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Abstract

Using ferromagnetic resonance spectroscopy at 34 GHz we explored the magnetic anisotropy
of single-crystalline GaV,4Ss in the field-polarized magnetic state. We describe the data in
terms of an easy-axis type uniaxial anisotropy with an anisotropy constant K; = 1.6 - 10°

erg cm 3 at 2K, corresponding to a relative exchange anisotropy AJ/J = 5%, and about

1.0 - 10° erg cm ™~ near 11K, i.e. at temperatures where the skyrmion-lattice phase was
recently discovered. The relatively large value of K explains the confinement of the skyrmion
tubes to the (1 1 1) easy axes. A distinct set of resonances in the spectra is attributed to the
co-existence of different rhombohedral domains. Complementary broadband spectroscopy
demonstrates that non-collinear spin states may sensitively be detected by electron spin

resonance techniques.

1. Introduction

Beyond magnetic materials with spinel structure, which
receive high interest due to their complex magnetic phase dia-
grams, recently lacunar spinels AMXg (A = Ga, Ge; M = Mo,
V, Nb, Ta; X = S, Se) gained considerable attention due to a
variety of correlation phenomena manifested in their trans-
port properties such as superconductivity under pressure in
GaNbySeg and GaTaySeg [1], 4d-heavy-fermion behaviour in
GaMoyXg [2, 3] or electric-field induced resistive switching
in several of these Mott insulators [4, 5]. The main reason for

such peculiarities is the presence of weakly linked tetrahedral
metal clusters MyX, with little orbital overlap between each
other. Magnetic properties then have basically to be under-
stood in terms of cluster-internal orbital, charge and spin
degrees of freedom. Such a description has also been applied
to the multiferroic and strongly magnetoelectric GeV4Sg [6].
Moreover long-range distortions of the high-temperature face-
centred cubic structure are common in lacunar spinels, influ-
encing their magnetic and electronic properties [7-9].
Among these systems, GaV4Sg with primarily ferro-
magnetic interactions and magnetic ordering at the Curie
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temperature Te = 13 K recently has been demonstrated to
host a skyrmion lattice at temperatures 9 <7< 13 K and for
magnetic fields H <1500 Oe [10]. A magnetic skyrmion is
a whirl-like object of spins, characterized by a quantized
nonzero topological winding number. This stable object can
be manipulated by spin currents or magnons in possible future
spintronic memory devices [11-13]. In bulk materials, skyr-
mions crystallize in hexagonal periodic arrangements, the
skyrmion lattices. Depending on the underlying crystal sym-
metry, two different kinds of skyrmions may be realized: on
approaching the skyrmion core from the periphery, the spins
can either rotate tangentially, i.e. they are perpendicular to the
radius vector, or radially, where the spins have a component
towards the core [14]. In the context of a description of skyr-
mions as domain walls, the former case is named a Bloch-type
skyrmion, as observed in most of the so-far known skyrmion
hosts, like MnSi [15, 16], Cu,0SeO3 [17-19] or Fe;_,Co,Si
[20]. On the other hand, until now GaV,Sg is the only known
bulk material hosting Néel-type skyrmions.

In this lacunar spinel, the molecular V4S, clusters carry
one unpaired electron with an effective spin S = 1/2, which is
explained by the molecular orbital scheme of the clusters [7].
In addition, GaV,Sg is known to undergo a Jahn—Teller trans-
ition at 7y = 44 K, where the symmetry is lowered from non-
centrosymmetric cubic (space group F43m) to rhombohedral
(R3m) with the axis of distortion along one of the four possible
(11 1) directions. This leads to a lamellar multi-domain struc-
ture of GaV,Sg single crystals in the low-temperature rhom-
bohedral state. The resulting magnetic phase diagram below
13K has been explained based on the identification of the axes
of distortion with the uniaxial magnetic anisotropy axes [10].
It contains cycloidal and skyrmion-lattice phases, embedded
in the ferromagnetic state. Competing magnetic interactions,
namely the Zeeman interaction, antisymmetric and symmetric
anisotropic exchange interactions modulate the spin structure as
long as the external field does not govern the hierarchy of ener-
gies. Additionally, the onset of ferroelectricity was observed
upon the Jahn-Teller transition of GaV4Sg [21-23]. This com-
pound represents a new type of improper ferroelectrics where
ferroelectricity is induced by the Jahn—Teller effect due to the
lack of spatial inversion in the high-temperature cubic phase
[24]. In contrast to proper ferroelectrics, this mechanism of fer-
roelectricity requires a partially filled d-shell, hence, it allows
for the emergence of magnetism. Indeed, GaV,Sg becomes
multiferroic below T = 13 K.

Recently, a broadband electron spin resonace (ESR) study
was carried out on GaV,4Sg at 11 K to explore the dynamic prop-
erties of the skymion lattice and the cycloidal phase [25]. The
dynamics suggested a dominant role of the magnetic aniso-
tropy that, however, was not studied in detail. Here, we make
use of angular and temperature dependent ESR to quantify
the magnetic anisotropy. This is of key importance to under-
stand the magnetic phases in skyrmion-host materials with
axial symmetry. More specifically, in GaV4Sg the axial aniso-
tropy originating from the rhombohedral crystal structure was
claimed to be responsible for the orientational confinement of
the skyrmion cores. In strong contrast to the skyrmions found
in cubic helimagnets, in this compound the skyrmion cores do

not co-align with the external magnetic field but keep parallel
with the rhombohedral axis [10]. Due to the dominance of the
axial magnetic anisotropy over the Zeeman energy in the field
range where the skyrmion-lattice state exists, the phase trans-
itions between the cycloidal, skyrmion-lattice and ferromagn-
etic states were found to be solely driven by the magnetic
field component parallel to the rhombohedral axis [10, 26]. In
this work, we present a study of fixed-frequency ESR in the
field-polarized ferromagnetic phase aiming at the direct exper-
imental determination of the anisotropy constant and we also
address to broadband ESR results to corroborate the validity of
our analysis for arbitrary frequency.

2. Methods

2.1. Crystal growth

GaV,4Sg polycrystals were prepared by solid-state synthesis
from the high-purity elements Ga (99.9999%), V (99.5%) and
S (99.999%). Three repeated synthesis cycles were necessary
to reach the required homogeneity of the material as checked
by x-ray powder diffraction. The polycrystals were used for
the growth of single crystals by means of chemical transport
reaction in evacuated quartz ampoules. The crystal-growth
temperature was kept between 800 °C and 850 °C, and iodine
was taken as transport agent. For the measurements in this
study, we have chosen as-grown truncated pyramids in the
(001) plane with a diameter of 0.5 mm or prepared as platelets
in the (1 10) plane with a diameter of 1 mm.

2.2. ESR techniques

2.2.1. Fixed-frequency ESR. Continuous-wave ESR was
performed at a frequency of v = 34 GHz (Q-band). A Bruker
ELEXSYS E500 spectrometer was used and the resonator was
a cylindrical Bruker ER 920 cavity. A helium gas-flow cryo-
stat allowed a temperature stability of 0.1 K. To measure the
angular dependence in the naturally grown (00 1) plane the
samples were mounted with their growth plane perpendicular
to the rotation axis of a goniometer. Rotations in the (1 10)
plane were performed by mounting a sample in (00 1) geom-
etry with this latter plane tilted away from the goniometer axis
by 45°, with an error of 5°. The external field H was swept up
to 1.8 T. The spectra shown in this work are the first derivative
of the absorbed microwave power, owing to the use of lock-in
technique with field modulation.

2.2.2. Broadband ESR. Electron spin resonance with
variable frequency was measured by putting the sample,
inside a croygenic chamber, onto a coplanar waveguide
(CPW) consisting of a central signal line and two adja-
cent ground lines connected to the ports of an Agilent PNA
N5222A vector network analyzer via microwave tips and
semi-rigid high-frequency cables [27]. The microwave fre-
quency v was swept between 10 MHz and 26.5 GHz. We
display A|Slz(u)|:|512(1/)|—|S{§f(u)|, where S, is the
scattering parameter measured on the CPW in transmission
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Figure 1. (a) Sketch of the two planes (1 10) and (00 1) within the pseudocubic crystal structure of GaV4Sg, together with high-symmetry
(100),(110)and (11 1) crystal directions. (b) Illustration of angles and directions in case of a disk-like sample in (1 1 0) geometry. In this
plane the two angles 35° and 55° spanned by the high-symmetry directions are characteristic. The orientation of the magnetization vector M

is defined by the angles 6 and .

configuration. In order to increase the signal-to-noise ratio,
we subtracted a reference spectrum |S]5(1/)| taken at H = 20
kOe, where the magnetic resonances lie outside the accessible
frequency range.

2.3. Anisotropy simulations

The anisotropy of the resonance fields in Q-band angular depend-
ence is simulated by means of the Smit-Suhl formula [28]

wY 1 |oFoF [ 0°F )2 1

y M?sin? 0y | 00% 0p* 2000 ) | M
Here w = 27 - 34 GHz is the angular microwave frequency,
v = gpp/h the gyromagnetic ratio and M the magnitude of
the magnetization. The anisotropy is contained as the second
derivatives of the magnetic free energy density F with respect
to the polar angle 6 and the azimuthal angle ¢ of the mag-
netization vector M in a spherical coordinate system. For a
sample rotation in the (1 10) plane we choose this frame-
work such that the polar axis (z-axis) coincides with the axis
of rotation and that # = 90° and ¢ = 0° in case of M||[001]
(x-axis). Figure 1 illustrates relationships between the crystal
axes, the magnetization vector and their angles. Rotations in
(001) geometry analogously define § = 90° and ¢ = 0° for
M||[100]. In (1), 6y denotes the equilibrium value of 0. The
free energy density

F = Fz + Fgem + Fn

consists of the Zeeman energy Fy = —M - H, where the
external field enters allowing us to determine the resonance

field H,.s, the demagnetization energy Fiem = %Nefsz cos? 0,

where Nge = N, — N, is the effective demagnetization factor
in ESR experiments, as well as the magnetocrystalline aniso-
tropy energy F,,. The demagnetization factor is computed
[29] under the approximation of a spheroid-like sample
shape with a ratio v between diameter and thickness. The
resulting error in the calculation is small owing to the
small magnetization (M = 38 Oe at low temperatures). The

magnetocrystalline anisotropy is assumed to be uniaxial in
the four rhombohedral domains with four different aniso-
tropy axes along the (11 1) axes of the pseudocubic system.
Consequently, four different resonance fields are computed
in general. The contributions F@ of uniaxial anisotropy
energy read

F{) = Kisin® 8; + Ky sin* 8; + K3 sin® 3;,

where i = 1..4 denotes the respective rhombohedral domain.
The three anisotropy constants K| to K3 are assumed to be
equal for the different domains. The angles 3; are spanned by
the magnetization M and the respective (1 1 1) direction. The
Smit-Suhl formula is solved self-consistently together with
the minimization problem for the free energy which provides
the respective equilibrium position (6, ) of M. The obtained
resonance fields HEQS are calculated as a function of the azi-
muthal angle ¢, of the external field. Fit parameters, in par-
ticular the anisotropy constants, are adjusted to minimize least
squares between calculated and experimental data. The mag-
netization data at different temperatures are taken from inde-
pendent magnetometry measurements on a Quantum Design
MPMS XL SQUID magnetometer.

Neglecting the demagnetization term and higher order
anisotropy terms in (1) the resonance field can be explicitly
written as

K,
H =Y 22
=2y @)
in case of the external field being parallel to the easy axis and
as
> 2
=+ (o) + (2] 3
M M ¥

when the field lies within the hard plane. In these two cases
the magnetization keeps parallel to the external field. Note that
for the [00 1] direction the magnetization is not parallel to the
external field, because we deal with uniaxial anisotropy and
not with a simple cubic anisotropy. Assuming a fully aligned
magnetization along [00 1] would result in
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Below we will show that this expression strongly overesti-
mates the resonance field along [001].

For a description of broadband ESR data, (1) is solved
for w and the external field is an independent parameter. The
energy minimization for M then only needs to be performed
once. The resonance frequencies for the above special cases
follow directly from (2)—(4).

3. Results and discussion

3.1. Q-band ESR

Three spectra obtained at temperature of 7= 5K are shown
in figure 2, where the field points along the [001], [111]
and [110] axes, which are the cubic principal directions.
As before, the Miller indices refer to the pseudocubic struc-
ture. Depending on the field orientation, the spectra can be
well reproduced by fits with a number of first derivatives
of Lorentzian-shaped lines, shown as the red curves. The
expression for the absorbed microwave power of a single
resonance is

ITAH + a(H — Hye)]

P(H) = ,
) (H — Heo)* + AH?

)

where setting o = 0 for the analysis of the Q-band ESR means
a conventional symmetric Lorentzian line. / is proportional to
the integrated intensity and AH is the linewidth, which gener-
ally lies in the range between 300 and 800 Oe. The number of
fitted lines varies between two and seven, depending on the
respective angle ;.

Figure 3 presents the resulting resonance fields (symbols)
as a function of the angle , between the static field and the
pseudocubic [00 1] direction for a rotation within the (1 10)
plane (figure 1). We identify the following characteristic
angular dependencies. At first, one curve (red) exhibits its
minimum and maximum fields of H..s ~ 6 kOe and 18 kOe at
the angles 55° and 145°, respectively. A second curve (violet)
shows the same behaviour, but is mirrored at ¢, = 90° with
respect to the first one. For these two curves a splitting into
subcomponents (open/closed symbols) is observed at certain
angular ranges. A third curve can be followed, with its max-
imum of 18 kOe at ¢, = 90°. Its minimum, however, is no
longer a single resonance line, but a set of subcomponents
(green symbols) with resonance fields ranging between 9 kOe
and 12.5 kOe. This splitting into subcomponents is absent for
g~ 90° but most pronounced close to ¢,; = 0°. As will be
shown below, splittings into subcomponents are secondary
effects compared to the aforementioned distinction of three
principal curves.

A main finding from figure 3 is the existence of three sym-
metric angles at 0°, 55° and 90°. Figure 1 allows to identify
the angles as belonging to the pseudocubic [001],[1 1 1] and
[110] directions, respectively, as is illustrated by vertical
dashed lines in figure 3. As a consequence, from the fact that

GaV,Ss
90°, [110]

ESR signal

v =34 GHz

8 12 16
H (kOe)

Figure 2. Open circles: Three ESR spectra for a GaV4Sg single
crystal taken in the three cubic principal directions [00 1],[1 1 1],
[110], corresponding to the angles ¢, = 0°,55°,90°. Solid lines:
fits by a set of Lorentzian derivatives. In the uppermost spectrum
the apparative field limit of 18 kOe still allows for a quantitative
analysis of the high-field resonance.

an overall minimal resonance field is reached by one of the
lines in the [1 1 1] direction, figure 3 demonstrates easy-axis
anisotropy in GaV4Sg, as has previously been anticipated [10]
and supported by band structure calculations [24].

The number of three main resonance components is easily
understood when considering the domain geometry: for a rota-
tion with the external field in the (1 10) plane, two domains
with their easy axes within this plane can be distinguished (red
and violet symbols) as well as two geometrically and energeti-
cally equivalent rhombohedral domains with easy axes out of
plane (green symbols). Considering the correspondence of col-
ours between the solid lines in figure 3 and space diagonals in
figure 1(a) we can assign the resonances: the curve which has a
maximum for H||[1 12](i.e. at 35°) and a minimum for H||[111]
(at 125°) comes from the structural domain whose easy axis is the
[111] direction. Similarly, the curve which has a maximum for
H||[112] (at 145°) and a minimum for H||[1 1 1] (at 55°) belongs
to the structural domain whose easy axis is the [1 1 1] direction.
The resonances which have a common maximum for H||[110]
(at 90°) and a minimum for H [[[00 1] (at 0°) result from the
domains with easy axes along the[1 1 1]and [T 1 1] axes.

A least squares fit as described in section 2.3 has been
applied to the resonance component indicated by the red solid
circles in figure 3. The result is shown as the red solid line.
Free parameters in this procedure are the Landé g-factor and
the anisotropy constant K; the other parameters (w, M and
geometric ratio v) have been taken from independent meas-
urements, see section 2.3. We get g = 1.74 and K; = 135 - 103
erg cm ™3, whereas K, and K3 are less than one percent of K|
and, thus, were set to zero for this fit. The agreement between
theory and experiment quantitatively documents that uniaxial
anisotropy governs the local field in the field polarized ferro-
magnetic state, here probed by ESR. The obtained parameters
are subsequently applied to the remaining domains, providing
us with the violet and the green solid lines, which, especially
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Figure 3. Symbols: Angular dependence of the resonance fields
as extracted from the Lorentzian fits of the spectra for a rotation
in the (1 10) plane. Different symbol shapes and colours represent
different curves of resonance fields which can be followed by eye.
Red solid line: fit of the uniaxial model of anisotropy to the red
symbols. Violet and green solid lines are simulated with the same
parameters. The colours are chosen corresponding to the cubic
space diagonals in figure 1, indicating the respective easy axes.
Vertical dashed lines illustrate symmetric cubic directions.

in the case of the violet curve, yield satisfying agreements with
the corresponding experimental data of the same colour, too.

Inserting the above values, the analytical expressions (2)
and (3) give us a minimal resonance field of 6.74 kOe and a
maximal one of 18.1 kOe. They are about 0.2 kOe off from
the simulation values, so that the demagnetization effect may
be considered rather negligible. On the other hand, (4) yields
a resonance field of 14.2 kOe, which is far from the simu-
lated 10.9 kOe. As mentioned above, the reason for this large
shift is that the internal anisotropy fields tilt the magnetization
direction away from a parallel alignment to the external field
and the simulation takes this into account. This consideration
conversely lets us estimate the angular tilting of the magneti-
zation as 12° for H||[00 1].

The secondary splitting of the upper resonance component
along the (100) directions amounts to approximately 3 kOe
for the sample measured in figure 3. Another sample (not
shown here), prepared in the same (I 10) geometry, where
an angular dependent measurement equivalent to figure 3 has
been performed, shows a splitting in the range of 1 kOe only,
and otherwise the same magnetic anisotropy. Considering this,
the secondary splitting can be regarded as a sample-dependent
effect, being remarkably large for the sample shown. Since
the magnetic anisotropy is governed by the structural rhom-
bohedral distortion of domains, this result possibly indicates a
distribution of the local strain. It may arise from the lamellar
domain structure developing on a microscopic scale as iden-
tified independently in [10]. The different domains cannot
independently undergo the preferred rhombohedral distortion
and small tiltings of the distortion axes lift the equivalence of
domains. However, magnetic domain-domain interactions due
to effective exchange interactions or magnetoelastic couplings
cannot be excluded for a complete explanation.

Angular scans within the as-grown (0 0 1) plane have been
performed on another sample in the temperature range from 2
to 15K. Three examples are given in figure 4, which depicts
the resonance fields at 2K, 10K and 15K from such rotations.
Two main components of resonances are visible, with minima
at ¢, = 45° and 135°, respectively. They arise from two pairs
of domains as in this geometry always two rhombohedral axes
span the same angle with the external field and consequently
are expected to give the same resonance field. Even though
the (0 0 1) plane lacks the symmetric pseudocubic (1 1 1) direc-
tions and consequently gives less information than a rotation
in a (1 10) plane, the closed yellow data points (triangles) are
again successfully described in terms of a Kj-only uniaxial
anisotropy. The blue solid lines, which apply the parameters
of the yellow lines to the other pair of domains, here again
describe the blue data points (circles) sufficiently well. Like
before, K, and K3 turned out to be unnecessary to reproduce
the data. The three frames in figure 4 demonstrate that the
magnetocrystalline anisotropy gets reduced with increasing
temperature. Generally, ESR spectra in GaV4Sg could be
resolved up to 30K, but the anisotropy rapidly decreased
around the temperature of the magnetic order at 7o = 13 K.
Note that in this sample, too, a secondary splitting of up to
1.5 kOe is observed, which is seen as the open and closed
symbols in figure 4. We exclude sample misalignment as the
origin of this splitting, since this would lead to subcomponents
crossing at a certain angle. The fact that the yellow, fitted curve
of uniaxial anisotropy best matches the closed yellow triangles
(lower subcomponent) over the whole angular range excludes
such a scenario and points to the same mechanism of sec-
ondary splitting as in the case of H rotated in the (I 10) plane.

With these angular dependent ESR measurements in the
(001) plane performed in a temperature range covering the
whole ferromagnetic phase, the temperature evolution of K as
obtained from uniaxial anisotropy fits is documented in figure 5.
At low temperatures we find K = 160 - 10 erg cm 3. The value
dropsto70 - 103ergcm 3 atthe transition temperature To = 13K.
The inset, where K; is plotted against the squared magnetiza-
tion, clearly proves that the anisotropy constant is proportional
to M?. Such a behaviour is consistent with the fact that the
magnetocrystalline aniosotropy originates from an anisotropy
AJ of the exchange coupling parameter J. Our low-temperature
value of K corresponds to AJ = 0.15 K and supports an earlier
calculation based on magnetization data [10]. The value of K;
in GaV,4Sg may be considered rather typical in comparison to
other ferro- or ferrimagnetic thiospinels [30, 31]. In the aniso-
tropy analyses of figures 4 and 5, the values of w, M and v are
again taken from independent measurements, while the g-value
as the second free parameter varies between 1.76 and 1.83.

3.2. Broadband ESR

ESR spectra obtained by the frequency-sweep setup at 7 = 8K
with H||[111] are displayed in figure 6. Resonances now
show up as minima in the transmission signal A|Sj(v)| It is
seen that a low-frequency resonance persists up to 1000 Oe,
whereas a high-frequency resonance strengthens with
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Figure 4. Angular dependences of the resonance fields (symbols) in GaV4Sg at T = 2K, 10K and 15K for a rotation within the (00 1)
plane with ¢, as the angle between external field and the [0 0 1] direction. Different symbols and colours represent different curves of
resonance fields. Solid lines are fits taking into account uniaxial anisotropy.

increasing field. Measured resonances in the cavity experi-
ments were well described by symmetric Lorentzian lines.
This is not the case for the broadband ESR spectra. For the
fitted curves (red lines) in figure 2, fields H in (5) are replaced
by frequencies v and we considered a: = 0, thereby including
an antisymmetric contribution. Depending on the respective
spectrum and line, «v is found to lie between —0.9 and 0.9, but
mostly || < 0.3. An asymmetric absorption line is often taken
as a limiting case for the ESR absorption in metals [32, 33].
In the present case we do not consider an intrinsic property
for a = 0. Instead, we attribute the antisymmetric contribution
to the CPW setup, which can admix a dispersion component
(antisymmetric) into the absorption part (symmetric) of the
dynamic susceptibility. Moreover, following [27], a slight
asymmetry of the spectra may result from a non-resonant
background signal emerging from the difference technique.
Linewidths are typically Av a1 GHz and an error of 0.3Av
for v, may be estimated. Resonance frequencies extracted
from the spectra at 7= 8 K and 18 K are presented in figure 7,
where the field has been decreased from 10 to 0 kOe during
the measurement. At 18 K, magnetic anisotropy is negligible
and the resonance frequency is proportional to the external
field over the covered field range. A linear regression yields a
slope 2.55 GHz kOe ™!, corresponding to g = 1.82. This is in
excellent agreement with the value obtained from the aniso-
tropy simulations in section 3.1.

For T = 8K we identify a branch (topmost) with a steep
slope dvs/dH. This branch is attributed to the domain for
which the easy axis is parallel to A. In this case, the aniso-
tropy field adds to the applied field in the equation of motion
and v is large. The extrapolation of this branch to 34 GHz
yields a resonance field of 6.6 kOe in the Q-band, which
matches exactly the value at ¢, = 55° in figure 3. The other
branches with v, between 18 and 26 GHz for H > 1 kOe
reflect the other domains, for which the easy axes span an
angle of 71° with H. For these three domains, the magnetiza-
tion is close to the magnetic hard plane and consequently the
resonance frequencies are below the steep branch. Although
in the orientation the resonance frequency is expected to be
equal for these three domains, we observe a splitting into three
subcomponents. Their extrapolation to 15 kOe—17 kOe again
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Figure 5. Temperature dependence of the first uniaxial anisotropy
constant K in GaV,4Sg, where the right scale expresses the
corresponding exchange anisotropy AJ. The dashed line indicates
the Curie temperature 7¢c. The inset shows K as a function of the
squared magnetization with a linear fit (solid line).

matches the Q-band data. We ascribe this splitting to distribu-
tions in the local strain, as discussed in section 3.1. Sample
misalignment can be excluded as the sample was placed on
the well-defined (1 11) facet. Considering the Landé factor
g = 1.82 given above and K; = 1.2 - 10° erg cm ™3, we simu-
late the resonance frequencies as seen as the turquoise solid
lines, the upper one of which follows from (2). For H > 1 kOe
they are in satisfying agreement with the field evolution of the
resonance frequencies. This value of K; is 10% less than for
the sample used in figure 5, but compares well with that one
estimated for the sample employed in figure 3. Such a vari-
ation is common for samples from different batches having
slight modifications of the sulphur content.

Another striking feature of the ESR dispersion (7'= 8K) in
figure 7 is the existence of two finite-frequency excitations at
zero external field, a low-frequency excitation at 3.5 GHz and
an (additionally split) high-frequency excitation at 20 GHz. The
presence of two resonances has been reported earlier [25] and is
characteristic of the cycloidal phase. The rather weak splitting of
the high-frequency resonance suggests a heterogenous magnetic
state at low fields, which has not been resolved until now.
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with antisymmetric contribution (red).
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Figure 7. Resonance frequencies in GaV,4Sg as a function of
external field along [1 1 1]. Data from the ordered state (8 K,
circles) and from the paramagnetic state (18 K, triangles) are
shown. For the latter curve the violet line displays a linear
regression, whereas the turquoise lines are simulations of
ferromagnetic resonance.

4. Conclusion

Using ESR data we have determined the value of the magneto-
crystalline anisotropy constant in GaV,4Sg as a function of
temperature. Corresponding to an anisotropy field at low
temperatures in the order of 8 kOe, uniaxial anisotropy is the
dominant magnetic interaction. This is a typical anisotropy
for spinels, but an unusually large value as compared to other
skyrmion hosts investigated so far. The sign of the magneto-
crystalline anisotropy is positive, meaning easy-axis anio-
sotropy with axes parallel to the structural distortions along
the (1 1 1) directions. The linear dependence of K, as func-
tion of the squared magnetization M? unravels the anisotropic
exchange interaction as the source of magnetocrystalline
anisotropy in GaV4Sg.

While the spectral features above magnetic fields of 5 kOe
are described as ferromagnetic resonances and these exci-
tations merge towards low fields, a resonance at 3.5 GHz
is characteristic of the data at low fields. It should be clari-
fied by future work whether this resonance exists below 5K,
where, according to the currently accepted magnetic phase
diagram of GaV,Sg, no cycloidal spin structure is expected.
Furthermore, the question of whether a single-domain state
in GaV,4Sg can be reached by application of uniaxial pressure
remains a challenge.
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