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Inelastic-neutron-scattering studies on Fe„Cr& „ for x = 0.34 and 0.26 reveal well-de-
fined spin-wave excitations in the ferromagnetic regime and show a significant decrease
of the spin-wave stiffness as the temperature is lowered towards the mictomagnetic or
spin-glass regime. Within the spin-glass phase, no well-defined excitations are seen,
but an intense quasielastic peak is observed.

PACS numbers: 75.30.Ds, 75.30.Kz, 75.50.Bb

The statics and dynamics of spatially disordered
systems with competing magnetic interactions
have proven to be among the more interesting and
difficult problems to study. "Even now, dis-
cussion continues on whether there is a transi-
tion to a true thermodynamically stable phase, as
formulated by Edwards and Anderson, or a gradu-
al freezing of spins with a widespread distribution
of relaxation times. ' The prototypical examples
of spin-glass behavior are the alloys of Cu, „Mn„
and Aug Fe„. Some theories~ indicate the pos-
sibility of ferromagnetic (FM) ordering followed
at lower temperatures by the onset of a spin-glass
(SG) ordering. There have been several recent
examples of systems which exhibit this sequence
of phases. Examples are (PdFe), „Mn„, ' Fe, „-
Aly+

' and the ionic solid Eu, Sr, „S. Bulk mea-

surements suggest that, for a range of x,
Fe„Cr, „shows ferromagnetic features along
with a more complicated behavior at lower tem-
peratures. The low-temperature regime may be
a spin-glass, mictomagnetic, or possibly a mixed-
phase region'; however, since many of the charac-
teristics of a spin-glass are observed, we will
refer to Fe„Cr, „as a spin-glass in that part of
the phase diagram. Our goal in these experiments
is to probe the dynamics of the SG phase by
studying the evolution of the spin waves from the
FM phase, where the dynamics are reasonably
well understood, into the SG phase. In the FM
phase, well-defined spin waves are observed
with a quadratic dispersion law, E =Dq'. As the
temperature is lowered, the stiffness D decreases
until, within the SG phase, no well-defined ex-
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FIG. 1.. Elastic scattering for small. momentum trans-
0

fer Q = 0.04 A as a function of temperature in Fe„
Cr~ „, x = 0.34, 0.26, and 0.22. Inset shows tempera-
ture-concentration phase diagram as deduced from the
data. The open circles do not denote a sharp phase
boundary. See text and Ref. j.3.

citations are observed.
Fe„Cr, „ is a good system to study since the

nearly equal lattice constants and identical bcc
crystal structure of Fe and Cr improve the .

chances of having a random substitutional alloy.
Also, the boundaries of the FM and SG regimes
occur in convenient temperature ranges and the
boundaries are well separated from each other.
The studies were performed on polycrystalline
samples of Fe„Cr, „with x=0.34, 0.28, 0.26,
0.24, and 0.22. We present the main features of
the experiment by discussing the results for x
= 0.34 and x = 0.26. The samples were prepared
by arc melting, annealing at 1000'C, and quench-
ing to room temperature. The room-temperature
diffraction pattern revealed some diffuse scat-
tering intensity indicative of some short-range
nuclear order. '

The neutron scattering experiments were per-
formed on a triple-axis spectrometer at the high-
flux beam reactor of Brookhaven National Lab-
oratory. Because the studies were performed on
polycrystalline samples, the measurements were
all near the forward direction. The incident ener-
gy was either 13.7 or 4.5 meV and the collimation
was varied according to the intensity and resolu-
tion requirements.

The temperature variation of the intensities at
Q =0.04 A ', with the spectrometer set for zero
energy transfer, is shown in Fig. 1. A peak cor-
responding to the Curie temperature is clearly
observable for each alloy concentration. T c de-
creases linearly with Fe concentration and extra-
polates to 0 K for x = 0.16 in agreement with other
studies. " For x = 0.34, the intensity decreases
monotonically down to the lowest temperatures;
however, data for x =0.26 and 0.22 show the scat-
tered intensity increasing with lower temperatures
below some temperature TI, which depends on
x. Similar temperature dependence of scattering
has been previously observed in Fe„Cr, „(Ref.
11) as well as other SG systems. '" Choosing
7'~, which denotes the minimum in the intensity
curves, as the boundary of the SG regime, one
obtains the phase diagram shown in Fig. 1,"
which is similar to other like systems, e.g. ,
Fes „Al„„(Ref.6) and Eu„Sr, „S (Ref. 7).

The results for the inelastic scattering at Q
=0.075 A ' are shown in Fig. 2. Below Tc, well-
defined magnons are observed for x =0.34. As T
is lowered, for the x=0.34 sample, the peak in
the cross section shifts to larger energies be-
cause of the increase in the magnetic stiffness D.
This behavior is typical for a ferromagnet. On
the other hand, for x =0.26, the development of
the spectra at low T is surprisingly different.
Just below Tc, the peaks shift to higher energies,
but as T is lowered, their positions begin to move
to lower energies and their linewidths I' broaden.
At the lowest temperatures, the peaks merge and
finally at T = 10 K a narrow quasielastic line. re-
mains with no evidence of propagating spin waves.

The cross section for inelastic scattering of
neutrons from a FM is"

d'(r k~ h(u/k, T y(q)
( ) ( )dQdcu ~k,. 1 —exp(h&u/kBT) y,

The constant A includes the form factor which is
close to unity at these small Q's and some trivial
constants. y(q) is the transverse part of the static
wave-vector-dependent susceptibility and y, is
the noninteracting atomic susceptibility. The
spectral weight function F(q, &o) provides the de-
scription of the dynamic response of the system.
Without theoretical arguments suggesting a par-
ticular form for E(q, &o), we have analyzed our
data using several standard forms (Lorentzian,
damped harmonic oscillator, and Halperin-
Hohenberg). "'" Each of these results is a good
description of the data whenever the magnon peaks
are well defined. Therefore, one reaches the
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FIG. 2. Temperature evolution of spin-wave scattering in Fe„Cr~ „, x=0.34 and 0.26. Solid line represents the
convolution of the spectrometer resolution and a Lorentzian parametrization of the scattering. Experimental ener-
gy resolution is denoted.

same conclusions independent of the form of F(q,
~) used in the analysis. However, it should be
mentioned that all of the above forms for E(q, ~)
have inadequacies when the spin waves are over-
damped. This problem has been discussed for
ferromagnets near the Curie temperature. " For
these reasons, we view the parameters obtained
by fitting the data as not necessarily intrinsic to
the system but certainly as the clearest and most
efficient means of summarizing the data.

The solid line in Fig. 2 is the result of the con-
volution of Eq. (1) with the spectrometer resolu-
tion function. A Lorentzian form for E(q, up) was
taken and the parameters adjusted to give the
best least-squares agreement with the data.
quadratic form of the spin-wave dispersion, E
=Dq' was used since this was obeyed whenever
well-defined spin-wave excitations were present.
A constant background has been subtracted in ad-
dition to a resolution-limited peak due to elastic
incoherent scattering and scattering from the
sample container and cryostat. This elastic back-
ground was determined from the central part of
the spectra at temperatures where spin waves
are well defined. Because of this subtraction
procedure, the errors at E = 0 are considerably
larger than at finite energy transfer.
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Figure 3(a) shows the temperature dependence
of D for x = 0.26 and x = 0.34. Both show an in-
crease just below Tc and in the Fe, 34Crp „sam-
ple, the stiffness eventually saturates at D =60
meV A'. In Fe»,Crp. 74 one observes radically
different behavior with D decreasing at tempera-
tures below T~. %hen the spectra coalesce into
a peak about E =0, we can no longer assign a non-
zero value for the stiffness and the spectra re-
semble those observed in the more conventional
SG systems. '

Figure 3(b) shows the temperature dependence
of the quantity X(q)/y, T obtained from the com-
puter fits. For conventional spin-wave theory,
this quantity should be temperature independent
as is the case for x =0.34. For x =0.26, however,
there is an increase at low T, in contradiction to
the predictions of spin-wave theory. The low-T
spectrum for x = 0.26 shows a quasielastic peak
(Fig. 2). Part of this peak is due to the fall inD,
but there may be an additional elastic scattering
not accounted for in the cross section of Eq. (1).
This may be due to the growth of short-ranged
magnetic correlations or clusters, which have
been observed in most spin-glasses. One also
expects an increase in the truly elastic scattering
from the freezing of spins into a glass-like state.
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storing forces for spin waves and critical slowing
down occurs. As the SG regime is approached at
lower temperatures, clusters of correlated spins
freeze out such that the long-range order is de-
creased. The molecular field must also be re-
duced which causes a decrease in the stiffness.
In the SG phase, the spins are frozen and the
disorder appears as elastic scattering rather than
quasielastic as in a paramagnet where the zero
moment arises due to the thermal average of the
spin fluctuations.

We are grateful for helpful suggestions and
comments from G. F. Reiter and J. I . Black.

This research was supported in part by the
Division of Basic Energy Sciences, U. S. Depart-
ment of Energy, under Contract No. DE-AC02-
76CH00016 and in part by the U. S. Office of Naval
Research.

0.0 I

I

O. l

REDUCED TEM Tl C

1.0

FIG. 3. Temperature dependence of parameters of the
fits shown in Fig. 2. (a) Spin-wave dispersion constant;
(b) interacting susceptibility divided by the noninteract-
ing susceptibility and temperature; (c) Lorentzian half-
width at half maximum for x=0.26.

Figure 3(c) shows the temperature dependence
of the parameter j. for the x =0.26 sample. The
results for the x =0.34 sample are not shown be-
cause the linewidths are resolution limited except
very near Tc. For x =0.26, F increases with de-
creasing temperature until approximately T = 20
K, reflecting the increasing linewidth of the spin
waves. Below T =20 K (T/To=0. 112), l repre
sents the narrowing of the quasielastic scattering
which remains after the collapse of the spin waves.

These results provide a framework for under-
standing the differences between the dynamics of
a ferromagnet and a disordered SG-like system.
It is clear that the dynamics of systems which
exhibit a breakdown of the ferromagnetic state
with a decrease in temperature cannot be ex-
plained by conventional spin-wave theory. Insight
into the low-temperature behavior of D may be
obtained by comparing it with the known behavior
of a ferromagnet upon approaching Tc. Because
of thermal fluctuations, the system breaks up in-
to correlated regions and the magnetization de-
creases from its saturation value. The resulting-
decrease in the molecular field reduces the re-
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