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Dzyaloshinskii-Moriya interactions, Néel
skyrmions and V4 magnetic clusters in
multiferroic lacunar spinel GaV4S8

Check for updates

Vladislav Borisov 1 , Nastaran Salehi 1, Manuel Pereiro 1, Anna Delin 2,3,4 & Olle Eriksson 1,5

Using ab initio density functional theory with static mean-field correlations, we calculate the
Heisenberg and Dzyaloshinskii-Moriya interactions (DMI) for an atomistic spin Hamiltonian for the
lacunar spinel, GaV4S8. The parameters describing these interactions are used in atomistic spin
dynamics and micromagnetic simulations. The magnetic properties of the lacunar spinel GaV4S8, a
materialwell-known fromexperiment tohostmagnetic skyrmionsofNéel character, are simulatedwith
these ab initio calculated parameters. The Dzyaloshinskii-Moriya contribution to the micromagnetic
energy is a sumof two Lifshitz invariants, supporting the formation ofNéel skyrmions and its symmetry
agrees with what is usually expected for C3ν-symmetric systems. There are several conclusions one
maydraw from thiswork.Oneconcerns thequantumnature of themagnetism,wherewe show that the
precisemagnetic state of the V4 cluster is crucial for understanding quantitatively themagnetic phase
diagram. In particular, wedemonstrate that a distributed-moment state of eachV4 cluster explainswell
a variety of propertiesofGaV4S8, suchas thebandgap, observedCurie temperatureandespecially the
stability of Néel skyrmions in the experimentally relevant temperature and magnetic-field range. In
addition, we find that electronic correlations change visibly the calculated value of the DMI.

Magnetic skyrmions, which are topological spin textures, have been found
in a fewmaterials classes (B20 compounds1,2, Co-Mn-Zn alloys etc., see also
a review in ref. 3) as well as in low-dimensional systems of transition metal
multilayers (Pt/Co/Ta4, Ir/Fe/Co/Pt5, Pd/Fe/Ir(111)6 etc.) where, for some
systems, topological magnetism was observed even at room temperature
and in the absence of applied magnetic field. Even more unique are bulk
magnets where skyrmions coexist with ferroelectricity and the only known
examples are Cu2OSeO3 and the lacunar spinels GaV4S8

7, GaV4Se8
8,9,

GaMo4S8
10 and GaMo4Se8

11. The spinel compounds are especially inter-
esting, because the ferroelectricity is of rare orbital-driven origin and has a
considerable magnitude and because the skyrmions are of Néel character.
This is in contrast to all the other bulk systems, where only Bloch skyrmions
are observed.

Such a unique behavior of lacunar spinels has been attributed to theC3ν

point group of the crystal structure (Fig. 1). It was argued12 that this sym-
metry implies a specific form of the Lifshitz invariants describing the

Dzyaloshinskii-Moriya interaction (DMI), which leads to the stability of
Néel skyrmions and contrasts with the isotropic DMI in B20 compounds
where onlyBloch skyrmions emerge.At the same time, theoretical studies of
the DMI in lacunar spinels are sparse. In many papers, some values of
magnetic interactions between S = 1/2 V4-clusters are assumed and spin
models with only nearest neighbors are used then to model the magnetic
textures at varying external magnetic field strengths7,9. On the other hand,
there are a few works where the Heisenberg and DM interactions between
the V4-clusters are actually calculated, using perturbation theory or total-
energy fitting methods11,13–15, and the results clarify the symmetry of DM
vectors and the relative energy scales of different interactions in the system.
Neutron experiments16 and theoretical studies17 propose that the magneti-
zation is uniformlydistributedover allV sites in theV4 cluster.Nevertheless,
it is not clear yet how the DMI in lacunar spinels is affected by electronic
correlations anddetails of themagnetic state of the four-site transitionmetal
clusters, which play the role of effective spins and form a face-centered
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network (Fig. 1). The work presented here is aimed at closing this gap by a
systematic analysis of electronic and magnetic properties of the skyrmionic
lacunar spinel GaV4S8.

Results and discussion
Electronic properties
In the following, we discuss the electronic structure and related properties of
the lacunar spinel GaV4S8, calculated using the local-density (LDA) as well
as the generalized-gradient (GGA) approximation, also including correla-
tions described on the static mean-field level of spin-polarized DFT with
Hubbard-U corrections. It is noteworthy that the electronic structure work
presented here shows two stable minima, one with a total moment of ~1 μB
for each tetrahedron of V atoms of the lacunar spinel structure (Fig. 1c) and
one solution in which the total moment per V tetrahedron still is close to
1 μB, butwhere one of theVatomsof each tetrahedron carries a significantly
largermoment compared to the otherV atoms (Fig. 1b).We refer to thefirst
configuration as the distributed-moment case, and the second configuration
as the localized-moment case.

The calculated electronic states of GaV4S8 near the Fermi level, EF, are
represented by a number of states with a narrow bandwidth crossing EF, as
indicatedby the LDAresults for the localized-moment state ofV4 clusters in
Fig. 2a. The spin-splitting of bands increases somewhat in response to
electronic correlations inDFT+U calculations and a small gap of the order
of 0.1 eV appears in the electronic spectrum forU = 2 eV (Fig. 2c). Also, the

distributed-moment state (Fig. 1b) ofV4 clusters becomes stable, butwefind
that the energy of the localized-moment state is somewhat lower by around
76meV f.u−1. Varying U between 0 and 2 eV increases the total magnetic
moment per formula unit from 0.8 μB to almost 1.0 μB, and these values
agree with the range of measured values in the literature18.

The results discussed above are obtained within the local-density
approximation. Using the generalized-gradient approximation (GGA) we
obtain essentially the same trends, but GGA shows a stronger tendency to
magnetism. This leads to the magnetic moment of each V4 tetrahedron
being close to 1.0 μB already for pureDFT (U = 0 eV) calculations (Table 1).
At increasing correlation strength U, the moments of both V1 and V2 sites
are enhanced (Table 1), but the total moment of each V4 cluster remains
almost the same. Next, we notice that the DFT+U band structures and
densities of states (Fig. 2) within LDA and GGA are similar but there is an
offset around1 eV in termsof theU valuesbetween the twoapproximations,
meaning that in GGA+U one needs U values smaller by roughly 1.0 eV to
get results similar to LDA+U. At U = 2 eV, we find again that the
distributed-moment state can be stabilized (last row in Table 1) but it is
higher in energy by 99 meV f.u.−1 compared to the localized-moment state.
Finally, the band gap calculated in GGA is larger compared to the LDA
estimate, which is in accordance with literature (see Fig. 10 in ref. 19).

Magnetic exchange
Let us consider the effective nearest-neighbor Heisenberg interactions
between V4 clusters, defined by Eqn. (4), between the neighboring (111)-
planes (interlayer J⊥) and within each (111)-plane (intralayer J∣∣). These are
introduced to make the discussion of the results in this section more
transparent. AtU = 0 eV, both in LDA and in GGA, we find a considerable
ferromagnetic interlayer interaction (J⊥) of the order of 0.3meV. Further-
more, we find a much weaker intralayer interaction (J∣∣) around 0.01meV
(Fig. 3b). This picture changes when correlations are included within DFT
+U. In particular, the intralayer exchange J∣∣ becomes stronger (reaching up
to almost 0.8 meV) and can outweigh the interlayer exchange J⊥. Interest-
ingly,within theLDA, J⊥ increases as a functionofUuntilU = 1 eVand then
decreases, while GGA results show decreasing J⊥ which even becomes
antiferromagnetic at U = 2 eV where the localized-moment state of the V4

clusters changes to thedistributed-moment state (Fig. 1c). InLDA,however,
such a transformation of the V4 cluster does not lead to change of sign of
effective magnetic interactions.

For Monte–Carlo (MC) simulations at different temperatures, we use
the original data, i.e. interactions between individual V sites (even weakly
magnetic ones). One should note that, even though the effective interlayer
exchange becomes AFM for U = 2 eV in GGA, the Monte–Carlo simula-
tions using not just effective but all calculated intersite interactions actually
find the correct ferromagnetic ground state, allowing to conclude that the
effective cluster-cluster models probably cannot cover the whole physics in
this system (see further Monte–Carlo simulations in Supplementary
Fig. 3b).

Figure 3a shows how the Curie temperature, estimated from our MC
simulations using both the calculated Heisenberg and Dzyaloshinskii-
Moriya interactions, changes as a function of electronic correlation strength
characterized by the U parameter. For the localized-moment state, the
ordering temperature for U = (1.0− 1.5) eV is around 12 K and agrees
nicely with the measured value of 13 K7. Electronic correlations increase
slightly the Curie temperature (by a few degrees) and at some point
(U = 2 eV) allow to stabilize the distributed moment state, as discussed
above. The temperature dependence of magnetization (M(T) curves) for
both cluster configurations is similar (Fig. 4) and look like typical M(T)
curves for ferromagnets. However, the distributed-moment state is char-
acterized by a higher Curie temperature (around 23K), which is over-
estimated compared to the experimental value of 13 K. Strongermagnetism
for the distributed-moment configuration is likely caused by the larger
number ofmagnetic exchange paths when all V sites in eachV4 cluster have
non-zero magnetic moments.

Fig. 1 | Structure of the lacunar spinel andmagnetic states of V4 clusters. aCrystal
structure of lacunar spinel GaV4S8 with V4 clusters as the main magnetic units with
effective spin S = 1/2. The [111] axis (blue arrow) is shown, which corresponds to the
C3 rotation axis of the C3ν point group. b, c The V4 cluster of lacunar spinels in the
low-temperature phase, where the distance between inequivalent V1 and V2 sites is
2.9Å and d(V2−V2) = 2.8Å. The yellow arrows show the magnetic moments of
individual V sites (m1 for V1 and m2 for V2) in (b) the localized-moment (`L' state,
m2≪m1) and (c) the distributed-moment (`D' state, m2 ~m1) configurations. For
details, see the main text.

Table 1 | Calculated magnetic moments of V1 and V2 sites (in
units of μB site−1), interstitial region and total moment (in units
of μB f.u.−1) for GaV4S8 with experimental structure

U (eV) state V1 V2 interstitial ∑mi

0.0 ‘L’ 1.04 − 0.05 0.176 0.97

0.5 ‘L’ 1.22 − 0.11 0.181 0.98

1.0 ‘L’ 1.34 − 0.15 0.186 0.99

1.5 ‘L’ 1.44 ≈− 0.2 0.192 0.98

2.0 ‘L’ 1.52 − 0.22 0.200 0.99

2.0 ‘D’ 0.71 − 0.58 0.129 1.00

Small moments on S sites ~ 10−2 μB are not shown. Results are obtained within GGA+U for the
localized-moment (‘L’ state) and distributed-moment (‘D’ state) configurations of V4 clusters
(Fig. 1b, c).
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Dzyaloshinskii-Moriya interaction
For GaV4S8 within pure DFT (LDA approach, U = 0 eV), we obtain the
spiralizationmatrix in the [111]-basis (in units ofmeV ⋅Å) (In this paper, all
DM spiralization matrices are given with a precision of two digits after
commaandall numberswith the absolute valuebelow0.01 arewritten as 0.),
as described in the Methods section:

D̂ ¼
0 þ0:12 0

�0:12 0 0

0 0 0

0
B@

1
CA: ð1Þ

The [111]-basis appears to be more convenient for studying the
micromagnetic behavior than the Cartesian basis, since the D̂ matrix
has just one dominating component Dxy which is to be substituted as
the D parameter in Eqn. (8). The obtained form of the spiralization
matrix agrees with a previous work13 and the observation of Néel
skyrmions in this bulk system7. Possible origin of the slight asym-
metry (~10−3) of the calculated spiralization matrix may be related to
a weak dependence of electronic properties on the total magnetiza-
tion direction due to spin-orbit coupling.

When electronic correlations are included on themean-field level with
LDAandU = 1 eV, theDMI increases dramatically bymore than a factor of

Fig. 3 | Increase of the Curie temperature and changes of effective magnetic
interactions in response to electronic correlations. a Curie temperature estimated
from classical atomistic Monte–Carlo simulations based on first-principles Hei-
senberg Jij and Dzyaloshinskii-Moriya Dij intersite interactions calculated within

GGA+U with variable correlation strength U. The dotted line represents the
experimental Curie temperature. b Effective cluster-cluster interactions within the
(111)-planes (J∥) and between different planes (J⊥) calculated within GGA+U with
varying U parameter.

Fig. 2 | Effect of DFT approximations and V4 cluster state on the band gap.
Density of states of GaV4S8 calculated within density functional theory in (a, b) LDA
and (c, d) GGA approximations without and with Hubbard-U corrections. Red and
blue curves correspond to spin-up and -down states. The system is in the localized-

moment semi-metallic state in GGA at U = 0 eV (no bands cross EF, but the energy
gap is zero valued) and is semiconducting at U = 2 eV (plots b and d) with a gap
Eg = 0.2 eV (localized-moment state, dark lines) and 0.3 eV (distributed-moment
state, light lines).
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4 and changes sign:

D̂ ¼
0 �0:54 0

0:54 0 0

0 0 0

0
B@

1
CA ð2Þ

Similar response tomoderate correlations is observed for the cluster-cluster
DMinteractions, in particular, for the nearest-neighbor in-plane interaction
D1a (Fig. 5). Large enhancement of the DMI can be related to the change of
the magnetic state of the V4 clusters: at U = 1 eV the magnetic moment of
one of V sites increases bymore than a factor of 2, while the other three sites
remain weakly magnetic but change to the opposite direction. This more
asymmetric distribution of magnetization at U = 1 eV can, in principle,
create additional inversion-symmetry breaking effect which increases the
DMI. On top of that, the system becomes semi-metallic (Fig. 2), since the
band gap is zero but no bands directly cross the Fermi level.

Within the generalized-gradient approximation (GGA), we find a
contrasting behavior, since the DMI parameter Dxy decreases in absolute
value for the localized-moment state as a function of electronic correlations
U, from Dxy =−0.20meV ⋅Å at U = 0 eV to− 0.16meV ⋅Å at U = 2 eV.
We should mention that, in contrast to LDA, correlations added within
GGA lead to a band gap opening already at U = 1 eV (Fig. 2) which could
partially explain the differences in the calculated DMI. Notably, for the
distributed-moment state in GGA, which is also stable atU = 2 eV, the DM
parameter Dxy =−1.37meV ⋅Å is considerably larger. Strong dependence
of the DM spiralization constant on the cluster state makes sense in view of
the other findings shown in Fig. 5 (for LDA approximation) where the
atomisticDMI is larger for themore asymmetricmagnetization distribution
in the cluster which may break further the inversion symmetry. Also, the
localized- and distributed-moment states of V4 cluster lead to distinct band
structures (Supplementary Fig. 1) and this can have a sizeable effect on the
DMI too.

In addition, the spin stiffness A decreases by almost a factor of 5 (in
GGA) in response to additional electronic correlations with U = 2 eV.
Because of that, the A/Dxy ratio decreases from 26.3 nm to 7.4 nm, sug-
gesting again that the magnetic properties of GaV4S8 are very sensitive to
electronic correlations. On the other hand, atU = 2 eV also the distributed-
moment state is stable and it shows a relatively large spin stiffness, compared
to the localized-moment state. Also, the DM interaction is considerably
larger resulting in theA/D ratio of 5.0 nm. TheA/D ratio is important in the
context of non-collinearmagnetismaswell as skyrmions and lower values of
A/D, in general, are expected to indicate more compact skyrmions and
helical spin states, which is confirmed by the micromagnetic simulations in
Sec. IID.Notably, theLDA+U results showa spin stiffnesswhich is roughly
a factor of two larger compared to the GGA+U estimates for U ≥ 1 eV.

It is worth mentioning that the strongest interatomic DM interaction
(D0 ~ 0.6meV ≈ 6.8 K) in these spinels, according to our calculations,
comes from the V-V bonds within each metal cluster, implying that the
actual magnetic state of V4 clusters may be non-collinear. On the other
hand, the non-collinearity is not expected to be large, since the canting
angles within the cluster should be of the order of D0/J0 where J0 is the
nearest-neighbor Heisenberg V-V exchange which is, as we find, anti-
ferromagnetic and in the range of several hundred Kelvin. For that reason,
canting angles around a few degrees can be expected, which should not
change the main findings reported in the present work.

This intracluster DMI would actually contribute significantly to the
calculated micromagnetic constant D, and it is a subtle question whether
to include this DMI or not when addressing the behavior of skyrmions in
this system.A strong argument not to do so,we suggest, is that the internal
magnetic exchange in eachV4 cluster is very large in our calculations and,
for that reason, the spins of each cluster are expected to co-rotate. In that
case, the internal DMI as well as the internal Heisenberg exchange do not
contribute to themicromagnetic energy. Table 2 summarizes our findings

Fig. 5 | Sensitivity of theV4 cluster state aswell asHeisenberg andDzyaloshinskii-
Moriya magnetic interactions to electronic correlations. Schematic representa-
tion of the effective (cluster-cluster) DM vectors for nearest neighbors in GaV4S8 by
arrows, where the arrow length is proportional to theDMImagnitude. The (a) LSDA
and (b) LSDA+U results are shown in comparison. In both cases, the DM vectors
follow the C3ν crystal symmetry. For the same bonds, the effective Heisenberg
exchange (4) is given in meV (positive value indicates a ferromagnetic interaction).
The V4 cluster state is schematically sketched in the top left corner of each plot.

Table 2 | Calculatedmicromagnetic parameters (spin stiffness
A in units of meV ⋅Å2 and spiralization Dxy in units of meV ⋅Å)
for GaV4S8 with experimental structure

U (eV) state A Dxy A/D (nm) TC (K)

0.0 ‘L’ 53.14 − 0.202 26.3 ≈ 0

0.5 ‘L’ 35.08 − 0.200 17.5

1.0 ‘L’ 23.77 − 0.180 13.2 12

1.5 ‘L’ 15.77 − 0.166 9.5

2.0 ‘L’ 11.48 − 0.155 7.4 15

2.0 ‘D’ 68.40 − 1.370 5.0 23

TheAandDxyparameters are obtained fromV1-V1 (in case of localized-moment state, ‘L’) or cluster-
cluster (in case of distributed-moment state, ‘D’) interactions, which exclude the intracluster
exchange.A andDxy for the ‘L’ state are dividedby the square of themagneticmoment of theV1 site.
The estimates of the Curie temperature (TC) are obtained from classical Monte–Carlo simulations
using V-V interaction parameters for all V sites. Results obtained within GGA+U for different
correlation strengths U and cluster states ‘L’ and ‘D’ (see main text and Fig. 1b, c) are shown for
comparison.

Fig. 4 | Difference between the two V4 cluster states in terms of the critical
ordering temperature. Temperature-dependence of the magnetizationM(T) from
Monte–Carlo simulations based on magnetic interactions at U = 2 eV (solid lines),
where both the localized- and distributed-moment states can be stabilized and
compared. (30 × 30 × 30) supercell was used. The dotted line shows theM(T) for the
localized-moment state atU = 1 eV. The shaded regions correspond to the magnetic
susceptibility, the peak of which indicates the Curie temperature.
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for the spin stiffness and DM spiralization for the different calculation
setups and two V4 cluster states.

Micromagnetic simulations
Part of the motivation for this study is the experimental realization of Néel
skyrmions in the lacunar spinel GaV4S8. As an ultimate test of the accuracy
of the calculated electronic structure and interatomic exchange parameters,
as well as the transition to micromagnetic interaction strengths, we explore
here the possibility of skyrmion formation with the aforementioned para-
meters. It shouldbenoted that so far nofitting to experimental data has been

made and all calculations are made in ab-initio mode. To undertake this
investigationwecompare three sets of calculatedmicromagnetic parameters
and their ability to reproduce skyrmions. The parameters used are:
a. the localized-moment state at U = 1 eV: A = 0.1694 pJ m−1,

Dxy = 0.0128mJ m−2

b. the localized-moment state at U = 2 eV: A = 0.0824 pJ m−1,
Dxy =−0.0112mJ m−2

c. the distributed-moment state at U = 2 eV: A = 0.4886 pJ m−1,
Dxy =−0.0979mJ m−2

Note that the values are differentherewhen compared to those inTable
2, because they are dividedby the unit cell volume and converted to the units
usually used in experimental reports. The saturation magnetization of the
simulations is 41.35 kA m−1 which corresponds to 1 μB per formula unit, a
value found in experiment as well as in the calculations (Sec. IIA).

For theparameter set ‘c’ (distributed-moment state),weobtain amulti-
domain ferromagnetic state with isolated skyrmions (Fig. 6a) at zero tem-
perature and zero applied field. The emergence of a spin-spiral magnetic
state (Fig. 6b), for simulations at low but finite temperature and low field,
with a period of around 20 nm, agrees well with the measured value
acyc = 17.7 nm (see Fig. 3 in ref. 7). In addition, a statewith stable skyrmions,
with calculated topological charge close to ± 1, is found when the external
magnetic field is applied along the ± z-direction with a strength between
(50− 300)mT (see Fig. 6c). The skyrmion size in our simulations depends
on the external field and ranges from 27 nm at B = 25mT to 13 nm at
B = 300mT,where the numberof skyrmions is dramatically decreased. This
estimated size is compatiblewith the experimentally observed skyrmion size
asky = 22.2 nm reported in Fig. 3 of ref. 7. At higher fields, the system is
ferromagnetic up to temperatures around (12− 14) K. The latter marks the
critical temperature also for other types ofmagnetic order in this system (see
the videos in theSupplemental Information showing temperature variations
of the magnetic textures at different external fields). All these findings are
summarized in the calculated phase diagram in Fig. 7a and are in a good
agreement with experiments in ref. 20.

In contrast, the parameter sets ‘a’ and ‘b’ (obtained from the localized-
moment state) producepracticallyno skyrmions and showamagnetic order

Fig. 6 | Snapshots of different phases obtained for GaV4S8 in micromagnetic
simulations.Micromagnetic simulation results (obtained with MUMAX3 code for
a, c, and d and UPPASD code for b showing the annealed zero-temperature mag-
netic configurations): a ferromagnetic domains with isolated skyrmions in external
magnetic field B = 5mT, b spin-spiral state at T = 9 K and B = 50 mT, c random-
domains spiral state at T = 5 K, and d Néel skyrmions with a size of 17 nm for

B = 150 mT. The size of the simulation region is (512 × 512 × 1) nm in (a, c),
(160 × 160 × 1) nm in (b), and (256 × 256 × 0.5) nm in (d). The V4 clusters are in the
distributed-moment state and the uniaxial anisotropy is set to K = 16 kJ m−3 (other
parameters are from the last row of Table 2). The color code shows the out-of-plane
direction of the magnetic moment vector in each point of space.

Fig. 7 | Calculated magnetic phase diagrams of GaV4S8 showing the Néel sky-
rmion phase for distributed-moment cluster state but not for the localized-
moment state.Theoretical phase diagrams ofGaV4S8 for the (a) distributed- and (b)
localized-moment V4 cluster configurations based on the micromagnetic simula-
tions with MUMAX3 code. Temperature and external magnetic field ranges are
comparable to the experimentally studied ones. Different phases are shown: ferro-
magnetic (FM, orange), skyrmionic (SK, pink), cycloid+skyrmions (CY+ SK, mint
green), cycloid (CY, light blue) and paramagnetic (PM, yellow). The original data
points for these phase diagrams are shown in Supplementary Fig. 4.
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only at relatively low temperatures (see phase diagram in Fig. 7b), which is
due to the smaller values of the A andD parameters. In general, larger spin
stiffness for the distributed-moment state can be explained by the fact that
there are more interaction paths in the structure, since all V atoms are then
magnetic. By varying the micromagnetic parameters A, D and K, we find
(data not shown) that the A/D, A/K and D/K ratios are all important for
stabilizing skyrmions, which explains why the parameter set ‘c’ (distributed
moment state) gives a better agreement with experiment, given that the
anisotropy is in the range (10− 16) kJ m−3.

Our conclusions for the three parameter sets used in the micro-
magnetic simulations are qualitatively robust with respect to at least 10%-
variations of the strength of the interactions.We note that lower DMvalues
lead to smaller saturation fields for stabilizing a ferromagnetic state. Results
for non-periodic and periodic boundary conditions in the simulations are
also found here to yield similar results.We have also verified that increasing
the out-of-plane dimension (parallel to the external magnetic field; the z-
axis) of the simulation cell from nz = 1 to nz = 16 does not change qualita-
tively the phase diagrams shown in Fig. 7 (which are obtained using nz = 1).
Themost prominent, quantitative change of these simulations, compared to
the thin 2D simulation cell, is an increase of the Curie temperature for the
distributed-moment configuration up to around 20 K and a lowering of the
magnetic field needed to induce the ferromagnetic state. For the localized-
moment configuration, the Curie temperature remains essentially the same
for thinner and thicker simulation cells.

To summarize this section, our results indicate that the distributed-
moment configuration (Fig. 1c) describes better the magnetic phase dia-
gram (Fig. 7a) of bulk GaV4S8 spinel, which shows ferromagnetic phase,
spin spirals and Néel skyrmions. An example of the magnetic texture of a
Néel skyrmion is shown in Supplementary Fig. 5, isolated in a ferromagnetic
background (a) and in a lattice (b). Based on the experimental phase dia-
gram reported in ref. 20, the results shown in Fig. 7a have similar trends for
the transition to the paramagnetic phase. In addition, the transition to the
ferromagnetic phase occurs at small magnetic fields (in the range around
250−400mT, as shown in Fig. 7a) which agrees with observations (in the
experiments it is 50−160mT). The Curie temperature calculated in our
simulations is in the neighborhood of 17 K which is close to the experi-
mental one, i.e. ~13 K. The only difference between phase diagrams is
related to the skyrmionic and cycloidal regions. In the experimental phase
diagram, the skyrmion lattice phase only appears from 9K to 12.7 K but in
the theoretical phase diagram, the temperature range where both phases
appear goes from0 Kuntil near 17 K. Figure 7a, b show thephasediagramof
the system in 2D for distributed and localized moments, respectively. By
performing simulations for the 3D system, we obtained the same Curie
temperature for the localized moments as the 2D case but the phase tran-
sition to the ferromagnetic ordering was occurring at very small magnetic
fields (around 15−20mT). In the 3D simulations for the distributed
moments, the calculations indicate that the same phase transitions for
skyrmionic and cycloidal regions occur at the same values for the tem-
perature and external magnetic field but the transition to the paramagnetic
ordering arises at higherCurie temperature. In SupplementaryFig. 6 are also
shown eight layers of the 3D simulation for the distributed moments. The
figure emphasizes the tubular quasi-2D nature of skyrmions in GaV4S8.

To conclude, in this theoretical study of the lacunar spinel GaV4S8, we
find that theDzyaloshinskii-Moriya interaction (DMI) calculated from first
principles and the associated micromagnetic energy reflect the C3ν crystal
symmetry and support the formation of Néel skyrmions, previously
reported for this system7. In contrast to previous works13,14, we obtain a
detailedpictureof themagnetic interactions, bothbetween individualV sites
and between different V4 clusters, not just the nearest neighbors.

Electronic correlations are important in thismultiferroic system, since,
on the one hand, they open up a semiconducting band gap ~100meV and,
on the other hand, they enhance significantly the energy scale of the
Dzyaloshinskii-Moriya interactions (spiralization D in Eqn. (6)) relative to
theHeisenberg exchange (spin stiffnessA in Eqn. (10)). In particular, within
the generalized-gradient approximation we find a smaller A/D ratio of

7.4 nm for U = 2 eV (moderate correlations, localized-moment state)
compared to the pure DFT result A/D = 26.3 nm, even though the absolute
value ofD is reduced by correlations.We believe that this behavior is related
to the opening of the band gap and redistribution of themagnetic density in
the V4 cluster. Compared to the localized-moment state, the ratio A/
D = 5.0 nm for the distributed-moment configuration is remarkably smal-
ler, while the spin stiffness A is a factor of 6 larger, allowing to distinguish
these two cluster states based on the predicted magnetic properties.

Based on our micromagnetic simulations using our computed first-
principles parameters, we conclude that a small ∣A/D∣ ratio is important for
stabilizingNéel skyrmionswith a size 13− 27 nmclose to themeasured one
(asky = 22.2 nm)7, while the value of the spin stiffness A determines the
critical temperature for magnetic order. Although the uniaxial magnetic
anisotropy is weak, it has a considerable effect on the magnetic phase dia-
gram (Fig. 7). With the literature values of the anisotropy, we find that the
distributed-moment configuration, where all four V sites in each V4 cluster
have sizeable moments, describes much better the magnetic properties and
textures in GaV4S8 for the experimentally studied temperature and mag-
netic field range.

We note that there is a difference between the atomistic and micro-
magnetic results for this system. For example, in Fig. 4 the Curie tem-
perature, TC, of the two different types of electronic (and magnetic)
configurations are 15 K and 23 K, while the respective estimates from Fig. 7
are 4 Kand15K,meaning a shift around10 Kbetween the 3Datomistic and
2D micromagnetic results. We have also made 3D micromagnetic simula-
tions, which showed somewhat larger TC for the distributed-moment
cluster, but the same TC for the localized-moment cluster. Overall, from
these types of simulations it is difficult to pin-point an ordering temperature
with an accuracy of a few Kelvin21, so that from these comparisons it is
difficult to identify which electronic configuration (distributed or localized
moments) is relevant for this system. However, magnetic textures at lower
temperatures are more faithfully reproduced by the type of calculations/
simulations presented here21, and for this reason we argue that the four-site,
distributed-moment configuration inGaV4S8, which is crucial to reproduce
the magnetic properties, represents the correct electronic configuration of
this material.

It should benoted that the localized-moment configurationhas a lower
energy in the DFT calculations presented here, which seems to contradict
the conclusion that the distributed-moment configuration is the relevant
one for GaV4S8. However, the energy difference between the types of con-
figurations is not large and it is possible that dynamical correlations may
change the balance so that the distributed-moment case becomes lower in
energy than the local-moment configuration. In view of the calculated
magnetic phase diagrams (Fig. 7) and their comparisonwith experiment, in
particular, the observation of Néel skyrmions suggests strongly that the V4

clusters are in thedistributed-moment state.However, given the closeness of
the different electronic configurations, and their distinctly different mag-
netic states, we speculate that the excitation spectra of GaV4S8 should be
particularly interesting, both from traditional electron- and x-ray spectro-
scopicmethods, as well asmagnetic excitations, e.g., as provided by inelastic
neutron scattering experiments. Experimental work is necessary tomap out
the complexities of the here proposed electronic and magnetic configura-
tions of the V-based lacunar spinel GaV4S8.

Methods
To understand the magnetic phenomena in GaV4S8 we follow a multiscale
approach where we start with a description on the level of individual elec-
trons, proceed with atomistic magnetic interactions between effective V4

cluster moments and, finally, model the magnetic textures at finite tem-
perature in external field on length scales in the range 10− 103 nm. Details
about these three main steps are given further below and in reviews22,23.

Step 1 (electronic properties). The electronic structure and magnetic
properties of lacunar spinels are studied in this work using density func-
tional theory (DFT)24 in the full-potential Linear Muffin-Tin Orbital
implementation, available in the RSPt code25,26. Electronic correlations are
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modeled here on the static mean-field level by means of the DFT+U
approach with varied U and zero Hund’s coupling JH = 0 eV on top of the
spin-polarized local-density or generalized-gradient approximations of the
DFT. Summation in the Brillouin zone is performed on the shifted
(16 × 16 × 16) k-mesh and the Fermi smearingwith a temperature of 1mRy
is used for electronic occupations. All calculations are performed for the
known experimental structure reported in the literature.

Two different V4 cluster configurations are considered here, where the
magnetic moment is either localized mostly on one V site (Fig. 1b) or
distributed over the whole cluster (four V sites, see Fig. 1c). Note that the
total moment per cluster is around 1 μB in both cases. It also has to be noted
that, because of the elongation of V4 tetrahedra along the [111]-direction,
one of the V sites (V1) is not symmetry-related to the other three sites (V2)
which are, however, equivalent to each other. According to our calculations
(Sec. II), the cluster configuration can change the calculated properties
substantially.

As our on-going calculations suggest and in accordance with
literature11, the other lacunar spinel GaMo4Se8 with 4d states shows more
uniformly magnetized Mo4 clusters with parallel-aligned spin moments, in
contrast to the 3d V-based spinels. This may indicate a fundamental dif-
ference between the 3d and 4d lacunar spinels, which will be discussed in a
future work.

Step 2 (magnetic exchange). Magnetic interactions are calculated
using the well-established Lichtenstein-Katsnelson-Antropov-Gubanov
(LKAG) approach27 (for a recent review see22), where the idea is to relate
the interaction between two spins to the energy change due to a small
perturbation of the magnetic state. We use the muffin-tin projection to
calculate site-specific electronic parameters28 and restrict ourselves to
bilinear contributions to themagnetic energy for each pair of spins Si and Sj,
which is written as follows:

H ¼ �JijðSi � SjÞ �Dij � ðSi × SjÞ � Si Γ̂ij Sj; ð3Þ

where one can distinguish between the isotropic Heisenberg (Jij),
Dzyaloshinskii-Moriya (Dij) and symmetric anisotropic (Γ̂ij) exchange
interactions. To calculate the DM interaction, we perform three
independent calculations where the spin axis is oriented along the x-, y-
and z-directions to obtain the Dx, Dy and Dz components. It is also worth
mentioning that the total magnetic moment of GaV4S8 varies only slightly
upon such a global rotation of the magnetization. We also find that the
symmetric anisotropic exchange Γ̂ij is one or two orders of magnitude
smaller than the DM interaction for different bonds, so we do not include
this type of exchange in further simulations for GaV4S8. Application of the
whole approach described above to several transition metal systems in our
previous works29–31 has demonstrated the reliability of the calculated values
of magnetic interactions, which justifies the use of this approach in the
present work.

The critical temperatureTc for themagnetic ordering is estimated from
Monte–Carlo simulations based on the calculated exchange interactions Jij
and Dij. Simulations are done using the UPPASD code21,32 for bulk super-
cells containing (N ×N ×N) unit cells with periodic boundary conditions,
where we compared N = 10, 20, 30 to estimate the size effects (see example
in Supplementary Fig. 3a). Initial annealing is performed for 5 ⋅ 104 steps at
the simulated temperature and statistical samplingofdifferent observables is
done afterwards for 105 steps.

To make it easier to discuss and present graphically different interac-
tions in the studied spinels, we define effective magnetic interactions which
characterize interactions betweenwhole V4 clusters (assuming frozen intra-
cluster magnetic degrees of freedom), instead of single atoms:

Jmn
eff ¼

X
i2fmg

X
j2fng

Jij;D
mn
eff ¼

X
i2fmg

X
j2fng

Dij: ð4Þ

Here, the summation runs over all sites of clusterm and all sites of another
cluster n. Such effective parameters imply the assumption that the coupling

between four spins within each V4 cluster is significantly stronger than
between different clusters, which is confirmed by our calculations (Sec. IIB),
and that during spin dynamics at not too high temperature the spins of the
same cluster rotate synchronously. Numerical results obtained in this way
are discussed in Sec. II for GaV4S8. These parameters, however, lead to a
different temperature-dependent magnetization (fromMonte–Carlo simu-
lations) in the ferromagnetic state compared to the interactions Jij and Dij

between individual V sites (see example in Supplementary Fig. 3b). The
nature of this effect will be studied in the future.

Step 3 (micromagnetics). From the atomistic interaction parameters
Jij andDijdefining the spinmodel (3) one can go to the continuous limit and
obtain themicromagnetic energy which can be used to model themagnetic
properties on length scales that range up to hundreds of nanometers. Let us
consider the derivation of themicromagnetic energy density εDM due to the
DM interaction (derivation for the Heisenberg exchange is similar). Fol-
lowing the derivations in refs. 13,33, one can start from the atomistic DM
interactions between spin on site i and all other spins on sites j:

εDM ¼ �
X
j

Dij � ðSi × SjÞ ð5Þ

and replaceSiwith themicromagnetic order parameter,m≡m(r), aswell as
Sjwith1

st-order expansionm+ (Rij ⋅∇)m, whereRij is thedistance between
the two sites. Substituting this intoEqn. (5) leads to aDMcontribution to the
micromagnetic energy density:

εDM ¼ �
X
j

Dij � ðm × ðRij � ∇ÞmÞ ¼ þm �
X
j

DijðRij � ∇Þ
" #

×m;

where, one can define the spiralization matrix D̂ � Dαβ ðα; β ¼ x; y; zÞ as

Dαβ ¼
X
j≠i

Dα
ijR

β
ij: ð6Þ

In general, thismatrix can contain nine non-zero components and has
tobe consistentwith the crystal symmetry. ForGaV4S8,wefind that the only
non-zero components areDxy =−Dyx=D. Due to this specific form, the x-
component of the vector in the square brackets in Eqn. (7) is Dxy ∂/∂y and
the y-component is−Dxy ∂/∂x, while the z-component is zero.Accordingly,
the DM contribution to the micromagnetic energy reads:

εDM ¼ ðmx;my;mzÞ �
ex ey ez

D ∂
∂y �D ∂

∂x 0

mx my mz

�������
�������: ð7Þ

A straightforward calculation gives the following energy density, εDM, in a
form which coincides with the interfacial type of DM interaction often
discussed in the literature for magnetic films (see Eqn. (6) in ref. 34):

�D mx
∂mz

∂x
�mz

∂mx

∂x
þmy

∂mz

∂y
�mz

∂my

∂y

� �
: ð8Þ

This result agrees with the Lifshitz invariants expected for the C3ν crystal
symmetry, as discussed, for example, in ref. 12 (Eqn. 6 in this reference) and
ref. 35 (Table 1 in this reference), and with the derivation for another spinel
GaV4Se8 in the SI of ref. 13. In the latter reference, however, only nearest
neighbors and cluster-cluster interactions were taken into account, while in
our work we include the full information on the intersite interaction
parameters Jij andDij for between several hundred and a couple of thousand
neighbors.

As a side remark, for bulk systems with cubic crystal symmetry and
isotropic DMI, such as B20 compounds MnSi and FeGe, the second line in
the determinant in Eqn. (7) would be D ⋅ (∂/∂x, ∂/∂y, ∂/∂z), since the
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spiralizationmatrix D̂ is diagonal, as verified by our direct calculations (not
shown here). This would lead to the usual expression for the isotropic DM
energy density εDM =Dm ⋅ (∇ ×m). Calculation of the micromagnetic
parameters and magnetic textures (helical states and skyrmions) for
B20 systems is discussed, for example, in our recent works29,31 as well as in
refs. 36–38.

Similarly, one can also derive the magnetic energy for the Heisenberg
exchange:

εH ¼
X
j≠i

J ijSi � Sj !

X
j≠i

J ijm � mþ ðRij �∇Þmþ 1
2
ðRij �∇Þ2m

� �
:

Here, thefirst term is a constant energy contribution, since it is proportional
to m2, that is equal to 1 (because constant length of magnetic moment
vectors is considered). One can also show that the next termwith a 1st-order
derivative reads:

m � ðRij � ∇Þm � mαR
β
ij∇βmα ¼ Rβ

ij∇β m2
α=2

� �
: ð9Þ

which is zero, becausemαmα = 1. Finally, the leading-order term in Eqn. (3)
reads:

εH ¼ 1
2

X
j≠i

J ijm � ðRij �∇Þ2m ¼ 1
2

X
j≠i

J ijR
α
ijR

β
ij mγ∇α∇βmγ:

Usually, only the diagonal term is considered in micromagnetic
simulations (α = β), and the energy becomes proportional to the spin
stiffness A defined as follows:

A ¼ 1
2

X
j≠i

J ijR
2
ij: ð10Þ

As discussed in the literature39, and our recent work31, the numerical
evaluation of micromagnetic parameters according to Eqns. (6) and (10)
shows a convergence problemwith respect to the real-space cutoff. For that
reason, following the literature recipe in ref. 39, we use an exponential
regularization factor (indices i and j refer either to atomic sites or different
clusters):

A ¼ 1
2

X
j≠i

J ijR
2
ij e

�μRij ;Dαβ ¼
X
j≠i

Dα
ijR

β
ij e

�μRij : ð11Þ

where the limit μ→ 0 is taken at the final step. The exponential factors are
introduced here to improve the convergence with respect to the real-space
cutoff for the magnetic interactions. The calculated values of A and D̂ as
functions of parameter 1.0 < μ < 2.0 are then extrapolated to μ = 0 using a
3rd-order polynomial, which gives a reasonable fitting quality, and a
discussion of some further technical details can be found in the SI of ref. 31
and in ref. 23.

Asmentioned on page 2, we compare the properties of GaV4S8 for two
electronic configurations ofV4 clusterswhichwefind to be relatively close in
energy (ΔE ~ 100meV). In case of the distributed-moment configuration
(Fig. 1b), we calculate the spin stiffness A and DM spiralization D̂ from the
effective interactions defined by Eqn. (4), because the spin stiffness from the
original Jij interactions between individual V sites is negative. This is natural
to expect since the cluster configuration is ferrimagnetic in our calculations.
The effective cluster-cluster DM interaction, on the other hand, disregards
the internal DMI between V sites in the same cluster, which should not
matter for large-scale magnetic textures. This is because we assume that the
internal magnetic structure of V4 clusters is frozen, which is a good
approximation due to the large calculated intracluster magnetic exchange

which can have a magnitude as large as 28meV. For the localized-moment
state (Fig. 1c), we compute themicromagnetic parameters from the original
interatomic interactions while taking into account only the V1 sites with the
largest magnetic moment. The resulting micromagnetic parameters are
scaleddownby the square of theV1moment to simulate an effective 1 μBV4

cluster.
We transform the DM spiralization matrix (Eqn. (11)) to the coordi-

nate system where the z-axis coincides with the crystallographic [111]-
direction and find that this matrix has a dominant component
Dxy =−Dyx=D, in agreement with the C3ν crystal symmetry. For that
reason, we discuss the DM interaction and perform the micromagnetic
simulations in this [111]-based coordinate system.

Regarding the on-site anisotropy, we assume in our simulations that
the uniaxial anisotropy energy constant K1 is between (10− 16) kJ m−3, as
suggested in previous works40,41. This anisotropy constant is even smaller
than K1 = 45 kJ m−3 for hcp Co and cubic anisotropy constant K 0

1 ¼
48 kJ m�3 for bcc Fe but larger thanK1 =−0.5 kJm−3 for fccNi. Despite the
small value of K1 for GaV4S8, as was shown in the “Results and discussion”
section, it is important to include anisotropy in simulations of magnetic
skyrmions in this class of systems.

Using the calculated micromagnetic parameters, including the DM
interaction (Eqn. (8)) and the literature values of the uniaxial anisotropy
(10− 16) kJ m−3, we perform micromagnetic simulations of magnetic
textures at finite temperature and in external magnetic field using the
UPPASD21,32 and MUMAX342 codes. The temperature is varied between 0
and 30 K and the externalfield—between 0 and 600mT,which corresponds
to the experimentally studied range of parameters. The micromagnetic
region is described by a (512 × 512 × 1)meshwith an equidistant stepΔh in
all directions (Δh = 0.5 nm for simulating skyrmions and Δh = 1.0 nm for
simulating ferromagnetic state and spin spirals) andnon-periodic boundary
conditions. We have also verified the effect of dimension in the z-direction
and theboundary conditions (see the “Micromagnetic simulations” section).
The magnetization dynamics is described by the Landau-Lifshitz-Gilbert
equation43,44:

∂mi

∂t
¼ � γ

1þ α2
mi ×Bi þ

α

m
mi × ðmi ×BiÞ

	 

; ð12Þ

where mi is the magnetization of a given micromagnetic region i, and the
effectivefieldBi is determined from themicromagnetic parametersA,D and
uniaxial anisotropy, K, as well as the external field, B, and the classical
dipolarfield; γ is the gyromagnetic ratio. Atfinite temperature, randomfield
proportional to

ffiffiffiffiffiffiffi
αT

p
is added to Bi, and the damping constant α is set to

0.04. Variable time step in the range 3 ⋅ 10−15− 5 ⋅ 10−14 s is used for the
dynamics simulations, and the total simulation time was around (2− 5) ns,
which allowed to reach the equilibrium state starting from a random
magnetic configuration.

Micromagnetic simulations are run starting from a randommagnetic
configuration at a temperature of 20 K. The system is cooled in 2 K-tem-
perature steps down to 0 K, which corresponds to simulated annealing, and
then the system is heated up to 20 K with the same speed. Results for the
anisotropy valuesK = 10 kJ m−3 and K = 16 kJ m−3 are compared. Since the
[111]-axis of the crystal structure is defined now as the z-axis, which leads to
expression (8) for theDMI energy, the anisotropy easy-axis is also along the
z-direction.

The input and output files for different software discussed in this
section can be found in ref. 45.

Data availability
The datasets produced and analysed during the current study are available
from the publicly accessible repository https://zenodo.org/records/
10579640.
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Code availability
The codes used in this theoretical work are described and referenced in the
Methods section and are available free-of-charge.
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