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Inelastic-neutron-scattering measurements have been performed on two reentrant spin glasses (RSG’s)
of Au,_,Fe, (x=0.19,0.21). For decreasing temperature, the spin-wave stiffness constant D shows a
maximum then decreases. Concomitantly, the damping I increases, as has previously been observed in
many RSG’s. At still lower temperatures, these variations of D and I" are reversed. The characteristic
temperature where this new regime occurs increases with increasing x, thereby showing its direct rela-
tion with the frustration of the system. We discuss the observed behavior by considering a model of
scattering of spin waves by weak antiferromagnetic bonds.

INTRODUCTION

Reentrant spin glasses (RSG’s) are disordered magnetic
systems where the strong increase of the low-field magne-
tization and its subsequent decrease at low temperature
suggest the following sequence of transitions:
paramagnetic —ferromagnetic— spin glass. Such
behavior is caused by the frustration corresponding to
the competition between ferromagnetic (F) and antiferro-
magnetic (AF) coupling, with a dominant ferromagnetic
coupling. It depends on the concentration (x) and even-
tually on the thermal heat treatment of the alloys. Exam-
ples are found both in insulating compounds with short-
range interactions (EuSrS,! Fe spinelsz) and in metallic
ones (Au;_ Fe,,* Ni,_,Mn,,* Fe,_,Cr,,> amorphous
Fe and Ni compounds®™%).

Three typical neutron experiments have usually been
performed: small-angle neutron scattering (SANS), which
probes inhomogeneities on a 10-500 A scale, neutron
depolarization experiments, which probe static inhomo-
geneities on the um scale, and inelastic neutron scatter-
ing, which provides the characteristic excitations of these
systems. The first two experiments have shown the ex-
istence of two characteristic length scales. On one hand,
small-angle neutron scattering reveals the onset of inho-
mogeneities on a 10-50 A scale at a characteristic tem-
perature between T, and T,. On applying a magnetic
field, they can be characterized as transverse spin correla-
tions.® On the other hand, in most cases, the study of
depolarization of the transmitted neutron beam at T, in-
dicates the persistence of the size of domains down to the
lowest temperatures. ' It was therefore concluded that,
at low temperature, the ferromagnetic long-range order
coexists with frozen transverse spin components. Conse-
quently, the decrease of the low-field magnetization is at-
tributed to a pinning of the domain walls.

In contradiction with this picture, most studies of spin
waves have supported the picture of a disappearance of
the magnetization on a more microscopic scale. The
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spin-wave stiffness constant starts to increase when T de-
creases below T,, shows a maximum (between 7, and
T;), and then decreases, following roughly the decrease
of the magnetization.!'”1* This behavior also agrees
with a study of a Aug 4,Fe, ;4 alloy performed in a limited
temperature range by Murani.!® Very surprisingly, in
NiMn (Ref. 16) and FeMn (Refs. 17,18) these two regimes
are followed at still lower temperature by a third one,
where D(T) increases again, showing a minimum.
Hence, at least for these two alloys, there is no relation-
ship between D (T) and M (T). In this context a study of
Au,_,Fe,  in the low-temperature spin-glass state was
especially interesting. Several questions are raised. Does
the different behavior of spin waves in RSG’s arise from
the chemical nature of the system (Mn could play a spe-
cial role), from the use of two distinct models to analyze
the spin waves (as Murani!® suggested), or from experi-
mental difficulties? Indeed, at low temperature where
they become less populated, spin waves coexist with a
huge elastic intensity (the SANS intensity mentioned
above) so that very long counting rates and an excellent
energy resolution are required.

Au,_ Fe, is one of the most studied RSG’s. Its phase
diagram was established by Sarkissian.> SANS measure-
ments were performed by Murani et al.'® Peculiar
anomalies of the magnetic Bragg peak intensity were ob-
served by Murani.?® Neutron depolarization measure-
ments at x =0.19 show?! a very slight decrease of the
domain magnetization at low temperature. More recent-
ly, the critical region (T'=T,) has also been investigated
by Mdssbauer spectroscopy?? and neutron inelastic stud-
ies.” The inelastic study of Murani,!® in Au;_,Fe,
(x =0.19) down to 35 K, shows the two regimes previ-
ously described. We present here a complete study of the
x =0.19 alloy (140 K < T <10 K) together with a study
of the x =0.21 alloy. Indeed, in the lowest temperature
range (T <30 K), we observe an increase of D (T), what-
ever the model used for the analysis. By varying the Fe
concentration, we change the value of the mean fer-
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romagnetic interaction, thereby showing that the ob-
served anomalies are closely related to the magnetic frus-
tration. After describing the experimental results, we dis-
cuss the observed behavior by considering a model of
scattering of spin waves by weak antiferromagnetic
bonds.

EXPERIMENTAL RESULTS

Two slices of dimension 0.8 X 1X3 cm?® were cut from
single crystals of Au,_,Fe, with x =0.19 and 0.21.
They were annealed at 600°C for 5 h and quenched into
water. From the temperature dependence of the dc sus-
ceptibility we determined the characteristic temperatures
T.=168 K and T,=36 K (x =0.19) and T, =192 K and
T;=28 K (x =0.21), in close agreement with the dia-
gram of Sarkissian.® The neutron experiments were car-
ried out on the IN14 spectrometer at the Institut Laue
Langevin, using the cold neutron source. At each tem-
perature, four scattering vectors g were studied at nomi-
nal values of 0.04, 0.05, 0.065, and 0.075 AL, For these
increasing g values, we used increasing wave vectors k; of
1.05, 1.12, and 1.25 A~'. This corresponds to energy-
resolution linewidths [full width at half maximum
(FWHM)] of 0.0056, 0.0083, and 0.014 THz, respectively.
The resolution function was checked by a vanadium spec-
trum. The raw spectra were corrected for the scattering
of the sample holder, taking the sample absorption into
account.

.Since spin waves have rather low energies, their
thermal population factor is approximately k7. In order
to keep the same level of accuracy for all temperatures,
we started from high temperatures where the spin waves
are well defined, and, when lowering 7, we increased the
counting rate of the monitor M,. Some energy spectra
for x =0.19 are reported in Fig. 1. At high tempera-
tures, the spin-wave maxima are easily detected, being far
away from the =0 central peak (nuclear contribution).
With decreasing temperature, the spin-wave energy
shows a maximum, then softens and becomes damped, so
that the inelastic peaks are barely observable around 40
K. However, in the extended temperature range (7T <35
K), the spin-wave peaks now move away from the elastic
one. This low-temperature behavior is observable even
though the central peak considerably increases between
40 and 10 K, thanks to a good energy resolution and a
sufficient counting time. Similar results are observed for
x =0.21 (Fig. 2).

For a conventional ferromagnet, the transverse spin
correlation function (spin-wave excitations) can be ex-
pressed as

S(q,0)<w(n(w)+1)xH(q)F(q,0) . (1)

Here o is algebraic, #i=1, ) is the static transverse sus-
ceptibility, n (w) is the Bose factor, and F(q,®) the nor-
malized spectral function. F(q,®) contains all the infor-
mation pertinent to the spin dynamics, namely, the
dispersion law o, =Dg? (or @, =Dgq>*+ A when introduc-
ing a gap) and the damping T';. Since no specific theory
exists for such disordered systems, we have used for
F(q,0) two empirical forms similarly to previous
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works:!>1® the double Lorentzian (DL) and the damped
harmonic oscillator (DHO) models. Both models have
their limitations. As shown by Murani for FeAl," the
DL model yields departures from the expected parabolic
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FIG. 1. Examples of fitted corrected data at several tempera-
tures and g =0.076 A" for the x =0.19 sample. Curves are in-
tensities calculated using the damped harmonic oscillator
(DHO) model.
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dispersion law at large g. On the other hand, the DHO
model, derived to describe phonons close to a structural
transition, yields an unphysical limit when I, /o, goes to
infinity. In their analysis of amorphous a (Fe,_,Ni,),
1.3 proposed a modified DHO model, with a
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FIG. 2. Examples of fitted corrected data at several tempera-
tures and ¢ =0.076 A7 for the x =0.21 sample. Curves are in-
tensities calculated using the double Lorentzian (DL) model.
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provides values of the spin-wave energies intermediate
between the DL and the DHO models. Interestingly,
such a formulation corresponds to the model of Lind-
gard®* for the excitation spectrum of the paramagnetic
state close to T, within mode-coupling theory. Howev-
er, since the site disorder cannot be treated as a thermal
disorder, %’ the modified DHO model is also empirical in
the present case. The. DL and DHO models, identical in
the limit I'=0, yield for the same quality of fit rather
different values of the parameters when the damping is
large. This prevents the definition of precise ““transition”
temperatures which could be compared to those of the
phase diagram. However, whatever the model chosen,
D (T) exhibits the three dynamic regimes noticed from
the raw data, with smooth transitions in between. A de-
tailed analysis is given now.

The total scattered intensity was fitted to the sum of
the inelastic component S(g,®) defined above and to an
elastic component 7,(q)8(w), convoluted with the resolu-
tion function. In a first step, we checked that the overall
data were consistent with the usual ferromagnetic
description laws, o, =D*fg? and Xolq) < 1/¢% In a
second step, we introduced these laws in the fitting pro-
cedure to get the best fit for the whole set of g values,
thus determining D°f, T,, and x( T)=gq2x%(q). The solid
lines through the data of Figs. 1 and 2 correspond to the
best fits with the DL model. The parameters derived
from this analysis for the two concentrations are reported
in Figs. 3 and 4 for the DL model and Figs. 5 and 6 for
the DHO one.

The fits were improved by adding an intrinsic gap,
w,=Dg*+A. This did not change the overall tempera-
ture variations of the parameters, but yielded a D value
smaller than D°f especially at low temperature. Concom-
itantly, the gap A was found to increase at low tempera-
tures. The parameters derived from this analysis for the
two concentrations are reported in Figs. 3 and 4 for the
DL model and Figs. 5 and 6 for the DHO one. The
analysis including a gap is shown for the DL model in
Fig. 3.

The three regimes are indicated by vertical dashed
lines in the D°%(T) variations. When the temperature de-
creases below T, D°f(T) first increases, shows a max-
imum, and then decreases in the lowest temperature
range. The ' (T) exhibits opposite variations. As previ-
ously notlced the variations of D°¥ versus T are much
more amplified in the DL model than in the DHO one.
By contrast, the I',(T) variation is much stronger within
the DHO model. The modified DHO model, which com-
bines the o, and T, variations of the DHO, yields Def(T)
intermediate between the DL and DHO models (not re-
ported in the figures for simplification).

The g dependence of T', is the same for both models.
It can be descrlbed by a I‘ = A (T)g? law. In order to fit
', withag 4 law, one has to add a g-independent I'(7,0)
term which is strongly temperature dependent, resulting
in I(T,q)=TI(T,0)+B(T)q*. Depending on the
analysis, I'(T,0) exhibits either a maximum (DHO) or a
saturation (DL) at the temperature (7T,;,) where DT is
minimal. Such fits are shown in Fig. 4 for the two con-
centrations within the DL model.
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Assuming a g? dependence, the static susceptibility
x'(T) behaves in the same way for the two models, clearly
showing a maximum at 7', for the more frustrated sam-
ple (x =0.19) [Figs. 3(3) and 5(3)].

The central peak I, has the same temperature depen-
dence in both models. The high-temperature value has a
nuclear origin. In both samples, I, strongly increases
below about 80 K, due to an additional magnetic contri-
bution (Fig. 6).

DISCUSSION

In their common temperature range, the results ob-
tained for the x =0.19 sample are in excellent agreement

with those reported by Murani!® for the same concentra-
tion. Comparing our observations, including the “‘spin-
glass phase” in the two Au-Fe samples, with the previous
ones in Ni;_ Mn, (Ref. 16) and a-Fe,_,Mn,,'"!® we
conclude that these dynamic anomalies are not specific to
Mn, but rather reflect a more general effect. Interesting-
ly, in the high-T regime, the maximum value reached by
D [~6 and 8 THzA? (DL) or ~8 and 10 THz A?
(DHO) for xp, =0.19 and 0.21, respectively] scales ap-
proximately with 7,. This means that the evolution of
DT with concentration just below T, must be related to
the mean exchange interaction in the alloy. The tempera-
ture T;, where we observed the minimum of the spin-
wave stiffness constant, may also be related to the frustra-
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tion induced by the competing exchange forces. In Figs.
5 (DL model) and 6 (DHO model), the D*N(T) curves
have been compared on the same figure for x =0.19 and
0.21. This clearly shows the shift in temperature of the
“third” regime with x. Indeed, the anomalous stiffening
observed in both alloys occurs below a temperature 7' ;.
which is higher for lower x, corresponding therefore to
stronger frustration effects. A similar tendency is found
when comparing the evolution of T',(T) or x'(T) at the
two concentrations (see Figs. 3 and Fig. 5). This T,
value, although ill defined, is slightly higher than T, (see
the arrows of the figures).

Mean-field theory,?>2® which has been widely invoked
to understand the main features of the phase diagram,

cannot predict the spatial and time dependences of spin
correlations. Therefore we use a completely different ap-
proach, namely, the effect of antiferromagnetic bonds
dispersed within a ferromagnetic medium. This second
model has the advantage of being exactly solvable by
quantum mechanics and may be expected to be represen-
tative of weakly frustrated systems. Let us summarize it
briefly.

In disordered alloys, when an AF interaction is strong
enough, it creates a bound or localized state, yielding a
decrease of the total spin value, even at zero tempera-
ture.?’ In the case of a weak interaction, only a quasilo-
calized state is created, with no reduction of the spin
value.?® Such states are expected to have a spatial exten-
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sion around the frustrated bond and to be localized at the
frustrated bond only for infinitely large antiferromagnetic
coupling. Within such a model, it can be shown that the
spin waves strongly ‘“‘repel”” each other in the frustrated
regions so that multiple occupancy (boson statistics) is
forbidden.?® Therefore the overall spectrum of excita-
tions consists of both propagative spin waves with boson
statistics and localized or quasilocalized states with the
statistics of two-level systems (TLS’s). Within this model,
the TLS’s have a theoretical basis, whereas in previous
ones?® they were introduced phenomenologically. By
averaging the scattering effects of the spin waves over the
various frustrated bonds within a perturbative treatment,
Korenblit, Maleev, and Shender®® obtain a complex ex-
pression of the spin-wave energy w(q), leading to a damp-
ing I’ as the imaginary part and to a renormalized
stiffness constant D as the real part:

m

2T

4
I« D; and D —D, <D, In . @)

These expressions are valid for a mean energy value
E,, of the TLS higher than kT and for w(q) <<kT. They
lead to a decrease of the stiffness constant D and an in-
crease of the linewidth on decreasing temperature, which
could therefore correspond to the second experimentally
observed regime. We note, however, that in the above
equations D, refers to the pure ferromagnetic state and
not to the “mean” ferromagnetic state, which occurs
below 7,. In addition, the ¢* dependence of I', cannot
be ascertained experimentally. If, however, this model
holds, it cannot explain the change of behavior of D and
I" in the lowest temperature range. Therefore, this could
correspond to a crossover from weak to strong interac-
tions between TLS’s. the direct consequence would be
the freezing of the spin regions corresponding to a TLS.
The dynamical anomalies would be progressively
suppressed at low temperature and the spin wave would
recover the characteristics of the mean ferromagnetic
state as in the high-temperature state.

In this model for weakly frustrated systems, the TLS’s
have the meaning of “longitudinal” fluctuations and no
transverse spin freezing is expected. It provides only a
partial description, useful for the spin dynamics. Thanks

to our previous SANS observation in an applied field,’ we
can show that the anomalous increase of the central peak
intensity I, below about 80-90 K in both alloys corre-
sponds to the freezing of the transverse spin component.
We recall that spin waves become anomalous below 130
K without any effect at 80 K. In the present experiment,
we have not measured the temperature dependence of
any Bragg peak. Surprisingly, the first step increase in
the temperature dependence of the Bragg peak intensity
observed by Murani®® is located around 130 K. We point
out that this latter experiment corresponds to a g integra-
tion on Ag=0.1 A™ ', thus including a very small g con-
tribution. At very small g, where the neutrons probe
large inhomogeneities such as domain walls, the
constant-q intensity increases just below T,, according to
the domain squared magnetization. This could provide a
possible explanation for such a shift in the temperatures.
The onset of static transverse spin components is predict-
ed by several theoretical works (Gabay and Toulouse?®
and Parker and Saslow®') but a complete description of
this “canted” state is still lacking. The observation of
ferromagnetic correlations between transverse spins is
not taken into account by any model. Moreover, below
this temperature, several anomalous features are also ob-
served that we summarize now. The hyperfine field mea-
sured by Mossbauer spectroscopy>? for the x =0.19 alloy
shows a kink at 50-60 K, the electron paramagnetic res-
onance (EPR) linewidth®® exhibits a maximum around
35-40 K below the minimum observed around 120 K,
the Bragg peak 111(x =0.19) shows a second step in-
crease around 50 K,?° namely, close to the temperature
where the spin-wave stiffness shows a minimum, and the
susceptibility decreases below 26 and 38 K for the
x =0.19 and 0.21 samples, respectively.3! A clear under-
standing of these effects and their possible relation with
the ‘“Almeida-Thouless” transition predicted below the
Gabay-Toulouse transition by the mean-field approach is
lacking.
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