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In the cubic chiral magnet Cu,0SeO; a low-temperature skyrmion state (LTS) and a concomitant tilted
conical state are observed for magnetic fields parallel to (100). Here, we report on the dynamic resonances
of these novel magnetic states. After promoting the nucleation of the LTS by means of field cycling, we
apply broadband microwave spectroscopy in two experimental geometries that provide either predomi-
nantly in-plane or out-of-plane excitation. By comparing the results to linear spin-wave theory, we clearly
identify resonant modes associated with the tilted conical state, the gyrational and breathing modes
associated with the LTS, as well as the hybridization of the breathing mode with a dark octupole gyration
mode mediated by the magnetocrystalline anisotropies. Most intriguingly, our findings suggest that under
decreasing fields the hexagonal skyrmion lattice becomes unstable with respect to an oblique deformation,

reflected in the formation of elongated skyrmions.
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Magnetic skyrmions are topologically nontrivial spin
whirls that are observed in a wide range of bulk materials,
such as cubic chiral magnets, lacunar spinels, Heusler
compounds, or frustrated magnets [1-6]. As an immediate
consequence of their nontrivial topology, the creation or
annihilation of skyrmions involves rather complex winding
and unwinding processes [7-9]. For instance, when under-
going the transition into the topologically trivial helical
state, Bloch points initiate the coalescence of neighboring
skyrmions. At low temperatures, this process may give rise
to magnetic textures that share similarities with both a
small-domain helical state incorporating topological dis-
clination defects at the domain boundaries [10-12], and a
state composed of elongated skyrmions [13].

Recently, in addition to the well-established high-
temperature skyrmion lattice state (HTS) [14,15], a dis-
connected low-temperature skyrmion state (LTS) was
identified in Cu,0SeO; for magnetic fields applied along
(100) only, highlighting the crucial role of magnetocrystal-
line anisotropies for the stabilization of the LTS [16-18].
The resulting spin texture typically exhibits a high degree
of disorder and a pronounced history dependence, most
notably the volume fraction of LTS may be increased by
magnetic field cycling [16,19].

An unexplored aspect concerns the microwave dynam-
ics, which in the cubic chiral magnets are well understood
for weak spin-orbit coupling [20-22]. The characteristic
excitations comprise £Q modes in the helimagnetic phases
as well as one breathing and two gyrational modes in the
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HTS. So far, however, no information was available on the
microwave dynamics in the LTS and the tilted conical
phase arising for larger spin-orbit coupling.

Using broadband ferromagnetic resonance measure-
ments in combination with linear spin-wave theory, we
show that the excitation spectra in the LTS are highly
reminiscent of those in the HTS, despite distinctly different
degrees of disorder and different stabilization mechanisms,
namely thermal fluctuations for the HTS [1,23] and
magnetocrystalline anisotropies for the LTS [16,17]. All
material-specific parameters entering the theory were
determined in previous studies [16,22,24], allowing for a
parameter-free comparison between theory and experiment.
By reducing the symmetry, the anisotropies mediate the
hybridization of the breathing mode with a dark octupole
gyration mode in the LTS. The octupole gyrational mode a
gyrational skyrmion mode having an azimuthal character
with eight nodes. In addition, the excitations observed at
low fields under decreasing field indicate the presence of a
breathing mode not expected for the helimagnetic ground
state, suggesting an oblique instability of the hexagonal
skyrmion lattice driven by the elongation of skyrmions.

A single-crystal cuboid was measured at 5 K in two
positions dominated by either in-plane or out-of-plane
components, allowing to address selectively different
resonant modes. If not stated otherwise, data shown in
the following were recorded under in-plane excitation. The
static magnetic field was applied parallel to [001]. Using a
vector network analyzer, at each field value the complex
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FIG. 1. (a) Magnetic phase diagram as observed under decreas-

ing field. Arrows illustrate the field histories used in the
following. (b),(c) Magnetic field, uyH, differential susceptibility,
dM/dH, and real part of the ac susceptibility y’. Data were
recorded under decreasing magnetic field with n =20 field
cycles in the LTS. (d) Microwave spectra. The color encodes
the transmission difference AS,;. With field cycling spectral
weight is changing. The colored bar at the bottom indicates the
dominating magnetic state, vertical solid lines indicate phase
transitions.

transmission S,; was measured while increasing the fre-
quency f. Background contributions were removed by
subtracting a high-field spectrum yielding the transmission
difference AS,;. For further information see Supplemental
Material [25]. Complementary magnetization and ac sus-
ceptibility measurements were carried out using a Quantum
Design physical properties measurement system.

The magnetic phase diagram of Cu,0SeO5 [Fig. 1(a)],
represents an important point of reference for the discus-
sion of the experimental data. It comprises paramagnetic
and field-polarized regimes at high temperatures and fields,
respectively, the conical state described in terms of the
superposition of a homogeneous magnetization and a helix
both oriented along the field direction, and the HTS in finite
fields just below the transition temperature 7, = 58 K
[14,15,26-30]. In addition, for magnetic field parallel to
(100), a separate low-temperature skyrmion state (LTS)
is observed in the vicinity of the upper critical field

HoH ., =~ 80 mT [16]. Although the LTS represents the
thermodynamic ground state, its nucleation is slow due
to the complexity of the topological winding involved. In
fact, a two-step process is observed in which the metastable
tilted conical state, characterized by conical helices tilting
away from the field direction, is required as an intermediate
state prior to the nucleation of the LTS [24,31].

This complex nucleation process is also reflected in a
pronounced dependence of the spin texture and the
associated magnetic properties on the temperature and
field history, where Fig. 1 depicts the situation under
decreasing magnetic field, also including metastable states.
It is therefore imperative to focus on distinct measurement
protocols described in the following. Starting in high
magnetic fields well above H ., the field is decreased until
reaching the LTS, i.e., 70 mT for the given sample shape.
This initial measurement from high fields is referred to
as H™t scan. Next, the magnetic field is cycled n times
between 70 and 62 mT, distinctly increasing the volume
fraction of LTS, see below. After cycling, the magnetic field
is either decreased, referred to as H}j_ .. scan, or increased,
referred to as Hi . scan.

A typical measurement consisting of a H™" scan, 20 field
cycles, and a H%, scan is depicted in Figs. 1(b) through
1(d). The abscissa corresponds to consecutive data points
or scans that are separated by field steps of 1 mT, the actual
magnetic field value [Fig. 1(b)]. The color bar at the bottom
indicates the prevailing magnetic state using the color
coding introduced in Fig. 1(a), where green shading
indicates data that were recorded during field cycling.
Solid vertical lines mark the phase boundaries as inferred
conveniently from the differential susceptibility, dM/dH,
and the real part of the ac susceptibility, y’ [Fig. 1(c)], see
also Ref. [24]. Field cycling enhances signatures related to
the LTS, such as the pronounced maximum at its low-field
boundary, which is interpreted as an increasing volume
fraction of LTS in agreement with previous reports [16,19].

Typical microwave spectroscopy data are depicted in
Fig. 1(d) as AS,;. Dark colors indicate strong absorption
due to the excitation of resonant modes in the sample. We
start the description at high magnetic fields (left), where a
linear slope is characteristic for a Kittel resonance in the
field-polarized regime. In addition to the prominent Kittel
mode, at lower frequencies several standing spin wave
modes are excited due to the low magnetic damping,
a~107*, at low temperatures [32,33]. These modes are
not of central interest for the present study but nevertheless
complicate the interpretation of the results at lower fields.
As a consequence, the following discussion focuses on the
dominant modes in each magnetic phase, for instance
refraining from an analysis of the low-intensity clockwise
gyration mode in the skyrmion phase.

When ignoring field cycling, the microwave spectrum
reminds us of the well-established universal spectrum of the
cubic chiral magnet [21,22,34-36], although it is more
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FIG. 2. Evolution of the microwave spectra under field cycling.
For each panel, the transmission difference AS,; was recorded
during an initial H™ scan to 70 mT (dotted green line), followed
by n field cycles (not shown), before finally decreasing the field
to zero in a Hjj_ . scan. (a) Without cycling the spectra are
dominated by the +=Q modes of the tilted conical and conical state
(yellow circles). (b,c) With increasing number of cycles spectral
weight of £Q modes continuously decreases with emergence of a
previously unresolved set of low-frequency modes associated
with the LTS (cyan circles). Symbol size represents the spectral
weight.

complex due to the presence of the tilted conical state and
the LTS. Under decreasing magnetic field (left to right), a
change of slope in the Kitte] mode marks the onset of the
tilted conical state. Decreasing the field further, the
absorption increases in frequency, reminiscent of the
behavior in the conical state. The field cycling is reflected
in a zigzag shape and a continuous decrease in spectral
weight at high frequencies, in particular resulting in the
emergence of a set of low-frequency modes. These modes
essentially decrease in frequency under decreasing field
until vanishing at the low-field boundary of the LTS.
The nature of the different modes is most efficiently
discussed when also considering their evolution under field
cycling, shown in Fig. 2, where initial H™' scans are
combined with H}_ . scans measured after different field
cycles n. For clarity, the field cycles are omitted from
the microwave spectra. In the HY,. scan without cycling
[Fig. 2(a)], two distinct modes may be distinguished that
essentially increase in frequency for decreasing field. These
modes are marked by gray circles and remind us of the £Q
modes of the conical state. Additional absorption at
reduced spectral weight follows a qualitatively similar field
dependence, suggesting standing spin wave modes as its
origin. Changes of slope and a small discontinuity in the
+ 0 modes near H, are attributed to the tilted conical state,

in which the finite angle between field and propagation
direction induces small deviations in the microwave
response, akin to those in the helical state at small fields,
cf. Supplemental Material of Ref. [22].

Moderate cycling, such as in the H}3 . scan [Fig. 2(b)],
reduces the spectral weight of the =0 modes at inter-
mediate fields. Instead, a set of modes emerges at distinctly
lower frequencies (~2.5 GHz). Increasing the number of
cycles to n = 140 [Fig. 2(c)], intensifies the spectral weight
of low-frequency modes. The emerging modes exhibit
frequencies and an evolution under decreasing field that
are reminiscent of the counterclockwise gyration mode in
the HTS. Also taking into account the decrease of the
spectral weight of high frequency modes under field
cycling and the disappearance of the modes at the low-
field boundary of the LTS see Supplemental Material [25]),
these findings consistently suggest that the low-frequency
modes are associated with the LTS. From Lorentzian fits,
narrow linewidths are extracted, translating to small damp-
ing constants @ < 0.01 for these skyrmion modes. Note that
the observation of resonant modes characteristic of sky-
rmions also provides direct evidence for the fixed phase
relationship of the multi-Q structure underlying the non-
trivial topology of the LTS [37,38].

Further information on the character of the different
modes is obtained from measurements under different
excitation geometries (Fig. 3). In order to cover the entire
field range of interest, each panel in Fig. 3 combines data
from an H1% and an H% scan. By placing the sample
either on the center of the signal line or on one of the gaps
of the CPW, the microwave excitation in the sample is
dominated either by in-plane or out-of-plane components.
In skyrmion states, in-plane excitation couples efficiently
to gyration modes, while out-of-plane excitation drives
breathing modes [20]. In helical or conical states, only
excitation components perpendicular to the propagation
vector couple to the £Q modes [21]. Consequently,
modes observed under out-of-plane excitation are asso-
ciated with magnetic structures that enclose finite angles
with the magnetic field, such as multidomain helical or
tilted conical states. The response also of the Kittel and
the =0 modes changes with the different excitation
geometries [39].

Under in-plane excitation (all figures discussed so far),
two groups of modes are prevailing below H.,; (i) the
modes in the conical and tilted conical state that increase in
frequency with decreasing field, and (ii) a lower-frequency
mode that decreases with decreasing field and is associated
with the LTS (marked by cyan circles). When out-of-plane
excitation dominates [Fig. 3(b)], the overall spectral weight
is reduced with weak remnants of the previously discussed
modes being excited due to small in-plane excitation
components. In addition, a prominent broad mode in the
frequency range of the £Q modes is associated with the
tilted conical state. Perhaps most intriguingly, however, a

017202-3



PHYSICAL REVIEW LETTERS 126, 017202 (2021)

A8=arb.u.
(RUOAT)
~
I
Q)
<
>
o
c
(3]
>
o
o \
w L e - JL 2|6
2+ 4+ ]
ul — B; — P

120 80 40 0120 80 40 0
Magnetic field poH (mT)  Magnetic field poH (mT)

FIG. 3. Microwave spectra after field cycling for different
excitation geometries as schematically depicted in the insets.
Each panel is composed of two independent scans both obtained
after 140 field cycles, i.e., an H1%9 and an H}% scan. (a) Sample
centered on the signal line of the CPW yielding predominantly in-
plane (h,) excitation. (b) Sample centered on one of the gaps of
the CPW yielding predominantly out-of-plane (h,) excitation.
Circles mark the characteristic modes in the LTS, namely the
counterclockwise gyration mode (cyan) and the breathing mode
(orange).

distinct low-frequency mode is observed across the entire
field range below H ., (marked by orange circles).

As substantiated by the theoretical analysis presented
below, the sensitivity with respect to the excitation geo-
metry identifies the modes marked by cyan and orange
circles as the counterclockwise gyration mode and the
breathing mode in the LTS. As a function of decreasing
field, the resonance frequency of the breathing mode
exhibits two abrupt increases. In the following, we will
establish that the jump at ~40 mT arises from anticrossing
due to a hybridization with a dark octupole gyration mode
while the jump at ~20 mT is consistent with the formation
of elongated skyrmions.

The presence of elongated skyrmions is supported by a
comparison of microwave spectra recorded after field
cycling, i.e., a HJY scan, with corresponding spectra
recorded after initial zero-field cooling in Fig. 4. Note that
the latter data are measured under increasing magnetic
field, leading to a modified sequence of phase transitions
[24]. After zero-field cooling, a multidomain helical state
forms with three equally populated domains of helices
oriented along the (100) axes, representing the thermody-
namic ground state. A magnetic field pointing along one of
the (100) axes favors the domain aligned with the field,
resulting in an increase of its population upon increasing
field and, eventually, in a single-domain conical state. This
process is practically irreversible at low temperatures and
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FIG. 4. Comparison of microwave spectra after field cycling
and after initial zero-field cooling. (a) Data for decreasing
magnetic field after field cycling composed of an H™! and an
HI®  scan. (b) Data for increasing magnetic field after initial
zero-field cooling. Note the discrepancy of the resonance

frequencies in zero field.

thus a single helimagnetic domain is obtained after remov-
ing the field [11,40]. When decreasing the field starting
from the LTS, the situation is markedly different and the
system appears to be trapped in a metastable state.

As shown in the central part of Fig. 4, the resonance
frequencies observed in zero field after field cycling,
cf. Fig. 4(a), differ decisively from those observed in the
well-ordered multidomain helical state after zero-field
cooling, cf. Fig. 4(b). This discrepancy suggests that the
dynamic properties of the complex zero-field magnetic
texture obtained after field cycling cannot be described in
terms of helical domains. Instead, the calculations pre-
sented in the following imply that, at least from the point of
view of microwave excitations, a description in terms of
elongated skyrmions is more accurate.

Our theoretical treatment follows previous work [22] and
uses the standard phenomenological model for chiral
magnets supplemented by magnetocrystalline anisotropies.
This anisotropy contribution to the free energy ¢, proves to
be key for the description of the properties of the LTS. The
space group P2,3 allows various magnetocrystalline terms
but we demonstrate that already the simplest form,
e, = K(m} + m} + m?), captures the fundamental aspects
when using the anisotropy constant K = —2 x 10° J/m?
[16], cf. Supplemental Material [25] for considerations on
other values of K. In order to address the resonances of
all experimentally observed magnetic textures across the
entire field range, excitation frequencies were determined
for (i) nonmodulated and one-dimensionally modulated
states, i.e., the field-polarized, tilted conical, and conical
states, within their respective (meta-)stability range, and
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FIG. 5. Comparison of experimental and calculated spectra.
Frequency and magnetic field values are normalized to their
respective values at H,.,. (a) Experimental spectra for the field-
polarized, tilted conical, and conical states. Data inferred from
Fig. 2(a). (b) Calculated spectra for the nonmodulated and one-
dimensionally modulated states. (c) Experimental spectra for the
skyrmion states. Data inferred from Fig. 4. (d) Calculated spectra
for the two-dimensionally modulated states. A counterclockwise
gyration mode (cyan symbols) and a breathing mode (orange
symbols) are identified. Symbol sizes in (b) and (d) represent
spectral weight. (i),(ii) Calculated real-space images of the
magnetic texture associated with the breathing mode at high
and low fields.

(i1)) two-dimensionally modulated states, i.e., the topo-
logically nontrivial skyrmion states. In these calculations,
the =0 modes and the gyrational modes are driven by in-
plane excitation, while the breathing mode is driven by out-
of-plane excitation. The resonance in the tilted conical state
is excited in both cases.

For K = 0 (not shown) the calculations reproduce the
characteristic modes as observed in the conical and the
skyrmion lattice state at high temperatures where K is
small [21,22]. As shown in the experimental spectra in
Fig. 5(a) and the calculated spectra in Fig. 5(b), a finite
anisotropy leaves the Kittel mode in the field-polarized
regime and the £Q modes in the conical state highly
reminiscent of their counterparts in the isotropic case. At
magnetic fields just below H.,, however, the tilted conical
state (gray shading) becomes energetically more favorable
than the regular conical state, as reflected by a change
of slope, kinks, and minor discontinuities in the +Q
mode. Note that the irregular field dependence of the
resonance frequency originates in fact in a multitude of
hybridizations.

In both experimental and calculated spectra of the LTS,
shown in Figs. 5(c) and 5(d), the counterclockwise gyration
mode (cyan symbols) dominates under in-plane excitation.
Finite anisotropy leaves the character of this mode
essentially unchanged, i.e., its frequency monotonically
decreases with decreasing field akin to the counterclock-
wise gyration mode in the HTS. In contrast, the breathing
mode (orange symbols) prevailing in the LTS under out-of-
plane excitation is subject to fundamental changes, with
good agreement between experiment and theory. While for
the isotropic case K = 0, the frequency of the breathing
mode monotonically increases with decreasing field, for
K # 0 a small local minimum just below H ., is followed by
characteristic anticrossing around 0.6H .,. This signature is
the hallmark of the hybridization with a dark octupole
gyration mode mediated by the magnetocrystalline anisot-
ropies. At lower fields, around 0.4H.,, the hexagonal
skyrmion lattice becomes unstable with respect to an
oblique distortion. This instability is driven by the elonga-
tion of skyrmions as illustrated by the real-space images in
Figs. 5(i) and 5(ii). The frequency of the breathing mode is
enhanced for the elongated case, cf. Supplemental Material
[25] for animations, and comes close to that of =0 modes
of the helimagnetic order but remains distinctly lower, in
agreement with the experimental data (Fig. 4). On a similar
note, the spectral weight of the counterclockwise gyration
mode is distinctly reduced for the elongated skyrmions,
consistent with its disappearance in the experimental
spectra.

The oblique instability of the skyrmion lattice occurs in a
field range where skyrmions are only metastable. Similar to
metastable isolated skyrmions [41], they experience an
elliptical instability and become elongated, leading to an
oblique distortion of the hexagonal lattice. As topological
unwinding is energetically costly, the history employed in
Fig. 5(c) favors the observation of this oblique instability,
notably the magnetic field is decreased at low temperatures
after the nucleation of the topologically nontrivial LTS by
means of field cycling. Following this history, the obser-
vation of a low-field resonance that is, in contrast to the
helical £0Q modes, susceptible to out-of-plane excitation
(orange symbols) suggests that a (metastable) oblique
skyrmion state hosting elongated skyrmions was indeed
realized in the experiment.

In conclusion, the cubic chiral magnet Cu,0SeO3 was
studied by broadband ferromagnetic resonance, focusing in
particular on LTS. Employing field cycling, two excitation
geometries, and comparing the experimental results to
linear spin-wave theory, resonant modes in the conical,
tilted conical, and LTS are clearly identified, with the
breathing mode in the LTS exhibiting a characteristic
hybridization. Most intriguingly, the resonances observed
in small fields after field cycling indicate the presence of
elongated skyrmions. These findings not only highlight
how the robustness of topological nontriviality may
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influence dynamic properties of magnetic materials, but
also showcase how the study of dynamic properties may
provide valuable insights to static properties, such as the
microscopic nature of magnetic textures.
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