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ever, we noticed that there are thxee lumines-
cence peaks with exceptionally strong tempera-
tux'e dependence, the cause of which is yet to be
ldent1f1ed.

Helpful discussions with Pxofessor C. Kittel,
Pxofessor M. L. Cohen, and Professor i. Fal-
icov are gratefully acknowledged. %e are also
indebted to Dx'. J. Reydellet, Dr. M. Balkanski,
RQd Dx'. D. Tx'1vlch fox' seQdiQg us a prepl lnt of
their paper.

*Besearch sponsered by the U. 8. Atoxnic Energy
Coxnxnission.
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Direct Observation of an Amorphous Spin-Polarization Distribution*
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Evidence is plesented froxn neutron diffraction XQeasulexnents fox' the existence of an
axnorphous spin-polarization distribution in a sputtered rax'e-earth-iron anoy of compo-
sition 33 at.% Tb, 67 at.% Fe.

%e have made neutron diffraction measux'e-
ments on a ferromagnetic sputtered sample of
composition 33 a't.% Tb, 67 a't.% Fe, which allow
the first direct. observation of the spin polariza-
tion in an amorphous magnetic material.

Bulk magnetization measurements' show that
the material is actually ferromagnetic, in the
sense that a macx'oscopic spontaneous moment
is observed. The magnetic isotherms shown in
Fig. 1(a) indicate a high degree of saturation in
fields of 2-3 kOe, followed by a hi.gh-field sus-
ceptibility. The zexo-field intexcepts are plot-
ted versus temperature in Fig. 1(b), indicating
a mell-defined Curie point of 388 K. This value,
as well as the spontaneous moment o(0, 0) = 2.8 ps j
moke, are substantially lower than that of the
crystalline TbFe, Laves phase (710 K and 4.7p, s,
respectively). ' Both these features were also
found in ternary Fe-Pd-P alloys3 that are be-

lieved to be amorphous. The decrease in o(0, 7')

below 100 K in Fig. 1(b) is anomalous but may
paxtly result from the procedure used in sub-
tracting the susceptibility term. Prolonged an-
nealing of the sample in the neighborhood of 650
K produces an increase in magnetization with
time, pxoviding evidence for the partial recrys-
tallization of the Tbpe, Laves phase at this tem-
peratux'e.

The neutx'on data were taken at: the National
Bureau of Standards Reactor on a disk 25 mm

0
diam by 1 mm thick with 1.36-A incident wave-
length, the collimation being 20' in-pile, 0 be-
tween monochromator and sample, and 40' be-
fore the counter. Diffraction peak widths were
unaltered by inserting 20' collimation before
the counter, and therefore instrumental resolu-
tion corrections were neglected. Diffraction pat-
terns taken at 423 and 4 K, with instrumental
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FIG. 1. (a) The magnetic moment of sputtered Tbre2
versus field at two temperatures; (b) The spontaneous
magnetization versus temperature. The measurements
from room temperature up were made in a constant
1-kOe field and scaled to the extrapolated data at 290 K.

FIG. 2. Neutron diffraction. patterns of sputtered
TbFe, {a) at 428 K [the small pip near the top of the
broad peak is the remainder of an Al {ill) peak due
to the radiation shield]; (b) at 4.2 K.

background subtracted, are shown in Fig. 2. The
arrows indicate the positions of the Bragg lines
in the corresponding Laves-phase compound.

The high-temperature pattern, Fig. 2(a), is
consistent with scattering of atomic origin from
an amorphous structure, superimposed on a form-
factor -like background due to paramagnetic dif-
fuse scattering. The broad maximum is very
near the angular position of the (113)and (222)
reflections of TbFem, the strongest nuclear peaks
of the crystalline phase. The broadness of the
peak (-13' in 28) cannot be attributed to micro-
crystallinity, however, for several reasons.
The pattern is not characteristic of a I.aves
phase with broadened lines, since there would
also be peaks at much lower and higher angles
than the observed maximum. If we are dealing
with a different phase altogether, application of
the Scherrer formula would indicate a crystallite

0
size of 6-8 A, i.e., comparable to several inter-
atomic spacings. Not only is crystallinity on such
a scale operationally indistinguishable from the
amorphous state, but it would give rise to a com-
parably broad small-angle scattering, which we
do not observe. As far as the atomic structure

is concerned, we therefore conclude that the sam-
ple is indeed amorphous and reasonably homoge-
neous, and that any microcrystalline phases, if
present, are below the level of observation.

Turning to the low-temperature data in Fig.
2(b), we note that the diffuse peak appears to have
broadened and shifted to a significantly lower
angle; in addition, a small-angle component to
the scattering has arisen. Both these changes
are attributable to the development of the macro-
scopic ferromagnetic polarization. In order to
make these features more visible, we subtracted
the high-temperature data from the low, obtaining
the difference pattern reproduced in Fig. 3.

This pattern, if we assume that no strong mag-
netic correlations remain above T„reflects the
spatial distribution of the spin polarization alone.
It is in all respects characteristic of an amor-
phous structure, with the exception of the small-
angle "tail. " Nt is to be noted that this subtrac-
tion procedure automatically gives the modified
intensity4 needed to obtain the radial distribution
function of the moment centers by Fourier trans-
formation, since the total scattering remains as
a paramagnetic contribution at high temperature;
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FIG. S. Diffex ence pattern (low-temperature data
minus high) showing the purely magnetic intensity for
sputtered YbFe2.

moreover, corrections such as absorption, nucle-
ar incoherent scattering, and inelastic scattering,
to the extent that it is temperature independent,
are canceled out. ) The data in Fig. 3 therefore
offer convincing proof for the existence of a truly
amorphous spin-polarization distribution in this
alloy. Again, any microcrystalline magnetic
phases are below the level of observation.

Inasmuch as the composition is binary, an un-
ambiguous interpretation of the data by Fourier
methods is in principle impossible, since they
result from a superposition of three pair distribu-
tion functions in both space and spin coordinates.
Even if the fact that the atomic distribution peaks
near the strongest peak of Tbre, is used as a
starting point for a model of the atomic correla-
tions, the unknown magnetic moment and degree
of localization of the randomly distributed rare-
earth and iron moments would render direct
methods of interpreting the spin polarization
problematic.

Nevertheless, several simple models of the
spin distribution would appear to be inconsistent
with our data. The fact that the first maximum
of the spin distribution is shifted from that of
the atomic distribution rules out the admittedly
simple ferromagnetic model in which each atomic
site carries the same average magnetic moment.
Similarly, if the immediate neighborhood of any
site looked like the ferrimagnetic arrangement
in the crystalline TbFe, phase (rare-earth and Fe

moments antiparallel), a maximum near the (ill)
position, the strongest magnetic reflection in the
crystalline material, might be expected. More
realistic models of the spin distribution cannot
be constructed without a detailed knowledge of
the atomic correlations.

The small-angle "tail*' observed in Fig. 2(b),
which is absent in 2(a), arises from the broad
ening of the (000) magnetic peak. This indicates
that some sort of inhomogeneity of a longer range
than the average near-neighbor spin correlations
is present in the magnetic structure, which can-
not be related to any inhomogeneity in the atomic
structure. This small-angle scattering is un-
usually broad and hence must be interpreted on
the basis of a small-scale "graininess" or clus-
tering in the magnetic structure rather than do-
mains in the conventional sense. These phenom-
ena are being studied further as functions of tem-
perature and magnetic field to see whether they
are characteristic of a sputtered sample or are
perhaps intrinsic to the magnetic amorphous
state. It wi11 obviously be of great interest also
to determine whether critical scattering at the
phase transition or localized spin-wave excita-
tions can occur in such materials.

%e are indebted to A. E. Clark for maing avail-
able the sample, which is one of a series pre-
pared for their unusual magnetostrictive proper-
ties, ' and to T, R. Mcouire for expediting the
magnetic measurements.

*%ork supported in part by the U. S. Naval Ordnance
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of Naval Reseaxch, Samples were prepared by Battelle
Northwest undex contract with the Advanced Research
Projects Agency.

~%'e are indebted to Mr. H. Lillienthal of IBM Re-
search Center for making these measurements for us.
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