ferromagnetism in Pt —10 at. % Fe
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We have measured the neutron diffuse scattering between 20 and 217 K from an alloy of Pt —10
o —I o

at. % Fe for scattering vectors Q =4vrsing/A. in the range 0.2 A & Q &0.058 A at a neutron
o

wavelength of A, =4.76 A. The scattering at 20 K was accounted for by the presence of two types of
0

microdomains of 25 and 57 A radii, respectively. The magnetic moment of the larger cluster was es-

timated to be =100p&. The critical exponent v, the Curie temperature Tc, and the characteristic
inverse correlation length Ko were derived from a least-squares fit of the data to the Fischer-
Burford-based expression for the scattering cross section. After correction for inelastic eff'ects, the
best estimates of the critical parameters were found to be v=0. 75+0.03, Tc =159.5+0.5 K, and

o

Ko =0.324+0.0 1 5 A . This alloy would ther cforc appear to belong to the universal class of mag-
netic materials known as the three-dimensional Heisenberg model (v=0.70). Mean-field theory
(v= 2) obviously does not hold for this system.

I. INTRODUCTION

Alloys of platinum and palladium containing small
concentrations of 3d solutes such as Fe, Ni, Co, or Mn
are isotropic metallic ferromagnets which are of interest
for both theoretical' and experimental ' reasons. Spe-
cial attention has been focused on the onset and distribu-
tion of magnetization at low temperatures, and on the
longitudinal and transverse susceptibilities at higher tem-
peratures near the Curie point in these systems.

We thus present the results of an investigation of
diffuse neutron scattering from a typical alloy of this
class, namely Pt —10 at. %%uoFe . Inpreviou sstudie s, the
ferromagnetism at low temperatures was interpreted in
terms of giant magnetic clusters consisting of localized
moments on the magnetic solute atoms, surrounded by
induced moments on atoms of the host. However, much
less is known about the coalescence of these giant mo-
ments into large ferromagnetic microdomains which ac-
count for the neutron scattering observed in similar di-
lute alloys. Our objective was to characterize these enti-
ties in Pt —10 at. %%uoFe, aswel 1 as tomeasur e th eparame-
ters describing the critical scattering near the Curie tem-
perature in this isotropic metallic system.

As Cowley has indicated, the critical exponents asso-
ciated with certain classes of materials are dependent
only on the symmetry, dimensionality, and range of the
interactions. The inAuence of such universal criteria
overrides other obvious differences (metal versus insula-
tor, antiferromagnet versus ferromagnet, etc.). This is
more than adequately illustrated by RbMnF3, EuO, and
EuS, which all belong to the same universal class. In Sec.
IV 8, we will show that an analysis of the data available
on the alloys PdFe and PdMn appears to indicate that
they also belong to this class.

In the context of these considerations, it therefore
seemed of interest to investigate a dilute alloy of PtFe,

provided that the concentration of iron could be chosen
in such a way as to allow sufticient separation between
critical scattering and that due to magnetic clusters.
Both contributions are obviously associated with certain
characteristic temperatures. The characteristic tempera-
ture T«associated with the formation of giant clusters is
related to JR~Kv(Rb ), the Ruderman-Kittel-Kasuya-
Yosida interaction evaluated at the spin bond length, or
equivalently at the average solute-solute separation Rb.
Inasmuch as JptF =93+24 K at first-nearest-neighbor
separations, JRK~v(Rb ) (93 K, provided that
Rt, &a/&2, a being the lattice parameter. On the other
hand, the Curie temperature Tc of dilute PtFe alloys de-
pends on the atomic concentration of iron c through the
relation ' Tc=-1.6X10 (C —0.0076). Adequate separa-
tion between T«and T& would thus be expected, a priori,
in Pt —10 at. %%uoFe, sine eTz =150 Kan dR b =2a.

II. EXPERIMENTAL PROCEDURE

The sample consisted of a single crystal of Pt —10 at. %
Fe, 12 mm in diameter and about 10 cm long, and made
from 99.990%%uo pure materials. A single crystal was not
necessary for our purposes, but was conveniently avail-
able. It was positioned vertically along the "20" axis of
the diffuse scattering spectrometer G6—1 at the research
reactor "Orphee" operated by the Leon Brillouin Labora-
tory, Saclay, France. A wavelength of A, =4.76 A, select-
ed by a graphite monochromator, was used for the mea-
surements. The sample was attached to the cold finger of
a closed-cycle cryorefrigerator. A multicounter assembly
of 400 units, referred to as a "banana, "detected the scat-
tered neutrons. Each unit covered an angle of 0.2. The
direct beam prevented the collection of useable data in
the first five or six detectors, i.e., it was not possible to get
closer than about 1' to the forward-scattering direction.
Nevertheless, the minimum value of the wave vector Q
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was 0.058 A, typical of the usual utilization of the
spectrometer 66-1. Data was collected up to a max-
imum value of Q =0.2 A '. Since no energy discrimina-
tion was used, it was thus necessary to use an elaborate
correction procedure in order to ascertain the quasielastic
scattering component (see Sec. IVB). The temperature
and run times were automatically controlled.

The data were transmitted to and stored in a micro-
computer, thus permitting subsequent processing and
analysis. Corrections for the background, fast neutrons,
counter efBciency, etc., were applied by using the results
of similar runs in which the sample was either totally ab-
sent or replaced by a cadmium absorber. A standard
vanadium scatterer was used to normalize the data, thus
allowing the cross sections to be expressed in absolute
units of b/sr.

III. EXPERIMENTAL RESULTS
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FIG. 2. Scattered-neutron intensity divided by temperature
as a function of temperature for the three lowest values of the
scattering vector Q.

A. Low-temperature data B. High-temperature data

A typical scattering curve of intensity I(Q) versus Q at
low temperatures is shown in Fig. 1. The data corre-
sponds to a temperature of 20 K. The slight hump in the
curve at Q =0.085 A ' occurring after the upswing at
the lowest values of Q, is present at all of the tempera-
tures for which data were acquired. The solid line is a fit
to the data and will be discussed below (see Sec. IV A).

In Fig. 2 we show the variation of the magnetic suscep-
tibility, or equivalently, I (Q) /T, with T, Q being fixed at
each of the three smallest values measured. %'e note a
steep upturn in I(Q)/T at low temperatures (T ( 80 K).
This effect, in a region of decreasing "critical" suscepti-
bility, presumably reAects the presence of extended re-
gions of correlated spins.

Those neutron scattering runs for which the forward-
scattered intensity decreased with increasing temperature
were used to describe the critical scattering near and
above Tc in the paramagnetic region of the alloy. There
were 11 such runs ranging from 167.7 to 217.3 K. The
position of the "banana"' allowed intensity measurements
at scattering vectors Q ranging from 0.05 to 0.17 A

Given the experimental precision of 0.015 b in the
measurements, no statistically significant variation of the
scattering cross section with temperature could be ob-
served in the four highest-temperature runs for which
T & 210 K. Thus, the data shown in Fig. 3 represent the
average of four runs effected between 210 and 217 K.
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FIG. 1. Scattered-neutron intensity as a function of scatter-
ing vector Q at T =20 K in the ferromagnetic phase.

Q(A)

FIG. 3. Scattered-neutron intensity in the paramagnetic
phase as a function of scattering vector squared g at T & 210
K averaged over the four highest-temperature runs. The error
bars are the size of the symbols (H).
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hump changes above the Curie temperature (see Sec.
IV 8), the hump is clearly magnetic in origin. Thus, the
observed scattering can be described by two groups of
magnetic entities embedded in a paramagnetic matrix.
The first group presumably consists of randomly oriented
ferromagnetic microdomains. It seems plausible that the
second group consists of "spin-reversed" regions, as has
been previously suggested. These regions in which some
of the spins tend to cancel are likely since antiferromag-
netic interactions occur in Pt3Fe. However, no further
direct characterization of the properties of these magnet-
ic entities is possible based on the present data. The
groups are distinguished by different magnetic moments,
hence different characteristic temperatures, as evidenced
by the observed persistence of the hump above the Curie
temperature.

Assuming, as a first approximation, that scattering due
to interparticle correlations is negligible, the small-angle
scattering cross section is given by the sum of two
terms

FIG. 4. Scattered-neutron intensity as a function of Q at
T=167.7 and 191.7 K. The intensities represent the difference
between the measured values and those of Fig. 3, and thus cor-
respond to the critical scattering only. The solid lines are best
fits based on v=0. 75, T&=1S9.6 K, and zo=0. 324 A . The
error bars are the size of the symbols representing the data
( and o).

The pronounced hump in the data appearing at
Q =0.08 A is magnetic in origin (see Sec. IV A). These
highest-temperature data are then subtracted from the
other runs, the "difference" data being indicative of criti-
cal scattering.

Only the four lowest-temperature runs closest to the
ferromagnetic transition, namely 16.7, 177.4, 182.1, and
191.7 K, provided differences large enough to reliably
ascertain the critical parameters of interest. Figure 4
shows the difference data for T=167.7 and 191.7 K.
The solid curves represent fits to the data (see discussion
in Sec. IV B). We notice the absence of the hump in the
difference data. The data shown in Fig. 4 are corrected
for inelastic effects (see discussion in Sec. IV B).

IV. DISCUSSION

where

w;= —', (ye /2mc ) C;(1—C;)IM; .

d o sin(25. 4Q) —(25.4Q)cos(25. 4Q)
dn

'"
(25.4Q)

2

sin( 57.2Q) —( S7.2Q)cos( 57.2Q)
(57.2Q)

2

(2)

Now y is just the gyromagnetic ratio of the neutron,
e /mc is the classical radius of the electron, and C;, p, ,

and R; are the concentration, magnetic moment,
Rayleigh-function form factor, and radius of the ith
species, respectively (i = 1,2). The factor of —', arises from
the assumed random orientation of the scatterers. In ad-
dition, F;(0)= 1.

A least-squares fit of the data to Eq. (1) yields the fol-
lowing values of the parameters of interest: R, =2S.4 A,
Rz=57. 2 A, w, =0.464 b/sr, and wz=6. 58 b/sr. The
entire function representing the measured neutron
scattering is then given by

A. Low-temperature results

The experimental evidence for giant ferromagnetic mo-
ments of induced magnetization on the platinum atoms
surrounding the localized moments of the iron atom has
been reviewed by Ododo and Muellner. " However, a fit
of the present data to a single Rayleigh-function form
factor representing scattering from a population of iden-
tical spherical clusters or microdomains of radius R was
inadequate to explain our results due to the additional
scattering represented by the hump at Q =0.08S A
The near equality of the coherent scattering lengths of
platinum and iron (bp, =9.5 fm, bz, =9.54 fm) eliminates
the direct contribution due to nuclear scattering. Since
the number of scattering centers associated with the

Figure 1 shows the more than satisfactory agreement be-
tween this expression and the experimental data. Al-
though this model seems oversimplified in its neglect of a
continuous distribution of cluster sizes and scattering due
to interference between clusters, we will see later that it is
probably justified (see Sec. IV B).

The best-fit values correspond to magnetic clusters of
2S and 57 A, respectively. This identification is based on
the observation that the larger domains persist above the
Curie temperature (see Sec. IV B).

Inasmuch as the present scattering data only allow a
determination of the product of C; and p;, we can never-
theless estimate an upper limit for C; and thus a lower
limit for p;. At some threshold value of C; interference
effects must inevitably modify the form of Eq. (2).
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Guinier' has shown that the form factor F, (QR;) for
independent-particle scattering in the infinitely dilute
limit should be multiplied by a factor of the form
[1+8C, F, (2QR; ) ] '. As F, ~0 as Q ~~, interference
effects will obviously be most noticeable for QR; ((1. In
fact, when this factor is incorporated in Eq. (2)„and C; is
made to vary between 0 and 0.52 (maximum packing
fraction on a simple-cubic lattice), the scatterin~ intensity
only changes significantly below Q =0.08 A . By im-

posing the condition that the calculated intensity should
not differ by more than two standard deviations from the
measured values, we were able to set an upper limit on
the concentration of the larger of the two domains.
Inasmuch as the variation of the intensity due to a
change of concentration of the smaller domains was five
times less than that of the larger ones, an upper limit for
their concentration could not be determined.
Specifically, for the larger domains, (Cz),„=10,and
from Eq. (1),

(p~);„=[—,'(2 mc /ye ) /C~] =10 ps .

Corresponding quantities cannot be ascertained for the
smaller domains. The concentration is in order of magni-
tude agreement with that found in CuNi' (2—7X10 )
and RhNi (6X10 ), whereas the magnetic moment as-
sociated with these randomly oriented microdomains is
considerably larger than those generally previously re-
ported. It is of interest to note that Acker and Hugue-
nin' have also reported large magnetic moments lying
between 40 and 220@~ in Ni4oCu6o. It is possible that our
data can be fitted on the basis of more than one model,
most of them more elaborate (including, for instance, a
distribution of cluster sizes, etc.) than the one presently
employed.

Any statistically significant departure from v=0. 5 would
then imply an alloy behavior incompatible with mean-
field theory.

Inasmuch as only the ten smallest scattering vectors at
each of the four temperatures were considered, 40 experi-
mental points in all were used to perform the fit to Eq.
(3).

However, Eq. (3) describes only the quasielastic
scattering of neutrons by the thermal fluctuations of the
magnetization, not taking account of the inelastic-
scattering events. Previous studies ' ' of critical neutron
scattering in iron have shown that the measured cross
section can be in error by as much as 10—20%%uo if not ap-
propriately corrected ' for the inelastic contribution.
The correction factor depends on the scattering angle 0,
the inverse correlation length K& and the spin-diffusion
constant A, and can be easily calculated by numerical
methods once these parameters are specified. Inasmuch as
~, is to be determined in the present experiment, and A
has never been measured for the alloy under considera-
tion, it was necessary to use an iterative calculation pro-
cedure starting with the best-fit value of i~, (i.e., i~a, Tc,
and v) determined from fitting Eq. (3) to the uncorrected
data (A=O). Least-squares values of the parameters in
Eq. (3) were then calculated as a function of A, the
correct value of the parameters corresponding to that
value of A that minimizes y . Being guided by the exper-
imentally determined value of p=—11 (p

—=2m '/h, m and
h being the neutron mass and Planck's constant, respec-
tively) for iron, ' p, the dimensionless spin-diffusion
coefficient, was thus varied between 0 and 15 in the
present analysis.

Figure 5 shows that the best least-squares fit occurs at
a value of p—=7. The inelastic correction clearly im-
proves the fit between the data and the elastic cross sec-
tion of Eq. ('3), as can clearly be seen by comparing y at

B. High-temperature data

The theoretical expression describing the critical neu-
tron scattering results from combining the Fischer-
Burford' formulation of the Q-dependent static suscepti-
bility with the usual formalism' ' for magnetic neutron
scattering. This leads to the following expression:

1 —g/2AT
~+Q

where

7.4

0

7.2

~, =iso(T/T, —1) (3b)

and where A is a constant independent of temperature T
and scattering vector Q, Tc is the Curie temperature, g
and v are critical exponents, and x& is the inverse correla-
tion length. "xo" is just a characteristic inverse correla-
tion length. Equation (3) obviously reduces to the mean-
field description' of critical scattering for g =0 and
v=0. 5. As g «1 is often found to be the case in many
other materials, ' we assume that g=0 in the present
analysis. Thus, by fitting the scattering data to Eq. (3),
least-squares values of Tc, v, and ~o can be determined.
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FIG. 5. y as a function of the dimensionless spin-diffusion
coe%cient p.
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p =0 (the purely elastic-scattering limit) to that at @=7.
The parameters of interest, namely Tc, v, and xo, are

shown as a function of p in Fig. 6. Given the intrinsic
standard deviations of the parameters corresponding to a
particular value of p, i.e., 6v=0. 03, 5Tc=0.5 K, and
6KO=0. 015 A, a linear variation of v, T&, and ~o with

p was assumed. The best estimates of the "critical" pa-
rameters are thus T, =159.5+0.5 K, v=0. 75+0.03, and

O=O. 324+0.015 A
The fits to the data at 167.7 and 191.7 K, as shown in

Fig. 4, are based on these values. Even the data beyond
the first ten points are extremely well fit by the calculated
curves, as inspection of Fig. 4 reveals. The quality of the
fit decreases with increasing temperature and hence de-
creasing signal, as would be expected. The fit is indeed
satisfactory, inasmuch as the fractional standard devia-
tion is 0.068, totally consistent with the experimental un-
certainty in the measured cross sections. On the other
hand, when the data are not corrected for the presence of
the larger clusters, the fractional standard deviation is
0.11, that is, almost twice as big.

In Fig. 7 we have calculated the total scattering cross
section at 214 K due to the larger magnetic clusters
[second term of Eq. (2)] and the critical scattering given
by Eq. (3) as a function of Q . Excellent agreement be-
tween Figs. 7 and 3 is obtained by doubling the number
of the larger magnetic clusters while using the low-
temperature value of the radius. Specifically, we are able
to account for the hook at T ) T~. It arises from the Arst
maximum in the Rayleigh function whose prominence in-
dicates a relatively narrow distribution of the radius
characterizing the larger of the two types of clusters.
This lends additional weight to our method of treating
the high-temperature data.

The presently measured value of T&=159.5+0.5 K
can be compared to previous measurements based on
low-field susceptibility ' on alloys containing compara-
ble iron concentration. A chemical analysis of the sam-
ple used in the present experiment yielded a concentra-
tion of 9.47+0.08 at % Fe, uniformly distributed to
within the indicated precision. At this impurity concen-
tration, the available data ' indicate that the Curie tem-
perature most probably lies between 143 and 164 K. Our
value is obviously in good agreement with these results.

The characteristic inverse correlation length ~o is the
limiting value of the temperature-dependent inverse
correlation length ~& at temperatures well above the Cu-
rie temperature. In particular, according to Eq. (3b),
a, =~o at T =2T~. At this temperature the spins are ex-
pected to be correlated up to a distance 1/~0 not exceed-
ing the nearest-neighbor separation of a/&2. This would
predict ~o= &2/a =&2/3. 9=0.36 A ', in gratifying
agreement with the value of ~o=0.324 A ' presently ex-
perimentally determined.

The critical exponent v obviously differs significantly
from the mean-field value of —,'. Cowley has pointed out
that the concept of the universality of phase transitions
implies that the temperature dependence of the proper-
ties of a system close to Tc is the same for all materials of
the same class, while differing from one universal class of
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FICx. 6. The Curie temperature T&, the critical exponent v,
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of the spin-diffusion coefficient p. The straight lines are a guide
to the eye.
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1.2—

measured values of v are 0.64+0.02 (Ref. 21) and
0.77+0.08. Evidently, a number of magnetically inho-
mogeneous, dilute ferromagnetic metallic alloys, the pure
element iron, and insulating antiferromagnetic and fer-
romagnetic salts have roughly the same critical exponent
v. In this context, the present result, which shows a devi-
ation from mean-field theory, would appear to be entirely
reasonable.

V. CONCLUSIONS
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FIG. 7. Calculated scattered-neutron intensity in the
paramagnetic phase as a function of scattering vector squared
g' at T )210 K. The intensity is the sum of the contributions
of the Rayleigh function describing the scattering from the
larger micro domains and that due to the residual critical
scattering.

materials to another. Based on the value of
v=0. 75+0.03, alone, it would appear that the presently
studied dilute alloy, Pt —10 at. % Fe, would belong to the
universal class of isotropic, three-dimensional Heisenberg
magnets, for which theory predicts v=0. 702. Other
members of this class, as pointed out by Cowley, are
the insulating antiferromagnet RbMnF3 (Ref. 25)
(v=0.701+0.011), and the insulating ferromagnets EuO
(Ref. 26) ( v =0.681+0.017) and EuS (Ref. 26)
( v =0.702+0.022).

In fact, the dilute, metallic ferromagnets Pd —2 at. %
Mn, Pd —0.5 at% Fe, and Pd —0.25 at. %%uoFewoul dalso
appear to take their place alongside Pd —10 at. % Fe in
this class, inasmuch as a fit of previously published data
for these alloy systems to Eq. (3b) results in the following
values of the critica1 exponent v: 0.7+0.2, 0.77+0.07,
and 0.6+0. 1 for Pd —2 at. % Mn, Pd —0.5 at. % Fe, and
Pd —0.25 at. % Fe, respectively. For pure iron itself the

In conclusion, we have used diffuse neutron scattering
to elucidate certain features of the inhomogeneous nature
of the ferromagnetic state, as well as details of critical
scattering phenomena in the dilute alloy of Pt —10 at. %
Fe. This was made possible by an appropriate choice of
the scattering characteristics and solute concentration of
the alloy. We have shown that at low temperatures, the
scattering can be interpreted in terms of two types of mi-
crodomains, of 25 and 57 A radii, respectively, the latter
carrying magnetic moment of the order of 100pz.

The present work represents one of the few attempts to
extract critical exponents from neutron scattering in an
isotropic metallic ferromagnet. It has been shown that
this alloy belongs to the universal class of three-
dimensional Heisenberg magnets, since v=0. 75+0.03.
This result underlines the importance of symmetry and
dimensionality in critical phenomena. In this context, re-
cent experimental work ' on topological considerations
of symmetry have indicated that frustrated systems imply
the existence of new universal classes. We feel that con-
tinued work on critical exponents in systems possessing
unusual spin configurations will provide additional infor-
mation on phase transitions in the future.
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