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The field dependence of the inelastic neutron scattering from the reentrant spin glass (RSG)
Feqo.4Aly ¢ is investigated below T¢. In the intermediate paramagnetic phase 100 K < T < T\
~200 K spin waves are induced in an applied field. The peaks broaden rapidly with increasing g
and decreasing temperature. Remarkably these excitations exhibit a dispersion curve with a “nega-
tive” slope. In a field of 10 kOe the energy gap corresponds to a Zeeman splitting guz H ~0.11
meV. In the spin-glass phase at 10 K no inelastic scattering is observed in a field, although the
sample is close to saturation. The results are interpreted in terms of a field-induced dispersion,
which has been observed recently in a diluted random antiferromagnet.

I. INTRODUCTION

The properties of spin glasses have been studied in the
past in numerous experimental and theoretical work."?
The statics and the dynamics are, however, still far from
being well understood. It is not even clear if the transi-
tions which lead to the spin-glass phase are real equilib-
rium phase transitions.>* A schematic picture of a spin
glass is that of a frozen paramagnet. The spins point in
random directions because of frustration which can be
caused by competing types of interactions, for example,
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions,
exchange interactions, or random anisotropy, to name
only a few. Therefore it is not astonishing that there ex-
ists a whole variety of spin glasses which exhibit a wide
variety of magnetic properties.

A class of spin glasses that has generated a large in-
terest are those called reentrant spin glasses (RSG).
These systems exhibit an unusual sequence of transitions:
In the high-temperature state they are paramagnetic and
at some well-defined critical temperature T they under-
go a transition to a ferromagneticlike state. At a still
lower temperature the system exhibits spin-glass-like
properties. The physical nature of this state is not clear
and theories suggest that the RSG state is really com-
posed of a mixed state exhibiting ferromagnetic and
spin-glass behavior.’

The magnetic properties of the RSG Fe, Al,_, with
x =0.3 were investigated recently in detail by means of
neutron scattering techniques. Measurements of Cable
et al.’ indicate the presence of ferromagnetic clusters
over the entire temperature range below 7. Child’ ex-
tended the former measurements to smaller ¢ and found
that the magnetic scattering was very sensitive to exter-
nal magnetic fields. Motoya et al.® probed, in addition,
the inelastic scattering from Fe,yAly,,. They observed a
peculiar sequence of phase transitions as shown in Fig. 1
for the present sample. Below the Curie temperature T
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(=~550 K), the sample exhibits long-range ferromagnetic
order and one observes spin waves as shown for T =350
K. In contrast to a normal ferromagnet, the spin waves
start to soften around 300 K with decreasing tempera-
ture (see T =250 K). Below T."™~200 K the system
enters again a paramagnetic-like state and the scattering
is quasielastic with a large intensity at £ =0 meV. Fi-
nally, below T ~90 K, the energy width of the scattering
becomes resolution limited and the peak becomes very
intense when the system enters a spin-glass state. This
behavior differs from that recently reported by Hennion
et al’ on Ni-Mn, where they see an increase in the
spin-wave energy at the lowest temperatures.

Only little attention has been given until now to the
field dependence of the magnetic correlation in RSG.
Several groups have recently investigated amorphous
RSG and observed a rapid decrease of the small-angle
intensity with increasing field and hysterestic behav-
ior.!°=!? Shapiro et al.'* observed the appearance of spin
waves in the spin-glass phase of Fe,Cr,_, upon apply-
ing a field, indicating an induced ferromagnetic state.
Very recently Boni et al.'® studied the magnetic field
dependence of the elastic scattering from a single crystal
Feqp 4Alyg ¢ (the present sample). Surprisingly, they ob-
served the appearance of a peak at finite momentum g
suggesting a field-induced, modulated spin structure (see
Fig. 2) for g parallel and perpendicular to the field.
Similar observations were made by Hennion et al.'® in
the polycrystalline RSG Ni;_,Mn, and Au,_,Fe,, and
in the amorphous (Fe;, _,Mn,),sP;(B¢Al;. They pointed
out that their results give evidence for the existence of
frozen transverse-spin components as predicted by Ga-
bay and Toulouse.’

We report in this paper on the field dependence of the
inelastic neutron scattering from Fe,; 4Al, 4, in order to
answer the question if ferromagnetism can be restored in
the spin-glass phase of Fe,y 4Al,g4 and therefore to
better understand the ground-state properties of RSG.
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FIG. 1. Temperature dependence of the energy spectra in zero field measured for ¢ =0.05 A~

Fez0.4 Alage 5K
H=0kOe } —Is00
J — 250
Por }

0.2 % — _
0.1 o, £
o) ! - —0 S
s
5
o) 0.1 0.2 et
2
H=10kOe —200 &
=
o ) , 1

f 9“&\\ — 100

0.2 _
0.1 \4\‘
o) ‘ — 0
AN
0 0.1 0.2

MOMENTUM (A~

FIG. 2. SANS contours measured in the spin-glass phase at

10 K in a field of 10 kOe.
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', Solid lines are fits to S (Q,E).

II. EXPERIMENT

The composition of the present sample Feqg 4Al,g ¢ is
slightly at the more Fe-rich side than the sample used by
Motoya et al.® Therefore the present sample shows
more pronounced ferromagnetic properties than the pre-
vious one. It exhibits FeAl type order, i.e., all cubic
corner sites are occupied by Fe atoms, and the body-
centered sites are randomly occupied by Fe or Al atoms.
The lattice constant at room temperature is a =2.89 A.

The inelastic neutron scattering experiments were per-
formed on a triple axis spectrometer at the cold source
of the High Flux Beam Reactor at Brookhaven National
Laboratory. The single-crystal sample was mounted
with the [110] direction vertical. For the horizontal field
(HF) measurements (H parallel to Q) the sample was
mounted in a displex cryostat positioned between the
pole pieces of a water-cooled electromagnet. The verti-
cal fields (VF) (with Q perpendicular to H) were applied
by a superconducting coil with the sample mounted on
the cold finger of a flow Dewar. The data were collected
in the forward direction keeping fixed the final neutron
energy at E,=2.5 or 2.6 meV. Pyrolytic graphite crys-
tals set for the (002) reflection were used for the double
monochromator and the analyzer. Higher-order neu-
trons were removed by a cooled berillium filter. Various
collimations were used depending upon the conflicting
requirements of energy resolution and reasonable intensi-
ty. The half width at half maximum (HWHM) of the
energy resolution was typically 15 ueV.
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III. MAGNETIC SCATTERING

The magnetic cross section for magnetic scattering
can be written!’
d’o
dQdE

=r%—k,fF(Q>ZS(Q,E)e -, (1)
where y3=0.291 b is a constant, F(Q) is the magnetic
form factor, e 2% is the Debye-Waller factor, and k;
and kf are the wave vectors of the incident and scat-
tered neutrons, respectively. Since there is no single
correct form for S(Q,E) available, we have used two
different forms for S(Q,E). In one case we choose a
double Lorentzian form of the scattering function

S, (Q E)_._A_S_I_ r r
BT gt am | (E—E,P4TY) T (E+E,)*+T?
E/kzgT  Ag
:Tw+_qz_8(E) ’ 2)

where E, represents the peak position of the spectra and
I' is the HWHM. The other form is the damped har-
monic oscillator function

4; 2B,E; E/kgT
Spuo(@E)=—F5— 555 22 “E/k,T
g’ T (E*—EJ)V+4BE* | _, L
Ag
+-25(E) . 3
q

In the latter form the eigenfrequency E, is not necessari-
ly equivalent with the maximum of S(Q,E). Both forms
were convoluted with the resolution function of the spec-
trometer and the approgriate parameters .adjusted to
give a best fit (smallest X*) to the observed data. Equa-
tion (2) is equivalent to Eq. 3) if I' <<E,, then I'=5,.
In order to take the elastic scattering around E =0 into
account we have added an additional g-dependent term
which includes a 6 function. 45 and A4; are normaliza-
tion constants for the inelastic and elastic scattering, re-
spectively, and ¢ is the momentum transfer with respect
to the Bragg peak. Since we performed all inelastic
scans around the forward direction (the first Brillouin
zone) ¢ =Q and F(Q)~1.

In Fig. 3 we summarize the results of the analysis of
our zero-field data of Fig. 1 measured at 250 and 350 K
using S (Q,E) from Eq. (2). In the ferromagnetic regime
I'~q*In*(kyT/E) and E =Dq*+A, as expected for a
Heisenberg ferromagnet. The stiffness constant D in the
present sample is more than an order of magnitude
smaller than in bec iron,'® where D =281 meV A2
(T =300 K), but larger than in the sample from Ref. 8,
because of the higher Fe concentration. It is clearly seen
that as the temperature decreases, D decreases. Also, a
small gap A~0.03 meV is present, which is temperature
independent in this region.

Figure 4 shows that the spin-wave peaks are shifted to
larger energies when a horizontal magnetic field HF is
applied. The shift is, however, not proportional to H as
expected for a simple Zeeman splitting (see inset of Fig.

4). Since the ferromagnetic state is believed to be a
domain state we do not expect to observe a linear rela-
tion between E and H, because H may affect the ex-
change interactions as well by the increase of the domain
sizes.

In Fig. 5 we show the temperature dependence of the
magnetic scattering in a horizontal field of 10 kOe. If
we compare it with the zero-field spectrum at T =150 K
we see that the quasielastic scattering has disappeared
and we observe inelastic scattering which peaks at finite
energy. The peaks broaden and their intensity decreases
with decreasing temperature. At 10 K they have van-
ished completely and no inelastic scattering is visible at
all. The elastic scattering, on the other hand, increases
with decreasing temperature by more than an order of
magnitude but the intensity is much less than in zero
field.

The vertical field dependence of the magnetic scatter-
ing for ¢ =0.043 A~ is depicted in Fig. 6 for T =150
K. In zero field the scattering peaks at 0 meV (Fig. 1).
The peaks move to higher energy with increasing field.
At 20 kOe the peaks lie outside the spectrometer win-
dow because the momentum- and energy-conservation

Fe7o,4 Alygg H=0 kOe

. ‘ . ‘ . , :
e T=350K %
010 o T=250K .
s | ! ~
@
E
3
= oos} _
]
- g _
1 1 1 1 L 1 !
0 5 10 15
q4ln2(—kjEl—)(IO'4Z'4)
* T=350K D=19.3
o5k ° T=250K i
>
(3}
E
% olo 4
[s 4
w
Z
w
005 .
n | 1 1 L 1 L
% 25 5 75

q2(1073472)

FIG. 3. Spin-wave widths and energies plotted as a function
of ¢*InXkyzT/E,) and g7 respectively, measured for two
different temperatures. Note the softening of the spin waves
with decreasing temperature, in contrast to the behavior ex-
pected for a normal ferromagnet.
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FIG. 4. Field dependecnc_:el (HF) of the spin-wave energy at
T =250 K and ¢ =0.05 A . The solid lines represent fits to
S, (Q,E) convoluted with the resolution function. The arrows
indicate the peak positions of the deconvoluted cross section.
The inset shows that the energy does not increase linearly
(dashed line) with field, as expected for a normal ferromagnet.
The circles represent measurements of 0.05 A™" and the trian-
gles measurements at 0.06 A", The solid line is a guide to the
eye.
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FIG. 5. Temperature dependence of the scattering at

q =0.05 A obtained in a horizontal field of 10 kOe. The
solid lines are fits to S; (Q,E).
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due to incoherent scattering and due to contamination by the
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laws can no longer be satisfied. The peaks broaden with
increasing field and their intensity decreases. The ampli-
tude of the elastic peak decreases also with increasing
field which demonstrates that at least part of the intensi-
ty at E =0 meV is of magnetic origin.

In Fig. 7 we show the g dependence of the scattering
at 150 K in a horizontal field of 10 kOe. The relatively
sharp peaks observed at small ¢ broaden and move to
smaller energies with increasing g. At g =0.08 A-!
they have vanished and the scattering becomes diffusive.
The elastic peak at E =0 meV is of nonmagnetic origin
(direct beam, incoherent scattering), in contrast to the
measurements presented in Fig. 6 (VF), where at least
part of the scattering around E =0 meV is of magnetic
origin.

The profile of the inelastic spectra depend on the
direction of the field with respect to Q. Figure 8 shows
that the peaks occur at larger Q and are broader in a
vertical field than in a horizontal field. In the latter case
there is only a nonmagnetic peak present at £ =0 meV,
whereas in a VF, there is some magnetic, resolution-
limited intensity at E =0 meV, which is field dependent
(see Fig. 6 and inset of Fig. 8). Since we observe only
transverse and no longitudinal-spin fluctuations in HF,
the elastic magnetic intensity in the VF is mainly due to
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FIG. 8. Comparison of the scattering for g =0.05A " in a
vertical and in a horizontal field. The inelastic scattering is ap-
parently not isotropic. Solid lines are fits to S;(Q,E). The in-
set shows the ¢ dependence of the elastic amplitude A;. In a
vertical field it is partly due to magnetic scattering.

longitudinal-spin fluctuations. A longitudinal contribu-
tion was also deduced from small-angle neutron scatter-
ing (SANS) studies on Ni;_,Mn,, Au,_,Fe,, and
(Fe,; _.Mn,),sP (BsAls by Hennion et al.,'® but in these
experiments they could not discriminate between elastic
and inelastic scattering.

In Fig. 9 we present E_ versus q* for different temper-
atures in a horizontal field of 10 kOe [Fig. 9(a)] and in a
vertical field [Fig. 9(b)] at 150 K for both types of
scattering functions S; (Q,E) and Spyo(Q,E). The re-
sult is truly remarkable: The slope of the dispersion
curve changes sign below 200 K when the Lorentzian
scattering function is used. The spin excitations exhibit
a negative stiffness. The gap energy A=0.11 meV at
g =0 A™', a value close to the Zeeman splitting gugH,
is independent of temperature within the accuracy of our
data [Fig. 9(a)]. If we assume the damped harmonic os-
cillator form Spyo(Q,E), we obtain always a dispersion
curve with a positive slope. The gap energy increases al-
ways with increasing field. Since B, and E, become
strongly correlated at large g and only one single peak
around E =0 meV is observed at large ¢ (Fig. 7, ¢ =0.08
A7), we believe that the positive slope of the dispersion
curve at low temperature is just an artifact of the over-
damped harmonic oscillator function. A detailed
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FIG. 9. (a) Temperature and (b) field dependence of the
spin-wave energy in horizontal and vertical fields resulting
from fits to a Lorentzian (left) and a damped harmonic oscilla-
tor (right). In the former case we observe a “negative” disper-
sion. Solid lines are guides to the eye. The dashed horizontal
lines indicate the Zeeman energy guzH for H =10 kOe and
g=2.
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analysis also shows that the linewidths increase rapidly
with decreasing temperature, increasing field, and in-
creasing gq.

IV. DISCUSSION

The present field-dependent neutron scattering results
of the RSG Fe, 4Al,, ¢ differ substantially from similar
but less extensive measurements in the spin-glass phase
of the RSG Fe,Cr,_, (Ref. 14). Although the spins are
aligned along the field direction in both systems under
an applied field of several kOe, no spin waves are discer-
nible in the spin-glass phase of Feq 4Aly ¢, in marked
contrast to Fe, Cr,_,, where spin waves with a similar
dispersion as in the ferromagnetic state are induced.'*"
The spin-wave peaks in Feqq 4Al,g ¢ move toward smaller
energy for fixed Q with decreasing temperature. At 10
K we do not observe any inelastic scattering. There are
at least two possibilities (besides experimental limita-
tions), why we observe no spin waves at 10 K: (i) the
spin waves are very heavily damped in the investigated g
range and cannot be detected with our instrument, or (ii)
spin waves cease to exist in the induced ferromagnetic
state. For both scenarios the field-induced state in
Fe,g 4Al,g ¢ must be very soft for spin-wave excitations
when compared with Fe,Cr,_,. One may speculate that
the different dynamic behavior is caused by the different
kind of diluting atoms, although neither Al (Ref. 6) nor
Cr (Ref. 14) carries a magnetic moment, when alloyed in
Fe. However, Fe,4Al,g¢ exhibits an intermediate
paramagnetic phase which decouples the ferromagnetic
state from the spin-glass state at low temperatures, in
contrast to Fe, Cr,_,, where the ferromagnetic state
transforms directly into the spin-glass state.

The rest of this section is devoted to a discussion of
the most important result of the present study, the ob-
servation of a “negative” dispersion curve under an ap-
plied field at temperature below 200 K. There are
several mechanisms which may explain our observations
and we discuss in the following some of these.

We have recently reported about a field-induced
modulated structure in the present sample."” In a field
of 10 kOe an elastic peak appears at g,=0.1 A~' in the
spin-glass phase [in contrast to Fe Cr;_, (Ref. 19)]
which we interpreted in terms of a modulated spin struc-
ture. Figure 9 shows that the g dependences of the
Lorentzian peak positions extrapolate to zero energy
near ¢2~0.01 A~2, which corresponds roughly to g3.
Therefore the intersection of the dispersion curves with
the g2 axis could be interpreted as a field-induced zone
center caused by the underlying modulation. This inter-
pretation is not consistent with the experimental obser-
vation, however, because (i) the spin wave should be
sharp near the zone center, and (ii) from the temperature
dependence of g, we would expect the zone center to
move to smaller ¢ with increasing temperature, in
disagreement with Fig. 9.

The neutron scattering measurements®™®  of
Feq 4Alyg ¢ indicate that the intermediate paramagnetic
phase (in zero field) is composed of correlated ferromag-
netic clusters which are randomly oriented [Fig. 10(b)].

7 s Al
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FIG. 10. Simple model for the spin configuration in the
spin-glass phase or the superparamagnetic phase of Feq jAlyg 6
in (a) a vertical field and in (b) a zero field. The spins in be-
tween the clusters are assumed to be oriented randomly. Their
orientation freezes in with decreasing temperature and starts
dissolving the ferromagnetic clusters. When a field is applied,
then the bigger clusters align parallel to the field and grow in
size. The smaller clusters are less aligned and exhibit charac-
teristic transverse correlations.

The linewidth of the quasielastic scattering is a measure
of the lifetime of these clusters. Under an applied field
the larger clusters align first along the field direction and
grow in size [Fig. 10(a)] maintaining characteristic trans-
verse correlations which give rise to the elastic peak at
finite Q. When a spin wave with a long wavelength
propagates through the sample, then the spins of large
clusters, which are oriented almost parallel to the field,
have to be reversed against the external field H. There-
fore we expect at ¢ =0 a temperature-independent gap
in the energy spectrum of the order of gupH. Spin
waves at larger g involve the reversing of smaller spin
clusters. The spins in these clusters are not parallel to H
because the competing exchange interactions are more
important (the surface-to-volume ratio is smaller) and it
affords less energy to reverse the spins in such clusters.
Therefore the dispersion curve has a negative slope
which depends on temperature, since the cluster size de-
creases with decreasing temperature. A similar interpre-
tation has been given by Carlson et al.?’ to explain the
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observed field-induced negative dispersion in the diluted
amorphous antiferromagnet n-type CdS.

According to the above model, we expect a decrease
in energy with increasing ¢ and decreasing field (Fig. 9).
Because the exchange interactions are sensitive to
stoichiometry the spin-wave energy is not uniquely
defined. Moreover, the peaks exhibit an additional
broadening due to small-scale concentration fluctuations
as observed in the experiment. This effect is more im-
portant at lower temperatures, hence, we expect a
steeper negative slope of the dispersion curve, until at 10
K the inelastic scattering has vanished completely in the
g range investigated.

Finally, we discuss the observed anisotropy of the in-
elastic scattering in Fig. 8. Let us define as z axis the
direction of the magnetic field, as y axis the direction
perpendicular to the plane defined by the two field
configurations (HF and VF), and the x axis normal to y
and z. In a horizontal field we observe transverse-spin
fluctuations (spin waves) (S,) and (S,) since H||Q.
When we apply a vertical field, then we observe again
the transverse fluctuations (Sy ) as before, and longitudi-
nal fluctuations (with respect to H) (S,) which, as we
mentioned above, contribute to the elastic scattering.
Because of the different profiles of the inelastic peaks in
HF and VF (Fig. 8), respectively, (S,) must exhibit
peaks at finite energy too, in order to pull the peak posi-

tion further away from E =0 meV. Since the spectra
have been measured with two different experimental set-
ups, it is not possible to determine the exact profile of
(S,). This topic will be investigated later. The
different profiles may be connected with the onset of
freezing of the transverse-spin components in an applied
field as predicted by Gabay and Toulouse.’

The inelastic neutron scattering from the spin dynam-
ics in Feqy 4Aly,g ¢ shows a very complicated behavior
when a magnetic field is applied. We hope that similar
measurements are extended to smaller Q and E in order
to test the above conjectures. The field dependence of
the ground state in Fe,, 4Alyg ¢ differs from the ground
state in the RSG Fe,Cr,_,.
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