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Elastic Stiffness of a Skyrmion Crystal
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We observe the elastic stiffness and ultrasonic absorption of a Skyrmion crystal in the chiral-lattice
magnet MnSi. The Skyrmion crystal lattice exhibits a stiffness 3 orders of magnitude smaller than that of
the atomic lattice of MnSi, being as soft as the flux line lattice in type-II superconductors. The observed
anisotropic elastic responses are consistent with the cylindrical shape of the Skyrmion spin texture.
Phenomenological analysis reveals that the spin-orbit coupling is responsible for the emergence of

anisotropic elasticity in the Skyrmion lattice.
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Topologically stable nanoscale magnetic swirling objects
called Skyrmions have been found in certain magnets having
crystalline chirality [1]. A Skyrmion consists of a nontrivial
spin texture characterized by a topological invariant called
the Skyrmion number [1,2]. As revealed by several experi-
ments [3-6], these magnetic Skyrmions mostly condense
into a form of the closely packed hexagonal lattice. The
Skyrmion crystal (SkX) shows a number of intriguing
phenomena, such as the topological Hall effect (THE) [7],
Skyrmion magnetic resonance [8], and thermally driven
ratchet motion [9]. In addition, creation and annihilation
of single Skyrmions has been realized by locally injecting a
spin-polarized current [10], and these Skyrmions are easily
transported by an electric current density of as low as
10° A/m? [11,12], which is 5 orders of magnitude smaller
than that required to induce domain-wall motion in conven-
tional ferromagnets. These peculiar properties have been
attracting interest in the field of spintronics because of their
potential applications to Skyrmion-based ultradense infor-
mation memory devices [1,13,14].

In spite of this extensive research on magnetic Skyrmions,
experimental methods for exploring Skyrmions are rather
limited. This is partly because the physical (or thermody-
namic) quantities that characterize Skyrmions are restricted.
Amongst measurements of the magnetic, electric, and
thermal properties [7,15-17] for characterizing Skyrmions,
the most conventional and widely usable approaches are
measurements of ac susceptibility [15,16] or the THE [7].
The latter gives a more reliable identification of the SkX than
the former because the THE originates from emergent
magnetic fields arising from the noncoplanar spin texture
or the Skyrmion number of Skyrmions. Although a giant
THE arises under pressure [18,19] or chemical substitutions
[19], pristine bulk materials of typical SkX systems, such as
MnSi [7] and FeGe, show a relatively small THE that is
sometimes undetectable. Also, measurement of the THE is
not applicable to insulators [20]. Ultrasonic measurements
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are a possible alternative to these magnetic and electric
measurements and offer notable advantages in several
respects. First, they allow direct measurement of the elas-
ticity and viscosity of the SkX. Since the SkX is coupled to
the crystal lattice via pinning, ultrasound can directly shake
and deform the SkX, as schematically shown in Fig. 1.
Moreover, modulation of Skyrmion spin texture by ultra-
sound results in a change of free energy via magnetoelastic
interaction. Through these couplings, elastic interactions
and relaxational motion of the Skyrmion ensemble can be
transferred to the ultrasonic waves, leading to additional
contributions to the real (stiffness) and imaginary (absorp-
tion) parts of the ultrasonic response. Therefore, investiga-
tion of the viscoelastic properties of Skyrmions may allow us
to detect possible phase transitions among crystal, liquid,
and glass phases in terms of Skyrmions [21], analogous to

FIG. 1 (color online). Elastic response of Skyrmion crystal to
sound wave. In the C;; mode, longitudinal ultrasonic waves
propagate perpendicularly to the external magnetic field. The
inter-Skyrmion distance is directly modulated by the dynamical
deformation of the underlying crystal lattice. Thus real (stiffness)
and imaginary (absorption) parts of the ultrasonic responses give
information on the elastic and viscous behavior of Skyrmion
ensembles, respectively.
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the flux line lattice (FLL) in type-II superconductors [22,23].
Second, it is possible to unveil the anisotropic properties of
the SkX by comparing different elastic modes. Although a
cylindrical spin texture of Skyrmions has been directly
visualized by electron holography [24], the corresponding
anisotropic physical properties remain to be elucidated.
Third, the ultrasonic method can be applied to all con-
densates regardless of their electrical conductivity.

In this Letter, we present ultrasonic measurements of
MnSi, as a powerful probe to investigate the elastic and
viscous properties of Skyrmions. Pioneering work on the
ultrasonic absorption of MnSi was reported in 1976 [25],
showing the first identification of the A phase now assigned
to the SkX state. The present study reports comprehensive
viscoelastic properties of the A phase obtained by detailed
measurements of not only ultrasonic absorption but also
stiffness. We show the emergence of a distinct elastic
stiffness associated with the SkX formation and remarkable
ultrasonic absorption in the Skyrmion melting regime. We
also found the elastic anisotropy of the SkX, which can be
ascribed to spin-orbit coupling (SOC) according to the
phenomenological Landau theory.

A single crystal of MnSi was grown by the Czochralski
method and was cut into a cuboid shape with the approxi-
mate dimensions 4 x 3 x 3 mm?. The two end surfaces
were carefully polished, and 36° Y-cut LiNbO; piezo-
electric transducers were attached on both surfaces with
room temperature vulcanizing silicon rubber for the gen-
eration and detection of the ultrasound. Ultrasonic studies
were carried out by using a conventional pulse-echo
technique based on a phase comparison method. A longi-
tudinal sound wave of 18 MHz was employed. Since the
corresponding wavelength of approximately 390 ym is
much larger than the helical period (18 nm), the induced
distortion is regarded as homogeneous for the magnetic
system. In the C|; mode, the propagation and displacement
vectors of the longitudinal ultrasound are along the [100]
direction, whereas the external magnetic fields are along
the [001] direction; thus the ultrasound modulates the inter-
Skyrmion distance. The error estimates and sample depend-
ences of the ultrasonic measurements are described in the
Supplemental Material [26]. The ac magnetic susceptibility
was simultaneously measured with the use of excitation
and pick-up coils covering the sample and transducers.
An ac magnetic field with a frequency of 14.626 Hz was
applied parallel to the external dc field.

Figures 2(a)-2(c) show the elastic constant C;;, the
ultrasonic absorption @;;, and the magnetic susceptibility
Rey of MnSi, respectively, for discussing the emergent
elasticity of the SkX. The three physical properties, which
were simultaneously measured, are represented with off-
sets. At the lowest temperature of 26 K, C;; shows a slight
decrease up to H,;, followed by a sudden increase at H ..
These critical magnetic fields represent phase transitions
from the helical to the conical phases, and then from the
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FIG. 2 (color online). Magnetic field dependence of the
(a) elastic constant Cj;, (b) ultrasonic absorption a;;, and
(c) magnetic susceptibility Re y at different temperatures. The
data are shown with offsets for clarity.

conical to the induced ferromagnetic (IFM) phases, respec-
tively. Above 26.5 K at which a magnetic-field scan cuts
across the SkX phase, a distinct elastic harderning appears
around 0.2 T between H 4; and H 4,. This anomaly becomes
more pronounced with increasing temperature, and the
region between H,; and H4, grows. In the same magnetic
field region, Re y also exhibits a clear depression, as shown
in Fig. 2(c), which is characteristic of the SkX phase
[15,16]. Therefore, we can conclude that the elastic
anomaly between H,; and H,, is of Skyrmion origin.
The abrupt elastic hardening associated with the SkX
formation is approximately 0.1 GPa. This emergent elasi-
ticty is 3 orders of magnitude smaller than the elastic
constant of typical inorganic crystals, 1 or 2 orders of
magnitude smaller than that of molecular crystals [27], and
is comparable to that of the FLL in type-II superconductors
[23]. This suggests that the Skyrmion crystal lattice has
an extremely soft elastic stiffness, as expected from its
magnetic origin with much larger periodicity. Near T
where the SkX begins to melt into the intermediate (IM)
phase, the behavior of Cy; is complex. These elastic
anomalies disappear above 28.6 K, above which magnetic-
field scans are outside the SkX region.

On the other hand, in the imaginary part of the ultrasonic
response a;, a distinguishing feature appears along phase
boundaries. At the low-temperature side far below 7', one
can observe a single peak at H ., and a slight depression in
the regime of the SkX phase. Approaching 7., the peak at
H ., becomes large and is pronounced at 28.2 K [see also
Fig. 2(b)]. The point at which this divergent anomaly takes
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FIG. 3 (color online). Contour maps of the (a) elastic constant
Cyy, (b) ultrasonic absorption a1, (c) magnetic-field derivative of
Cyy, and (d) Re y. All magnetic ordered phases are characterized
in terms of elastic responses. IFM, IM, and TCP stand for induced
ferromagnetic phase, intermediate phase, and tricritical point,
respectively.

place corresponds to the tricritical point (TCP) [17].
Another large ultrasonic absorption shows up at melting
regions of the SkX and the helical phases between 28.3 and
28.6 K. Such prominent features around 7', are absent in
the magnetic susceptibility curves [Fig. 2(c)].

Figure 3 shows a summary of the ultrasonic responses in
comparison with the magnetic responses by contour map-
pings in the magnetic phase diagram of MnSi. Figures 3(a)
and 3(b) are the contour mappings of C;; and aq;.
(A comparison of these values with previous reports
[28,29] is shown in the Supplemental Material [26].)
Broad elastic softening and ultrasonic absorption occur
in the IM phase, consistent with the previous report at 0 T
[28]. Although these broad anomalies are comparatively
large, the SkX phase is discernable as kinks in the contour
lines. Figure 3(c) is a contour mapping of dC,;/dH, which
clearly identifies the SkX phase, as well as all other
magnetic phases, showing fair agreement with that seen
in Rey [Fig. 3(d)]. This verifies that the SkX and other
magnetic phases, such as the conical and the helical phases,
can be characterized in terms of elasticity. (As shown in
the Supplemental Material [26], the derivatives of the
other variables dRe y/dH and da,,/dH can also identify

the SkX phases, similarly to the contour mapping of
dCy,/dH).

As shown in Fig. 3(b), there are three regions in which
strong ultrasonic absorption shows up. The largest one
appears around the TCP. This can be attributed to the
critical spin fluctuation since the slow spin dynamics can
attenuate ultrasound via a modulation of exchange coupling
[30]. Another one appears just around a region where the
SkX melts into the IM phase. Since the phase transition
is of first order, the conventional critical spin fluctuation
mechanism may be less relevant in this region.
Furthermore, the intensity of the ultrasonic absorption is
not constant along the phase boundary, but is strong in the
temperature region just above the SkX phase. This suggests
that the enhanced «;; is of Skyrmion origin. As reported by
Schulz et al. [11], the critical current density to drive the
SkX steeply increases with increasing temperature toward
T.. This is reminiscent of the so-called peak effect in the
FLL in type-II superconductors [34,35], where the critical
current to induce FLL motion steeply increases, showing
a peak. Schulz et al. explained the steep increase of the
critical current, following an FLL scenario: since the elastic
energy of the SkX wins over the pinning force at low
temperature, the critical current to overcome the pinning
forces becomes low. Near 7., on the other hand, the pinning
force begins to win over the elastic energy of the SkX due
to the softening of the SkX, and thus the critical current
steeply increases. If this is the case, the softening of the
SkX near T'. should accompany the relaxational dynamics
of the Skyrmion ensemble, which attenuates ultrasound.
This is similar to the strong ultrasonic absorption confirmed
through the relaxational motion of the FLL in type-II
superconductors [23]. Therefore, the ultrasonic absorption
distributed in the temperature region immediately above the
SkX phase can be understood in terms of the viscous
motion of the Skyrmion ensemble. The other large ultra-
sonic absorption present at the boundary between the
helical and the IM phases may also be attributed to a
viscous motion of the helical structure since this is also a
first-order phase transition.

Figure 4(a) shows the elastic constants Cy; and Cs3 at
27.5 K. The corresponding elastic strains for C;; and Cs;
are schematically illustrated in Figs. 4(c) and 4(d). The C3;
mode causes a deformation that compresses the crystal and
Skyrmion lattices parallel to H, whereas the C;; mode
causes a deformation that compresses them perpendicular
to H. Although these two modes are crystallographically
equivalent, the application of magnetic fields breaks the
cubic symmetry, allowing a difference between the two.
As shown in Fig. 4(a), with increasing H, C;; smoothly
decreases, whereas Cs3 increases. The difference between
C1; and Cs; reaches approximately 0.2 GPa at H,.;. Above
H ., both C;; and the Cs; show little H dependence except
a sudden change in the regime of the A phase; the C;; mode
becomes hard, whereas the C3; mode becomes soft. These
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FIG. 4 (color online).  Anisotropic elastic response of MnSi. (a),
(b) Experiment and theoretical calculation of two different elastic
modes of C;; and Cs; as a function of magnetic field at a fixed
temperature. A and C stand for the helical and the conical phases,
respectively. Schematic illustrations of the two deformation
modes with respect to the (c) Skyrmion crystal and (d) conical
states. The C;; and Cs3 arrows represent the propagation and
displacement vector of longitudinal ultrasound.

experimental results clearly reveal that a structure with
modulations that have propagation vectors transverse to the
field direction (SkX) and the single-Q (conical and helical)
states show the opposite character from each other in terms
of anisotropy. The SkX is softer in the out-of-plane (L Q)
direction than in the in-plane direction, whereas the helical
and the conical structures are softer in the in-plane direction
(LQ) than in the out-of-plane (||Q) direction.

In order to explain the elastic behavior, we calculated the
elastic stiffness versus magnetic field for the helical and the
conical phases based on the Ginzburg-Landau (GL) phe-
nomenological theory. Here, we assume that strain induced
by ultrasound (typically 10~ [30]) does not modify the
spin textures with respect to the crystal lattice. This is
reasonable in a pinning regime. In this situation, we can
treat ultrasound as a perturbative strain, and the elastic
response of magnetic origin arises from magnetoelastic
coupling. The free energy considered here was originally
introduced by Plumer et al. in order to reproduce the
magnetostriction of MnSi at 4 K [33]. It takes into account
the magnetoelastic energy, as well as the magnetic and
elastic energies. We applied their method to calculate the
elastic constants (see the Supplemental Material for details
[26]). Figure 4(b) shows the calculated Cy; and Cs3 as a
function of the magnetic field, showing good agreement
with the experimental results for the helical and the conical
phases. This analysis revealed that the SOC brings about
clear elastic anisotropy among these magnetic phases.

Although there is a dominant contribution from exchange
interactions, it does not contribute to the elastic anisotropy
of the helical and the conical phases.

Finally, we discuss the reversal of the elastic anisotropy
in the SkX phase. According to the GL analysis, the effect
of SOC on the elasticity leads to the feature that MnSi is
hard along the Q vector and soft perpendicular to the Q
vector. This is because the coefficient of the magnetoelastic
term originating from SOC in the GL free energy is positive
[see L; and L, in Eq. (3) in the Supplemental Material
[26]]. In the conical phases, the Q vector is parallel to H||
[001]. Thus, the conical state is hard along [001] and is soft
perpendicular to [001], meaning that C; < Cs3. In the SkX
phase, on the other hand, the Q vectors of three helices are
perpendicular to H. Thus, the SkX is hard perpendicular to
[001] and soft along [001], meaning that C; > Cs3. The
relatively small anisotropy of the SkX is understood by
considering that the elastic anisotropies stemming from
three helices average out each of the anisotropy behaviors.
Incidentally, in the helical state at H =0, the elastic
anisotropy is smeared out, as observed [Fig. 4(a)], since
four equivalent helical domains with Q|[(111) are present.
Application of a magnetic field continuously induces
elastic anisotropy through the gradual rotation of the Q
vector in the H direction.

To summarize, we revealed that the SkX is an anisotropic
elastic object, which has a stiffness 3 orders of magnitude
smaller than that of the host lattice, being as soft as the
FLL in type-II superconductors. The observed anisotropic
stiffness was qualitatively understood by the SOC. These
results are suggestive of several new directions of Skyrmion
manipulation, for instance, by the application of local stress
through anisotropic strain, as theoretically discussed by
Butenko et al. [36].
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