Magnetism and Néel skyrmion dynamics in GaV4 S8−y Sey
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B. M. Huddart,1 S. J. Clark,1 M. R. Lees,2 F. L. Pratt,7 S. J. Blundell,8 G. Balakrishnan,2 and T. Lancaster1
1

Centre for Materials Physics, Durham University, Durham, DH1 3LE, United Kingdom
Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom
3
Department of Materials Science and Engineering, University of California,
Berkeley, Berkeley, CA 94720, United States of America
4
School of Physics and Astronomy, University of Leeds, Leeds, LS2 9JT, United Kingdom
5
Electrochemistry Laboratory, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
6
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We present an investigation of the influence of low-levels of chemical substitution on the magnetic
ground state and Néel skyrmion lattice (SkL) state in GaV4 S8−y Sey , where y = 0, 0.1, 7.9, and
8. Muon-spin spectroscopy (µSR) measurements on y = 0 and 0.1 materials reveal the magnetic
ground state consists of microscopically coexisting incommensurate cycloidal and ferromagnetic
environments, while chemical substitution leads to the growth of localized regions of increased
spin density. µSR measurements of emergent low-frequency skyrmion dynamics show that the SkL
exists under low-levels of substitution at both ends of the series. Skyrmionic excitations persist to
temperatures below the equilibrium SkL in substituted samples, suggesting the presence of skyrmion
precursors over a wide range of temperatures.

Chemical substitution is well-known for stabilizing exotic states of matter, from high-Tc superconductivity in
Mott insulators [1], to hidden magnetic order in heavyfermion compounds [2–4], and non-perturbative stronglycorrelated Kondo states in itinerant systems [5–7]. The
influence of chemical substitution on topological defects,
such as magnetic skyrmions [8, 9], has been shown to
be particularly pronounced, with substitution of just a
few percent of the magnetic ions increasing the stability and lifetime of skyrmions [10] and modifying their
creation/annihilation energy barriers [11]. The study of
the effects of low-levels of chemical substitution in bulk
skyrmion materials has concentrated on materials hosting Bloch skyrmion lattice (SkL) states [12–16], as experimental realizations of Néel skyrmions in bulk materials are rare [17–20]. We have previously studied the
influence of high-levels of chemical substitution on the
Néel SkL compounds GaV4 S8 and GaV4 Se8 , by investigating y = 2 and 4 compositions in the GaV4 S8−y Sey
series [21, 22] and showed that it induces a spin-glass
ground state and destroys the Néel SkL state.
Here we investigate the low-level limit of chemical substitution in the series through muon spin spectroscopy
(µSR) [23], AC susceptibility [24] and first principles
calculations carried out using density functional theory
(DFT) [25–29]. The influence of low-levels of substitutions on both the magnetic ground state and SkL in
GaV4 S8−y Sey is studied by comparing compositions very
close to each end of the series, where y = 0.1 and y = 7.9,
with Néel SkL-hosting y = 0 (GaV4 S8 ) and y = 8
(GaV4 Se8 ) compounds. We find that the ground state
of GaV4 S8 is most sensitive to substitution, with signif-

icant changes of spin-density near substituents. The dynamic signature of skyrmions persists in the substituted
materials at both ends of the series, with an extended region of emergent low-frequency dynamics evident at low
temperatures.
Polycrystalline samples of GaV4 S8−y Sey were synthesized and characterized as described in Ref. [21, 22].
Whilst polycrystalline samples are likely to exhibit a different magnetic phase diagram to those of single crystals
(whose behavior varies depending on the alignment between applied field and crystallographic axes), we have
previously shown that the SkL can be identified unambiguously [21]. AC magnetic susceptibility (Fig. 1) indicates relatively small changes in the position of the phase
boundaries in the substituted materials when compared
to their pristine counterparts, suggesting the SkL state
is still formed. In the substituted systems, the maximum susceptibility is approximately an order of magnitude greater than in the pristine systems, suggesting
enhanced dynamics at low frequencies.
To explore the magnetic ground state of the systems,
zero-field (ZF) µSR measurements were performed. In
GaV4 S8 , above Tc = 12.7(3) K we find the muonspin polarization Pz (t) is parameterized [30] by Pz (t) =
ae−λt + ab e−λb t , typical of a paramagnet. The first
term with amplitude a reflects relaxation at rate λ
from muons that stop within the sample in the paramagnetic state, whilst the ab component captures the
contributions from muons that stop outside the sample. Fourier transforms (FTs) of Pz (t) in the ordered
phase (T < Tc ) are shown in Figs. 2(a–c). Simulations of the magnetic field [31, 32] at the muon-stopping
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where each component with amplitude ai , and relaxation
rate Λi , reflects muons that stop in local field Bi and
precess with phase offset φi . For GaV4 S8 we require
only n = 2, indicating two magnetically distinct components with local field magnitude Bi . Extracted parameters [Figs. 2(d,e)] show that B1 corresponds with
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sites [21] for the ground-state magnetic structures proposed for GaV4 S8 [17, 22, 33] show that the distribution most closely resembles the ferromagnetic-like (FM*)
state [Fig. 3(a)] at low-temperatures, and the incommensurate cycloidal (C) state at higher temperatures. At all
temperatures the spectra have features similar to those
of both magnetic structures, however the data cannot
be described by a simple sum of the two simulations
as would be expected for spatially separated domains of
FM* and C order. Our data suggests a continuous evolution of the magnetic ground state from FM* to C (rather
than an abrupt phase transition) where the spins slowly
transform from one structure to the other. In fact, this
crossover has been suggested to occur via nucleation and
growth of solitons [34, 35], with the associated cycloidal
anharmonicity likely to help explain some of the discrepancies between simulation and experiment. The precise
mechanism is likely to depend sensitively on the crystalline anisotropy in the system [36]. Our data, therefore,
suggests FM* domains are prevalent at low T , with the
possibility of soliton-like cycloidal domain walls growing
continuously with increasing T until a C-majority phase
is realized.
To compare the pristine and substituted systems at
temperatures T < Tc the polarization is fitted to
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FIG. 1. Real component of AC susceptibility in constant field
B0 for (a) y = 0 (b) y = 0.1, (c) y = 8 and (d) y = 7.9. Lines
indicate fields where µSR measurements were performed, with
white highlighting proposed SkL regions as based on µSR
measurements (see main text).
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FIG. 2. (a–c) Internal magnetic field distributions p(B) for
GaV4 S8 , obtained via the FTs of ZF µSR data at several
temperatures, compared to simulations of the ferromagneticlike (FM*) [Fig. 3(a)] and cycloidal (C) states. Parameters
from ZF µSR measurements of GaV4 S8−y Sey for (d–e) y = 0
and (f) y = 0.1. The extracted internal fields seen in (d) are
marked in (a–c). (g) p(B) for y = 0, y = 0.1 and y = 0.2,
with the B3 component marked for y = 0.1 and y = 0.2.

the low-field peak seen in the simulations of both the
FM* and C states (indicated in Figs. 2(a–c) with a black
line), with B2 corresponding to the high field peak (red
line). The unusual decrease in B2 with decreasing temperature, along with a change in the fraction of muons
subject to this magnetic field, reflects the continuous evolution of the magnetic state, providing further evidence
for a smooth crossover between the FM* and C states,
rather than a sharp phase transition [21]. The crossover
<
region 5 <
∼ T ∼ 9 K [shaded in Fig. 2(e)] reflects the
most rapid change of spin structure which leads to the
enhanced AC susceptibility response seen in Fig. 1(a).
For the GaV4 S7.9 Se0.1 material, up to Tc = 11.6(2) K
ZF µSR measurements are well parameterized by Eq. 1
with n = 3, indicating a third, magnetically-distinct
muon environment not observed in GaV4 S8 [Fig. 2(f)].
Below Tc , the amplitudes ai are found to be tempera-
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ture independent, indicating that 13(5)% of the muons
stopping in the sample stop in sites with B1 , 32(3)% in
B2 , and 55(4)% in B3 . The ratio n1 /n2 in GaV4 S7.9 Se0.1
is consistent with the T > 8 K region in GaV4 S8 where
C order dominates. There are three mechanisms which
can explain the appearance of the B3 component in
GaV4 S7.9 Se0.1 . (i) A change in spin structure. This can
be ruled out as B1 and B2 are very similar in magnitude
and T evolution to GaV4 S8 , suggesting similar underlying behavior. (ii) An increase in the magnetic moment
m. The field at the muon site Bi ∝ m. As B3 /B2 ' 3
this would imply an increase of moment by the same factor, which can again be ruled out as there is no evidence
for this in B1 and B2 , or in DC magnetization measurements [32]. (iii) A change in distance r between the spin
density and the muon. As Bi ∝ 1/r3 , even a modest
change in spin density could lead to dramatic changes in
Bi . We therefore suggest that the most likely explanation
of the appearance of the B3 component is an increase in
spin density near the muon sites such that these regions
of high magnetic field condense around the substituent.
This is supported by the FT of Pz (t) for GaV4 S7.9 Se0.1
and GaV4 S7.8 Se0.2 [Fig. 2(g)] which show that the signature FM* peak around 25 mT is further suppressed
upon increased substitution, with spectral weight shifting to the broad, high-field peak not present in GaV4 S8 .
As the B3 component becomes more pronounced with increased Se substitution this suggests the increase in spin
density is not caused by muon implantation during the
measurements.
The Se-rich end of the series shows more conventional
magnetic behavior, with µSR measurements on the y = 8
material suggesting Tc = 17.5(5) K with FT spectra consistent with simulations of a cycloidal spin structure [32]. Measurements of GaV4 S0.1 Se7.9 show similar average fields, but also feature an additional relaxing component and larger relaxation rates, indicating a
broadening of the local magnetic-field distribution.
To further understand the effect of substitution we performed DFT calculations (see Ref. [32]) comparing the
pristine materials to substitution of y = 1 or y = 7
(which are not measured here) by replacing the atoms
on one S or Se site with the relevant substituent. This
allows us to simulate the effect of low-levels of substitution. We compare the spin density in electron bands
that dominate the contribution to the magnetism (i.e.
those occupied in only one spin channel), with the difference between y = 0 and y = 1 for the S3 site shown in
Fig. 3(b). Regardless of the site chosen for substitution,
more dramatic changes in spin density are seen at the
S end of the series than at the Se end. Whilst most of
the change in spin density retains the expected d-orbital
character, some site substitutions result in an increase
in spin density within the V tetrahedral cluster. Since
there are muon-stopping sites around the cluster, this
provides an explanation for the observed large magnetic
field B3 . The change in spin density may also lead to
altered exchange pathways, which upon increased substi-

FIG. 3. (a) FM* ground state for GaV4 S8 (V atoms are
shown.) (b) Difference in spin density between y = 0 and
y = 1 for Se substitution on the S3 site from DFT.

tution could lead to the glass-like magnetic ground state
seen for y = 2 and y = 4 [21] where multiple different
exchange pathways (depending on the local substitution
level) cannot be simultaneously satisfied.
We next explore the SkL state that appears in
an applied field, through transverse-field (TF) and
longitudinal-field (LF) µSR [32]. Samples were cooled in
zero applied magnetic field, and the measurements made
in field (as indicated in Fig. 1) on warming. TF measurements are mainly sensitive to static disorder along
with the component of dynamic fluctuations of the local field parallel to the applied field, while LF measurements are sensitive to dynamics in those local fields perpendicular to the applied field. The SkL orientation,
determined predominantly by the crystalline anisotropy,
will be randomized in a polycrystalline sample like ours,
even under application of an external magnetic field,
and hence the two techniques are expected to be sensitive to the same dynamic field correlations. For the
TF measurements the data is described by Px (t) =
P2
−Λi t
cos (γµ Bi t + φi ) + ab , with results shown
i=1 ai e
in Fig. 4 and Ref. [32].
<
In GaV4 S8 a peak in B1 is seen at 9 <
∼ T ∼ 12 K
[Fig. 4(a)], coinciding with the presence of the SkL. This
is consistent with µSR of the SkL in materials such as
Cu2 OSeO3 [37], where an additional high-field shoulder
is a signature of the SkL. LF data for GaV4 S8 are well
parameterized by Pz (t) ∝ ae−λt + ab over the entire
temperature range, consistent with dynamic relaxation.
Measurements performed in an applied field of 50 mT and
90 mT cut through the SkL state in at least some crystal
orientations [17], while measurements made at 180 mT
do not. These data [Fig. 4(b)] show that the effect of the
dynamics in the SkL state is a significant enhancement
in relaxation rate λ below Tc leading to a large, broadened peak, centred at temperatures within the SkL state.
This is also consistent with LF measurements of the
SkL in Cu2 OSeO3 [38]. We attribute the enhanced λ to
skyrmion excitation modes with frequency ν (such as the
low-frequency rotational and breathing modes in the SkL
plane [39]) that soften (decreasing in frequency) as T increases towards Tc [40, 41]. As these modes cross through
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FIG. 4. Parameters from TF µSR measurements on (a) y = 0,
(c) y = 0.1, (e) y = 8 and (g) y = 7.9; and LF measurements
for (b) y = 0, (d) y = 0.1, (f) y = 8 and (h) y = 7.9. Dashed
lines are suggested boundaries for the SkL. Fits in (b), (d),
(f) and (h) are detailed in the text.

the frequency window where µSR is sensitive (around
the Larmor resonance frequency ω0 = γµ Bext ) the relaxation rate increases. In the fast fluctuation regime
λ = 2∆2 ν/(ω02 + ν 2 ) where ∆ is the width of the local
field at the muon site. Applying power-law behavior typ1.43
ical for a 3D Heisenberg magnet ν = ν0 (1 − T /Tc )

0.365
and ∆ = ∆0 1 − (T /Tc )3/2
[32, 42–45], produces good fits of λ, as seen in Fig. 4(b). We find the
zero-temperature skyrmion excitation mode frequency is
approximately 10 GHz, consistent with the 3–17 GHz
range observed in Bloch skyrmion materials [39] and
similar to the frequencies measured in single crystals of
GaV4 S8 [46].

The behavior of GaV4 Se8 is similar to that of GaV4 S8
with a peak observed in the TF field component B2
[Fig. 4(e)]. LF µSR measurements on GaV4 Se8 in an
applied field of 95 mT, [Fig. 4(f)] also show a significantly enhanced relaxation rate in the SkL state (and
peak below Tc ) when compared to the temperature scan
with an applied field of 150 mT, where the SkL state is
not stabilized. This confirms the suggestion in Ref. [21]
that the SkL in polycrystalline samples is confined to a
smaller region of the phase diagram than in single crystal samples. A frequency of around 16 GHz for the zerotemperature excitation mode is found, again consistent
with other skyrmion materials.
Finally, we turn to the influence of low-levels of
substitution on the SkL state. TF measurements for
GaV4 S7.9 Se0.1 were performed in an applied field of
40 mT, where an enhanced AC susceptibility response is
consistent with a SkL state existing. Unlike the GaV4 S8
case, no unambiguous signature of the SkL state is observed in the internal magnetic field. In fact, the field
B1 is significantly larger for y = 0.1 compared to y = 0,
consistent with the large internal field observed in our
ZF µSR measurements. This implies that any peak in
internal field arising in the presence of the SkL state will
be masked by these large fields. The variation in B2 is
similar between the samples, suggesting the underlying
behavior is similar. However, LF µSR measurements on
the y = 0.1 material [Fig. 4(d)] show a significantly enhanced peak in λ at 40 mT compared to measurements at
80 mT, strongly suggestive of the characteristic dynamics of the SkL state. This is accompanied by a region of
enhanced λ at lower temperature, observed only at fields
where the SkL response is found.
At the Se-rich end of the series, fits of TF µSR measurements for y = 7.9 in an applied field of 70 mT, where
an enhanced AC susceptibility response consistent with
a SkL is seen just below Tc , are shown in Fig. 4(g). Although the overall trends in behavior are similar to those
for y = 8, there is again no resolvable peak in internal field in the SkL region. However, LF µSR measurements [Fig. 4(h)] show that there is a clear enhanced
response in λ at 70 mT compared to 140 mT, consistent
with the realization of the SkL state at 70 mT. In addition, we again observe a separate enhancement in the
low-temperature relaxation rate, similar to the behavior
observed in y = 0.1, with a broad peak in the relaxation
rate centered around T = 8 K.
The second, lower temperature peak in λ that appears
upon substitution only at fields at which the SkL is stabilized suggests that there are dynamics associated with
the SkL extending down to lower temperatures. We propose that these dynamics occur due to skyrmion precursors (as seen in Cu2 OSeO3 [47]) that are stabilized by the
subsituents at both ends of the series. Note that if the
dynamics were associated with the cycloidal phase one
would expect a peak in λ at all applied fields that stabilize the cycloidal phase. The stabilization of the skyrmion
precursors, either due to increased formation caused by

5

In conclusion, our results show that magnetic order is
preserved for low-levels of substitution in GaV4 S8−y Sey ,
at both ends of the series, in contrast to higher levels
where spin glass-like behavior is observed [21, 22]. On
the Se-rich end of the series, the presence of S simply
leads to an increase in the width of the local magnetic
field distribution, which is enough to prevent observation
of the effect of the SkL in our TF measurements. On the
S-rich end of the series, where the ZF ordered state is
formed from competing FM* and C order, substitution

has a more dramatic effect, creating regions in the sample
which have increased spin density, leading to the observation of high magnetic fields with µSR. At both ends
of the series LF µSR provides evidence of enhanced dynamics typical of those observed in Néel SkL states. We
therefore conclude that a dynamically fluctuating SkL
is realized in these materials with low-levels of chemical
substitution, with skyrmion precursors at temperatures
below the equilibrium skyrmion lattice. We have shown
further that the zero-temperature frequency of the Néel
SkL excitation modes appear to be similar to those for
a Bloch SkL, and suggest that skyrmion precursors may
be ubiquitous over a wide range of temperatures in SkL
materials.
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M. Schmidt, et al., Skyrmion lattice in the doped semiconductor Fe1−x Cox Si, Physical Review B 81, 041203(R)
(2010).
X. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang,
S. Ishiwata, Y. Matsui, and Y. Tokura, Near roomtemperature formation of a skyrmion crystal in thin-films
of the helimagnet FeGe, Nature Materials 10, 106 (2011).
S. Seki, X. Z. Yu, S. Ishiwata, and Y. Tokura, Observation of skyrmions in a multiferroic material, Science 336,
198 (2012).
T. Kurumaji, T. Nakajima,
M. Hirschberger,
A. Kikkawa, Y. Yamasaki, H. Sagayama, H. Nakao,
Y. Taguchi, T.-h. Arima, and Y. Tokura, Skyrmion
lattice with a giant topological hall effect in a frustrated
triangular-lattice magnet, Science 365, 914 (2019).
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