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Magnetic boson peak in classical spin glasses
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We revisited spin dynamics in archetypical classical spin-glass (SG) systems, such as Cu1−xMnx (x = 0.017,
0.034, and 0.067) dilute alloys and iron aluminosilicate glass, using a modern neutron scattering spectrometer
with high neutron flux. The former is crystalline, and the latter is amorphous, where their SG state is well
separated from magnetically ordered phases. Bose-scaled localized magnetic excitations were observed in both
compounds below the spin-freezing temperature (Tf ). The spectrum exhibits a maximum at low energy and
a broad tail on the high-energy side. The excitation energy tends to be higher for the material with higher
Tf . Above Tf , the spectrum considerably changes with temperature, thereby indicating the emergence of the
magnetic relaxation process. The magnetic excitation in the SG state has much in common with the boson peak
in structural glasses. We consider that the Bose-scaled broad excitation peak is an elementary excitation inherent
in disordered systems.
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I. INTRODUCTION

Spin glasses (SGs) are ubiquitous in magnetic materials
with competing interactions and randomness. Time, tem-
perature, and magnetic-field-dependent magnetic relaxation
describe the characteristics of SGs and have been studied
experimentally and theoretically [1–4]. However, excitation
features in an SG state remain elusive. In the early stages
of SG research, attempts have been made to probe spin ex-
citations of the SG state by neutron spectroscopy; however,
no noticeable observations have been reported [5]. Further-
more, most theoretical calculations have failed to derive spin
waves in the SG regime. Only a few computer simulations of
Heisenberg SGs (e.g., Cu1−xMnx dilute alloy) have suggested
the existence of localized modes [6].

Recently, we investigated magnetic excitations in
a magnetic ionic liquid (C4mimFeCl4: 1-butyl-3-
methylimidazolium tetrachloroferrate) by inelastic neutron
scattering (INS). C4mimFeCl4 exhibits an SG transition with
a spin-freezing temperature (Tf ) of 0.4 K in the glassy state
and antiferromagnetic ordering in the crystalline state [7].
In the SG state, localized magnetic excitations were found
unlike the spin-wave excitations in the ordered phase of the
crystalline sample. The localized excitation is scaled by the
Bose factor below Tf while gradually disappearing above Tf .
The magnetic excitation in the SG state is highly reminiscent
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of the boson peak, originating from low-frequency vibrational
modes, commonly observed in structural glasses [8], and can
be termed a magnetic boson peak (MBP).

In this paper, we report on INS investigations of two
classical Heisenberg SGs, Cu1−xMnx dilute alloys and iron
aluminosilicate glass (FeO–Al2O3–SiO2: FeAlSiO). The for-
mer is crystalline, and the latter is amorphous, where their
SG states are well separated from magnetically ordered
phases. We show that the MBP is usually observed in these
compounds. The SG-like behavior has been reported in var-
ious magnetic materials, including dilute magnetic alloys,
mixed-phase magnetic oxides, intermetallics, high-Tc super-
conductors, and frustrated magnets, However, SG frequently
appears near the ordered phase, and magnetic excitations orig-
inating from the ordered phase might be observed in many
systems. Therefore, herein, we focus on the two compounds to
experimentally search for excitations intrinsic to the SG state.

II. MATERIALS AND METHODS

A. Sample preparation

The Cu1−xMnx alloys with nominal compositions of x =
0.0165, 0.0335, and 0.0669 were prepared from pure Cu
(99.9995%, Sigma-Aldrich) and Mn (99.9%, Nilaco) The Cu
and Mn were arc-melted several times in an argon atmosphere.
The alloys were vacuum sealed and annealed at 750 ◦C for
300 h. The actual compositions were estimated by inductively
coupled plasma (ICP) analysis.

The (FeO)0.452(Al2O3)0.088(SiO2)0.46 glass was prepared
by rapid quenching like in Refs. [9,10]. The mixture of Fe2O3

(99.9%, Kojundo Chemical Lab), Al2O3 (99.99%, Kojundo
Chemical Lab), and SiO2 (99.9%, Kojundo Chemical Lab)
powders was melted at 1400 ◦C for ∼60 min in a graphite
crucible and quenched in argon. The Fe, Al, and Si composi-
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TABLE I. Compositions, freezing temperatures (Tf ’s), Curie-
Weiss temperatures (θ ), and effective paramagnetic moments (μeff )
for Cu1−xMnx and FeO–Al2O3–SiO2 studied in this paper. The pa-
rameters of C4mimFeCl4 [7] are also shown for comparison.

xa xb Tf (K) θ (K) μeff (μB)

Cu1−xMnx

0.0165 0.0176 12.4 10.1 4.58
0.0335 0.0337 20.2 27.1 5.16
0.0669 0.0658 32.0 56.0 5.10

FeO-Al2O3-SiO2 (FeAlSiO)
41.5:16.2:42.3 41.4:16.0:42.6 9.8 −88.9 5.26

C4mimFeCl4

0.4 −4.08 5.56

aNominal composition.
bEstimated from ICP or SEM.

tion was estimated by scanning electron microscopy (SEM),
and the homogeneity of the sample was confirmed.

The estimated compositions of Cu1−xMnx alloys and FeAl-
SiO glass are listed in Table I, which correlate well with the
nominal values. The samples used for ICP or SEM, magnetic
susceptibility, and neutron scattering were cut from the same
ingots.

B. Magnetic susceptibility

Direct current (DC) magnetic susceptibilities were mea-
sured using a superconducting quantum interference device
(SQUID) magnetometer (MPMS3, Quantum Design Co.).
Figure 1 displays the zero-field-cooled (ZFC) and field-cooled
(FC) susceptibilities measured on heating under a DC field of
10 Oe. The Tf ’s are defined as the temperatures at which irre-
versibility between the ZFC and FC susceptibilities emerges.
The ZFC curve exhibits a sharp maximum at T ≈ Tf . To
estimate Curie-Weiss temperatures (θ ) and effective para-
magnetic moments (μeff ), the magnetic susceptibility was
measured under 1000 Oe at 2–350 K. The susceptibility in
the paramagnetic region well above Tf (T > 4Tf ) was fitted
with the Curie-Weiss law χ = Nμ2

eff/3kB(T − θ ). The ob-
tained parameters are summarized in Table I and consistent
with literature data for Cu1−xMnx alloys [11] and FeAlSiO

FIG. 1. Temperature dependence of magnetic susceptibility of
(a) Cu1−xMnx polycrystals and (b) FeAlSiO glass. The arrows in-
dicate the freezing temperatures (Tf s). The data were obtained in a
DC field of 10 Oe.

glass [12,13]. Note that the positive value of θ suggests that
ferromagnetic interaction is dominant in Cu1−xMnx.

C. Neutron scattering

Neutron scattering measurements were performed using a
disk-chopper spectrometer AMATERAS [14] at the Materi-
als and Life Science Experimental Facility (MLF), J-PARC.
Approximately 10 g of Cu1−xMnx alloys and 2 g of FeAlSiO
glass were used in the experiment. The samples were fixed
to thin aluminum plates with aluminum wire and mounted
to closed-cycle refrigerators. The frequency and phase of
choppers were configured to select two Ei sets: Ei = 18.7
(0.82), 9.0 (0.27), 5.3 (0.12) meV, and 15.2 (0.60), 7.7
(0.21) meV. The parentheses denote the corresponding en-
ergy resolutions (full width at half maximum at the elastic
position). The neutron scattering data were recorded at 3 K
(Cu0.983Mn0.017), 3–200 K (Cu0.966Mn0.034 and FeAlSiO),
and 3–60 K (Cu0.933Mn0.067). Pure Cu data with a similar
mass were obtained at 3 K and used to estimate the instru-
mental background, elastic tail, and phonon contributions.
The recorded data were analyzed using the software suite
Utsusemi [15].

III. RESULTS

A. Cu1−xMnx alloy

Figure 2 shows color contour maps of INS intensities
I (Q, ω) for Cu1−xMnx at T = 3 K. As with all Cu1−xMnx

samples, a sharp signal was observed at ∼4.2 meV, probably
originating in multiple scattering events involving the sample
and cryostat. The data of pure Cu at 3 K were subtracted
to remove the background. The weak signal at ∼4 meV in
x = 0.017 is due to imperfect subtraction. Broad low-energy
magnetic excitations were clearly observed in the low-Q re-
gion in all samples. The conelike scattering at Q ∼ 3 Å−1 is
due to phonon contributions. The energy scale of magnetic
excitation increases as x increases. The scattering shows weak
intensity modulation along Q, which is more pronounced
for high-x samples. Moreover, the strong scattering appeared
at Q ≈ 0, which reflects the predominant ferromagnetic
interaction.

Figure 3(a) shows the temperature evolution of the INS
spectra for Cu1−xMnx with x = 0.034, obtained by integrating
the data collected with Ei = 9 meV over Q = [1.5, 2.1] Å−1,
where magnetic scattering is strong. The spectrum changes
with temperature over the entire temperature range (3 K �
T � 200 K). To determine whether the spectrum below Tf

scales with the Bose factor, we obtained the imaginary part
of the magnetic susceptibility as follows:

χ ′′(Q, ω) = π

2
μ2

B

(
2

γ r0

)2 1

|F (Q)|2{1 + n(ω)}
ki

k f

d2σ

d�dEf
,

(1)

where γ = −1.913, r0 = 2.818 × 1015 m; F (Q) is the mag-
netic form factor for Mn2+; n(ω) = {exp(h̄ω/kBT ) − 1}−1

is the Bose population factor; and ki and k f are the incident
and scattered neutron wave vectors, respectively. The
Debye-Waller factor was not included because of the focus on
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FIG. 2. Color contour maps of inelastic neutron scattering (INS)
intensities for Cu1−xMnx at T = 3 K, collected with Ei = 9 meV. The
data of pure Cu (background reference) were subtracted.

the low-Q region. The elastic tail and phonon contributions
[16] were subtracted using the data of pure Cu. The χ ′′(Q, ω)
data were calibrated on an absolute scale by comparison with
standard vanadium. The data collected with Ei = 5.3, 9.0,
and 18.7 meV were employed to make the plots in the wide
energy region. Figure 3(b) shows the obtained χ ′′(Q, ω).

Below Tf , the excitation spectrum remains almost the same;
it is scaled by the Bose factor. The spectrum exhibits a peak
at ∼2 meV, with a tail on the high-energy side. As shown
in Fig. 3(c), the spectrum shape is almost independent of Q,
suggesting localized excitation. The spectrum changes consid-
erably when the temperature is raised above Tf , indicating that
magnetic relaxation is activated. A similar temperature and Q
dependence were observed in the x = 0.067 sample.

Fitting a Debye relaxation model,

χ ′′(Q, ω) = χ ′(Q)
	h̄ω

(h̄ω)2 + 	2
, (2)

FIG. 3. (a) Temperature evolution of inelastic neutron scattering
(INS) spectra collected with Ei = 9.0 meV at Q = [1.5, 2.1] Å−1 for
Cu1−xMnx with x = 0.034 (Tf = 20.2 K). Dashed curve represents
a resolution function estimated from the data of pure Cu at 3 K.
(b) Imaginary part of the magnetic susceptibility χ ′′(Q, ω) at Q =
[1.5, 2.1] Å−1. The data collected with Ei = 5.3, 9.0, and 18.7 meV
are used. (c) Energy spectra at several Q positions at 3 K, where
suitable scale factors are multiplied for comparison. The data col-
lected with Ei = 7.7 and 15.2 meV are used. Error bars throughout
this paper represent one standard deviation and are often smaller than
symbol sizes.

to the energy spectrum was evaluated, as in the previous
studies [17–23]. Here, χ ′(Q) is the static susceptibility, and 	

is the relaxation rate, which roughly corresponds to the energy
exhibiting a maximum in χ ′′(Q, ω). The representative fit
results are shown in Fig. 4(a). The Debye model can reproduce
the spectrum at T >70 K but not at T <40 K. Temperature
dependences of 	 and χ ′(Q) are presented in Figs. 4(b) and
4(c), respectively. Here, 	 decreases with temperature, re-
flecting the slowing down of spin fluctuation. Above 70 K,
	 follows the Arrhenius law 	 ∝ exp(−Ea/kBT ), where Ea
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FIG. 4. (a) Fitting results with the Debye relaxation model to the
spectra of Cu1−xMnx (x = 0.034) at Q = [1.5, 2.1] Å−1. See the text
for details. (b) Relaxation rate 	 as a function of temperature. Solid
curve represents the Arrhenius fit for data at T >70 K, with the value
of Ea = 53(2) K. The literature data of x = 0.03 at Q = 1 Å−1 are
shown as triangles [17]. (c) Static susceptibility χ ′(Q) as a function
of temperature. Vertical dashed lines in (b) and (c) denote Tf .

is the activation energy, shown as a solid curve. However, a
significant deviation from the Arrhenius behavior is seen at
T <40 K. It is inexplicable that 	 increases again at lower
temperatures. A similar behavior was reported in a previous
study for the x = 0.03 sample (shown as triangles) [17]. The
finite 	 at low temperatures indicates the presence of exci-
tation, which has been indicated in the literature; however,
no convincing results have been presented. Our high-quality
data allow us to conclude that the MBP is present in crys-
talline Cu1−xMnx below Tf as well as the structural glass
of C4mimFeCl4 [7]. The susceptibility χ ′(Q) increases with
cooling and approaches a constant value below Tf , which is
expected from the temperature dependence of energy spectra
in Fig. 3. The observed temperature dependence of χ ′(Q) is
consistent with the previous data at relatively high Q (�0.4
Å−1) [18,24]. The spin dynamics at small Q is discussed in
Sec. IV.

Figure 5 displays the Q dependence of elastic and inelastic
scattering at several temperatures for x = 0.034 and 0.067.
The elastic scattering intensities in Figs. 5(a) and 5(c) show
the magnetic contribution after subtracting the data at high
temperatures. In Figs. 5(b) and 5(d), inelastic scattering in-
tensities at around peak energies are plotted, where the peaks
at Q = 2.7 and 3.0 Å−1 are due to phonons. Thus, the elastic
and inelastic scattering exhibit nearly identical intensity mod-
ulation along Q at 3 K; the intensity is enhanced at Q ∼ 0
and 1.8 Å−1. The result indicates that the elastic and inelastic
scatterings stem from common spin correlations in the SG
state. The Q modulation is more prominent for x = 0.067,

FIG. 5. Constant-h̄ω cuts at (a) h̄ω = [−0.15, 0.15] (elastic
scattering) and (b) [1.6, 2.6] meV (excitation peak) for x = 0.034
and (c) h̄ω = [−0.15, 0.15] and (d) [2, 3] meV for x = 0.067 at
several temperatures. In (a) and (c), the data at high temperatures
were subtracted to obtain magnetic elastic scattering, and the regions
in the Bragg reflections from the Cu1−xMnx samples and Al holder
were masked. In (b) and (d), the scale factors are multiplied for
comparison. All the data shown were collected with Ei = 9.0 meV,
with an energy resolution of 0.27 meV.

suggesting that the Mn-Mn correlation is more developed as
the Mn concentration increases.

The magnetic elastic scattering gradually disappears upon
heating. The temperature at which the elastic signal disappears
is considerably higher than Tf because the time constant of
the neutron scattering measurement is much shorter than the
magnetic susceptibility measurements. The energy resolution
of 0.27 meV for Ei = 9.0 meV corresponds to the time con-
stant of 5 ps; fluctuation slower than the time constant is
regarded as static in the neutron scattering measurement. This
was pointed out in previous studies [18,25]. On the other
hand, the Q structure of magnetic excitation does not vary
with temperature in the measurement temperature range, in-
dicating that short-range magnetic correlations are already
formed at temperatures as high as 10 Tf .

The energy spectra at 3 K for all Cu1−xMnx samples are
summarized in Fig. 6. Broad excitations with a high-energy
tail were commonly observed in all x, although its energy
scale depends on x. The higher the Mn concentration, the
broader the energy spectrum. The peak energies (Epeak) of
MBP are 1.5, 2.1, and 2.7 meV for x = 0.017, 0.034, and
0.067, respectively. Here, Epeak roughly scales with Tf . The
comparison with FeAlSiO and C4mimFeCl4 glasses is de-
scribed later in Sec. III C.

B. FeO–Al2O4–SiO2 glass

The temperature evolution of the INS intensity map of
FeAlSiO glass is shown in Fig. 7. Broad magnetic excitation
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FIG. 6. Comparison of χ ′′(Q, ω) at Q = [1.5, 2.1] Å−1 taken
at 3 K for Cu1−xMnx (x = 0.017, 0.034, and 0.067). Factors are
multiplied by the data of x = 0.034 and 0.067 for clarity.

was observed at 3 K, with strong intensity at Q = 1.2 Å−1

and h̄ω = 4.5 meV. Above Tf (= 9.8 K), the intensity near
h̄ω = 0 increases substantially, suggesting that a magnetic re-
laxation process appears, and the system behaves like a liquid.
Figure 8(a) shows the energy spectrum of χ ′′(Q, ω) at Q =
[0.9, 1.5] Å−1 in the temperature range from 3 to 200 K. The
spectrum is scaled by the Bose factor at T <18 K and changes
with temperature as it is raised further. The spectrum shape is

FIG. 7. Temperature dependence of the intensity map of inelastic
neutron scattering (INS) of FeAlSiO glass (Tf = 9.8 K), measured
with Ei = 18.7 meV.

FIG. 8. (a) Temperature evolution of χ ′′(Q, ω) at Q = [0.9, 1.5]
Å−1 for FeAlSiO glass (Tf = 9.8 K). The data collected with Ei =
5.3, 9.0, and 18.7 meV are used. The solid curve represents a fit using
the Debye relaxation model [Eq. (2)]. The dashed curve is the data
at 200 K and Q = [3.5, 4.1] Å−1. (b) Energy spectra at several Q
positions at 3 K, where scale factors are multiplied for comparison.
The data collected with Ei = 9.0 and 18.7 meV are used.

almost independent of Q in the range of 0.6 � Q � 2.0 Å−1

[Fig. 8(b)].
The solid curve in Fig. 8(a) is the result of fitting the Debye

relaxation model [Eq. (2)] to the data at 200 K, with 	 of
5.1(1) meV. The unsatisfactory fit could be due to overlapping
vibrational excitations, i.e., a structural boson peak in the
structural glass of FeAlSiO. The data at Q = [3.5, 4.1] Å−1

exhibit a different spectrum shape (dashed curve) and show
a maximum at higher h̄ω. The vibrational contribution is re-
markable at high Q, but the magnetic scattering is also present.
It is difficult to separate vibrational and magnetic excitations
because the energy of MPB is close to that of the structural
boson peak in FeAlSiO, unlike in the case of C4mimFeCl4 [7].
However, the signals at small Q and low T mostly arise from
magnetic scattering. As the scattering intensity of vibrations
approximately scales with Q2, their contribution is estimated
to be <1% at Q = 1.2 Å−1 below Tf .

The fits by the Debye model were performed for the data
at all temperatures, although the model did not fit the data
well, particularly at low temperatures. The temperature de-
pendence of 	 showed an upturn near Tf , as seen in Fig. 4(b)
for Cu1−xMnx. The upturn or the finite 	 below Tf has also
been reported for a related compound MnO–Al2O3–SiO2

glass [26]. The results indicate the presence of MBP in the
aluminosilicate glasses below Tf as well as Cu1−xMnx and
C4mimFeCl4.
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FIG. 9. (a) Temperature-subtracted elastic scattering, I (Q)T −
I (Q)100K obtained by integrating the data collected with Ei =
18.7 meV over h̄ω = [−0.45, 0.45] meV for FeAlSiO glass. Masked
regions correspond to the Bragg peaks of Al. (b) Elastic scattering
at 100 K. (c) Constant-h̄ω cuts at h̄ω = [4,5] meV, where scale
factors are multiplied for comparison. The data were collected with
Ei = 18.7 meV.

The Q dependence of elastic and inelastic scattering is pre-
sented in Fig. 9. Magnetic elastic scattering I (Q)T − I (Q)100K

displayed a clear peak at Q ∼ 1.3 Å−1 and a hump at twice the
Q value [Fig. 9(a)]. The Q position is distinct from those of the
structural (nuclear) scattering shown in Fig. 9(b), reflecting
antiferromagnetic correlation. The magnetic elastic scattering
weakened on heating and almost disappeared at 100 K. Inelas-
tic signals are enhanced at the peak positions in the magnetic
elastic scattering [Fig. 9(c)]. The Q structure is almost in-
dependent of temperature <100 K, but the peak broadens at
200 K (≈20 Tf ). The magnetic correlation weakens at T �
20 Tf . Similar behavior was observed in C4mimFeCl4 (not
shown in Ref. [7]). Note that the increase in intensity at high
Q and T is due to the vibrational modes.

C. Comparison among Cu1−xMnx, FeO–Al2O4–SiO2,
and C4mimFeCl4

Figure 10(a) shows the energy spectra of three com-
pounds, Cu1−xMnx (polycrystal), FeAlSiO (amorphous), and

FIG. 10. (a) Energy spectra of Cu1−xMnx , FeAlSiO, and
C4mimFeCl4 (Tf = 0.4 K, θ = −4.1 K) [7], normalized to the
peak height (χ ′′

peak) and position (Epeak) below Tf . (b) Peak energies
against the spin-glass transition temperature (kBTf ) and the magni-
tude of Curie-Weiss temperature (kB|θ |), where kB is the Boltzmann
constant.

C4mimFeCl4 (amorphous) [7], as a function of the energy
divided by Epeak in the SG states. The spectrum is qualita-
tively similar in the three compounds, with widely different
Tf from 0.4 to 32 K. The shape weakly depends on the
materials and could be related to their energy landscape
(see Sec. IV).

The variation of Epeak against kBTf and kB|θ | are plotted
in Fig. 10(b). Here, Epeak has an approximately linear rela-
tionship with Tf for Cu1−xMnx and C4mimFeCl4 but not for
FeAlSiO. The deviation for FeAlSiO will be discussed in
Sec. IV. Meanwhile, some correlation exists between Epeak

and |θ | for all materials, even though the data are somewhat
scattered. The energy scale of magnetic excitations is not
directly connected to the macroscopic parameters for systems
with competing interactions. Still, a trend exists toward a
higher Epeak for a higher Tf or |θ |. Further studies on different
types of SG systems are needed to gain insight into what
determines the energy scale of MBP.

IV. DISCUSSION

As mentioned before, the finite 	 below Tf or the up-
turn in 	 indicated the presence of magnetic excitation.
The behavior was previously reported in several systems
including dilute magnetic alloys [17–22], metallic glass
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(Fe1−xMnx)75P16B6Al3 [26,27], and insulating aluminosili-
cate glass Al2Mn5Si4O16 [26]. For these systems, the presence
of magnetic excitation has occasionally been pointed out, but
no definite conclusions have been reached. The signal below
Tf is very weak, which made it challenging to obtain high-
quality data in the late 1970s and early 1980s when neutron
scattering studies of SGs were active. The state-of-the-art
spectrometer with high neutron flux enabled us to observe
MBP. Furthermore, the boson peak in structural glasses be-
came widely recognized after the 1990s. Thus, MBP might be
common to classical Heisenberg SG systems, whether struc-
turally crystalline or amorphous, metallic or insulating.

Like the structural boson peak, MBP is characterized by
the broad excitation with the tail on the high-energy side.
In a hierarchical model, numerous metastable valleys appear
as local minima separated by finite barriers in the energy
landscape [3]. Each metastable state is imposed to have a
short-range correlation with a different size and spin config-
uration. Over-barrier hopping is allowed between the valleys
at high temperatures, while the system becomes trapped in
the valleys below the Tf . One can naturally imagine that
excitations occur within the individual valleys. The short-
range spin correlations determine their energy; excitations of
small clusters appear at higher energies, whereas those of
large clusters appear at lower energies. The excitation of each
cluster could be described as Bose-scaled local modes, like
enclosed magnons, for Heisenberg SGs. The broad spectrum
is attributed to a multitude of metastable states in SGs. The
observed spectrum resembles the simulation results assuming
Cu1−xMnx, as reported by Walker et al. [6]. We consider
that MBP is a natural consequence of the complex energy
landscape in the SG state.

The excitation characteristics of FeAlSiO are somewhat
different from those of Cu1−xMnx. The spectrum is narrower
in energy, Epeak/Tf is larger (Fig. 10), and the excitations
remain up to a high temperature (∼2 Tf ) in FeAlSiO. As
can be seen from Table I, |θ |/Tf is ∼10 for FeAlSiO and
C4mimFeCl4 and ∼1 for Cu1−xMnx. The robustness of ex-
citation and high Epeak/Tf could be associated with the larger
|θ |/Tf . Furthermore, the frequency dependence of Tf in FeAl-
SiO is an order of magnitude larger than that in Cu1−xMnx

[13]. Thus, Tf strongly depends on time, and the spin cor-
relation does not grow drastically when cooling toward a
critical temperature. FeAlSiO can be classified as a stronger
glass than Cu1−xMnx [28]. There seems to be a tendency
for systems with short-range interactions, such as magnetic
insulators with |θ |/Tf , to have stronger frequency dependence
on Tf [29,30]. In SGs with large |θ |/Tf , such as FeAlSiO and
frustrated magnets, at around Tf , spin clusters are fairly well
defined, and a few local minima appear in the energy land-
scape. The difference in the energy landscape might be related
to the high Epeak/Tf , narrow spectrum shape, and robustness of
excitation. Further investigation is needed to clarify how MBP
is modified by the type of magnetic interaction and the degree
of disorder or frustration.

In our investigation, we focused on the spin dynamics at
Q � 0.4 Å−1. What does MBP change in the low-Q region?
In dilute magnetic alloys, such as Cu1−xMnx and Au1−xFex,
with predominant ferromagnetic interaction, strong magnetic
signals appear at Q ∼ 0, and their dynamics have been in-

vestigated. At a relatively high Q (� 0.4 Å−1), the real part
of susceptibility χ ′(Q) approaches a constant value below
T � Tf [Fig. 4(c)] However, χ ′(Q) exhibits a clear max-
imum for the data at Q � 0.2 Å−1, which is compatible
with the macroscopic alternating current susceptibility data
[18,24]. The behavior at Q ∼ 0 (large-scale spin dynamics)
would differ from the high Q dynamics investigated in this
paper. The early INS data suggest that the relaxation rate 	

decreases below Q ≈ 0.4 Å−1 [19]. We speculate that spin
waves can exist near Q = 0. In various structural glasses,
acoustic phononlike excitations have been observed at small
Q [31–34]. The excitations become obscure with increasing
Q because the damping rate 	(Q) increases. It is discussed
that the boson peak energy [�(Q)] is closely related to the
Ioffe-Regel limit [�(Q) = π	(Q) which describes a criterion
of wave propagation [35,36]. However, ongoing debates on
the origin of the boson peak continue.

So far, there have been no reports of observations of mag-
netic excitations in the low-Q region, and dedicated efforts
have not been made. Meanwhile, the slow relaxation has been
investigated using the neutron spin echo (NSE) technique. An
investigation demonstrated that the intermediated scattering
function I (Q, t )/I (Q, 0), which is the Fourier transform of
I (Q, ω), decays slower than the exponential function (Debye
relaxation) at temperatures close to Tf [37]. Over two decades
later, the nonexponential relaxation behavior was carefully
examined using next-generation NSE spectrometers [38,39].
The I (Q, t )/I (Q, 0) data were analyzed by a stretched ex-
ponential (Kohlrausch-Williams-Watts) function or modified
forms proposed by Ogielski [40] and Weron [41]. The NSE
studies show that the dynamics are independent of Q in the
Q region (Q < 0.4 Å−1). The data are not necessarily incon-
sistent with previous INS results [19]. The NSE data were
collected in the time domain (>5 ps) corresponding to h̄ω <

0.4 meV, which is somewhat different from the dynamic range
of INS measurement, although the possibility that excitations
might affect the analyses cannot be ruled out. Dedicated ef-
forts for investigating the relatively high-energy region have
not been made in recent years. Detailed investigations in a
wide time range using modern spectrometers are necessary to
uncover the low-Q spin dynamics.

We compare the structural boson peak and MBP. The
structural boson peak has the following characteristics: (i)
Bose-scaled localized vibrations, (ii) broad spectrum with
a high-energy tail, (iii) excess modes, (iv) peak energy of
1–5 meV, (v) intensity enhancement at structural peaks, (vi)
transverse nature, and (vii) aging and pressure effects.

As mentioned above, MBP also has the characteristics of
(i) and (ii). Regarding (iii), the structural boson peak is an
excess of states relative to the Debye level. In other words, the
localized vibrations coexist with the acoustic phonons in most
glasses. The coexistence of MBP and spin waves is unclear in
SGs. As for (iv), the peak energies of the structural boson peak
are located at 1–5 meV for all structural glasses., while the
MBP energy highly depends on materials. The Epeak ranges
from 0.07 to 4.4 meV for the SG materials we investigated
(Fig. 10). In stably existing materials, the interatomic distance
is typically 1–2 Å; therefore, the strength of atomic correla-
tions does not change by a factor of 10. However, magnetic
correlations, which are determined by magnetic moments and
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interactions, can vary widely from material to material, some-
times by a factor of 10 or more. It is not surprising that
the excitation energy changes more significantly in magnetic
systems than in structural systems.

With (v), the excitation intensity is enhanced at the diffrac-
tion peaks for both structural boson peak and MBP, although
less enhancement at the first sharp diffraction peak is often
reported for the structural boson peak. It indicates that the
excitations are the in-phase motions, such as acoustic modes.
For (vi), it has often been pointed out that the structural boson
peak is intimately linked to transverse phonons but not to
longitudinal ones. As typical magnons are transverse modes,
MBP should have a transverse nature, at least in Heisenberg
SGs.

Regarding (vii), the annealing or aging effect on the struc-
tural boson peak is often reported [42]. A decrease in the
boson peak intensity and/or a high-energy shift of peak en-
ergy is found as a consequence of the relaxation of the system
to more stable states. Furthermore, applying pressure shifts
the boson peak energy to higher energy [8]. It would be
interesting to see how MBP changes by annealing or under
external magnetic fields. Experiments will be carried out in
the near future.

The structural boson peak is not yet fully understood. It
would be significant to study the excitation characteristics in
SGs for a universal understanding of the dynamics of glassy
systems. Further experimental and theoretical studies will
be needed to reveal the similarities and differences between
structural boson peak and MBP.

Magnetic anisotropy is a unique property of magnetic sys-
tems. Ising-like SGs without transverse components might
exhibit a different spectrum shape, for instance, assembles of
fine excitation peaks. It is also interesting to compare SGs
with strong frustrations. Differences occur in the temperature
dependence of the specific heat, effects of impurities on Tf

[43], and memory effect [44,45] between archetypical and
frustrated SGs. A different feature of magnetic excitation can
be observed in frustrated SGs due to differences in energy
landscapes.

V. SUMMARY

We have performed INS studies on the two classical SG
systems well separated from magnetically ordered phases,
such as crystalline Cu1−xMnx (x = 0.017, 0.034, and 0.067)
dilute alloys and iron aluminosilicate (FeAlSiO) glass, us-
ing the state-of-the-art neutron spectrometer AMATERAS.
The results showed that magnetic excitations exist in their
SG states. The excitations are characterized by the following
aspects. (i) The INS spectrum displays a broad peak at low

energy with a high-energy tail. (ii) The excitation intensity
is scaled by the Bose population factor below Tf . (iii) The
spectrum shape does not change with momentum transfer Q,
indicating localized modes. (iv) The elastic and inelastic scat-
terings exhibit nearly identical intensity modulations along
Q. Therefore, both scatterings stem from common spin corre-
lations in the SG state. The elastic scattering, which is static in
the time scale of neutron scattering measurements, disappears
at T ∼ 2 Tf . On the other hand, the intensity modulation of
inelastic signals remains almost the same below T ∼ 10 Tf ,
suggesting robust short-range spin correlations. (v) Above Tf ,
the spectrum considerably changes with temperature due to
the magnetic relaxation process.

The present data are consistent with the literature data
taken more than 30 years ago, which were analyzed for re-
laxation behavior. The finite value of the relaxation rate 	 in-
dicates the presence of magnetic excitation [17,18,24,26]. The
excitation is now confirmed in our data with good statistics.

The above characteristics are like those reported for
C4mimFeCl4 with Tf = 0.4 K [7]. The observed magnetic
excitation in the SG state is termed MBP by analogy with the
boson peak in structural glasses. The SG materials we inves-
tigated exhibited Tf ’s varying considerably from 0.4 to 32 K.
The energy scale of magnetic excitation is determined by the
strength of magnetic correlation approximately represented by
Tf or Curie-Weiss temperature. Furthermore, the broad spec-
trum is attributed to a multitude of metastable states in SGs.
Each state is imposed to have a short-range correlation with
a different size and spin configuration, and the corresponding
excitation could be described as Bose-scaled local modes, like
enclosed magnons.

In this paper, we demonstrate that MBP exists, regardless
of whether the material is crystalline or amorphous, metal-
lic or insulating. The Bose-scaled broad excitation peak is a
general characteristic of classical systems with quenched dis-
orders: structural and magnetic. Further studies on the aging
effect and different types of materials, such as Ising-like SGs
and SGs with strong frustrations, will clarify the nature of
MBP with deep insights.
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