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Broadband microwave spectroscopy has been performed on single-crystalline GaV,Sg, which exhibits a
complex magnetic phase diagram including cycloidal and Néel-type skyrmion lattice phases below 13 K. At
small magnetic fields two collective modes with large frequency separation are found that reflect the cycloid
state subject to a large uniaxial anisotropy. In the skyrmion lattice phase three modes are resolved. Analyzing
the spin-precessional motion microscopically, we explain the low frequency of the breathing mode in these Néel

skyrmions by the hard-axis orientation of relevant spins.

DOI: 10.1103/PhysRevB.94.014406

I. INTRODUCTION

The occurrence of spin patterns with nontrivial topologies
has gained considerable interest in condensed matter physics.
Recent research focuses on magnetic skyrmions which are
thermodynamically stabilized whirl-like objects emerging in
compounds with noncentrosymmetric crystal structures, in
a limited region of the magnetic field versus temperature
phase diagram [1-3]. They can crystallize in skyrmion lattices
(SkLs) with typical lattice constants from 10 to 100 nm and
give rise to emergent electrodynamics, like the topological
Hall effect [4-6] or magnetic monopoles [7]. Individual
skyrmions have been proposed as building blocks for future
memory devices [8,9]. The SkL has also raised interest
for microwave-technology applications after collective spin
excitations predicted in the GHz range [10] were evidenced
in the insulating chiral magnet Cu,0SeO;3 [11-15]. Recently
it was found that Bloch-type SkL states in various metallic,
semiconducting, and insulating chiral magnets support three
low-energy collective spin excitations characterized as clock-
wise (CW), counterclockwise (CCW), and breathing (BR)
modes, which all follow a universal behavior [16].

Besides the Bloch-type skyrmions reported in the afore-
mentioned works, a Néel-type SkL so far unobserved in bulk
materials has recently been discovered in GaV4Sg [17-19],
where the spins rotate radially towards the vortex core. In
this semiconductor characterized by V4S4 molecular clusters
with spin § = % [20], a structural Jahn-Teller transition [21]
at 44 K is followed by the onset of magnetic order at the
Curie temperature 7c = 13 K. At the structural transition the
lattice is stretched along one of the four body diagonals.
The four distortion directions correspond to the magnetic
easy axes of the four structural domains coexisting below
44 K. The magnetic state in each domain depends on the
strength and orientation of the magnetic field with respect
to the corresponding easy axis and gives rise to complex
magnetic phase diagrams including cycloidal (Cyc), SKL, and
ferromagnetic (FM) regions. The phases have been interpreted
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in terms of a competition of symmetric and of antisymmetric
(Dzyaloshinskii-Moria, DM) exchange interactions, as well
as of the Zeeman interaction. The phase diagrams, shown
in Figs. 1(a)-1(c), have been derived from detailed magne-
tization measurements [17]. Roman superscripts distinguish
equivalent magnetic phases realized in different domains over
different field ranges. Unlike Bloch-type skyrmions, Néel-type
skyrmions in GaV4Sg do not follow the external magnetic
field but are confined to the magnetic easy axes [17]. Most
interestingly it has been found that GaV,Sg is a multiferroic
compound with orbitally derived ferroelectricity below the
Jahn-Teller transition [ 19] and spin-driven excess polarizations
in all magnetic phases, including magnetic skyrmions dressed
with ferroelectric polarization [18].

In this article, we study the spin excitations in single-
crystalline GaV4Sg by means of broadband microwave spec-
troscopy and work out the characteristic dynamics of the
Néel-type skyrmion lattice. Performing such electron spin
resonance experiments with the magnetic field applied along
the principal cubic axes (100), (110), and (111), we find
a series of characteristic resonances in all three magnetic
phases, with substantial deviations from modes reported for
compounds hosting Bloch-type skyrmions. We present a
qualitative explanation for the hierarchy of skyrmion modes
that underlines the importance of magnetic anisotropy for the
skyrmion dynamics.

II. EXPERIMENTAL DETAILS

GaV,Sg single crystals were prepared as described in
Ref. [18]. Magnetic microwave spectroscopy was performed
by inductive coupling of the sample to microwave fields of
variable frequency v between 10 MHz and 26.5 GHz above a
coplanar waveguide (CPW) [16]. The external static magnetic
field Hexe = B/ 1o (Where B denotes the magentic flux density
and o the vacuum permeability) was applied perpendicular
to the CPW plane. As the signal line of the CPW was 20 um
wide, and thus much smaller than the diameter of the platelike
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samples of about 1 mm, the setup provides both parallel
and perpendicular components of the microwave field with
respect to the static field. A network analyzer recorded the
transmission of the microwave through the coplanar waveguide
in terms of the amplitude of the scattering parameter |S)s|.
To eliminate field-independent spectral features, the power
transmission spectra recorded in the saturated FM state at
B = 2T were subtracted, yielding the difference transmission
spectra A|S12(v)| shown here.

III. RESULTS AND ANALYSIS

Figures 1(d)-1(f) compare typical difference transmission
spectra obtained at 11 K for B applied along the directions
(100), (110), and (111). At zero field in the cycloidal phase,
we observe two well-separated absorptions, close to 5 and
15 GHz. For a quantitative analysis the zero-field spectra are

T (K)
0 4 8 12
e e
150_—GaV453 '
B | (100)
EIOO:— ¥ %: |
E o]
i SkL £ 1
@ sof E1t
F(a) Cyc &
0 PRI I P R
L N R
1501-B || (110) ey |
r FM ]
= 100} ‘ T
1S r S L
E [ g: |
50F SkL' 5110
 (b) cyc N[
O P PRI TR S S
[Trrrrrrorrrt
1501B | (111) gy
= 100} ]
S . =y
E [ g:
50F 5]
C =17
O g R
0 5 10 15 20

v (GHz)

FIG. 1. (a)-(c) Magnetic phase diagrams of GaV,S; for field di-
rections (a) B || (100}, (b) B || (110),and (c) B || (111), respectively.
Cycloidal (Cyc, Cyc!, Cyc™) and skyrmion-lattice spin structures
(SKL, SkLI, SkLH) are embedded in a ferromagnetic (FM) phase.
Cubes and arrows illustrate the orientation of the external field with
respect to the possible directions of the rhombohedral distortion,
i.e., the body diagonals of the cube. (d)—(f) Selected difference
transmission spectra at 7 = 11K, for zero and finite fields in the
respective field directions. The zero-field data are described by two
Dysonian lines (solid lines), while the results at finite fields have
been fitted with three Dysonians (solid lines). For the latter, the
decomposition into outer lines (dashed lines) and the additional
excitation in the SkL phase (solid pattern in red) is shown.
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reasonably described by two Dysonian-shaped lines [22],
I[AV 4+ a(v — vp)]
D(v) = ,
o) (v —vp)? + Av?

superimposed on a weak linear background. Here [ is
proportional to the integrated intensity, vy is the resonance
frequency, Av is the linewidth, and « is the dispersion to
absorption ratio [23]. As the sample is insulating, « originates
from phase shifts due to impedance mismatches and not from
conductivity contributions.

We now discuss the spectra obtained at finite field of a
few 10 mT in the skyrmion-lattice phase, where the spectrum
is well described by three Dysonian lines. First we focus
on the case B || (100), where B encloses the same angle
of 55° with the easy axes of all the four possible domains,
i.e., the (111) directions. Consequently, the magnetic phase
diagrams of all domains in Fig. 1(a) coincide and the observed
spectra result from a unique phase. At 80 mT, in the SkL.
phase [Fig. 1(d)], the high-frequency (hf) mode resides near
15 GHz but is slightly broader compared to B = 0T, while the
low-frequency (If) mode is shifted to 4 GHz. At the same time,
a shoulder is observed indicating an additional resonance at
7.5 GHz characteristic of the SkL phase. To clearly illustrate
this intermediate mode, we decompose the three-line fit into
the two outer modes (dashed line) and the central line (solid
pattern, highlighted in red color). In Figs. 1(b) and 1(e), where
B || (110), two domains have their easy axes perpendicular
to B while the easy axes of the other two domains span an
angle of 35° with B. In this case, the pronounced low- and
high-frequency resonances remain close to 5 and 15 GHz at
70 mT, respectively. We again resolve the shoulder indicative
for the SKL! phase, now at 8.5 GHz, but with only about half
of the intensity as compared to B || (100), since the SKL' state
develops only in two domains, while the other two domains
with easy axes perpendicular to B reside in the cycloidal state.
A more extreme situation occurs for B || (111) [see Figs. 1(c)
and 1(f)], when the SKL state first emerges for the unique
domain with the easy axis parallel to B. In the other three
domains, whose easy axes span 71° with the field, the cycloidal
order persists up to higher fields. At 50 mT, the shoulder
attributed to the SKL' phase appears at a frequency of 8 GHz
with about a quarter of the intensity as compared to B || (100},
because here only one out of four domains contributes. Even
in the case of Fig. 1(f), where the new mode is weakest, a fit
with three Dysonian lines reduces the square sum x> of the
fit by 19% compared to a two-line fit, which corroborates the
significance of the extra line in the data analysis.

Figure 2 presents the detailed spectral evolution from the
cycloidal via the skyrmion lattice into the ferromagnetic phase
for B || (100), the simplest case in the multidomain state due to
the equivalence of the four domains with respect to the external
field. The regions of magnetic phases, in this plot represented
as different colors of the spectra, are estimated by the field
interval where a three-line fit is still possible (skyrmion
phase, 70 < B < 150 mT). Note that the corresponding phase
boundaries are somewhat higher than those obtained from
the magnetization measurements in Ref. [17]. We attribute
this discrepancy to different demagnetization tensors in the
samples used in this work. In the Cyc phase (B < 60mT), the
eigenfrequencies of the two lines are almost field independent.
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FIG. 2. Frequency dependence of microwave transmission in
GaV,Sy at different external magnetic fields 0 < poHex < 200mT
along (100). For clarity the spectra measured in steps of 10 mT are
shifted vertically by a constant value. Green, orange, and cyan curves
are spectra in the cycloidal, SkL, and ferromagnetic phases whereby
black lines represent Dysonian fits using two, three, or one line,
respectively (see text).

Concerning the resonance frequencies, the spectra together
with their fit curves suggest that the boundary between SkL
and Cyc phases is jumplike, whereas the transition into the
ferromagnetic phase does not show any anomaly.

The fact that the skyrmion phase indeed exhibits three
excitations is convincingly documented in Fig. 1. In order to
clarify the field range where the SkL phase really requires three
lines to describe the data, a look into the intensity evolution
of the three fitted resonance lines together with confidence
intervals in Fig. 3 provides elucidating information. The
assignment of excitations to BR, CW, and CCW character as
known for the three modes of Bloch-type SkLs will be justified
in the discussion. In the Cyc phase the intensities of the two
characteristic lines remain essentially constant, with the lower
approximately half as intense as the upper. On passing into the
SkL phase the intensity of the upper mode shows a steplike
increase by approximately 20%. In contrast, the intensity of
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FIG. 3. Field dependence of the mode intensities obtained from
Dysonian fits. Cyc phase: high-frequency (hf) and low-frequency (If)
modes; SKkL phase: CW, CCW, and BR modes; polarized FM phase:
ferromagnetic resonance (FMR). Dashed lines are drawn to guide the
eye and the numberings 1, 2, and 3 refer to dashed lines in Fig. 2.

the lower mode decreases with increasing field and vanishes
above 130 mT. The intensity of the additional intermediate line
increases linearly with increasing field and abruptly diminishes
at 130 mT. In the FM phase (B > 150mT), only the upper
mode remains, showing linearly increasing intensity with
increasing field. Error bars in Fig. 3 have been estimated by
the definition that the weaker lines become irrelevant (relative
error 1), when the enhancement of X2 due to their absence
is equal to the x? enhancement due to a frequency deviation
of the pronounced hf line by 5% of its linewidth, a deviation
from the ideal fit which generally is sufficiently well visible
by eye. This procedure takes into account the significance of
the weaker lines and provides a more confident error analysis
than by inspection of signal-to-noise ratios only. Additionally,
for some spectra the influence of an uncertainty in « for the
hf line needs to be accounted for. Now it becomes clear from
Fig. 3 that the weaker lines with eigenfrequencies at 4 and
8 GHz remain significant at least up to 110 mT, which is lower
than the phase boundary drawn in Figs. 2 and 3, but is still in
good agreement with the expectation of a higher field value as
compared to the phase diagram in Fig. 1(a).

The detailed field dependencies of the excitation spectra
along the three principal cubic axes are summarized in the
color-coded plots of Fig. 4. The symbols indicate resonance
frequencies extracted from fitting Dysonian lines to the spectra.
Error bars in this context are usually given by 10% of
the linewidth, but here again they may also account for
uncertainties in «. In Figs. 4(a), 4(b), and 4(c), at 0 mT, we
observe two excitations close to 5 and 15 GHz representative
of the cycloidal phase of GaV4Sg. Entering the SkL phases,
three modes are observed. The different hierarchy of modes
BR, CW, and CCW that we encounter is substantiated below.
While the lower (BR) and upper (CW) branches soften, i.e.,
dvy/dB < 0, the intermediate resonance (CCW) follows the
opposite behavior with dvy/d B > 0. These facts, softening of
the BR and CW modes and hardening of the CCW mode, are
also indicated in Fig. 2. The topmost branch always is the most
prominent one. On passing the SKL' phase in Figs. 4(b) and 4(c)
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FIG. 4. (a)-(d) Color-coded plots of the transmission spectra A|[S),| in the frequency vs magnetic field plane for 7 = 11K for the field
applied along the cubic principal directions. The intermediate white color has been shifted in order to emphasize weak amplitudes. Open circles
with error bars are resonance frequencies from the Dysonian fits (see text). Dashed lines indicate transitions between cycloidal (Cyc), skyrmion
lattice (SkL), and ferromagnetic (FM) phases. Panels (a)—(c) display low-field regimes, whereas panel (d) shows the spin-flop behavior at

higher fields.

we do not resolve a clear softening of the upper and lower
modes due to the superimposed resonances from the domains
that still exist in the cycloidal state at these fields. Differences
in the slope of the intermediate modes of the SkL phases are
attributed to different projections of the field onto the relevant
easy axes of the domains contributing to the spin resonance.
Beyond the SkL phases, the intermediate mode fades out,
while the upper mode strengthens and changes to positive
slope dvg/dB > 0, as is typical for a ferromagnetic resonance
(FMR). In the case of B || (110), where the easy axes of two
domains are perpendicular to the field, the upper cycloidal
mode of the Cyc! phase softens on increasing field and
directly transforms into the FMR via a spin-flop transition near
0.45 T, where it meets with the field-independent If mode, as
evidenced in Fig. 4(d). A spin-flop behavior without softening
to zero frequency is also described in Ref. [24], where the
eigenfrequency of the spin helix has been calculated. The FMR
mode at highest frequency, which increases continuously in
this field range, stems from the two domains where parallel
components of the external field with respect to their easy axes
induce the ferromagnetic state already at 90 mT.

IV. CONCLUDING DISCUSSION

We now compare our results on Néel skyrmions to the
previously reported universal behavior in Bloch-type skyrmion
hosts [16]. While in the Bloch-type systems in the helical
phase at zero field the resonance modes lie close to each other,
two well-separated modes exist in the cycloidal phase of the
system under investigation. This strong zero-field splitting,
also responsible for the field independence of the resonances

for B < 50 mT, is attributed to the robust easy-axis magnetic
anisotropy present in GaV4Sg but missing in cubic helimag-
nets. With the average isotropic exchange J/kg = 4.2K and
the exchange anisotropy AJ(2 K)/kg = 0.2K taken from
Ref. [17], the antiferromagnetic gap can be estimated [25] as
v~ (JAJ)/2/h = 19 GHz at lowest temperatures, which is
in good agreement with the observed frequency vy = 15 GHz
of the upper mode at 11 K where the anisotropy is only
50% of the low-temperature value. Here kg and % denote the
Boltzmann constant and the Planck constant, respectively. Due
to the DM pattern unique for polar magnets with C,,, symmetry,
the conical phase—being the main competitor of the SkL state
in cubic helimagnets—does not emerge in GaV4Sg unless the
magnetic field is (nearly) perpendicular to the easy axis, as it
is realized for B || (110) in Figs. 4(c) and 4(d). In this extreme
case the conical to FM transition is associated with a spin flop
which is manifested in the softening of the hf mode, while the If
mode remains nearly field independent up to the spin flop. For
other directions of the magnetic field, due to the suppression of
the conical phase, the SkL state extends over a large region of
the phase diagram. In such cases, shown in Figs. 4(a) and 4(b),
no anomaly in the resonance frequencies is observed when
approaching the SkL. to FM transition with increasing fields.
Instead, all three modes are smoothly transformed to the FMR
at the transition. This is in strong contrast to spin dynamics
in cubic helimagnets, where the FM state is always reached
from the conical phase via a spin flop, which is driven by the
softening of the excitation in the conical state.

In both, the Bloch- and Néel-type SkL phases, three
eigenmodes are obtained, which are labeled CW, CCW, and
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FIG. 5. Upper part: (a) Schematic illustration of a Néel-type skyrmion for a given easy axis of anisotropy H,,. Each cross section
(b) containing the skyrmion core corresponds to a spin cycloid and its simplification (c) to five spins comprises only vertical and horizontal
arrows. Lower part: Table representing the spin dynamics of the five selected spins. The three rows stand for the three dynamic spin precessional
modes (see text), whereas the three columns stand for three snapshots in time with corresponding phase ¢. See the text for an explanation of
the motion of the skyrmion core. The relation between the oscillating field h,s and the anisotropy field H,, is different for CW and CCW modes

as compared to the BR mode.

BR. Figure 5 shows a sketch of a Néel-type skyrmion, a
cross section through the skyrmion core and its schematic
simplification into five spins. This simplified spin pattern
is used to illustrate single spin motions in the three cases
and it is easily verified that they correspond to a clockwise
and counterclockwise gyration as well as to a breathinglike
expansion and contraction of the dynamic skyrmion core. In
the CW case and at ¢ = 0 in Fig. 5, the dynamic core (spin
pointing exactly downwards) is shifted somewhat to the left
from the central, purple arrow, which represents the static
skyrmion core. This is seen from the sense of rotation of spins
within the simplified cycloid when moving to the left. A quarter
period later, at ¢ = 7 /2, the dynamic skyrmion core is located
behind the central spin and, consequently, the sense of gyration
is clockwise. In the CCW case and at ¢ = 0 the dynamic
core is shifted slightly to the right from the central arrow.
A quarter period later, the dynamic skyrmion core is located
behind the central spin again. Thus, the sense of gyration is
counterclockwise. For the breathing mode, the core is shrunk
at ¢ = 0, whereas it is enlarged at ¢ = 7.

The CCW mode of Bloch-type skyrmions is known to
exhibit a positive slope dvy/dB > 0, while the BR mode
shows a negative slope. The CW mode is rather field indepen-
dent [16].In GaV4Sg we find a significant positive slope always
for the intermediate mode, while the mode with the lowest
frequency exhibits a weak negative slope [see Figs. 4(a)—4(c)].
Hence, we assign the lowest mode as the BR mode. The low

frequency of the BR mode can be understood microscopically
by considering the bottom row of Fig. 5. This mode is excited
by the oscillating field component h;¢ parallel to the axis of
the SkL core spins [12]. For the Néel-type SkL studied here,
the relevant axis is defined by the uniaxial anisotropy field
H,,. Importantly, the torque provided by h,s is nonzero and
maximum for the spins being orthogonal to H,,. For such
spins the effective field entering the equation of motion is
reduced as, in a hard-axis spin configuration, the anisotropy
field counteracts the applied field [25]. Consequently, the
eigenfrequency is low. This is a major difference compared to
Bloch-type skyrmions, which explains the different sequence
of branches. The dynamic spin components of the CW and
CCW modes (two upper rows in Fig. 5), excited by the
perpendicular component of the rf field, behave in analogy with
optical and acoustic phonons, respectively. For the uppermost
mode (CW, optical), dynamic components of the precessing
spins periodically point against each other enhancing the
restoring forces between them. For the CCW (acoustic) mode,
dynamic spin components are parallel instead, consistent
with smaller restoring forces and a smaller eigenfrequency
compared to a CW motion. Still, its frequency is larger than
that of the BR mode, because for the CCW case H,, adds to
the applied field and enhances the effective field. Note at this
point the opposite senses of precession for the central spin in
Fig. 5. Like in conventional antiferromagnetic resonance, spins
can perform either left-handed or right-handed precessions as
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long as anisotropies are dominant over an external magnetic
field.

In summary, we explore the spin dynamics in a Néel-type
skyrmion lattice, realized in bulk GaV4Sg. Starting from low
magnetic fields, in the cycloidal phase, due to anisotropic ex-
change, two clearly separated resonance modes are observed.
Three excitations evolve in the skyrmion lattice phase which,
from lowest to highest frequency, can be ascribed to breathing,
counterclockwise, and clockwise modes. In comparison to
Bloch-type SkLs the internal anisotropy interchanges the
hierarchy of excitations.
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