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Elastic and anelastic behavior associated with magnetic ordering in the skyrmion host Cu2OSeO3
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Magnetic ordering in Cu2OSeO3 occurs without any detectable changes in the lattice symmetry but involves
significant coupling with strain. The strain coupling effects in Cu2OSeO3 have been investigated with a focus on
the skyrmion lattice by examining elastic and anelastic properties. Resonant ultrasound spectroscopy has been
used to measure these properties of a Cu2OSeO3 single crystal as a function of temperature and magnetic field.
On heating, the skyrmion phase has been characterized by slightly softer elasticity compared to the helical phase.
However, there were no obvious anomalies in elastic and anelastic properties associated with the boundary of
the stability field of the skyrmion lattice. Evolution of elastic properties with magnetic field, passing through
the stability field of the skyrmion lattice, showed a characteristic pattern of a glassy state, where an equilibrium
state is never reached. These imply that coupling of the skyrmions with strain is extremely weak in Cu2OSeO3,
leading to glassy or liquidlike behavior of skyrmions. Three Debye-like loss peaks were observed near ∼40,
∼50, and ∼60 K. The relaxation mechanism for the 40 K loss peak has been found to have a single relaxation
time. Overlapping acoustic loss peaks in the temperature interval ∼50–62 K suggest that the magnetic transitions
with variable temperature in this temperature range involve freezing of some dynamic aspect(s) of the magnetic
structure with an activation energy of ∼0.1–0.15 eV.

DOI: 10.1103/PhysRevB.109.144413

I. INTRODUCTION

Strain coupling is an important aspect of materials which
undergo phase transitions. It is well understood that phase
transitions are almost invariably accompanied by macroscopic
distortions as a consequence of cooperative local changes such
as magnetic ordering. Strain has a fundamental influence on
not only an acoustic mode instability as the primary order
parameter but also a wide variety of instabilities through
coupling with other order parameters [1–3]. The coupling
between strain and order parameter increases the correlation
length of the order parameter because of the long-range na-
ture of strain fields, promoting mean-field behavior of related
thermodynamic properties. In addition, strain fields provide
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a mechanism for indirect coupling between separate order
parameters through common strains. Such mechanisms can
result in strong coupling between different instabilities when
strains that occur with one order parameter sufficiently over-
lap with strains coupled with another order parameter. In the
context of domain-wall engineering [4–6], strain coupling is
fundamental in unique functional properties of ferroelastic do-
main walls. Steep strain gradients through ferroelastic domain
walls can interact independently with an order parameter,
leading to physical properties that are quite distinct from those
of domains themselves [4,7–10].

Cu2OSeO3 is an important model system in understanding
strain coupling associated with magnetic ordering. It exhibits
multiple magnetic phases in response to temperature and
magnetic-field variations below the transition temperature
of Tc ∼ 60 K [11–15]. Competition between the symmetric
exchange interaction and the antisymmetric Dzyaloshinskii-
Moriya interaction stabilizes a helical ground state with a
modulation period of ∼50–70 nm. The propagation vectors
of helices are parallel to any one of the 〈100〉 directions in
each of multiple domains. Above a first critical magnetic
field, the helical structure transforms into a single domain
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conical structure where magnetic moments precess around
the direction of the magnetic field. The conical structure then
turns into a field-polarized collinear ferrimagnetic structure
above a second critical value. Its ferrimagnetism originates
from clusters of four Cu ions in which one Cu2+ moment
at the 4a site is antiparallel to three Cu2+ moments at the
12b site [11,16–18]. Helices in the ground state are also
composed of ferrimagnetic spin clusters [19]. Chauhan et al.
[13] identified a fluctuation disordered phase in a temperature
interval of ∼1 K immediately below the transition point.
The most interesting aspect of the magnetic structures of
Cu2OSeO3 is the skyrmion lattice [20,21], which emerges
in a narrow temperature and magnetic field range near Tc. In
contrast to other skyrmion host B20 compounds such as MnSi
and FeGe, Cu2OSeO3 is an insulating material that displays
magnetoelectric coupling, leading to distinctive properties of
skyrmions [15,22–25].

A particular feature of Cu2OSeO3 is the lack of symmetry-
breaking strain accompanying the paramagnetic to fer-
rimagnetic transition [16,17,26–28]. The development of
ferrimagnetic order requires lowering of the symmetry from
a paramagnetic cubic structure (space group P213) to a
rhombohedral structure (space group R3) because ferri-
magnetism is incompatible with cubic magnetic symmetry
[16]. Recent powder x-ray diffraction data have revealed a
small volume strain accompanying the magnetic transition
at ∼60 K in zero field but no evidence for a measurable
distortion from cubic lattice geometry [28]. Furthermore,
there appear to be no reports of the presence of ferroelastic
twinning that would be indicative of a change to rhombo-
hedral lattice geometry. Macroscopic electric polarization in
Cu2OSeO3 arises only in the presence of a magnetic field
and does not lead to switching in response to an electric field
[16,18,20,29], indicating that it is not ferroelectric. This may
also be an effect of having a negligibly small rhombohedral
shear strain.

Evans et al. [27] confirmed that while any magnetoe-
lastic coupling in Cu2OSeO3 is weak, it indeed gives rise
to small but measurable changes in elastic properties at
some of the known magnetic transitions. They used resonant
ultrasound spectroscopy (RUS) to map out the distribu-
tion of elastic anomalies as functions of both temperature
and magnetic field across the stability fields of the main
magnetic structures observed with magnetic field along
[111]. There were obvious anomalies at the first transition
from the paramagnetic structure with falling temperature
and the final conical-collinear transition with increasing
field. Other smaller anomalies were observed in the elas-
tic properties but were not so clearly related to boundaries
between different magnetic structures. Elastic properties as-
sociated with the formation of the skyrmion lattice were not
examined.

Evans et al. [27] investigated the overall elastic and
anelastic behavior of Cu2OSeO3, focusing on a temperature–
magnetic field region well below Tc. In contrast, the primary
objective of the present study was to investigate strain cou-
pling with the skyrmion lattice in Cu2OSeO3 by collecting
detailed RUS data in a dense region of magnetic phases
near Tc. Qian et al. [12] showed that the stability field of
the skyrmion phase has diffuse boundaries, whose location

depends on the technique and criteria used to identify them.
The precise boundaries may also depend on the magnetother-
mal history of the sample in terms of varying temperature,
field, or both together. The transition between the skyrmion
and conical phases occurs through their coexistence region
[30,31]. The coexistence of skyrmions within a different
magnetic phase generally results in a glassy state, as has been
observed in various skyrmion host compounds [12,32–35].
The RUS results obtained in the present paper characterize the
glassy behavior of skyrmions in terms of strain coupling. They
provide not only complementary information for the results of
Evans et al. [27] but also insights into the elastic and anelastic
behavior associated with magnetic ordering in Cu2OSeO3.

II. EXPERIMENTAL DETAILS

The same Cu2OSeO3 single crystal as used in the study of
Evans et al. [27] was used for the present paper. Because it
has a very low intrinsic loss, even the most subtle changes in
acoustic resonance frequencies, relating to single crystal elas-
tic moduli, and acoustic loss can be identified with confidence.
The measurement of these acoustic properties involves, in
effect, the application of dynamic stress and observation of the
strain response of the crystal. As such, the results of acoustic
measurement should provide complementary information for
characterizing relaxations observed in ac magnetic measure-
ments, where the dynamic field is magnetic and the response
of the crystal is determined by magnetic susceptibility and
magnetic loss.

The RUS technique has been described in detail elsewhere
[36–41]. The method involves measuring the resonant re-
sponse of samples, which provides insights into elastic and
anelastic properties. In a typical experimental arrangement,
a sample is held lightly between piezoelectric transducers
across opposite corners or opposite faces. Acoustic vibra-
tions of the sample are generated and detected by each
of the transducers. Sweeping the frequency of the driving
transducer through a given range results in a resonance
spectrum, where resonance peaks are observed correspond-
ing to vibrational eigenmodes of the sample. Facilities
in Cambridge allow resonance spectra to be collected in
low-temperature and magnetic field environments [42]. The
measurement system was developed by incorporating a plas-
tic RUS head [43] into an Oxford Instruments Teslatron
PT cryostat equipped with a 14-T superconducting solenoid
magnet.

The Cu2OSeO3 crystal has an irregular polygon shape with
a pair of growth faces parallel to {111}. As shown in Fig. 1(a),
the sample was held lightly between piezoelectric transducers
across the well-defined faces such that an applied magnetic
field was exactly along [111]. The sample chamber was filled
with 1 bar of helium gas at room temperature to facilitate ther-
mal exchange. Resonance spectra were collected in automated
sequences of varying temperature in a constant magnetic field
or varying field at constant temperature. The trajectories of the
RUS experiments performed in the present paper are shown
superimposed on the phase diagram of Chauhan et al. [13] in
Fig. 2. The variable temperature ranged from 30 to 80 K with
a cooling rate of ∼0.1 K/min, and its step varied from 0.1 to
2 K depending on the perceived proximity of magnetic phase
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FIG. 1. (a) Schematic of the measurement setup for RUS exper-
iments in low-temperature and magnetic-field environments. (b) An
example of the asymmetric Lorentzian curve fit to a resonance peak,
providing the peak frequency, f , and width at half maximum height,
� f , of the peak. (c) Segments of RUS spectra collected from the
single crystal of Cu2OSeO3 during cooling (blue lines), followed
by heating (red lines) in a 25 mT field. The y axis is really the
amplitude from the amplifier but the spectra are stacked in proportion
to the temperature at which they were collected; the axis was then
relabeled as temperature to allow easy visualization of the evolu-
tion of individual resonance peaks with decreasing and increasing
temperature.
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FIG. 2. Magnetic phase diagram of Cu2OSeO3 in the vicinity of
the transition temperature (after Chauhan et al. [13]). Blue dotted
lines show the trajectories along which RUS spectra were collected
with variable temperature at constant field or variable field at con-
stant temperature. Filled circles mark the upper temperature limit of
hysteresis in f 2 values between heating and cooling. Filled triangles
represent the temperature at which small anomalies in f 2 and Q−1

occur in zero field and in a 2 mT field. Filled squares show the upper
magnetic field limit of hysteresis in f 2 values between increasing and
decreasing fields.

transitions. The sequence of data collection with variable field
consisted of increasing followed by decreasing magnetic field
in 1 mT steps between 0 and 60 mT. When a sequence of
increasing and decreasing field was carried out, the sample
was heated to 70 K to leave no effects of magnetic hysteresis
between experiments. A settle time at each set point before
data collection was set to 15 min or 5 min when varying
temperature or magnetic field, respectively. Each spectrum
consisted of 65 000 data points in the frequency range 400–
1600 kHz.

Resonance spectra were analyzed using the software pack-
age IGOR PRO (Wavemetrics). The peak frequency, f , and
width at half maximum height, � f , of each resonance
peak were obtained by fitting an asymmetric Lorentzian
function [Fig. 1(b)]. The irregular shape of the Cu2OSeO3

crystal prevented us from determining absolute values of
the elastic constants via conventional inverse calculation.
Changes in elastic properties were therefore characterized
in terms of the variations of f 2 for individual peaks,
which scale with different combinations of elastic constants
(depending on the particular distortions involved in each
resonance mode). The anelastic property was evaluated in
terms of the inverse mechanical quality factor, Q−1 = � f / f
[36,39,44].

III. RESULTS

Figure 1(c) contains a stack of segments of resonance spec-
tra collected in a sequence of cooling followed by heating
at 25 mT. The temperature dependence of resonance peak
frequencies shows a significant change in trend at ∼60 K,
below which the evolution of the frequencies displays a clear
hysteresis between cooling and heating. Peak broadening,
corresponding to increase in Q−1 values, was also discernible
below ∼70 K. Figure 3 shows the variations of f 2 and Q−1 for
selected peaks in the resonance spectra collected in a 25 mT
field. Figure 4 presents f 2 and Q−1 data for a representative
resonance near 1017 kHz, which demonstrates a significant
loss peak at ∼60 K, measured as a function of temperature
in fields of 0, 2, and 21 mT. It can be seen in Figs. 3 and
4 that the evolution of f 2 in fields of 0, 2, 21, and 25 mT
showed marked hysteresis below an upper temperature limit
of ∼57.5, 57.7, 57.5, and 57.8 K, respectively. Values of the
upper temperature limit are ∼2 K below the temperature at
which a change in slope occurs and, as shown in Fig. 2, appear
to lie just below the lower stability limit of the fluctuation
disordered phase in the phase diagram of Chauhan et al. [13].
However, there do not appear to be any obvious anomalies in
f 2 that could be related specifically to the stability field of the
skyrmion lattice.

The temperature dependence of the peak broadening
shown in Fig. 1(c) can be characterized by three peaks in
Q−1, centered at ∼40, ∼50, and ∼60 K (Fig. 3). The loss
peak at ∼40 K showed no hysteresis in the peak temperature,
whereas the other loss peaks showed hysteresis, where the
peak temperature appears to be slightly higher during heat-
ing compared with cooling. The magnitude of the loss peaks
varied substantially between resonances, implying that related
loss processes are sensitive to strain components involved in
each resonance mode. The maximum values of Q−1 were less
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FIG. 3. Variations of f 2 and Q−1 for resonances near 773, 861,
and 1017 kHz in the RUS spectra collected at 25 mT. Filled sym-
bols = heating; open symbols = cooling. Insets show details of
f 2 variations in the vicinity of Tc. Vertical dotted lines at 32 K
mark the helical–conical transition temperature reported by Adams
et al. [11]. Shaded areas indicate the expected stability field of the
skyrmion lattice [13]. Black curves are fits of Eq. (1) to Debye-like
peaks in Q−1.

than ∼0.0003, reflecting low intrinsic acoustic loss of the
crystal.

A Debye-like peak in Q−1 observed in RUS measure-
ments made as a function of temperature, T , can be described
by [3,45]

Q−1(T ) = Q−1
m

[
cosh

{
Ea

Rr2(β )

(
1

T
− 1

Tm

)}]−1

, (1)

where R is the gas constant. The acoustic dissipation has a
maximum value, Q−1

m , at Tm with the condition ωτ = 1, where
ω is the angular frequency of an applied stress and τ is the
relaxation time for a thermally activated process responsible
for the acoustic dissipation. The temperature dependence of
Q−1 is characterized by an activation energy, Ea, and a pa-
rameter that defines the width of a Gaussian distribution of
relaxation times, r2(β ). Figure 3 gives an example of fitting
of Eq. (1) to Debye-like loss peaks. Fits to the loss peak at

FIG. 4. Variations of f 2 and Q−1 for a resonance near 1017 kHz
in RUS spectra collected during a sequence of heating followed by
cooling in zero field (a) and during a sequence of cooling followed
by heating in 2 mT (b) and 21 mT (c) fields. Filled symbols =
heating; open symbols = cooling. Insets are expanded sections of
the f 2 variation in the vicinity of Tc, demonstrating the presence of
a small but distinct dip. Shaded area indicates the expected stability
field of the skyrmion lattice [13].

∼40 K for selected resonances in the RUS spectra collected
during cooling in a 25 mT field revealed a typical frequency
dependence of Tm [Fig. 5(a)]. An Arrhenius plot of the result
[Fig. 5(b)] yielded an activation energy of 49± 7 meV.

In zero field and in a 2 mT field, there are small anoma-
lies in f 2 and Q−1 which imply some acoustic loss process
(Fig. 6). The pattern does not match the classic pattern of
Debye freezing, but the temperature at which the anomaly
is observed, ∼59 K, coincides exactly with the onset of the
stability field of the fluctuation disordered phase (Fig. 2).
This suggests that some dynamical magnetic process cou-
ples weakly with strain and has a temperature-dependent
frequency that crosses the frequency of acoustic resonances
of the crystal at ∼59 K to cause slight attenuation. The same
effect is not seen at 21 and 25 mT, presumably because the
dynamical process is suppressed by the magnetic field or
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FIG. 5. (a) Values of Tm determined from fitting of a loss peak
at ∼40 K in the Q−1 data from selected resonances collected during
cooling in a 25 mT field. The inset shows details of Q−1 variations of
representative resonances. Arrhenius plot is shown in (b), where the
slope of the straight line fit gives activation energy of 49 ± 7 meV.

has frequencies which become significantly different from
∼1 MHz in an applied field.

Figure 7 compares variations of f 2 for two representative
resonances measured as a function of magnetic field at six
different temperatures. None of the corresponding data for
Q−1 showed any anomalies or hysteresis. f 2 values were
the same between increasing and decreasing fields at 54 and
62 K, whereas they displayed marked hysteresis at the other
temperatures. The hysteretic variations of f 2 passed through
the stability field of the skyrmion lattice but there were no
anomalies at the expected boundaries of this field. The trend of
reducing f 2 values during the full sequence of increasing and
decreasing field at 56 and 56.5 K resembles glassy behavior
seen in other systems [46,47], where there appears to be a con-
tinuous drift in values with time rather than any systematic de-
pendence on magnetic field; i.e., the system did not appear to
achieve an equilibrium state. The upper field limit of the hys-
teresis at 57 and 57.5 K is ∼46 mT and ∼40 mT, respectively.
These points fall close to the boundary between the stability
fields of single domain conical and field-polarized collinear
ferrimagnetic structures (Fig. 2). Evans et al. [27] also found
distinct acoustic anomalies associated with this transition.
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IV. DISCUSSION

A. Variation of f 2 as a function of temperature at constant field

All the f 2 data collected as a function of temperature at
constant field show a change in slope at ∼60 K, consistent
with the RUS measurements by Evans et al. [27]. It coin-
cides exactly with the onset of steep increase in magnetic
susceptibility reported in the literature [12,13,19,28,48]. This
confirms the existence of magnetoelastic coupling, i.e., cou-
pling between strain and the magnetic order parameter. No
symmetry-breaking shear strain has yet been observed by
diffraction methods, but the lattice parameter data of Dutta
et al. [28] show that the paramagnetic–ferrimagnetic transi-
tion in zero field is accompanied by a small positive volume
strain with magnitude of up to ∼0.0006. In combination
with the analysis of strain coupling by Evans et al. [27],
the implication is that the change in the overall trend of f 2

with falling temperature is determined by biquadratic strain
coupling of the form λe2

aM2, where λ is the coupling coef-
ficient, ea is the volume strain, and M is the magnetic order
parameter.

Differences in elastic moduli in the temperature interval
∼41–58 K (Fig. 3) imply that some aspects of the microstruc-
ture evolve with falling temperature in a manner that is
different from their evolution with increasing temperature.
The elastic moduli would not change with changing magnetic
domain sizes and configurations, however, because there is no
overt strain contrast between domains. A possible explanation
might be that the domains are locally piezomagnetic and/or
piezoelectric [27]. If this is the case, changing the proportions
of different domain orientations could result in changes in
the effective piezo coefficients of the bulk sample which,
in turn, would contribute to small changes in the resonance
frequencies, as in the case of ε-Fe2O3 [47]. Differences in
the magnitude of the hysteresis between resonances may be
explained by the fact that piezoelectric and piezomagnetic
coefficients, as with elastic constants, contribute to each reso-
nance frequency in different proportions.

Another possible explanation for the hysteretic variations
of f 2 might be the metastable skyrmion lattice [49,50]. How-
ever, the condition of the present RUS experiments, that is,
relatively slow cooling rate with an applied magnetic field
along [111] is unfavorable for the formation of metastable
skyrmions [24,51]. In addition, the metastable skyrmion lat-
tice is unlikely to be responsible for the difference in f 2 values
between heating and cooling because this hysteresis was seen
even in zero field and in a 2 mT field [Figs. 4(a) and 4(b)],
where the trajectories of the experiments do not pass through
the stability field of the skyrmion phase.

Hysteresis in the evolution of f 2 below 40 K in Fig. 3 is
most likely related to the helical–conical transition, whose
transition temperature is ∼32 K at 25 mT [11]. Breaks in
slope at 32.5 K on cooling and 37.5 K on heating appear to
correspond to the transition point and are most likely related
to elastic softening as the transition point is approached from
below, which is typical for elastic anomalies associated with a
magnetic phase transition [52–55]. The difference in the tran-
sition point between heating and cooling suggests first-order
character, consistent with a first-order transition between the
helical and conical phases through a metamagnetic phase

below 50 K reported by Chauhan et al. [14]. However, there
is no overt discontinuity in f 2 at the transition point for all
the resonances, implying that the helical-conical transition
with variable temperature involves only very weak coupling
with strain.

In addition to the hysteretic variations, the evolution of f 2

in 21 and 25 mT fields shows small discontinuities at different
temperatures during heating and cooling. The temperatures
at which the discontinuities occur fall close to the boundary
of the stability field of the skyrmion lattice shown in the
phase diagram of Chauhan et al. [13]. A similar feature is
seen in the cooling sequence at 2 mT [Fig. 4(b)]. The dis-
continuities most likely arise from changes in microstructures
due to jerky movements of domain walls which are other-
wise immobile. The magnitudes of the discontinuities are
approximately the same as or slightly less than the differences
between hysteretic values observed during heating and cool-
ing over wider temperature intervals. While a firm explanation
cannot be offered without a more detailed understanding
of the microstructure involved, these findings suggest that
elastic depinning of some weakly pinned domain structures
occurs below the temperature at which hysteretic evolution
occurs.

Data for f 2 and Q−1 collected at 2 and 21 mT in the
same temperature interval and steps showed a quite similar
pattern of variations [Figs. 4(b) and 4(c)]. Comparison of
the f 2 data highlights the only difference between them seen
in the temperature interval ∼56–58 K on heating (Fig. 8).
This interval coincides with the stability field of the skyrmion
phase in a 21 mT field shown in the phase diagram of Adams
et al. [11] with field parallel to [111]. The implication is that
the difference in f 2 values could be attributed to differences
in elasticity between the helical and skyrmion phases. Lower
values of f 2 in 21 mT field show that the skyrmion phase is
slightly softer than the helical phase on heating, implying that
differences in elastic moduli can demarcate the boundaries
of the stability field of the skyrmion phase. The observation
that the difference in elasticity between the skyrmion and
helical phases is barely detectable on cooling suggests that
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the elastic properties of the skyrmion phase are sensitive to
thermal history. The f 2 data collected at 2 and 21 mT were
indistinguishable from each other below 56 K (Fig. 8), indi-
cating that the elasticity of the helical phase is identical to that
of the conical phase.

B. Variation of Q−1 as a function of temperature at constant field

As discussed by Evans et al. [27], the peak in Q−1 at ∼40 K
is accompanied by slight stiffening with falling temperature
in a manner that is diagnostic of Debye-like freezing. They
showed that application of a magnetic field up to 220 mT
causes no change in the loss peak, implying that the loss
process does not involve magnetic relaxations. Similarly, there
appears to be no comparable loss peak in ac magnetic data.
The acoustic loss might be extrinsic due to freezing of de-
fects or intrinsic due to freezing of some dynamic aspects
of the microstructure. Whatever the loss mechanism is, it is
not changed by application of magnetic field. Evans et al.
[27] obtained the value of Ea/r2(β ) by fitting to the peak
in Q−1 for a resonance near 1104 kHz. Assuming that the
loss mechanism had a single relaxation time (r2(β ) = 1), they
estimated the activation energy to be ∼55 meV. The activa-
tion energy of ∼50 meV obtained from the Arrhenius plot
[Fig. 5(b)] is the same within realistic experimental uncer-
tainty, confirming that the loss process is indeed determined
by a single relaxation time. Although an underlying cause of
the Debye-like freezing has not been defined, it is most likely
to be responsible for a close agreement between the values of
f 2 obtained during heating and cooling in the vicinity of 40 K
(Fig. 3). This suggests that the freezing process involves some
structural memory effects that lead to a particular microstruc-
ture independently of thermal history.

The high-resolution RUS data have revealed a series of
overlapping acoustic loss peaks at temperatures between ∼50
and ∼65 K. These peaks have been analyzed in most detail
using resonance peaks in the data collected at 25 mT (Fig. 3).
The fact that different resonance peaks show different varia-
tions in Q−1 implies that the mechanism responsible for the
losses has different coupling strengths with different strains.
There is no independent evidence for the loss mechanism, but
fitting Eq. (1) to the peak in Q−1 at ∼50 K for a resonance
near 861 kHz gave values for Ea/r2(β ) of 94 and 64 meV
on heating and cooling, respectively. Similar analyses of the
60 K loss peak revealed a significant difference between the
presence and absence of magnetic field (Fig. 8), indicating
that the predominant effect of the complete transition from
paramagnetic to skyrmion lattice or single domain conical
structures involves freezing of some dynamic aspect(s) of the
magnetic structure. A possible loss mechanism may be pin-
ning of magnetic topological defects, for which the activation
energy has been reported as ∼0.1 eV [35].

AC magnetic data of Levatic et al. [56] showed that there
is no magnetic loss in zero field, and magnetic loss behavior
in the vicinity of Tc has a strong dependence on the strength of
an applied dc magnetic field. These features differ from those
of acoustic loss behavior near 60 K (Figs. 3 and 4). Qian et al.
[12] observed ac magnetic loss peaks as a function of field, in
contrast with the featureless behavior of Q−1 seen by RUS.

These discrepancies are indicative of weak magnetoelastic
coupling of Cu2OSeO3.

The data for f 2 and Q−1 measured as a function of tem-
perature show strain effects which appear to demarcate the
boundaries of the stability field of the fluctuation disordered
phase. There is a break in slope of f 2 at ∼60 K, which has
been attributed to the development of some form of magnetic
order with weak magnetoelastic coupling. The evolution of
f 2 is fully reversible between heating and cooling in the
temperature interval ∼58–60 K (Figs. 3 and 4). The onset of
the multidomain helical, single-domain conical, and skyrmion
lattice structures at ∼58 K appears to be marked by freezing
processes that give rise to both magnetic loss [12,56] and
acoustic loss with distinct hysteresis. The simplest interpre-
tation is that any microstructure, such as magnetic topological
defects, is mobile in the fluctuation disordered region but
pinned in the multidomain helical, single-domain conical, and
skyrmion lattice structures.

C. Variation of f 2 as a function of field at constant temperature

Measurable changes in elastic properties occurred at the
transition from the single-domain conical to field-polarized
collinear ferrimagnetic structures, as seen also by Evans et al.
[27]. This transition, at least, gives rise to sufficient static
strain coupling that results in changes to the single crystal
elastic moduli. As shown in Fig. 7, the f 2 data collected
at 56.5 and 57 K displayed small discontinuities at ∼2 and
∼4 mT, which fall close to the boundary between the stability
fields of the multidomain helical and single-domain conical
structures. This is consistent with the RUS results of Evans
et al. [27] in showing that there is a clear indication of
strain relaxation accompanying the conical-collinear transi-
tion, while the helical-conical transition involves only some
weaker and less regular strain-coupling effects.

The absence of obvious anomalies in f 2 associated with the
helical-conical transition when varying fields at constant tem-
perature contrasts with the observation of elastic softening as
the transition temperature is approached from below (Fig. 3).
This suggests that a driving mechanism for the helical-conical
transition is different between varying temperatures at con-
stant field and varying fields at constant temperature. Driving
mechanisms for other phase transitions in Cu2OSeO3 also
likely depend on the way in which experiments are carried
out. In fact, Qian et al. [12] reported that magnetic transitions
into and out of the skyrmion phase with variable temperatures
differ from those with variable fields.

D. Weak coupling of strain with skyrmion lattice

With respect to skyrmions, we can conclude that the
skyrmion lattice is weakly pinned, if at all, by strain effects. It
is notable that the apparent glassy pattern of evolution of f 2

with magnetic field at constant temperature only occurs in the
temperature range where the skyrmion lattice forms (Fig. 7).
This observation may support the hypothesis that the other
magnetic structures become stable when the skyrmions can
no longer move relatively freely, as in relaxation accompanied
with formation of a glassy state. In this case, the transition
sequence with falling temperature would be paramagnetic →
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mobile skyrmions or dynamical short range order → static
magnetic order.

The hypothesis that the skyrmions experience very low
viscosity, i.e. with liquidlike behavior, appears to match up
with the observations that skyrmions in metallic samples
can be driven by much lower current density compared with
magnetic domains [57,58] and dynamics of skyrmions tend to
conform to the predictions of weak collective pinning theory
[59]. Individual skyrmions in Cu2OSeO3 have widths of ∼60
nm [20], which is significantly wider than ferroelastic twin
walls. It is well-known that thin walls interact with point
defects more strongly than thick walls, but the thickness
of the thin twin walls tends to be only a few angstroms. In
combination with intrinsically weak magnetoelastic coupling,
the skyrmions with widths of 60 nm would interact extremely
weakly with strain fields around point defects, resulting in
glassy or liquidlike behavior. The RUS results reported here
provide confirmation of this behavior and raise the question
as to whether weak magnetoelastic coupling is a fundamental
requirement for the formation of a skyrmion lattice.

V. CONCLUSIONS

The most obvious result is that, as found in previous RUS
work [27], any anomalies in elastic and anelastic properties
are small. This is consistent with the overall view that mag-
netoelastic coupling is weak and any strain effects are small.
These RUS results provide additional evidence that the weak
magnetoelastic coupling in Cu2OSeO3 causes measurable
changes in elastic and anelastic properties. They can be a good
criterion for demarcating the boundaries of the stability fields
of the skyrmion and fluctuation disordered phases, which are
generally quite diffuse. The measurements of elastic proper-
ties with variable fields suggest that skyrmions in Cu2OSeO3

show glassy or liquidlike behavior, consistent with their large
size in comparison with twin walls and their extremely weak
intrinsic magnetoelastic coupling. Knowledge of the variation
of the elastic constants associated with magnetic phase transi-
tions could contribute to our understanding of the strength and
underlying mechanisms of strain coupling for Cu2OSeO3 and
the potential manipulation of skyrmion functional properties
through controlled strain fields.
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