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Vital role of magnetocrystalline anisotropy in cubic chiral

skyrmion hosts

M. Prei8inger
A. Kikkawa?, Y. Tokura @*°, Y. Taguchi@? and I. Kézsmarki'

'™ K. Karube?, D. Ehlers', B. Szigeti', H.-A. Krug von Nidda', J. S. White @, V. Ukleev®, H. M. Rennow (&, Y. Tokunaga®,

Magnetic anisotropy is anticipated to govern the formation of exotic spin textures reported recently in cubic chiral magnets, like
low-temperature tilted conical and skyrmion lattice (SkL) states and metastable SkLs with various lattice geometry. Motivated by
these findings, we quantified the cubic anisotropy in a series of CoZnMn-type cubic chiral magnets. We found that the strength of
anisotropy is highly enhanced towards low temperatures. Moreover, not only the magnitude but also the character of cubic
anisotropy drastically varies upon changing the Co/Mn ratio. We correlate these changes with temperature- and composition-
induced variations of the helical modulation vectors, deformations of skyrmions, structural rearrangements of the metastable SkLs
and the large enhancement of Gilbert damping. Similar studies on magnetic anisotropy are required for the quantitative, unified
description of the known stable and metastable modulated spin textures and for the systematic exploration of novel ones in this

large class of skyrmion hosts.
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INTRODUCTION

In recent years, magnetic skyrmions have been explored in a great
variety of materials, not only in single crystals but also in ultrathin
films as well as hetero- and nanostructures'~®. Periodic 2D lattices
of Bloch-type skyrmions have been first observed in cubic chiral
magnets'®°, Already in 1976, the archetypical cubic chiral
magnet MnSi, in which the formation of a SkL was first reported'®,
had been shown to possess a helimagnetic ground state in zero
field®’, where the g-vectors of the energetically favoured helical
modulations co-align with the magnetocrystalline easy axes,
namely the cubic (100) axes?. In FeGe, another cubic chiral
compound hosting Bloch-type SkL nearly up to room tempera-
ture'®, the change of the cubic anisotropy upon cooling was
proposed to drive a reorientation of the helical g-vectors from
(100) to (111) directions®>?*, In spite of these early observations
and the increasing number of theoretical works implying a clear
impact of cubic anisotropy on helical spin states®> 3, the effect of
anisotropy on SkLs has only been recognised recently®>372,

Recently, cubic anisotropy was argued to play an essential role
in the formation of a tilted conical and a low-temperature SkL
state in Cu,05e05>*™', another cubic chiral magnet, where a
high-temperature SkL state located close to the Curie tempera-
ture, Tc = 58 K, was reported earlier'>'8, This low-temperature SkL
forms when the tilted conical state gets destabilised above certain
magnetic fields applied along one of the cubic (100) axes, being
the easy axis of magnetic anisotropy*®*'. Moreover, in the
ultrathin-film form, cubic chiral magnets can also possess an
easy-plane anisotropy in addition to the cubic anisotropies. With
increasing strength of the easy-plane anisotropy, these systems
are predicted to undergo a first-order phase transition from the
SkL state into a square vortex-antivortex lattice®?.

Apart from Bloch-type skyrmions formed by helical spin modula-
tions in cubic chiral helimagnets, skyrmions and antiskyrmions can

also form in crystals with axial symmetry. The lacunar spinels with a
polar rhombohedral structure are the first compound family found
to host a Néel-type SkL composed of spin cycloids*®, while the
antiskyrmion lattice state was first observed in Heusler compounds
with non-centrosymmetric tetragonal structure*. In contrast to the
small phase pocket of equilibrium SkLs in cubic chiral magnets,
these Néel-type skyrmion and antiskyrmion lattices can be stable
down to zero temperature®*®, In these axially symmetric materials,
anisotropy emerges in two forms: (1) the anisotropy of the
Dzyaloshinskii-Moriya interaction D and (2) the uniaxial magneto-
crystalline anisotropy. The former confines the magnetic modulation
vectors to the plane perpendicular to the unique high-symmetry
axis, thereby largely increasing the thermal stability range of the SkL
state, while the latter favours collinear states, hence, suppressing
modulations**~°.,

In this study, we quantify the anisotropy and analyse its
impact on chiral magnetic states in a series of B-Mn-type
(Coo5ZNnos)20-xMn, compounds®'. These materials belong to a
family of cubic chiral magnets, hosting skyrmions even well above
room temperature®2. An omnifarious variety of exotic long-periodic
magnetic patterns—in addition to the well-known helical, conical
and hexagonal SkL—was observed in the Co-Zn-Mn family,
including square and rhombic skyrmion lattices®”, elongated
skyrmions®, skyrmion chains, meron-antimeron lattices, chiral
soliton lattices®>>*, smectic liquid-crystalline arrangements of sky-
rmions>> and domain-wall skyrmions®®. Similar to FeCo;_,Si'*'®,
their high-temperature equilibrium SkL state can be quenched via
field cooling to a metastable state that persists down to low
temperatures and can be robust even against the reversal of
magnetic field®’”. The symmetry of the metastable SkL and the
shape of the individual skyrmions show a large variation among
these compounds when changing the Co/Mn ratio, which implies
a substantial role of cubic anisotropy in determining the internal
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Fig. 1 Compositional phase diagram. Schematic phase diagram of

the equilibrium and metastable SkLs on the temperature-
composition plane for four (Coo,szngi)zo,XMnX compounds. Phase
boundaries are reproduced from Ref. >". The green area indicates the
thermodynamically stable SkL pocket below the Curie temperature
(blue circles and line). The regime of the metastable SkL phases with
pale yellow shading, achieved via a field cooling process®’*%%, is
separated into four regimes: (1) the transition from the equilibrium
SkL into a metastable SkL, preserving the hexagonal symmetry,
indicated by green triangles; (2) the crossover from the metastable
hexagonal to a metastable square SkL phase in Co;Zn;Mng,
CogZngMn, and CogZngMn,, indicated by red squares, (3) the
transformation of the metastable hexagonal into a metastable
rhombic SKL state in Coq9Zno, marked by a violet rhombus and (4)
the onset of a spin-glass phase (SG) in Co;Zn;Mng and CogZngMny,,
marked by light blue stars. Characteristic temperatures have only
been determined for the four compounds and the lines connecting
the symbols are to support an easy visualisation.

structure of individual skyrmions and the lattice geometries of
these metastable states>®,

Figure 1 gives an overview of the stable and metastable
magnetic phases observed as a function of temperature and
composition. Just below the Curie temperature, a small pocket of
SkL state emerges in all four target compounds at moderate
magnetic fields. Via field cooling this thermodynamically stable
hexagonal SkL state can be quenched to lower temperatures.
Upon further cooling, in Co;Zn;Mng, CogZngMn, and CogZngMn,,
this metastable SkL gradually transforms into a square lattice®”. In
thin lamellae of CogZngMn,, a rectangular arrangement of
elongated skyrmions was reported to form, where the elongated
skyrmions co-align with the (100) cubic axes®®. In contrast, the
metastable SkL in Co;0Zn;9 becomes rhombic with two g-vectors
pointing along the (111) axes®®. At the lowest temperatures, a
spin-glass (SG) state emerges in Co;Zn;Mng and CogZngMny,
where the magnetic modulations are disordered due to frustrated
Mn spins®®,

The stability mechanisms and underlying physics of these exotic
spin textures, in particular, the influence of magnetic anisotropy,
spin disorder and frustration are far from being understood. In the
general model of cubic chiral magnets®*~?, the wavelength of the
chiral magnetic modulations scales with the ratio J/D, where J is
the isotropic Heisenberg exchange. In addition to equilibrium spin
textures, this relation was found to be also applicable for some of
the metastable states: micromagnetic simulations have shown
that the elongation of skyrmions, leading to a rectangular pattern
in CogZngMny, can be reproduced by the decrease of the J/D ratio
in the presence of cubic anisotropy®’. Easy-axis anisotropy was
also suggested to stabilise domain-wall skyrmions®® and the
smectic skyrmion phase®. Therefore, measurements of the cubic
anisotropy constants in the Co-Zn-Mn alloys are highly desired to
correlate theories and experimental observations.
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Fig. 2 Anisotropy constants and modulation length. Temperature
dependence of the cubic anisotropy constants for Co;0Zn;o (green),
CogZngMn;, (blue), CogZngMn, (red) and CosZn;Mng (brown). The
corresponding critical temperatures of the Curie ordering are
indicated by arrows. The fourth-order anisotropy constant K; (left
scale) is indicated by full symbols and with full lines as guides to the
eye. The inverse of the full width at half maximum (FWHM) for the
SANS intensity peaks (right scale) are plotted by open symbols
connected by dashed lines for Co,0Zn;o (green) and CogZngMn,
(red). The inset shows the sixth-order anisotropy constant K, for
Coq0ZNn4 (green) and CogZngMn, (blue).

While these examples highlight the importance of magneto-
crystalline anisotropy with regard to the stability, symmetry, and
shape of individual skyrmions and SkLs, surprisingly, quantitative
and systematic experimental studies on the role of anisotropy in
cubic skyrmion hosts are virtually non-existing. This provides the
main motivation for the present work. Here, using ferromagnetic
resonance (FMR) spectroscopy, we investigate the evolution of
magnetocrystalline anisotropy in (CogsZngs)20_xMn, compounds
with composition (x=0, 2, 4, 6) and temperature. Moreover, in
comparison to the results of small-angle neutron scattering (SANS)
experiments, we analyse if changes in anisotropy can account
for changes observed in the orientation and the length of the
g-vectors and may eventually lead to transformations between
different SkL arrangements. This material class serves as an ideal
playground for such investigations, since the material composition
can be tuned whilst keeping the cubic chiral symmetry, but vastly
changing the ordering temperature, the magnetic properties
and—as demonstrated by this work—the strength and nature of
cubic anisotropy.

RESULTS
Magnetocrystalline anisotropy

Figure 2 summarises the temperature dependence determined
from the angular dependence of the FMR of the cubic anisotropy
parameters for all the four compounds as described in detail in the
Methods. As a common trend, the anisotropy energy decreases
with increasing temperature and vanishes smoothly around the
Curie temperature, except for Co,9Zn;o, Where the temperature
dependence is more complicated. It is important to note that the
temperature dependence of the anisotropy energy density is
governed by two factors, the temperature dependence of the bare
microscopic anisotropies, originating from the spin-orbit coupling,
and the temperature dependence of the ordered magnetic
moment. Since the latter is saturated in these compounds
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typically below 0.6-0.8 T, at lower temperatures the changes in K;
and K, are governed by the variation of the bare anisotropy
constants.

Besides its strong thermal variation, the anisotropy is sensitive
to the Co/Mn ratio and drastically enhanced with increasing Co
content. At low temperatures, CogZngMn, and CogZngMn, are
respectively characterised by ~10 and ~30 times larger fourth-
order cubic anisotropy (K;) than Co;Zn;Mng. Coq9Zn;o, however,
does not follow this tendency, instead the K; anisotropy term
becomes comparatively small in this compound. Increasing Co
content also enhances the sixth-order cubic anisotropy (K5).
Reduced x? statistics show that including K, does not improve the
goodness of the fit in Co;Zn;Mng and CogZngMn,, on the other
hand, K, is comparable to K; in CogZngMn, and even becomes the
dominant term in Co,¢Zn;¢ at low temperatures. In contrast to the
strong composition dependence of the anisotropy, the saturation
magnetisation per magnetic ion varies by not more than 20%
among the four compounds. In terms of the temperature
dependence of the anisotropy, Co,0Zn,o is again an outlier: K;
approaches zero around 250K, ie., well below the Curie
temperature, where the K, term changes sign.

When the FM state emerges in a cubic crystal, the favoured
direction of the magnetic moment is determined by the cubic
anisotropy terms given in Eqg. (5), assuming the magnetically
induced structural distortion is negligible. When K; and K, are
both positive and negative, the easy axes are the (100) or (111)
directions, respectively. The former corresponds to the case of
Co;Zn;Mng and CogZngMn,, while the latter is realised in
Co10Zn1o. When they have opposite sign, like in CogZngMn,, the
easy axes are determined by their ratio. Correspondingly,
Co5Zn;Mng, CogZngMn, and CogZngMn, are characterised by easy
axes of the magnetisation along the (100) directions at all
temperatures, though the anisotropy energy is considerably
lowered upon approaching the Curie temperature. As an example,
the anisotropy energy surface in the FM state of CogZngMn, is
shown in Fig. 3d, as calculated using the magnetocrystalline
anisotropy constants obtained from the fit of Hes(¢) in Fig. 3a.
This energy surface, £(m), represents the anisotropy of the
FM state or equivalently the anisotropy experienced by an
individual spin.

For a more complex magnetic texture, like the helical spin order,
the magnetic anisotropy energy has to be evaluated for the whole
magnetic unit cell, i.e., by summing over all spins in one period of
the helix. Correspondingly, for a helix, where the g-vector is
perpendicular to the spin rotation plane, the dependence of the
magnetic energy on the orientation of the g-vector, £(q), can be
obtained by averaging the anisotropy energy of a single spin for
all directions of m in the plane perpendicular to the g-vector. (In
this simple approach, we treat the magnetic modulations as fully
harmonic spin helices and disregard possible effects of anharmo-
nicity.) When the magnetic easy axes are the (100) directions, as is
the case in CogZngMny, the preferred g-vectors also point along
the (100) axes. In fact, the shapes of the two energy surfaces,
E(m) and &(q), are rather similar, as clear from Fig. 3d, g.
Qualitatively, the same scenario applies also for Co;Zn;Mng and
CogZngMn,, though the weaker/stronger anisotropy in the former/
latter case leads to more spherical/rectangular energy surfaces
compared to CogZngMn,.

In contrast, the magnetic easy axes point along the (111)
directions in Co;0Zn;, at low temperatures, as clear from Fig. 3e.
Although the helical modulation vectors also favour the (111)
directions, the two energy surfaces, £(m) and £(q), are quite
different and g-vectors between (111) and (110) axes have
nearly the same energy. Only the (100) axes are clearly
distinguished as unfavoured directions, as can be traced in
Fig. 3h. Moreover, with increasing temperature, both anisotropy
terms weaken strongly and K, even changes sign at ~250K.
Consequently, the (100) directions, being the hard axes of
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magnetisation at low-temperatures, nearly become the easy axes
[Fig. 3f]. In this temperature range, the eighth-order anisotropy
constant K3 (K3 = 23 kerg) becomes the dominant anisotropy term
and defines the location of the shallow energy minima in the
vicinity of the (100) axes. Interestingly, at these temperatures, the
favoured g-vectors do not point along any of the high-symmetry
directions, instead they are located around circles centred at
(100) axes. In that regions, a Mexican hat-like form of £(q) can be
discerned in Fig. 3i.

Magnetic modulations and anisotropy

In the following, we perform a comparative analysis of FMR and
SANS data to reveal how the variation of cubic anisotropy with
temperature and composition affects the magnetic modulations in
this series of (Cog5ZNgs5)20_xMn, compounds. The SANS data are
reproduced from Refs.?’** and re-analysed here to gain more
insight into the angular distribution of the g-vectors. At low
temperatures, the SANS intensity is confined to the (100)
directions in CogZngMn,, CogZngMn,; and Co;Zn;Mng, ie., the
helical g-vectors favour these directions, as exemplified by the
SANS image in Fig. 4a, recorded in the (001) plane for CogZngMn,.
In contrast, in the SANS intensity of Co;0Zn,,, displayed over the
(110) plane in Fig. 4b, the maxima are located at the (111)
directions at low temperatures. (In both materials, the difference
in the intensity of symmetry-equivalent g-vectors originates from
unequal population of the corresponding helical domains.)

The angular distribution of the g-vectors becomes broader with
increasing temperature in both materials, as clear from the
increase of the full width at half maximum (FWHM) for the SANS
intensity maxima, plotted in Fig. 2. While in Coq¢Zn4q, the FWHM is
more than doubled (31° — 71°) between 5 and 370K, it is only
increased by about 20% (23" — 29°) in CogZngMn, between 50 and
200K. In fact, the inverse of the FWHM follows a temperature
dependence similar to that of the K; values. This shows that the
anisotropy does not only select the favoured orientation of the
g-vectors but also controls their spread around the preferred
directions. In addition to the enhanced orientational disorder of
the g-vectors towards higher temperatures, in Co;9Zn;o between
250 and 410K, the favoured g-vectors move away from the (111)
to (100) directions, as expected from the temperature-induced
changes in £(q) and can be traced well in Fig. 4c.

Since apparently the helical g-vectors arrange in a way to
minimise the anisotropy energy, in Fig. 4d-f, we directly compare
the angular dependence of the SANS intensity and £(q). In
CogZngMny, £(q) has minima along the (100) axes, coinciding
with the SANS intensity maxima [Fig. 3d]. In Coq¢Zn;q, a similar
confinement of the g-vectors by anisotropy is observed around
the (111) axes at low temperature, though the width of the SANS
intensity maxima are considerably broader due to the weaker
anisotropy in this compound [Fig. 4e]. Note that £(q) only shows
little dependence in the range of [111]-[110]-[111]. At higher
temperatures, this dependence is getting even weaker with an
overall change in £(q) at 250 K approx. 2 kerg - cm ™3, compared to
15kerg - cm > at 50 K. Consequently, though the global minima
are located around circles centred at (100) axes, as shown in
Fig. 3i, due to the weakness of anisotropy the helical g-vectors can
get pinned along arbitrary directions, as clear from the 250K data
in Fig. 4f. The close correlation between minima of £(q) and
maxima of the SANS intensity is observed at 410 K.

Magnetic modulations and gilbert damping

At the Curie temperature, the Gilbert-damping parameter a of
these compounds ranges from 0.04 to 0.05, which is typical for
ferromagnetic cobalt. Upon cooling, a is enhanced in all the four
compounds; however, the strength of the increase depends
strongly on the Co/Mn ratio, as clear from Fig. 5. It is nearly tripled
in Co;Zn;Mng, while it increases only by ~50% in Coq¢Znqo.
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Fig.3 Anisotropy surfaces. Angular dependence of the ferromagnetic resonance field, H,, in the (170) plane is shown in a for CogZngMn, at
25K and in b and ¢ for Co;0Zn; at 25 and 250 K, respectively. Black dots are the experimental data points, representing the resonance fields
as fitted from the individual spectra that were recorded in 5° steps during a rotation of the magnetic field within the (170)-plane, as sketched
in Fig. 6. Red lines show the fit of the magnetocrystalline anisotropy using Egs. (4) and (5). The error of the resonance field (grey coloured area)
was estimated to be 5% of the linewidth of the resonance peak. d-f display the anisotropy energy surface of the ferromagnetic state, £(m),
calculated based on the Kj, K; and K values obtained from the fits in the corresponding panels above. g-i show the anisotropy energy of the
helical state versus the orientation of the g-vector, £(q), again calculated using the parameters obtained in the corresponding top panels.
Arrows in panels d-i indicate the (100) axes. In the rotation plane of the magnetic field, the grey (110) plane, (111) and (110) axes are

also shown.

Surprisingly, a and the length of the g-vectors show quantitatively
similar thermal variations in all compounds except for Co,¢Zn;:
They are both constant through the thermodynamically stable as
well as the metastable hexagonal SkL phases, but exhibit a sudden
uprise associated with the transformation from the metastable
hexagonal to the square lattice phase. On the other hand, a and
the FWHM of the g-vectors do not show a similar temperature
dependence. Instead, the temperature dependence of the latter is
reminiscent of that of K;, as seen in Fig. 2 and discussed earlier.

The strikingly similar temperature dependences of the g-vector
length and the Gilbert damping imply a common underlying
microscopic mechanism. A possible scenario is that antiferromag-
netic correlations of Mn spins developing towards low tempera-
tures weaken the ferromagnetic exchange (J) without significantly
affecting the Dzyaloshinskii-Moriya interaction (D) between Co

npj Quantum Materials (2021) 65

spins and, hence, increase the length of the g-vectors according to
|al « D/J. This also explains why the increase of |q| starts at a lower
temperature in CogZngMn, with higher Co content than in
CogZngMn, and Co,Zn;Mng, despite K, being larger in CogZnoMn,
than in CogZngMn, and Co;Zn;Mng. In this picture, the low-
temperature enhancement of Gilbert damping is governed by
static or dynamic disorder of Mn spins, since the Co spins are fully
spin polarised in magnetic fields above 1T, where a was
determined from the FMR spectra. Thus, the parallel increase of
|al and a observed towards low temperatures can be naturally
explained by the suppression of J due to increasing antiferro-
magnetic correlations between Mn spins. Geometrical frustration
of the Mn spins occupying 8c Wyckoff positions at Mn
concentrations above x =4 was reported to drive the formation
of a SG ground state®'. A drop in a is found below the onset of the
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Fig. 4 g-vector anisotropy. a SANS intensity of CogZngMn, recorded in the (001) plane at 40 K. and of Co,0Zn in the (110) plane at b 50 K
and ¢ 250 and 410 K. Direct comparison between the dependence of the magnetocrystalline anisotropy energy of the helix (black curves) and
the SANS intensity (red curves) upon rotation in the (100)-plane for CogZngMn, at 40 K (d) and for Co,¢Zn( upon rotation in the (110) plane at
50K (e) as well as 250K (dashed curve) and 410K (solid curve) (f). In panels d—f, the anisotropy energy curves are the corresponding cross-
sections of the anisotropy energy surfaces in Fig. 3g-i, while the angular-dependent SANS intensity curves are obtained by radial averaging of

the SANS intensities in panels a—c.

SG phase [see Fig. 5a, b], as observed in canonical SG materials®.
Again, Coq9Zn; is an outlier where both a and |q| exhibit little
temperature dependence with no clear correlation between
the two.

DISCUSSION

In the present work, we studied the evolution of the cubic
anisotropy in a series of (CogsZngs)20_xMn, cubic chiral magnets
with octahedral (O) symmetry. While these compounds are
isostructural and the magnitude of the saturated magnetic
moment does not vary by more than 20% upon changing the
Co/Mn ratio, the magnetic interactions show a strong dependence
on the composition, as already reflected by the large variation of
the Curie temperature between 150 and 410 K. Here we show that
this series offers an excellent laboratory to study the effects of
anisotropy on chiral spin textures. This is because not only the
magnitude of the anisotropy shows drastic variation with the Co/
Mn ratio and the temperature, but also the character of the
anisotropy changes, as reflected by the reorientation of the easy
axes from (100) to (111) directions with increasing Co content.
The fourth-order and—when relevant—also the sixth-order
cubic anisotropies weaken towards higher temperatures in all
these compounds. Remarkably, the eighth-order anisotropy also
comes into play in Coq9Znq¢ near room temperature, due to the
weakness of the lower-order terms. As a consequence, the helical
g-vectors in this compound experience a Mexican hat-like
potential centred around the (100) directions. A similar deviation
of the favoured g-vectors from high-symmetry directions has been
reported in Co/Fe-doped MnSi, though in that case the effect
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originates from a competition of fourth- and sixth-order aniso-
tropies allowed by the tetrahedral cubic (T) symmetry®3. We found
that the cubic anisotropy terms do not only select the favoured
orientation of the g-vectors in the helical state but also control the
width of their angular distribution around the preferred directions.
Correspondingly, the suppression of magnetic anisotropy towards
higher temperatures leads to an increasing orientational disorder
of the helical g-vectors.

Besides defining the orientation of the g-vectors of the
equilibrium chiral spin states, the anisotropy also plays a role in
the transformation of metastable hexagonal SkL to square or
rhombic lattices. In these compounds, the D/J ratio increases with
lowering the temperature, as reflected by the elongation of the
g-vectors upon cooling. Correspondingly, the originally close-
packed hexagonal arrangement of skyrmions within the meta-
stable SkLs becomes loose towards low temperatures, due to the
conservation of the skyrmion number. Releasing the close-packing
constraint leads to anisotropy-controlled rearrangements of the
metastable skyrmions. In CogZngMn,, CogZngMn, and Co;Zn;Mng
a square lattice or a rectangular arrangement of elongated
skyrmions forms with g-vectors along the (100) easy directions. In
the rectangular arrangement, observed by real-space imaging in
thin samples, the skyrmions are forced to elongate parallel to the
magnetic easy axes. Interestingly, the Gilbert damping shows a
temperature dependence similar to |q|, thus, can be used to locate
these transitions.

The anisotropy plays an even more important role in the
distortion of the metastable hexagonal SkL in Co,0Zn;¢. In the other
three compounds, the change in D/J determines the temperature
range where the hexagonal to square lattice transition takes place
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Fig. 5 Magnetic modulations and damping. Comparison between the temperature dependence of the length of the g-vectors (left scale)
and the Gilbert-damping parameter a (right scale) in the metastable SkLs of a Co;,Zn;Mng, b CogZngMny, ¢ CogZngMn, and d Co;0Zno. Blue
circles show the g-vector length in the SkL states, obtained during field cooling, and red squares in the helical phase, while green triangles
indicate a. The green area represents the equilibrium SkL state just below the Curie temperature (blue line). The green shaded area represents
the regime over which the metastable SkL preserves the hexagonal symmetry, while the red and violet shaded areas indicate the square and
rhombic SKL states, respectively. The light blue shaded area stands for the spin-glass phase (see also Fig. 1).

and the anisotropy only governs the type of the distortion. This
hierarchy is clear from the fact that the transition temperatures do
not correlate with the magnitudes of the anisotropy for CogZngMns,
CogZngMn, and Co,Zn;Mng. In contrast, the length of the g-vectors
shows very weak temperature dependence in Co,¢Zn;, compared
to the other compounds. Still, the distortion of the metastable
hexagonal SkL to a rhombic lattice with g-vectors along the (111)
easy directions takes place at the highest temperature. This is likely
because the rearrangement into the rhombic SkL requires a smaller
distortion than to the square-lattice form and can be driven by the
anisotropy.

Finally, we discuss why an anisotropy-driven low-temperature
equilibrium SkL—like the one observed in Cu,0SeOs;—does not
emerge in Co;Zn;Mng, CogZngMn,, CogZngMn,, though all four
compounds have magnetic easy axes along the (100) directions.
(Though in Co;Zn;Mng a low-temperature equilibrium SkL has
been observed, it forms due to magnetic frustration and is not
stabilised by cubic anisotropy>®.) According to the theory in Ref.>?,
the low-temperature SkL can emerge for magnetic fields applied
along the (100) directions, if K; exceeds the critical value of K. =
0.07 uoHMs, where H, is the critical field separating the conical
and the field-polarised states and M is the saturation magnetisa-
tion. The estimated K values, based on the saturation magnetisa-
tion and critical field values obtained in previous works>*®*, are
K.=27kerg-cm™> for Co,;Zn,Mns, K.=113kerg-cm 3 for
CosZngMn, and K. = 132 kerg - cm > for CosZnoMn,. For the first
two, K; is somewhat below the critical value needed to stabilise
the low-temperature SkL. Though K; is somewhat larger than the
critical value in CogZngMn, at low temperatures, its effect is
weakened by the large K, of opposite sign. This explains why the
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low-temperature SkL is not realised in this Co-Zn-Mn series,
though the absolute values of K; determined for CogZngMn, and
CogZngMn, are orders of magnitude higher than in Cu,0SeO;,
K, =6kerg-cm 3%

In conclusion, we believe that our work, demonstrating how the
quantitative determination of anisotropy terms can promote the
understanding of complex spin states and related phenomena,
will trigger similar experimental studies as well as theoretical
approaches accounting for the effects of magnetic anisotropy on
the properties of chiral magnets.

METHODS
Ferromagnetic resonance

In order to determine the magnetocrystalline anisotropy energy, we
studied the angular dependence of the FMR field in the field-polarised
ferromagnetic state of (CopsZngs)ao_xMn, with x=0, 2, 4, 6 at
temperatures ranging from 4 to 400 K. Single crystals of Coq¢Zn,o were
grown by a self-flux method from pure Co and Zn sealed in an evacuated
quartz tube. Single crystals of CogZngMn,, CogZngMn, and Co,;Zn;Mng
were grown by the Bridgman method from pure Co, Zn and Mn sealed in
an evacuated quartz tube. The specimens were {110} cuts of single crystals
polished to a cylindrical disc-form with a typical diameter of ~1 mm and
thickness of ~200 um. Field-swept FMR spectra were recorded at two
different frequencies, X-band (9.4 GHz) and Q-band (34 GHz), in 5° steps
upon rotation of the magnetic field in the (170) plane. Since the field-
polarised ferromagnetic state has already been achieved at 1 kOe in all the
four compounds irrespective of the temperature, the FMR line, located
always above 3 kOe, does not overlap with either the collective modes of
the modulated states or spectral features related to metamagnetic
transitions.
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Fig. 6 Field-swept FMR spectrum. Field-swept FMR (microwave
absorption) spectrum of CogZngMn, recorded at 85 K with magnetic
field along the [001] axis. The spectrum can be decomposed into
two parts: a sharp resonance (blue line) originating from the top and
bottom face of the sample and a broader peak (green line) coming
from the mantle, as sketched with corresponding colours in the top-
left corner. The dependence of the resonance field on ¢ is shown in
the inset, where ¢ is the angle spanned by the field and the [001]
axis upon rotation of the magnetic field within the (170) plane. The
field rotation plane, indicated as a pale yellow disk in the top-left
corner, is parallel to the top and bottom surface of the sample.

The FMR spectra, see Fig. 6 for a representative field-dependent
microwave absorption spectrum, were reproduced and the resonance
fields, Hes, determined using the Landau-Lifshitz-Gilbert equation®®®”
= —yMxH -y Mx 9 (1)
where M = (my,m,,My) is the time-dependent magnetisation, M; the
saturation magnetisation, y the gyromagnetic ratio and H = (hy, hy, Ho)
the applied magnetic field. The microwave field rotates in the xy plane,
while the static magnetic field, causing the Larmor precession is swept
adiabatically in z direction. Using M, =M, +iM, and H, = H, +iH,, the
absorbed microwave power P = \/|u,| —Im u is derived from the
permeability

AnM, 4M,

1 .
H: | Ho—2+ia® @)

/~'l+:1+

Besides Hes = w/y, the Gilbert-damping parameter a and the magnetisa-
tion were also extracted from the fit. For all samples, the latter showed
good agreement with magnetisation data measured directly by SQUID
(Supplementary Fig. 1).

Due to the skin effect characteristic of such metallic samples, the
magnetisation dynamics can be described by the thin-film variant of the
Kittel formula®®

w
— = Hyes = \/Hi[H +4nM - sin?(0)], 3
y /il -+ amM - sin? (0)] 3)

where 6 is the angle between the magnetisation and the surface normal of
the metallic specimen, H,es the resonance field and H; the magnetic field
inside the specimen, which has been reduced by the demagnetisation field
Hgem = (Nx — N;)M. The static magnetic field penetrates the entire
specimen, while only a thin surface layer of the metallic specimen
contributes to the microwave absorption. Due to the geometry of the
samples, the coupling of the surface layer to the internal magnetisation of
the specimen depends on 6. Consequently, the main resonance peak from
the top and the bottom of the specimen is shifted with respect to the
resonance originating from the mantle of the clyindric sample. Since the
demagnetisation varies with 6 around the mantle, the resonance field
changes accordingly, leading to a second broader peak partially over-
lapping with the main peak. In addition, a dip at the left side of the
main resonance is expected to appear, related to the so-called
antiresonance® ", Its onset and width are controlled by the magnetisa-
tion, while the Gilbert damping determines the linewidth of the main peak
without capturing this dip.

Our analysis based on Eqgs (2) and (3) could reproduce all features of the
field-swept FMR spectra, as shown in Fig. 6, thus, facilitated a precise
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determination of a and Hyes(¢)), where ¢ is the angle spanned by the [001]

axis and the magnetic field upon the rotation of the field in the (170)

plane. Due to the cylindrical sample shape, the angular dependence of Hyes

is solely governed by the cubic anisotropy. We determined the cubic

anisotropy parameters, K; and K, from a fitting routine based on the
2

Smit-Suhl formula”>"3;
_(2¢ @)
. \a8dg),)

1 €
Hres = B \/2
msin6 \ 96
&= —MH +K; (mf(m; +m2m? + m§m§>

e
009?

where

(5
2
+KamZmZm?2 + K3 (mf(mf +mZm? + mfmﬁ)

is the free energy, including the Zeeman term as well as fourth-order (K;),
sixth-order (K3) and eighth-order (Ks) cubic anisotropy terms with m,, m,
and m, being the direction cosines of the magnetisation, while 6 and ¢
are the polar and azimuthal angles. The value of the magnetisation was
taken from SQUID measurements performed at 1T, close to the FMR
(Supplementary Fig. 1). In the FMR setup, the magnetic field rotates in the
(011) plane, i.e., magnetisation and field are given by

oo b = sin(6,64) cos(¢, dyy) - e+
+§ (cos(B, 6) + sin(6, 0y) sin(¢, dy)) - e+ (6)
+§ (cos(B,6y) — sin(6, By) sin(p, Py)) - €, .

Here, ¢ and ¢y, are the azimuth angles between the crystallographic x-axis
and the projection of the magnetisation and field into the xy plane and 6
and 6, are the polar angles between the crystallographic z-axis and the
magnetisation and field. Examples of Hies(¢) curves and the corresponding
fits are displayed in the inset of Figs. 6 and 3a-c for CogZngMn, at low
temperature and for Co;0Zn;o both at low and near room temperature.

Small-angle-neutron scattering

In order to correlate changes of the anisotropy with transformations of the
magnetic modulations, we also present SANS data for CogZngMn, and
C010Zn1 that are reproduced from previous works®”>%. SANS images were
recorded in the (100) plane for CogZngMn, and in the (110) plane for
C070Zn10. The SANS measurements were performed at the SANS-l instrument
in the Paul Scherrer Institute for Co,9ZNn1, CogZneMn, and CogZngMny,, and at
the D33 instrument in the Institute Laue-Langevin for Co;Zn;Mng. The
neutron wavelength was selected to be 10 Angstram. SANS intensities on the
reciprocal g,q, plane were obtained summing the multiple data taken over
rocking scans by subtracting nuclear and instrumental background signals. To
determine the orientation of the favoured g-vectors, the angular dependence
of the SANS intensity has been fitted with Gaussian peaks. The width of peaks
corresponding to symmetry-equivalent directions has been averaged. In
addition, we also compare the temperature dependence of Gilbert damping
and the length of the g-vectors, |q|, for all the four compounds, the latter
reproduced from Ref.>*.

DATA AVAILABILITY

The data sets measured and analysed for the current study are available from the
corresponding author upon reasonable request.
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