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ABSTRACT

Small-angle neutron scattering techniques have
been used to study the angular distribution of the i?5
critical scattering from cobalt above T . These mea-
surements have been put on an absolute s'cale by cali-
brating the critical scattering directly against the
nuclear incoherent scattering from cobalt. In this
way the interaction range r^, which appears in the
classical and modified Ornstein-Zernike expressions
for the asymptotic form of the spin pair correlation
function and is related to the strength of the spin
correlations, has been determined. We obtain rj/a =
0.46 £ 0.03 for the ratio of the interaction range to
the nearest-neighbor distance in cobalt. This result
is in good agreement with theoretical predictions.
Lack of agreenent among previous determinations of
the ratio rj/a made in iron failed to provide a defini-
tive comparison with theory.

INTRODUCTION

From the angular distribution of neutrons critic-
ally scattered from magnetic systems, considerable
information can be obtained regarding the long range
spin co relations which develop near the critical point.
In the quasi-static limit' the scattered neutron inten-
sity is directly proportional to the wave-vector-depend-
ent susceptibility x(q) which in the Orstein-Zernike
approximation has the simple form

'H

x(q)=_ XO=(S>B) S(S+l)/3kBT (1)

for small scattering vectors q. x(q) is related to
the spin pair correlation function f(r) by Fourier
inversion, which, from Eq.(l), gives the well-known
asymptotic dependence

Y(r)ot (2)

for large distances r. JThe correlation range of the
spin fluctuations, ^=<\ *, is obtained directly from
the width of the Lorentzian shaped critical scattering
and has been extensively investigated in numerous
materials. However, to determine the parameter rj,
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the so-called interaction ranse which is related to
the strength of the spin correlations, measurements
of x(q) must be put on an absolute scale. For this
reason there have been relatively few experimental
determinations of rj to afford comparison with theo-
retical calculations.

In the course of detailed measurements of the
small-angle sc •;tering from polycrystalline, face-
centered cubic cobalt, it was realized that cobalt
is a particularly favorable system for an accurate
measurement of the critical scattering cross section,
and hence of the interaction range T\. Absolute
cross section measurements are usually carried out
by normalizing the scattered intensity against that
measured under identical experimental conditions
from a sample whose cross section is well known.
One difficulty with such a procedure, however, is
that the scattering volumes of the two samples must
be precisely known and taken into account when com-
paring intensities. Additional complications arise
if th£> data roust be corrected for multiple scattering
which is often the case.2 For cobalt, however, many
of these difficulties may be circumvented by cali-
brating the critical scattering directly against the
rather large and accurately measured^ nuclear, spin-
incoherent cross section (a£ncoh

 = 5.9 b) of cobalt
itself. In this way factors of sample volume ex-
actly cancel when forming intensity ratios. Further-
more, for the thin (2mm) slab sample geometry used in
our experiments (necessitated by the moderately large
absorption cross section of cobalt), analytic2 and
Monte Carlo calculations indicated that multiple
scattering corrections were completely negligible for
both the incoherent and critical scattering.

DESCRIPTION OF MEASUREMENT AND RESULTS

Our small-angle scattering measurements were made
with a triple-axis neutron spectrometer using a mono-
energetic incident beam of 13.5 meV. The angular
dependence of the scattering was studied by operating
the spectrometer in the double-axis mode in which all
neutrons scattered through a fixed angle are detected,
regardless of their energies. Energy analysis of the
scattering was carried out in a separate series of
triple-axis, constant-q scans. The wave vector and
frequency dependence of the small-angle scattering
in the vicinity of the critical point, obtained by
correlating these two types of measurements, have
been briefly described in a previous paper.1*

Our absolute cross section measurement was predica-
ted on being able to separate the intensity recorded in
a double-axis scan into contributions due to magnetic
scattering, nuclear incoherent scattering and that due



to all other sources. This is partially accomplished
quite simply by measuring the forward scattering at
temperatures well below the critical point (T = 1115°C).,
for example room temperature, where there is no mag-
netic scattering over the angular range of our double
axis scans. At such temperatures the elastic mag-
netic scattering is concentrated entirely in Bragg
pnaks away from the forward direction. Inelastic
magnetic scattering, i.e. spin wave scattering, also
gives no contribution to the observed intensity as a
fortuitous consequence of the extremely steep spin
wave dispersion in cobalt. For a neutron to scatter
from a spin wave through an angle 6, it must transfer
energy -fiuj given by the dispersion relation •fiw=+Dq2(u,0)
and also satisfy the usual momentum and energy con-
servation conditions. Near the forward direction the
dispersion relation and conservation conditions can be
satisfied simultaneously only for scattering angles
6<(fi2/m )/D. For cobalt at room temperature, the
stiffness constant I>\>500 meV-A2.5 The spin wave scat-
tering is therefore confined to angles 8<0.25° which
lay outside the. range of our angular scans.

The forward scattering which is observed at low
temperatures is predominantly the elastic, nuclear,
incoherent scattering. Inelastic nuclear (i.e.
phonon) scattering is suppressed near the forward di-
rection by the q2 factor in the phonon cross section,
and other possible sources of scattering, such as
multiple Bragg and domain-wall scattering, are also
expected to be small compared to the strong incoherent
scattering. There is, of course, a contribution to
the recorded intensity from sources other than the
sample, such as scattering from the furnace which
surrounded the sample, room background, detector
noise, etc. To estimate this extrinsic background
scattering, the following procedure was adopted.
First, the transmission T of the cobalt sample was
carefully measured to be 0.404 (T = exp(p0(-T), where
p is the number density, T is the sample thickness,
and a is the total cross section which includes the
absorption and incoherent cross sections, for example).
Then knowing the incoherent cross section we could
compute T' = exp[-p(at - o"incon)T] = 0.440, which would
be the transmission of the sample were there no inco-
herent scattering. 'A surrogate sample was then pre-
pared by stacking foils of indium, having the same
lateral dimensions as the cobalt sample, to a thickness
which gave a measured transmission equal to T'. Indium
was chosen for this purpose because it produces essen-
tially no incoherent scattering but does have an appre-
ciable absorption cross section. The room temperature,
small-angle scattering observed from such an indium
sample should then differ from that recorded for the
cobalt sample only as a result of the incoherent scatter-
ing from the cobalt. By subtracting two such scans a



a resulcmt uniform level of scattering was obtained
which could then be associated entirely with the
incoherent scattering.

Since the Debye-Waller factor in the neutron
cross section is nearly unity in the forward direction,
the small-angle incoherent scattering is effectively
temperature independent. Hence the difference between
identical angular scans taken at room temperature and
at temperatures near T could be attributed entirely
to magnetic critical scattering. Even very close to
T , hox^ever, the critical scattering was observed to be
inelastic to an appreciable degree. Because of this
inelasticity, the- total inr.ensity measured at a fixed
scattering angle represents a spread of scattering
vectors q. Extensive triple-axis measurements of the
energy distribution of the critical scattering at and
above T did provide the necessary information to
ennMe Cthe effects of the inelasticity to be removed
from our double-axis data in a manner which has been
described in Ref. 4. When corrected for inelasticity,
the angular dependence of our double-axis data is quite
adequately described by the Ornstein-Zernike expression
given in Eq.(l). This can be seen in Fig. 1 in vhich
the reciprocal of the corrected double-axis intensity
is plotted versus q2 for several temperatures up to
100°C above T . The intercepts of the straight lines
in Fig. 1 witft the q2-axis determine the value of K 2

for each temperature.

After correcting for inelasticity, the critical
scattering intensity measured in double-axis scans
above T is c'irectly proportional to the differential
cross section,6

/do\

. W
i f(q)|2 J. _1 (3)

ent 3 V V
where S is the effective spin of the scatterer, y is
the neutron magnetic moment in nuclear magnetons, and
f(q) is the magnetic form factor. The same constant of
proportionality relates the level of incoherent scatter-
ing deduced from the room temperature ocans to the
cross section

do \ = incoh(a)JJ / incoh 4ir

Hence, ratios of the critical to incoherent intensities
can be equated to those obtained by dividing Eqs.(3)
and (4), evaluated at the corresponding wave vector q.
Since the value of K\ in Eq.(3) is known from plots
like those shown in Fig. 1 and |f(q)|2 = 1 over the
small-angle range of our data, these ratios yield
absolute values for the interaction range r\. Using
for the value of the effective spin appropriate for
face-centered cubic cobalt,7 S=0.88, we obtain from



our measured intensity ratios the result ri=1.16i
0.04A for temperatures within 15°C of T . While rj
varies from material to material, the ratio of r\
to the nearest neighbor distance a is expected to
have universal significance. For cobalt near T ,
a =2.55A so that c

nn
rj/ann = 0.46+0.03. (5)

Our value for the ratio rj/a ' is in good agree-
ment with theoretical predictions, which have proven
to be rather insensitive both to methods of calculation
and to the crystal lattice. For example, the mean
field approximation leads to the result^ that T\/a =
0.408. High temperature series expansion calculations^
based on the Heisenberg model give values for rj/a
ranging from 0.45 to 0.52 depending on the spin ana
type of lattice; for a spin-1 system on a fee lattice,
which is the case roost applicable to cobalt, rj/a =
0.462. Similar calculations10 for the spin-1/2 n n

Ising model yield values for rj/a from 0.44 to 0.46,
the former nunber applying to an tec lattice.

The few previous measurenents of the ratio rj/a
are listed in Table 1. The lack of agreement among
the results obtained for iron was a motivating factor
for our measurement. The only previous determination
of the interaction range in cobalt was made by Bally
et al.'1* who normalized their neutron scattering data
to bulk susceptibility measurements. Their result is
in good agreement with our ovn, obtained by a com-
pletely different method. In view of our result,
there now appears to be a discernable trend_.in the
available data which indicates that experiment and
theory are in basic accord.
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Table I. Results of previous measureraents of the ratio
of the interaction range r\ to the nearest neighbor
distance near Tc. A=2.52A for iron and 2.55.5 for cobalt.

rj/a Material Reference

0.42+0.02 Iron [11] Gersch, Shull, Wilkinson 1956
0.58+0.07 Iron [12] Ericson and Jacrot, 1960
0.38 Iron [13] Spooner and Averbach, 1966
0.43+0.04 Cobalt [14] Bally et al., 1968

„*/*.



Fig. 1.. Inverse intensi-
ties measured in angular
scans above Tc plotted
versus the squc-re of the
scattering vector after
correcting for inelasti-
city. ;

I
........ I •



INVERSE SCATTERING INTENSITY (x I0 5 )


