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Fe on the periodic table enter the Feyj site ex-
clusively, but different elements show different
near-neighbor preferences in iron-rich off-stoi-
chiometric samples. On the basis of these inves-
tigations, we conclude that an additional param-
eter which specifies the selective site occupation
in Fe,Si when transition-metal impurities are
added could shed some light on the ternary phase
diagrams® of these systems.

The regularity of these results suggest a direct
relationship to the large class of magnetic Heus-
ler alloys.X® If one writes Fe,Si as (Feyp),Fe;Si
the similarity to the Heusler structure, A,BC, is
clear.!* In the known Heusler alloys, the transi-
tion metals most to the left in the periodic table
prefer the B site, while those to the right enter
the A site. Our results that V and Mn enter the
Fe; site whereas Co, Ru, Rh, Os, and Ir enter
the Fej; site suggest a basis for the systematics
of the transition-metal site occupancy of the
known Heusler alloys. An interpretation of these
results based on size and valency factors is ac-
tively being pursued.

During the course of this investigation, a simi-
lar conclusion for the (Fe,.,+Mn,)Si system was
reached on the basis of a neutron experiment
which concluded that Mn entered the Feq site.!?

We would like to thank Dr. J. H. Wernick for
providing the master ingots used in the initial
phases of this study, Dr. S. Pickart for his help-

ful collaboration, and Dr. S. Skalski for his com-
ments.

*Work supported in part by the National Science Foun-
dation.

tWork supported in part by a Fordham Faculty Re-
search Grant.

{Work supported in part by the University of Connec-
ticut Research Foundation.

13.1. Budnick, S. Skalski, T.J. Burch, and J. H.
Wernick, J. Appl. Phys. 38, 1137 (1967).

M. B. Stearns, Phys. Rev. B 4, 4069 (1971).

5M. B. Stearns, J. Appl. Phys. 35, 1095 (1964).

‘M. B. Stearns, Phys. Rev. 129, 1136 (1963).

5A. Paoletti and L. Passari, Nuovo Cimento 32, 25
(1964).

SD. Meinhardt and O. Krisement, Z. Phys. 174, 472
(1963).

'J.1. Budnick and S. Skalski, Hyperfine Intevactions,
edited by A. J. Freeman and R. Frankel (Adademic,
New York, 1967).

83, Pickart, private communication.

See, for example, S. Setz, H. Nowotny, and F. Bene-
sovsky, Monatsh. Chem. 99, 2014 (1968).

3. H. Westbrook, Intermetallic Compounds (Wiley,
New York, 1967).

YA, 3. Bradley and J. W. Rodgers, Proc. Roy. Soc.,
Ser. A 144, 340 (1934).

23, G. Booth, J. Clark, J. O. Ellis, and P. J. Webster,
in Proceedings of the International Conference on Mag-
netism, Moscow, U.S.S.R., 22—-28 August 1973 (to be
published).

Anomalous Small-Angle Magnetic Scattering from Amorphous TbFe, and YFe,}
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Small-angle quasielastic neutron scattering measurements have revealed an intense
magnetic component at low temperatures in amorphous TbFe, and YFe,, in addition to
a weak critical divergence at T, in TbFe,. These observations are interpreted as evi-
dence that spatial fluctuations remain “frozen in” below the Curie point of TbFe,, and
that only short-range order is achieved in YFe,.

Recent neutron scattering measurements on
sputtered, amorphous magnetic alloys have pro-
vided information on the atomic and spin correla-
tion functions! and excitation spectra? of these
novel materials. Small-angle quasielastic scat-
tering provides additional information about the
longer-range, spatial fluctuations in the magneti-
zation, particularly in the critical region near
the transition temperature. We report here the
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observation by this method of an intense, strongly
temperature-dependent small-angle component of
magnetic origin in amorphous TbFe, and YFe,,
accompanied by a weak divergence near T, in
TbFe,. We believe that these phenomena provide
insight into the anomalous nature of the phase
transition in amorphous magnets.

The measurements were taken at the National
Bureau of Standards reactor with a double-axis
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FIG. 1. Small-angle neutron scattering from amor-
phous TbFe, in the critical region, corrected for ab-
sorption and instrumental background. (Data taken for
q=0.02 A~! would be off scale and are not plotted for
convenience, while data at higher g continue to de-
crease slightly and are essentially flat with 7)) The in-
dicated T, is the average derived from Ref. 3.

spectrometer using a 20’-10’-10’ collimator se-
quence. This allows observations without exces-
sive background contamination down to a momen-
tum transfer ¢ #0.02 A”!, with the incident wave
vector of 2.577 A™! obtained from a curved graph-
ite monochromator.

Data obtained in the critical region for TbFe,
are presented in Fig, 1, Two interesting features
are visible in these data: a weak “critical” anom-
aly near T, and a further precipitous rise as T
decreases below T.

Measurements at closer intervals than indicat-
ed in the figure at a fixed ¢ of 0.04 A”! demon-
strate that the anomaly is not at all sharp, as ex-
pected in a normal ferromagnetic second-order
phase transition, but rounds off and transforms
smoothly into the unexpected small-angle compo-
nent. If the high-temperature asymptotic level
of the scattering is subtracted (a somewhat arbi-
trary procedure because the highest safe temper-
ature to avoid recrystallization does not reach
into the completely paramagnetic regime), the
shape of the angular dependence above and im-
mediately below T, in Fig. 1 is closely Lorentz-

ian. The correlation length obtained by fitting
the resolution-corrected intensity increases from
~15 A at the highest T to ~170 A just below T,.
This slower than normal divergence, plus the
rounded character of the anomaly, suggest that
the fluctuations are “frozen in” at T, and never
become long range.

On the other hand, the angular dependence of
the small-angle component below 7' is far from
Lorentzian. It is strongly temperature depen-
dent, increasing at ¢=0.02 A! by over 2 orders
of magnitude as T falls from room temperature
to 4 K. It is found to scale very nearly with the
square of the spontaneous magnetization,® which
suggests an interpretation in terms of magnetic
inhomogeneities or clusters, i.e., the magnetic
analog of particle size broadening effects.* Since
the forward beam, the (000) reflection, is the
only in-phase component in the scattering from
an amorphous medium, it is the only region in
scattering space that will reflect inhomogeneities
on a scale large compared to the interatomic
spacing. It is important to note, however, that
the intensity far above T, shows no rapid falloff
with ¢; thus, since the nuclear and magnetic
cross sections are comparable, there is no simi-
lar small-angle scattering of nuclear origin.
Hence these magnetic clusters are apparently nof
connected with chemical or structural inhomo-
geneities.

We have attempted to analyze the small-angle
scattering below T by the methods* of Guinier
and Porod; although these theories apply strictly
only to noninteracting particles, a sufficiently
random distribution may minimize interference
effects. For a collection of N identical particles
with moment u and radius R the intensity is

I(q) ~Np? exp(- ¢°R?/3),

where the factor in the exponent, but not the
Gaussian dependence, is modified by resolution
corrections. We find on plotting the intensity on
a logarithmic scale versus ¢? that the curves
have a continuous upward curvature at small g,
thus indicating a distribution of radii and effec-
tively preventing determination of an upper limit
to R by extrapolation to ¢=0. We find, however,
that for temperatures below room temperature
the data exhibit a ¢ ™" dependence with n=2.4, in
remarkable agreement with Porod’s limiting
formula? for a distribution of particle sizes with
total surface area S and magnetization density m,

I(q) ~ 21m?S/q?,
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where the ¢ ™ dependence is reduced to ¢ 2-® af-
ter correction for vertical and horizontal resolu-
tion. Using the theoretical magnetization density
(rare-earth and iron spins antiparallel) we obtain
from the absolute intensity at ¢=0.02 A™! a spe-
cific surface area of ®4 ]\2/ atom, almost exact-
ly the same value as a spherical particle with a
diameter equal to the correlation length above T,
The agreement is probably fortuitous, since we
have no idea of the shape and distribution of the
particles, but does lend credence to the model.
In order to investigate the effect of substituting
a nonmagnetic rare earth, we have also measured
diffraction patterns and small-angle scattering
from sputtered YFe,, which is nonmagnetic at
room temperature. Fourier transforms of the
nuclear scattering observed at 300 K are striking-
ly similar to our previous TbFe, data,? with peaks
corresponding to combinations of the ionic radii
of Y and Fe pairs and clusters, as expected for
a dense random-packing model.® Small-angle
scattering data exhibited a temperature-depen-
dent component in this material as well (see Fig.
2), but less intense than in ThFe, and with a Lo-
rentzian angular dependence at all temperatures.
The correlation length ranges from ~6 A at 175
K to 8 A at the lowest temperatures. These re-
sults suggest that YFe, is not ordered magnetical-
ly on a long-range basis, as confirmed by subse-
quent magnetization measurements.® The broad
peak at ~40 K for ¢=0.04 A™! corresponds to the
appearance of hysteresis in the magnetization,
and may result from anisotropy effects.
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FIG. 2. Small-angle scattering observed in amor-
phous YFe, as a function of temperature.
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A question naturally arises as to the inelastici-
ty of this small-angle scattering, as could hap-
pen for instance if the counter angle is at all tem-
peratures below the spin-wave cutoff given by 6,
=h?/2mD, where D is the spin-wave stiffness.
Under these conditions, if D renormalizes as T
-~ T, the spin-wave cone opens up and the intensi-
ty decreases because of the finite vertical colli~
mation. There are two pieces of evidence against
this interpretation. First, our previous? elastic
and total scattering measurements on ThFe, in-
dicate that the energy-integrated inelastic scat-
tering decreases with 7, and, in fact, is hardly
observable at 4 K. Second, with a strongly tem-
perature-dependent D one would expect renormal-
ization effects near T, to be visible; however,
data taken on a triple-axis spectrometer (shown
in Fig. 3), although extremely limited in energy
range by geometric factors, show no evidence
of energy broadening. We therefore conclude
that the small-angle scattering is primarily elas-
tic.

As a result of these data, we have arrived at
the following tentative model for the qualitative
nature of the phase transition in these amorphous
magnets. Fluctuations begin to build up as T ap-
proaches T, from above in the normal manner,
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FIG. 3. Energy dependence of the small-angle scat-
tering component in ThFe, in the critical region. The
collimation was greatly relaxed (40’ throughout) from
the data in Fig. 1. Since the scans overlap, the scale
is shifted up progressively by one ordinate unit.
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but are interrupted by the spatial disorder of the
lattice and are “frozen in” at the ordering tem-
perature with some finite mean correlation
length, thus preventing the wavelength-dependent
susceptibility from diverging.® These frozen-in
fluctuations must in some manner be stabilized
by the rare-earth—iron interaction, since in the
absence of a magnetic rare earth the fluctuations
are of much shorter range and never spontane-
ously order. We are undertaking experiments on
other rare-earth—-iron compositions to corrobo-
rate this model for the amorphous magnetic tran-
sition and determine whether the exchange or
crystal field interactions are predominantly re-
sponsible for the anomalous behavior.
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The critical behavior occurring at displacive phase transitions in anisotropically
stressed perovskite crystals is examined. It is shown that, under various conditions,
the asymptotic critical behavior may be of Ising, XY~-model, or Heisenberg type. The
existence of a “spin-flop”-like transition (at zero stress) between two differently or-
dered phases is predicted. An explanation of the discrepancy between the measured

exponents and those predicted theoretically is proposed, and several new experiments
are suggested.

It is well known that stressed crystals undergoing displacive phase transitions exhibit phase diagrams
with interesting complexities.® In this Letter we show that, under different stress conditions, perov-
skite crystals may display a variety of types of critical behavior, including #icvitical and bicritical
points, crossover phenomena, and floplike transitions of the type proposed recently for anisotropic an-
tiferromagnets.®* The analysis raises the interesting possibility that the discrepancy between recent
theoretical predictions® 7 and measurements of the critical exponents characterizing the structural
transitions in the perovskites SrTiO, and LaAlO4® arises through the existence of systematic residual
strains in the crystals studied. We show that these (conjectured) strains precipitate a crossover from
the Heisenberg-like (or cubiclike) behavior, previously predicted,®”” to an Ising-like behavior. We
use scaling theory to study this crossover, and propose several experiments which should elucidate
the situation.

Our conclusions are based on an analysis of an effective Hamiltonian that is a natural extension of
the Landau-type potential used in previous mean-field investigations of the 105°K phase transition in
SrTiO,.2° The Hamiltonian embodies a coupling between the local rotational coordinates of the charac-
teristic perovskite octahedra, Q,(x) (@=1, 2, 3), in which the primary ordering occurs, and the elastic
strain coordinates e;(X) (i=1,... , 6 in the Voigt notation). Allowing for an applied stress T, (i=1,.
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