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Small-angle neutron scattering measurements on ANFe alloys containing 10 and 13 at.~/()

Fe are reported. These show a series of q-dependent freezing temperatures tsharp dis-
continuities in the forward scattering intensity I(q) as a function of T) in contrast to a
unique freezing temperature (sharp cusp) observed in the low-field magnetic susceptibili-
ty of the alloys.

Spin-glasses or binary alloys such as CuMn,
AuFe consisting of a small concentration of mag-
netic atoms (e.g. , Mn, Fe) distributed substitu-
tionally and randomly in a nonmagnetic metallic
matrix (e.g. , Cu, Au) have been the subject of
renewed theoretical interest recently since the
discovery of sharp cusps in their low-field mag-
netic susceptibility which provide additional sup-
port to the "sharp transitions" observed in their
Mossbauer hyperfine spectra. '

There is a growing tendency to interpret the
sharp cusp as indicating a magnetic phase transi-
tion and indeed several apparently successful
theoretical attempts have been made in this direc-
tion, ' There remain, nevertheless, unexplained
complexities, such as the specific heat which
shows a broad maximum instead of a sharp, A. —

type anomaly predicted theoretically. 4 The idea
of a sharp magnetic phase transition in a system
consisting of spins distributed randomly and inter-
acting via the long-range oscillatory Ruderman-
Kittel-Kasuya- Yosida exchange interaction is
physically not very obvious, and other interpreta-
tions of the observed physical properties could
also be considered.

Magnetic susceptibility data on many spin-
glasses, such as AMFe for example, show that
the spins are correlated to a certain degree into
superparamagnetic clusters well above the freez-
ing temperature. ' This is an important charac-
teristic of spin-glasses in general which may be
explained in simple terms. Within a random sub-
stitutional solid-solution system there are wide,
statistical fluctuations in concentration of solute
atoms over a suitably chosen microscopic scale.

Spins within the more concentrated regions be-
come correlated, in general without particular
directional order, when their interaction energy
H~„, becomes comparable to or greater than the
thermal energy kT. Such regions of correlated
spins evolve progressively in size with decreas-
ing temperature as more distant spins also be-
come correlated resulting in an increase of the
anisotropy energy E, of the magnetic clusters
which will be related in some way to the total
number of spins within them. At any finite tem-
perature the spin system may be considered as
subdivided into interacting regions of correlated
spins, or magnetic clusters, of various sizes.
In the framework of the Nd'el theory of super-
paramagnetism, ' the relaxation time of a particle
consisting of a number of correlated spins varies
exponentially with its anisotropy energy E, and
the inverse temperature 1/T as given by the for-
mula

T = ro exp(E, /kT),

where vo is some characteristic relaxation rate
of the spins and k the Boltzmann constant.

As in the case of superparamagnetic particles,
when the relaxation time T becomes long com-
pared with the "measurement time" the magnetic
clusters will appear frozen, such that the mag-
netic susceptibility, for example, will no longer
follow the Curie-Weiss behavior. This idea has
been applied previously to a discussion of mag-
netic properties of AuFe alloys' and more recent-
ly in a semiqualitative theory of spin-glasses by
Smith. '

The above arguments lead us to expect a whole
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series of freezing temperatures in spin-glasses
corresponding to a distribution of magnetic clus-
ter sizes. At first sight this appears to be in con-
tradiction with the single, sharp "transition" ob-
served in the susceptibility measurements. The
latter, however, is a macroscopic quantity whose
response will be dominated by the largest clus-
ters. The sharpness of the transition, we argue,
reflects merely the exponential variation of the
relaxation time with 1/T and the fact that the an-
isotropy energy E, is itself a strong function of
the temperature. According to the Noel formula,
the smaller clusters in the system should freeze
at lower temperatures. It should be possible to
observe their freezing by microscopic measure-
ments such as with neutrons. Evidence of a dis-
tribution of freezing temperatures is present
even in Mossbauer-effect measurements where
the hyperfine spectra are broadened over a small
but finite temperature range close to the domi-
nant freezing temperature. '

Results of small-angle neutron scattering meas-
urements of two Aupe alloys containing 10 and
13 at. % Fe are reported below which show a se-
ries of discontinuities in the forward scattering
intensity. Despite the large solute concentrations
and the tendency to class these separately from
the more dilute alloys, we believe the alloys to
be representative of spin-glasses, in at least the
fact that they too show single sharp cusps in their
low-field magnetic susceptibility. ' The choice of
the concentrations was mainly influenced by prac-
tical considerations of performing the measure-
ments in reasonable periods of time, possible
here since the alloys develop large strongly tem-
perature-dependent susceptibilities owing to the
predominantly ferromagnetic correlation among
the spins, in the evolving magnetic clusters, at
these concentrations. '

The samples were prepared by arc melting
appropriate amounts of Au (99.999%) and Fe
(99.995%) metals, followed by a homogenizing
anneal in vacuum at 900'C for 1 d and quenching
into water. The buttons were then forged into
plates 0.5 mm thick and finally reannealed at
900'C for a further day and water quenched just
prior to transferring into the cryostat for the
measurements. These were made in the q range
5 &10 ' tp 30 &10 ' A ' using a highly collimated
neutron beam (0.3') of wavelength 7.3 A (LA, /A,

-8% full width at half-maximum). After scatter-
ing from the sample, the neutrons were detected
on a multidetector grid of 64&64 (1 cm') elements
placed at a distance of 10 m in an evacuated flight
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FIG. 1. Forward scattering intensity as a function of
temperature for a series of q values for AuFe alloys
containing (a) 10 at.% Fe and (b) 18 at.% Fe. The ar-
rows mark the temperatures TF of the discontinuities
in the scattering. These are shown plotted versus q in
the insets.
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tube. ' The data were evaluated by taking radial
integrals of the intensity about the primary-beam
center. Use of quartz windows in the cryostat
helped to keep the small-angle scattering from
its walls to a minimum; corrections for this were
nevertheless applied to the data.

Results are shown in Fig. 1 where the intensity
of the scattered neutrons is plotted as a function
of temperature for a range of q values. The ob-
served scattering is almost entirely magnetic,
since the nuclear scattering contribution is very
small, as shown by the fact that the scattering at
room temperature was very much smaller in com-
parison. Curves drawn through the data points
resemble critical scattering peaks observed in
normal ferromagnetic systems, but are different
from the latter in one important respect. Instead
of a single, unique temperature for the peaks
(for a range of small q values), one observes
here a series of q-dependent temperatures.
These are shown plotted as a function of q in the
insets in Fig. 1.

For a normal ferromagnetic system close to
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FIG. 2. Inverse intensity versus q for the {a) 10-at.%

Fe and {b) 18-at.% Fe alloys. Note the positive inter-
cepts on the q2 axis.

the critical temperature where the fluctuations
are slow, the total scattered intensity (i.e. , in-
tegrated over energy) for small q is given by"

where Io is a constant, x, the strength of the in-
teraction, and I(:, the inverse correlation range.

A direct verification of the different character
of the observed scattering from normal ferro-
magnetic critical scattering is obtained by plot-
ting the inverse intensity I '(q) against q', Fig.
2. At higher temperatures, the data points lie
on curves which become straighter with decreas-
ing temperature. However, they give small posi-
tive intercepts on the q' axis except at the lower
temperatures (around 30 K and below) when the in-
tercepts are closer to zero (or negative). Clear-
ly, the simple Ornstein-Zernike correlation func-
tion is not adequate to describe the scattering in
these alloys. Allowance for the finite q resolution
of the measurements has marginal effect on the
curves, nor is an improved fit obtained by inclu-
sion of the Fisher exponent" q; in all events the
finite positive intercepts still remain.

These intercepts are interesting since they sug-
gest that the scattering cross section goes through
a maximum at a small but finite q value, which
increases with decreasing temperature, and at
some stage (i.e. , below the temperature of the
first discontinuity), begins to approach zero

again. In terms of our magnetic-cluster model,
it would appear that the form factors of the clus-
ters in their "paramagnetic" state are strongly
peaked in the forward direction at some charac-
teristic q values, but that these "peaks" shift to
zero when the clusters freeze out. The drop in
intensity below the freezing temperature may be
interpr eted in ter ms of this shift, together with
the possibility that once frozen, the different
parts of the same large cluster are equivalent
and act independently, with a consequent redis-
tribution of its form factor. In this connection,
it is interesting to note the gradual change of
character of the intensity versus temperature
curves with increasing q value below the sharp
anomalies (Fig. 1). In particular, the flat, tem-
perature-independent cross section for q values
above -16x10 ' A ' for the 10-at.% Fe alloy and
-22x10 ' A ' for the 13-at.

%%uOFcallo y further
supports the idea of redistribution of the form
factors of the larger clusters on freezing.

Although calculation of the exact form factor of
a cluster would require detailed knowledge of the
spatial distribution of spins within a cluster, a
simple model calculation assuming a constant
density p. o of net spin moment (i.e. , up minus
down) gives

E„(q) =A f ~(p /q0r)sinqr x' dh

=(A p.,/q')(sinqR~ —qR„cosqR„),

where A is a constant and B~ the radius of the
cluster o.'. This gives F„(0)D-R„' and an effective
cutoff range of a cluster of radius R~ as q-&/R„.

The present results suggest, of course, that the
form factor of a cluster is strongly peaked in the
forward direction at a finite q value. This, to-
gether with a sharp cutoff range -~/R of a cluster,
suggests that the scattering at any given q will be
dominated by clusters of some characteristic size,
say R -1/q. Results in Fig. 1 may then be seen
to be in qualitative agreement with the Noel for-
mula, since the temperatures of the discontinui-
ties in the scattering have an inverse relationship
with q, i.e., the larger clusters (small q) having
larger anisotropy energy freeze at the higher
temperatures. As remarked earlier, the sharp-
ness of the freezing anomaly reflects the exponen-
tial variation of the relaxation time with the recip-
rocal temperature and the anisotropy energy S,
which is itself a strong function of the tempera-
ture.

In conclusion, the present results demonstrate
the existence of a series of freezing temperatures
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in binary alloys, which supplements (rather than
contradicts) the observation of a single sharp
cusp in the susceptibility, a macroscopic quanti-
ty. It is apparent that the spin system in the al-
loys becomes localized into finite magnetic clus-
ters whose relaxation times influence the ob-
served physical properties at finite temperatures
well before spins can become correlated over an
infinite-range scale at a lower or perhaps at
zero temperature.

The author thanks Professor B. R. Coles and
Dr. T. J. Hicks for helpful discussions and Dr.
H. E. N. Stone for preparation of the samples.
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Invokirg some gross features of the band structure, we show that the resonance energy
in the mixed crystal Hg& „Cd„Te as a zero-gap semiconductor should increase continu-
ously as the molar fraction of CdTe increases. The increase becomes very strong near
the point where an energy gap begins to open up in the alloy, This prediction is in quali-
tative agreement with experiments. We also give comments on two different models for
explainirg some observed conductivity anomalies.

The localized electronic states in zero-gap
semiconductors become resonances because of
their interaction with the continuous band states.
This problem has attracted considerable atten-
tion' "especially after evidence for their exis-
tence showed up in tra, nsport measurements.
Some nonmonotonic dependence on temperature
in the electronic conductivity was experimentally
found' " in HgTe and Hg, „Cd„Te mixed crystals.
For example, in certain samples' of HgTe, anom-
alous conductivity dips occur around i K (Ao),
9 K (A. ,), and 32 K (A2) ~ The A, and A, anomalies
have been interpreted by Finck et al.' a,s due
to scattering of conduction electrons by acceptor
resonance states associated with mercury vacan-

cies. Since the acceptor state interacts with a
conduction band which has a low density of states,
it can have sufficiently narrow width to become a
true resonance. In spite of the fact that this mod-
el has been successful in explaining experimental
findings so far,"' an alternative has been pro-
posed which interprets the A, anomaly as due to
resona, nt sca,ttering by optica, l phonons. ' Based
only on some gross features of the electronic en-
ergy bands, we show in this Letter that the reso-
nance state produced by a short-range potential,
as appropriate for vacancies, should undergo a
continuous upward shift in energy in mixed crys-
tals of Hg, „Cd„Te as the molar fraction of CdTe
is increased from x =0 up to the point where the


