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Abstract. Three kinds of neutron scattering experiments have been performed to clarify the role of magnetic clusters on the various properties of re-entrant spin-glasses. The
presence of two kinds of spin-wave excitations, the limitations of magnetic phase diagrams
and the mechanism of slow dynamics have been discussed based on the results of inelastic scattering, diffuse scattering and time-resolved small-angle scattering experiments,
respectively.
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1. Introduction
Some disordered magnetic materials undergo a peculiar sequence of phase transitions. On cooling the sample, it transforms from a disordered (paramagnetic, PM)
phase to an ordered (ferromagnetic, FM or antiferromagnetic, AFM) phase and
finally to a disordered phase, which is called a re-entrant spin-glass (RSG) phase.
This low temperature side transition is anomalous because the temperature is reversed compared with normal phase transitions, where the high temperature and
the low temperature phases are disordered and ordered phases, respectively. These
materials are classified as re-entrant spin-glasses (RSG’s) and many members of
RSG materials have been found until now. In this paper, I present the results of
three kinds of neutron scattering experiments which have shown the important role
of magnetic clusters on RSG properties. The topics of these experiments are the
following:
(1) What is the origin of anomalous spin-waves?
(2) Are the magnetic ‘phases’ true phases?
(3) Can we see the spatial image of slow dynamics in spin-glasses?
In the following sections, I describe the problems of these topics and present the
experimental results.
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2. Origin of anomalous spin-waves in RSG’s
A number of neutron scattering experiments of RSG materials have been made to
clarify the nature of each magnetic phase and phase transition property. These
studies revealed that there exist marked differences in the dynamical properties
among materials which show similar static and macroscopic properties. For one
group (normal group) of materials, the spin-wave stiffness constant D decreases in
the FM phase as temperature decreases towards the spin-glass transition temperature (TSG ) in accordance with the decrease of macroscopic magnetization. On the
other hand in another group (anomalous group) of materials, D increases gradually
as temperature decreases towards TSG . Moreover in some RSG materials, spin-wave
excitations exist even in the lowest temperature of the RSG phase. The existence
of this unusual spin-wave excitation (anomalous spin-wave) has been considered to
contradict with the scenario of the RSG transition based on the magnetic cluster
model [1] and the origin of the difference of the spin-wave property in two kinds
of RSG groups has been searched for. Recently, we have found that two kinds of
spin-wave excitations coexist in a RSG material Fe65 (Ni0.866 Mn0.134 )35 (TSG = 30
K) in which the anomalous spin-wave excitation had been observed in relatively
high momentum transfer region (0.152 < q < 0.243 Å−1 ). The property of this
spin-wave and the behavior of magnetic clusters probed by the quasi-elastic diffuse
scattering measurements were extensively described in the previous paper [2].
Figure 1a shows the inelastic neutron scattering spectra at representative temperatures measured at q = 0.06 Å−1 . At T = 200 K, which is in the FM phase, inelastic
scattering peaks corresponding to the spin-wave annihilation (negative-energy side)
and the spin-wave creation (positive-energy side) are present in addition to a quasielastic central component. Well-defined spin-waves are observed in the q-range of
0.04 < q < 0.14 Å−1 . As temperature decreases, spin-wave peaks become less pronounced and can be observed only in smaller q-region. At T = 10 K, the inelastic
scattering component fades into the tails of the quasi-elastic component. Figure 1b
shows the neutron scattering spectra measured at q = 0.213 Å−1 . Even at T = 8 K
in the RSG phase, the spin-wave peak exists and the peak energy does not change
appreciably from the value at T = 200 K. We name these spin-waves observed in
the low and the high q regions as SW-1 and SW-2, respectively. The observed
patterns of SW-1 and SW-2 have been analyzed following the standard procedure
with a double Lorentzian (DL) function as the spectral weight function. From this
analysis the spin-wave amplitude (As ), the energy (Eq ) and the energy width (Γq )
have been determined.
Figure 2 shows (a) Eq as a function of q 2 measured at representative temperatures
and (b) Γq as a function of q 4 measured at T = 200 K for two kinds of spin-waves.
For both kinds of spin-waves, Eq follows the dispersion relation expected for normal
ferromagnets as Eq = Dq 2 + ∆, where D and ∆ are the spin-wave stiffness constant
and the spin-wave gap energy, respectively. At T = 200 K, the slope of Eq vs.
q 2 plots i.e. the spin-wave stiffness constant D of SW-1 and SW-2 show nearly
the same value. The Eq vs q 2 line of SW-2 shows the finite spin-wave gap energy
∆ = 0.4 meV, however for SW-1 ∆ is nearly 0. As temperature decreases, D of SW1 decreases. On the other hand, it remains almost unchanged for SW-2. Moreover,
as shown in figure 2b, the relation of Γq vs. q 4 is quite different between SW-1
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Figure 1. Neutron scattering spectra from Fe65 (Ni0.866 Mn0.134 )35 at various
temperatures measured at (a) q = 0.06 Å−1 and (b) q = 0.213 Å−1 .

Figure 2. Spin-wave (a) energy as a function of q 2 and (b) line width as a
function of q 4 of Fe65 (Ni0.866 Mn0.134 )35 .

and SW-2. These results indicate that the spin-wave excitations observed in the
small q region (SW-1) and the large q region (SW-2) are different kinds of magnetic
excitations.
Figure 3 shows the temperature variations of (a) As and (b) D of SW-1 and
SW-2. Temperature variations of As and D for the two kinds of spin-waves in
the present material show that the properties of the two spin-waves correspond to
those observed in the two groups of RSG materials. Namely, the property of SW-1
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Figure 3. Temperature variations of (a) spin-wave amplitude and (b) stiffness constant of Fe65 (Ni0.866 Mn0.134 )35 . Solid and open synbols correspond to
SW-1 and SW-2 described in the text.

is similar to that observed in the normal group of materials. Also, Γq of SW-1
shows the common features of the spin-wave excitations of the normal group of
materials. Namely, it shows an extraordinarily large Γq /Eq ratio in the FM phase.
It increases at lower temperatures, which is contrary to the spin-wave theory. These
features strongly suggest that the spin-wave lifetime is limited by the collision with
obstacles present even in the FM state and that the number of obstacles increases
with decreasing temperature. The result of the quasi-elastic neutron scattering
experiment has shown that a large number of magnetic clusters exist in the FM
state and that their number increases at lower temperatures [2].
From these observations we conclude that SW-1 observed in the present experiment and spin-waves in the normal group materials are the normal spin-waves which
propagate in the infinite ferromagnetic network. At lower temperatures the spinwave amplitude is indiscernible, which is interpreted as due to the disappearance of
ferromagnetic network. On the other hand, the property of SW-2 is similar to that
observed in the anomalous group materials, in which D as well as As increases at
low temperatures and even at the lowest temperature in the RSG phase spin-wave
excitation is observed. In the previous work [2], we argued that the spin-waves
observed in these materials are the excitations in finite size magnetic clusters. This
conjecture is based on the fact that As increases with increasing the density of magnetic clusters at low temperatures and the increase of D is interpreted as due to the
increase of spontaneous magnetization as is the case of normal ferromagnets. The
excitations of SW-2 may be attributed to the presence of larger magnetic correlation
length than the wavelength of the spin-waves λSW . We interpret this observation
as due to the coexistence of two kinds of spin-waves in the finite magnetic clusters
and in the infinite ferromagnetic network.
We conclude that the apparent difference in the temperature variation of the
spin-wave property among RSG materials is due to the coexistence of two kinds of
magnetic excitations. Each excitation can exist only in a limited q range and/or in
a limited lifetime because of the finite size of the excitation media or the presence
of a large number of obstacles. One might observe only one kind of excitation in
certain q range depending on the size and the number of magnetic clusters. In this
sense the key parameter which determines the spin-wave property in RSG’s is the
size of magnetic clusters.
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Figure 4. Magnetic phase diagram of the Fe65 (Ni1−x Mnx )35 system.

Figure 5. Neutron scattering patterns from Fe65 (Ni0.90 Mn0.10 )35 measured
around (a) (1 1 1) and (b) (1 1 0) reciprocal lattice points.

3. Magnetic phase diagrams
Magnetic phase diagrams of RSG systems have been determined based on low field
susceptibility measurements. However, microscopic state of some RSG materials
probed by neutron scattering studies are quite different from those expected from
these magnetic phase diagrams. In this section, an example of these studies is
presented.
Figure 4 shows the magnetic phase diagram of the Fe65 (Ni1−x Mnx )35 system
presented by Shiga et al [3]. A previous neutron scattering study showed that
ferromagnetic clusters exist in the FM phase as well as in the RSG phase of the
alloys with x = 0.134 and x = 0.22 [2]. Recently, magnetic diffuse scattering
patterns arising from short-range ferromagnetic and antiferromagnetic correlations
have been observed in wide concentration and temperature ranges of this system
[4]. Figure 5a shows the neutron scattering patterns from Fe65 (Ni0.90 Mn0.10 )35
around the (1 1 1) ferromagnetic Bragg point measured in FM and RSG phases.
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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Figure 6. Temperature variations of (a) the amplitude and (b) the width
of Lorentzian scattering function arising from ferromagnetic correlation in
Fe65 (Ni1−x Mnx )35 .

The scattering pattern is composed by a resolution-limited Bragg peak, tails spread
on both sides of the Bragg peak and a background. As temperature decreases,
the intensity of the tails increases. The diffuse scattering part was well-traced by
the sum of a Lorentzian (LOR) and a squared Lorentzian (SQL) functions. The
scattering pattern then becomes
I(q) = AG + AL

κL
1
2κ3s
1
+
A
+ BG.
s
2
2
2
π (κL + q )
π (κs + q 2 )2

The amplitude (AG , AL , As ) and the width (κL , κs ) of each function and the background (BG) were determined by the least-squares fitting to the observed pattern.
We consider that the LOR component is due to the scattering from the regions with
finite range ferromagnetic correlations, which we call ferromagnetic clusters. On
the other hand, the origin of the SQL component has not been fully clarified. We
interpret it as arising from the random field which breaks the ferromagnetic order
[1]. Temperature variations of the parameters AL and κL are shown in figure 6.
Figure 5b shows the elastic neutron scattering patterns for Fe65 (Ni0.90 Mn0.10 )35
measured around the (1 1 0) reciprocal lattice point at various temperatures. At
T = 265 K, a weak diffuse scattering pattern centered at (1 1 0) is observed. As
temperature decreases, the peak intensity increases and the width decreases. Even
at the lowest temperature, the width of the scattering pattern is much wider than
the instrumental resolution width. Similar scattering patterns are observed around
the (1 0 0) reciprocal lattice point. These reciprocal lattice points are the magnetic
Bragg points of the antiferromagnetic structure of the Fe–Mn alloys. Therefore, the
observed scattering pattern is attributed to the magnetic diffuse scattering arising
from the short-range antiferromagnetic correlations, i.e. antiferromagnetic clusters.
The scattering patterns are well-traced by a LOR function plus constant BG as
I(q) = AL

κL
1
+ BG.
2
π (κL + q 2 )

Similar scattering patterns arising from the short-range antiferromagnetic correlations have also been observed in the alloys of x = 0.05, 0.135 and 0.22 in the wide
temperature range.
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Figure 7. Temperature variations of (a) the amplitude and (b) the width of
the antiferromagnetic diffuse scattering peaks in Fe65 (Ni1−x Mnx )35 .

Figure 7 shows the temperature variations of (a) AL and (b) κL of these alloys.
For x = 0.22, AL decreases rather rapidly with increasing temperature but shows
no appreciable anomaly around TSG . As x decreases, AL at the lowest temperature
decreases and the temperature variation becomes less pronounced. For x = 0.05,
AL is almost temperature-independent. We remark that the magnetic scattering
amplitude arising from the antiferromagnetic as well as the ferromagnetic clusters
develops far above TSG . As x decreases, κL at the lowest temperature increases. For
x = 0.22, κL increases gradually with increasing temperature. However, the temperature variation of κL becomes less pronounced with decreasing x. For x = 0.05,
κL is almost temperature-independent. For all samples, no appreciable anomaly
was detected around TSG .
This result shows that the clusters with antiferromagnetic correlations exist even
in the ferromagnetic phase and these clusters grow up at low temperatures in the
RSG phase. In this way, we have shown that the magnetic phase diagrams of RSG
systems do not precisely express the magnetic state. In other words, the presence
of the magnetic clusters is an essential feature of the concentrated spin-glasses.
4. Slow dynamics
The problem of slow dynamics has long been a central issue of the spin-glass study.
However, experimental studies have been limited to macroscopic measurements such
as the time evolution of thermo-remnant magnetization. In the previous neutron
scattering studies, we showed that magnetic clusters play an important role for the
RSG transition and that a wide variety of spin dynamics can be attributed to the
differences in the size and the number of magnetic clusters. Based on this finding,
we speculate that the mechanism of slow dynamics might be closely related to the
time evolution of magnetic clusters. If that is the case, it can directly be detected
by SANS experiment.
We have made a time-resolved SANS experiment on Fe0.70 Al0.30 [5], which is
a typical RSG material and its microscopic magnetic behavior in the stationary
state has extensively been studied in the past [1]. The SANS measurements were
made utilizing the SANS-J spectrometer installed at the JRR-3M reactor of JAERITokai. The momentum-transfer range of 0.03 < q < 2 nm−1 was covered. For every
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Figure 8. SANS patterns from Fe0.70 Al0.30
measured at T = 30 K.

Figure 9. Time variation of the line
width of the SANS pattern at various
temperatures measured in H = 0.

measurement, the sample was cooled from 300 K to the target temperature in zero
external field. A series of time-resolved SANS patterns was taken after the sample
reached the target temperature. For the measurements under a field, the magnet
was activated after a waiting time of 1 h. Measurements continued up to 20 h with
a time window of 10–30 min.
Figure 8 shows a typical result of time-resolved SANS measurements. The curve
A shows the scattering intensity as a function of momentum transfer q measured
just after the sample was cooled to 30 K. The curve B shows the pattern obtained
just after the magnetic field was applied followed by the waiting time of 1 h. After
about 17 h, the pattern changed to curve C. If we do not apply field, the pattern
gradually changes from curve A, but the amount of change is smaller compared
with the change of B to C measured in the field.
The scattering patterns observed in H = 0 are well-traced by a Lorentzian (LOR)
function I(q) = AL /(κ2L + q 2 ) within the q range of 0.06 < q < 0.3 nm−1 . This form
can be attributed to the scattering from randomly oriented uniform size magnetic
regions (magnetic clusters), in which ferromagnetic correlations between magnetic
moments decay as exp(−κL R), where R is the distance between the magnetic moments. SANS patterns observed in H = 500 Oe deviate from the LOR functions
(shown by curves in the figure). A possible origin of the deviation from the LOR
function in the small q range is discussed in ref. [5].
Figures 9 and 10 show the time variation of the inverse correlation length κ L
measured under H = 0 and H = 500 Oe at various temperatures. For all cases, the
time variation of κL are well-traced by the exponential function.
·
µ
¶¸
κL (0)
t
κL (t) =
1 − A exp −
.
1−A
tκ
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Figure 10. Time variation of line width of the SANS pattern at various
temperatures measured in H = 500 Oe with tw = 1 h.

These time variation behavior indicates that the magnetic correlation length
that is interpreted as the size of magnetic clusters, gradually decreases with a
characteristic time tκ . Temperature and magnetic field dependence of tκ has been
extensively discussed based on the cluster model in ref. [5].
5. Conclusion
The results of three kinds of neutron scattering experiments have shown that the
magnetic clusters play an important role on the properties of concentrated spinglass materials.
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