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Polycrystalline members of the GaV4S8−ySey family of materials with small levels of substitution between
0 � y � 0.5 and 7.5 � y � 8 have been synthesized in order to investigate their magnetic and structural
properties. Substitutions to the skyrmion hosting parent compounds GaV4S8 and GaV4Se8 are found to suppress
the temperature of the cubic-to-rhombohedral structural phase transition that occurs in both end compounds and
to create a temperature region around the transition where there is a coexistence of these two phases. Similarly,
the magnitude of the magnetization and temperature of the magnetic transition are both suppressed in all
substituted compounds until a glassy-like magnetic state is realized. There is evidence from the ac susceptibility
data that skyrmion lattices with similar dynamics to those in GaV4S8 and GaV4Se8 are present in compounds
with very low levels of substitution, 0 < y < 0.2 and 7.8 < y < 8, however, these states vanish at higher levels
of substitution. The magnetic properties of these substituted materials are affected by the substitution altering
exchange pathways and resulting in the creation of increasingly disordered magnetic states.

DOI: 10.1103/PhysRevMaterials.4.114413

I. INTRODUCTION

In recent years there has been significant interest in the field
of magnetic skyrmions and in the search for new materials
which exhibit skyrmions [1]. While an increasing number
of materials that host bulk Bloch skyrmions have been dis-
covered, to date there are only a limited number of known
bulk systems in which Néel skyrmions are stabilized; hence
further investigation into the discovery of these systems is
of great interest [2–6]. One way to increase the number of
skyrmion hosting materials is to extend the families of known
skyrmion materials by chemical manipulation. For example,
in materials such as Cu2OSeO3 the substitution at the Cu site
has enabled the tuning of physical parameters in the system,
and hence their magnetic properties [7–9]. In the search for
new skyrmion hosts it is also necessary to gain a detailed
understanding of the fundamental links between the crystal
structures adopted by skyrmionic materials and the magnetic
states that they exhibit, to understand what makes these mate-
rials suitable hosts.

One family of materials in which a few members have been
shown to stabilize Néel-type skyrmions (for example, GaV4S8

and GaV4Se8) are the lacunar spinels AB4X8 (A = Ga, Al, Ge,
Ti, Fe, Co, Ni, Zn; B = V, Cr, Mo, Re, Nb, Ta; X = S, Se, Te),
which have been studied due to their intriguing electronic and
magnetic properties [10–23]. Lacunar spinels undergo struc-
tural phase transitions at low temperatures, giving rise to a
variety of magnetic phases exhibiting a plethora of interesting
properties, such as skyrmions. Of these, GaV4S8 and GaV4Se8
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have been extensively studied as skyrmion hosts [2,3,6,24].
Both GaV4S8 and GaV4Se8 are isostructural with a structural
phase transition from a high-temperature cubic F 4̄3m phase
to a low-temperature rhombohedral R3m structure at 42 and
43 K, respectively, with a further magnetic transition at 13
and 18 K, respectively [17,23]. The high-temperature cubic
structure consists of V4X4 and GaX4 tetrahedra arranged in a
NaCl structure. In this structure, there are two distinct sites on
which the chalcogenides can sit: either the S1/Se1 site within
the V4X4 cluster or the S2/Se2 site within the GaX4 tetra-
hedra. It has been suggested that the cubic-to-rhombohedral
phase transition is driven by such mechanisms as a cooper-
ative Jahn-Teller distortion [25] and charge order of the V4

cluster formed of three V3+ and one V4+ ion [24]. In the
low-temperature rhombohedral phase a single V ion distorts
along the one of the four possible cubic 〈111〉 directions in the
V4X4 cluster. This distortion causes a reduction in symmetry
and removes the triple degeneracy of the t2 orbitals, splitting
them into two higher-energy e levels and one lower-energy
a1 level. One other related member of the lacunar spinels,
GaMo4Se8, has recently been reported to exhibit [5] large
changes in the magnetic phase diagram brought about as a re-
sult of subtle structural distortions. GaMo4Se8, which adopts
a cubic F 4̄3m structure at room temperature, is reported to
undergo a transition at low temperatures to a ground state
where there is a coexistence of two distinct structural space
groups, an R3m phase and a metastable Imm2 phase, exhibit-
ing distinctly different magnetic properties strongly related to
their magnetocrystalline anisotropy. In this material, the R3m
phase is known to exhibit Néel-type skyrmions [5] and is a
clear demonstration of the tunability of these structures to
effect dramatic changes in the magnetic properties.

GaV4S8 hosts a variety of magnetic phases. In zero field
there is a transition from a paramagnetic to cycloidal mag-
netic state [2]. Further reduction in temperature results in a
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commensurate magnetic state with the moments on the dis-
torted V ion aligning ferromagnetically and the moments
on the other three V ions canted in an R3m′ Shubnikov
group pointing out of the cluster [24]. Application of a small
magnetic field to the cycloidal phase stabilizes magnetic
skyrmions, and further application of a magnetic field results
in the formation of a field polarized state [2]. In compari-
son, GaV4Se8 shows a transition from a paramagnetic to a
cycloidal state with decreasing temperature and remains cy-
cloidal down to 1.5 K. Application of a small magnetic field
to the cycloidal phase is found to stabilize magnetic skyrmions
followed by a field polarized state at higher fields [6]. In both
GaV4S8 and GaV4Se8 the skyrmions form along the [111]
pseudocubic crystallographic direction while having strong
easy-axis and easy-plane anisotropy, respectively. The extent
of the skyrmion phase strongly depends on the orientation
of applied magnetic field with respect to the crystallographic
direction [6]. Muon spin rotation (μ+SR) measurements have
shown that there are large differences in the magnetic ground
states of GaV4S8 and GaV4Se8, with GaV4Se8 showing a
peculiar increase in local magnetic fields with an increase of
temperature [26,27].

Given that both GaV4S8 and GaV4Se8 host skyrmions, we
have investigated in a previous study the entire solid solution
formed between these two parent materials, by substituting S
with Se, in an attempt to see if any of the intermediate phases
exhibit the prerequisite magnetic and structural properties to
host skyrmions [24]. This study revealed that the solid solu-
tions formed for 1 � y � 7 (in integer intervals) remain cubic
down to 1.5 K, thus preventing the formation of Néel-type
skyrmions. In addition, it was found that these intermediate
compositions do not exhibit magnetic ordering, and instead
have glassy-like magnetic ground states indicative of mag-
netic disorder within the system. This study highlights the
important structure-magnetism correlations in these materials.
The substitution of S or Se, for example, in the two parent
materials was not expected to produce a large disruption to
the local structural units but this was not the case, as was
evidenced.

In order to further examine how the evolution of the mag-
netic states is intricately linked to structural transformations
and instabilities, we have now synthesized and investigated
selected compositions very close to the two end compounds
in the GaV4S8−ySey family of materials (y = 0 to 0.5 and
y = 7.5 to 8). By effecting extremely subtle distortions by
these low-level substitutions, we have been able to examine
the stability of these local structural units, which are crucial to
these materials acting as skyrmion hosts. We have also been
able to evaluate the critical S- and Se-substituted composi-
tions at which the transition from a skyrmion hosting to a
non-skyrmion hosting material occurs and to determine the
mechanisms leading to this. Detailed structural analysis has
been carried out using both x-ray and neutron diffraction. The
magnetic properties have been investigated using ac and dc
magnetometry to understand the strong correlations between
the structure and magnetic behaviors existing in these systems
and to probe the critical phenomena in this narrow composi-
tion range. Our results indicate that small levels of substitution
create a coexistence of both cubic F 4̄3m and rhombohedral
R3m structural phases in the region surrounding the temper-

ature of the structural phase transition. This phenomenon is
coupled with a reduction of the structural transition temper-
ature with increasing substitution levels, until the structural
transition is no longer present for y = 0.5 and nearly eradi-
cated for y = 7.5. The magnetic susceptibility is dramatically
suppressed and the nature of the magnetic phase diagram is
significantly altered with increasing levels of substituents. We
show that both the structural and magnetic properties of the
substituted materials exhibit marked changes for substitution
levels as low as 2.5% (i.e., 0 � y < 0.2 and 7.8 < y � 8) in
both parent compounds, thus demonstrating the fragility of the
systems to substitutional or similar disorder and its effect on
the ability of these systems to host skyrmions.

II. EXPERIMENTAL DETAILS

Polycrystalline GaV4S8−ySey samples with y = 0, 0.1, 0.2,
0.3, 0.4, 0.5, 7.5, 7.6, 7.7, 7.8, 7.9, and 8 were synthesized
by the standard solid-state reaction method similar to that
used for the synthesis of polycrystalline GaV4S8 and GaV4Se8

[24]. Powder x-ray diffraction was performed on a Panalytical
X-Pert Pro diffractometer operating in Bragg-Brentano geom-
etry equipped with a monochromatic Cu Kα1 source and a
solid-state PIXcel one-dimensional detector, to determine the
phase purity and crystallographic structure of the polycrys-
talline materials at room temperature. Rietveld refinements
were carried out using the TOPAS academic v6.0 software
refinement based on the structural model obtained by single
crystal x-ray diffraction in our previous study [24,28].

Powder neutron diffraction was performed on the D2B
diffractometer at Institut Laue-Langevin (ILL) to establish the
nuclear structures between 1.5 and 50 K. Powder samples
were sealed in thin-walled cylindrical vanadium containers of
8 to 12 mm diameter and placed in a standard orange cryostat.
A neutron wavelength of 1.594 Å was used to obtain high-
resolution diffractograms for nuclear structure refinements.
Structural Rietveld refinements have been used to simulta-
neously fit the diffractograms of a single composition while
imposing physical behavior using TOPAS academic v6.0 [28].

The magnetic properties of the polycrystalline materials
were measured using a Quantum Design Magnetic Property
Measurement System, superconducting quantum interference
device (SQUID) magnetometer. dc temperature-dependent
magnetic susceptibility (χ ) measurements were carried out at
temperatures between 1.8 and 300 K in an applied field of
10 mT using a zero-field-cooled-warming (ZFCW) protocol.
ac susceptibility measurements were performed with a 113 Hz
ac field of 0.3 mT after zero-field cooling to each measuring
temperature and then applying a dc magnetic field.

III. RESULTS AND DISCUSSION

A. Powder x-ray diffraction

Room-temperature powder x-ray diffraction data of the
polycrystalline GaV4S8−ySey with 0 � y � 0.5 and 7.5 �
y � 8 could all be indexed in F 4̄3m cubic symmetry. A rep-
resentative pattern is shown in Fig. 1 for one of the materials
investigated, GaV4S0.4Se7.6. The patterns show that the mate-
rials form predominantly as single phase with low levels of
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FIG. 1. Powder x-ray diffraction pattern of GaV4S0.4Se7.6. Ex-
perimentally obtained diffraction profile at ambient temperature
(blue open circles), predicted peak positions (black tick marks),
Rietveld refinement (red solid line), and difference (olive green solid
line). Rp = 15.4, Rwp = 21.3, and Rexpt = 11.1. * indicates small
impurity peaks belonging to VSe2.

impurities such as VSe2 for 7.5 � y � 8 and V5S8 for 0 �
y � 0.5. Figure 2 indicates a monotonically increasing lattice
parameter with increasing Se content which was also observed
in our earlier study covering a much wider substitution range
[24].

B. Powder neutron diffraction

The structural properties of the family have been examined
using high-resolution powder neutron diffraction on the D2B
diffractometer at the ILL.

1. Structural phase transition

Both GaV4S8 and GaV4Se8 were found to undergo a struc-
tural phase transition from a high-temperature cubic F 4̄3m
phase to a lower-temperature rhombohedral R3m structure,

FIG. 2. Lattice parameters obtained from Rietveld refinements of
powder x-ray diffraction patterns of GaV4S8−ySey with 0 � y � 0.5
and 7.5 � y � 8 at ambient temperature in the F 4̄3m structural
phase. The dashed red line represent Vegard’s law and the error bars
are too small to be seen.

FIG. 3. Experimentally obtained neutron diffraction profile at
1.5 K (blue open circles) for GaV4S0.5Se7.5, Rietveld refinements
(red solid line), difference (olive green solid line), predicted peak
positions of the F 4̄3m (black tick marks), and predicted peak po-
sitions of the R3m (orange tick marks). Rp = 6.5, Rwp = 8.5, and
Rexpt = 4.8. The inset shows the coexistence of the (880) F 4̄3m
diffraction peak with the hexagonal R3m (4 0 16) and (84̄0) peaks
at 1.5 K.

as previously reported [17,19]. The Rietveld refinements
performed on the parent and substituted GaV4S8−ySey com-
pounds with 0 � y � 0.1, 0.4 � y � 0.5, and 7.5 � y � 8
reveal some interesting structural properties of the family
including a region of structural phase coexistence. As an
example, a typical Rietveld refinement of the high-resolution
neutron diffraction data collected on the y = 7.5 sample is
shown in Fig. 3. Here, the results of the refinements reveal
that there is a coexistence of two phases having F 4̄3m and
R3m symmetry. This is seen as a splitting of the cubic (880)
peak depicted in the inset of Fig. 3 for the refinement at
1.5 K where the coexistence of both cubic and rhombohe-
dral peaks is evident. The lower-temperature rhombohedral
R3m structure is pseudocubic, which results in the nuclear
diffraction peaks being close to those of the high-temperature
cubic F 4̄3m phase. Hence, the structural phase transition is
best revealed as a splitting of high-order cubic Bragg peaks.
This is illustrated in Fig. 4 for GaV4S0.3Se7.7 and is similar
to what is observed in all of the compounds that undergo
a structural phase transition (0 � y � 0.4 and 7.5 � y � 8).
Figure 4 also shows the shift of the angle at which the R3m
Bragg peaks occur, illustrating the thermal expansion of the
c axis and contraction of the a axis, reflecting the increasing
rhombohedral distortion.

Figure 5 depicts the observed structural phase transitions
quantified as the percentage remainder of the cubic phase as a
function of temperature and composition. It can be seen that
the two end phases, GaV4S8 and GaV4Se8, undergo, as ex-
pected, a sharp structural phase transition, from 100% F 4̄3m
phase to 100% R3m phase at 42 and 43 K, respectively. The
sharp transitions for these two parent compounds indicate
the first-order nature of their transitions, in agreement with
literature [3,17]. Figure 5 shows that at both the S and Se
ends of the series, the addition of substituents suppresses
the onset temperature of the structural phase transition while
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FIG. 4. High-resolution neutron diffractograms taken using the
D2B diffractometer at the ILL show a splitting of the cubic
(880) F 4̄3m Bragg peak for GaV4S0.3Se7.7 into the hexagonal
R3m (4 0 16) and (84̄0) Bragg peaks in the temperature range
1.5–41.4 K.

simultaneously broadening it. This broadening of the transi-
tion creates a wide temperature region in which refinements
show the presence of both the F 4̄3m and R3m structural
phases. Indication of the phase coexistence comes from fea-
tures such as the appearance of a shoulder on the right side of
the cubic (880) peak in Fig. 4 at 30.5 and 28.5 K. Addition-
ally, at lower temperatures there is still some intensity from
the cubic (880) peak located between the (4 0 16) and (84̄0)

FIG. 5. Structural phase transition from cubic F 4̄3m phase to a
rhombohedral R3m by quantitative phase analysis of high-resolution
neutron diffractograms collected on the D2B diffractometer at the
ILL using Rietveld refinements of GaV4S8−ySey powders. Top: y =
0, 0.1, 0.4, and 0.5. Bottom: y = 8, 7.9, 7.8, 7.7, 7.6, and 7.5.

rhombohedral peaks. Broadening of the structural phase tran-
sition is indicative of a disorder-broadened first-order phase
transition [29,30]. A certain amount of broadening is likely to
be inherent to a particular substitution level as small levels of
substitution preclude the possibility of homogeneity across all
unit cells in the material. The extra broadening of the phase
coexistence region observed for y = 7.8 in Fig. 5 compared to
the other compositions investigated is most likely related to an
increase of the variance of the local substitution level within
the sample of this composition.

For GaV4S8−ySey with 7.5 � y � 8, Fig. 5 shows a clear
decrease of the transition temperature with the addition of sub-
stituents. The region of cubic and rhombohedral coexistence
for GaV4S0.5Se7.5 extends to low temperatures and the struc-
tural phase transition is incomplete with a coexistence of the
two structural phases observed down to 1.5 K. For the S-rich
materials, y = 0.5 remains cubic down to 1.5 K and y = 0.4
exhibits a coexistence of the F 4̄3m and R3m phase at 1.5 K.
A similar trend of the decrease of the transition temperature
with the addition of substituents is seen for compositions in
the range 0 � y � 0.5, conforming to what is expected for
higher substitution levels (1 � y � 7), all of which remain
cubic [24].

In our previous study [24] we suggested a couple of possi-
ble mechanisms that could be responsible for the suppression
of the structural phase transition in this family of materials.
These are the uneven local distribution of S and Se compared
to neighboring unit cells, creating a large elastic energy cost
for the structural distortion, and the S and Se disorder within
the sample changing electron diffusion pathways and prevent-
ing the structural phase transition.

A similar observation has been made by Powell et al. [20]
in their investigations of the related GaV4−xMoxS8 family of
materials, where there is a suppression of the structural phase
transition in the intermediate materials, with these samples
remaining in the cubic phase down to low temperatures. They
suggest that this is due to the lifting of the electron degen-
eracy on a local level within the substituted V4S4 clusters, a
mechanism which is equally applicable to the GaV4S8−ySey

series. The structural phase transition usually lifts the elec-
tron degeneracy upon cooling in the end compositions, but
if the addition of substituents removes the electron degen-
eracy instead, then it could suppress the phase transition.
The consequences of the substitution related to the magnetic
behavior are addressed in Sec. III C. Our observations of the
coexistence of two structural phases in GaV4S8−ySey are very
similar to the observations of Powell et al. in some of the
intermediate GaV4−xMoxS8 materials [20], where they also
report the coexistence of F 4̄3m and R3m structural phases in
some of the intermediate compositions investigated.

2. Structural distortion

The distortion of the lattice when transforming from the
cubic to the rhombohedral phase can be quantified by exam-
ining the c/a lattice parameter ratio of the R3m phase in the
hexagonal setting. This ratio takes a constant value of

√
6

as the rhombohedral distortion goes to zero. The magnitude
of the distortion as a function of temperature observed in
the GaV4S8−ySey powders examined is plotted in Fig. 6. The
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FIG. 6. Structural distortion of the rhombohedral R3m crystal
structure with respect to the cubic F 4̄3m structure in GaV4S8−ySey

powders as determined by Rietveld refinements of high-resolution
neutron diffraction profiles taken using the D2B diffractometer at the
ILL. The orange lines represent the constant value of the ratio for the
cubic phase, which takes the value of

√
6. Top: y = 0, 0.1, 0.4, and

0.5. Bottom: y = 8, 7.9, 7.8, 7.7, 7.6, and 7.5.

addition of substituents in both the S and Se ends of the family
of materials is found to reduce the distortion of the R3m
phase. As the temperature is increased, all the compo-
sitions examined show a similar gradual decrease in the
amount of distortion followed by a sharp discontinuity at
the rhombohedral-to-cubic phase transition temperature. This
discontinuity in the distortion is further evidence for the first-
order nature of the structural transition.

Rietveld refinements of the neutron data confirm the prefer-
ential site occupation of Se in the GaX4 tetrahedra and S in the
V4X4 clusters as expected for this system [24]. This occupa-
tional preference is attributed to the larger Se2− preferring the
tetrahedral coordination of the GaX4 tetrahedra. The improved
statistics obtained with powder neutron diffraction over that
obtained in the laboratory x-ray diffraction data allows the
more accurate refinement and determination of the preferen-
tial site occupancy, even for low levels of substitutions. For
GaV4S8−ySey with 0 < y � 0.5, all the substituted Se was
observed to occupy GaX4 tetrahedra, and all substituted S in
7.5 � y < 8 was observed to occupy V4X4 clusters. When
undergoing the structural phase transition from the cubic to
rhombohedral phase, the V4X4 clusters can distort along any
of four possible cubic 〈111〉 directions.

C. dc and ac magnetization

The nature of magnetic ordering was examined using
bulk magnetization measurements on the synthesized pow-

FIG. 7. Temperature dependence of the dc magnetic susceptibil-
ity in an applied magnetic field of 10 mT collected after zero-field
cooling for powders of the GaV4S8−ySey family. Top: 0 � y � 0.4.
Bottom: 7.6 � y � 8.

ders in the GaV4S8−ySey series. Figure 7 shows the dc
magnetic susceptibility of the powders investigated. The mag-
nitude of the magnetization observed is significantly larger
in GaV4S8 compared to GaV4Se8 due to the different mag-
netic ground states. These parent compounds, GaV4S8 and
GaV4Se8, undergo long-range ferromagnetic-like ordering at
13 and 18 K, respectively, in agreement with literature [2,6].
A dramatic decrease is seen in the ZFCW dc susceptibil-
ity for both GaV4S8 and GaV4Se8 with increasing levels of
substituents. The addition of S to GaV4Se8 (7.5 � y � 8)
produces a more pronounced decrease in the magnitude of
magnetization than the addition of Se to the GaV4S8 (0 �
y � 0.5). As the magnetic phases that are stabilized change
with substitution, it is difficult to pinpoint exactly where the
paramagnetic-to-magnetic transition occurs. The difference in
the dc susceptibility, shown in Fig. 7, between the y = 0 and
0.1 compositions is apparent as the smaller peak centered at
12.5 K in the y = 0 compound has merged with the lower-
temperature transition. Compositions with 0.2 � y � 0.4 then
follow a trend of decreasing transition temperature and reduc-
tion of the bulk magnetization at lowest temperature. Neutron
diffraction measurements for y = 0.4 indicate that the mate-
rial contains only ∼30% of the rhombohedral phase at 1.5 K.
In the Se-rich materials, a dramatic change in the magne-
tization is observed between y = 7.9 and 7.8 indicating the
changing nature of the magnetic state. For 7.6 � y � 7.8 the
magnetization decreases in magnitude with a broad transition
beginning at 12 K with y = 7.8 peaking at ∼5.7 K due to the
freezing of the spins at lower temperatures. One of the likely
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reasons for the decrease in magnetic susceptibility is due to
the substituent disrupting the magnetic exchange pathways.
The observation of the strong preferred substitution sites in
these materials suggests that substitution of S in the V4X4

clusters has a greater effect on the exchange pathways than
that of Se in the GaX4 tetrahedra. Density functional theory
results on substituted GaV4S8−ySey from Ref. [26] support
the evidence for the alteration of exchange pathways based on
substitution at different sites. These results are complemen-
tary to our previous studies [24] and highlight the progression
of the ordered magnetism of the parent compounds towards
the spin-glass-like state for compounds with 1 � y � 7.

The dynamics of the magnetism in these materials can be
probed using ac susceptibility. Different magnetic phases have
different characteristics in ac susceptibility; therefore, once a
magnetic phase is identified, ac susceptibility can be a power-
ful technique to examine the magnetic phase diagram [31]. It
is important to note that due to the easy-axis and easy-plane
anisotropy in these materials the angle of the applied magnetic
field with respect to the crystallographic axis can affect the
magnetic phases stabilized and the fields at which they oc-
cur. However, when measuring polycrystalline materials what
is observed is effectively an average of all crystallographic
orientations. Examining the ac susceptibility phase diagrams
for y = 0.2 and 7.8, shown in Fig. 8, reveals a dramatic
change in the topography of both phase diagrams compared
to the pristine materials. In Fig. 8(a) the phase diagram of
GaV4S7.8Se0.2 can be compared to that observed for GaV4S8,
however, there has been a loss of some features. The clear
pocket, centered at 12 K and 50 mT, associated with the exis-
tence of a skyrmion lattice for GaV4S8 can no longer be seen
in y = 0.2 material. Figure 8(b) shows that for GaV4S0.2Se7.8

there is a complete suppression of all of the features that are
observed for GaV4Se8 with a peak seen at ∼11 K in zero field,
indicating the onset of magnetism ordering. This onset can be
seen at ∼11.5 K in the dc susceptibility shown in Fig. 7.

To further investigate the glassy-like transition observed
for y = 7.8 (shown in Fig. 7) we have examined the frequency
dependence of the ac susceptibility around the freezing
transition. The measured ac susceptibility for two different
frequencies is shown in Fig. 9(a) and a clear decrease in
temperature of the peak can be seen as the frequency of
the applied ac magnetic field is decreased. This indicates
the presence of a glassy-like magnetic state in this material
and is consistent with our observations of a similar state in
members of this family with higher levels of substitution [24].
In GaV4S0.2Se7.8, the observed peak corresponds to a freezing
temperature Tf of ∼5.4 K from the dc susceptibility curve
shown in Fig. 7. Figure 9(b) shows the frequency dependence
of Tf . The shift of the freezing temperature per decade of
frequency �Tf

Tf �(log10 ν) , where ν is the frequency of the applied
ac magnetic field, is ∼0.016, in good agreement with what is
observed for GaV4S4S4 and canonical spin glasses [24,32].

The powder ac susceptibility phase diagrams shown in
Ref. [26] for y = 0, 0.1, 7.9, and 8 contain features that can
be associated with the skyrmion, cycloidal, and ferromagnet-
iclike magnetic phases in these materials. The attribution of
these features to magnetic phases in the substituted materials
are supported by μ+SR measurements [26]. A comparison
of the phase diagrams determined from ac susceptibility

FIG. 8. Phase diagrams of the normalized real component χ ′, of
the ac susceptibility in an ac field of 0.3 mT with a frequency of
113 Hz as a function of temperature and dc applied magnetic field
for GaV4S8−ySey. χmin = 7.3 × 10−8 is consistent for all plots but
χ ′

max is unique to each composition due to the varying orders of
magnitude present. (a) y = 0.2 (χ ′

max = 1.4 × 10−5) with y = 0 in-
set (χ ′

max = 7.7 × 10−6) and (b) y = 7.8 (χ ′
max = 2.57 × 10−4) with

y = 8 inset (χ ′
max = 4.47 × 10−4). Dashed lines in the insets show

the temperature-field region plotted in the main panels.

data for the two parent compounds would appear to suggest
that for compositions of GaV4S8−ySey with 0 � y < 0.2 and
7.8 < y � 8 skyrmions lattices could be stabilized. However,
for 0.2 � y � 7.8 the lack of these features suggests that
skyrmion lattices with similar dynamics to the parent com-
pounds may no longer exist.

The differences in the magnetic response of the substituted
materials compared to the end compounds have two main
possible sources. The first, of local origin, is the preferred
substitution modifying the exchange pathways and hence the
global magnetism. The preferential substitution of Se into the
GaX4 tetrahedra affects the intercluster exchange, whereas S
into the V4X4 cluster affects the intracluster exchange. The
second source is the reduction of the structural distortion
that can modify the nature of the exchange including the
Dzyaloshinskii-Moriya interactions leading to the different
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FIG. 9. (a) Temperature dependence of the normalized real com-
ponent χ ′ of the ac susceptibility for GaV4S0.2Se7.8 (y = 7.8)
spanning the freezing transition Tf . The measurements were per-
formed in zero applied dc magnetic field and an ac magnetic field of
0.3 mT amplitude for the frequencies of 37 and 0.06 Hz. (b) Semilog-
arithmic plot of Tf ranging over multiple decades of frequency for
GaV4S0.2Se7.8.

magnetic phases present. There is a smaller change to the
distortion (as quantified by the c/a ratio) but a larger change
in the magnetism observed at the GaV4Se8 end of the family
compared to the GaV4S8 end. This suggests that an alteration
of the exchange pathways brought about as a result of the pre-
ferred occupancy of S and Se in the V4X4 clusters and GaX4

tetrahedra has a larger effect on the resulting magnetic prop-
erties than any changes caused by the structural distortion.

IV. CONCLUSIONS

We have undertaken a detailed investigation of the struc-
tural and magnetic properties of the GaV4S8−ySey family
of materials for substitutions in the ranges 0 � y � 0.5 and

7.5 � y � 8, to gain a greater understanding of the effects of
low levels of substitutions. Powder neutron diffraction mea-
surements show strong evidence for the first-order nature of
the structural phase transition in this family. The addition
of substituents to the parent compounds leads to a gradual
shift of the structural phase transition to lower temperatures,
combined with a reduction in the structural distortion until a
critical amount of the substituents completely suppresses the
transition. In the compositions which undergo the structural
transition, the disorder effects lead to the observation of a
striking region of coexistence of the cubic (F 4̄3m) and rhom-
bohedral (R3m) phases, in the vicinity of the structural phase
transition.

Bulk magnetic property measurements show a decrease
in the dc magnetization with addition of substituents. This
process occurs faster at the Se end, where the addition of S
into the crystal lattice is seen to have a larger effect on the
magnetic exchange pathways, due the preferential sites the
S and Se occupy in the lattice. Studies of the evolution of
the ac susceptibility to examine the magnetic phase diagrams
for these materials show that the phase diagrams for substitu-
tion levels as low as y = 0.2 and 7.8 are significantly altered
from those observed in the parent skyrmion hosting materials.
This indicates that skyrmion lattices with similar dynam-
ics to the parent compounds are present only in materials
with less than 2.5% substitution levels, i.e., 0 � y < 0.2 and
7.8 < y � 8.

We conclude that the substitution of S and Se even at
very low levels (2.5%) brings about a large enough disruption
to the crystal structure, and this combined with their pref-
erential site occupancies is sufficient to alter the magnetic
phases exhibited by these materials in comparison to the end
compounds. The fragility of the structure to any manipula-
tion is strongly linked to the ability of these lacunar spinel
structures to host skyrmion lattices. Our findings on the ef-
fect of subtle structural distortions adds to the evidence that
already exists from studies on similar lacunar spinels such as
GaMoSe8 [5]. Studies such as this are vital to obtain a deeper
understanding of the structure-magnetism correlations in the
lacunar spinel family as well as in other families of skyrmion
materials.

Data are available from the ILL [33].
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