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Néel-type skyrmion lattice with confined
orientation in the polar magnetic
semiconductor GaV,Sg

I. Kézsmarki"?*, S. Bordacs', P. Milde3, E. Neuber?, L. M. Eng?3, J. S. White?, H. M. Ronnow?,
C. D. Dewhurst®, M. Mochizuki’8, K. Yanai’, H. Nakamura®, D. Ehlers?, V. Tsurkan?'® and A. LoidI?

Following the early prediction of the skyrmion lattice (SkL)—a periodic array of spin vortices—it has been observed recently
in various magnetic crystals mostly with chiral structure. Although non-chiral but polar crystals with C,, symmetry were
identified as ideal SkL hosts in pioneering theoretical studies, this archetype of SkL has remained experimentally unexplored.
Here, we report the discovery of a SKL in the polar magnetic semiconductor GaV,S; with rhombohedral (C;,) symmetry and
easy axis anisotropy. The SkL exists over an unusually broad temperature range compared with other bulk crystals and the
orientation of the vortices is not controlled by the external magnetic field, but instead confined to the magnetic easy axis.
Supporting theory attributes these unique features to a new Néel-type of SkL describable as a superposition of spin cycloids

in contrast to the Bloch-type SkL in chiral magnets described in terms of spin helices.

n non-centrosymmetric crystals, the energy associated with

ferromagnetic domain walls can be negative; hence, the

homogeneous ferromagnetic state becomes unstable against SkL
formation'®. Two basic types of magnetic domain walls can form
various skyrmionic spin textures"**. Bloch-type domain walls,
where the spins rotate in the plane parallel to the domain boundary,
can form, for example, whirlpool-like skyrmions. Such Bloch
vortices have been observed in chiral magnets’". In contrast, Néel-
type domain walls, with spins rotating in a plane perpendicular
to the domain boundary, can produce vortices where the spins
rotate in the radial planes from their cores to their peripheries. The
magnetization patterns of such Bloch- and Néel-type skyrmions
are illustrated in Fig. 1. The latter, expected to emerge in polar
magnets with C,, crystal symmetry>**¢, has not been observed yet
in bulk crystals. We reveal the formation of such a Néel-type SkL
in GaV,S;, a magnetic semiconductor from this crystal symmetry
class, by means of magnetic susceptibility, atomic force microscopy
(AFM) and small-angle neutron scattering (SANS) measurements.

GaV,S;, a member of the lacunar spinel family*?, has a
non-centrosymmetric cubic (Ty) structure at room temperature®.
Lacunar describes the lack of every second Ga atom compared
to the normal spinel structure. These ordered defects break the
vanadium pyrochlore lattice into a network of alternating larger and
smaller V, tetrahedra, the so-called breathing pyrochlore lattice**.
The magnetic building blocks are the smaller V, clusters with spin
1/2, and form a face-centred cubic (FCC) lattice. The hybridization
on a single V, unit leads to one unpaired electron occupying a
triply degenerate cluster orbital. This orbital degeneracy is lifted
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Figure 1| Comparison between Bloch- and Néel-type skyrmions following
refs 4,6. a, In a Bloch-type skyrmion, the spins rotate in the tangential
planes—that is, perpendicular to the radial directions—when moving from
the core to the periphery. b, In a Néel-type skyrmion, the spins rotate in the
radial planes from the core to the periphery. The cross-section of the vortex
is also depicted in both cases.

by a cooperative Jahn-Teller distortion that drives a cubic to
rhombohedral structural transition at T, =42 K (refs 26,27). In the
polar rhombohedral (C;,) phase the FCC lattice is stretched along
one of the four cubic (111) axes®.

The structural transition creates a multi-domain state with
submicron-thick sheets of the four different rhombohedral
domains, as seen in Fig. 2a. At T the magnetic exchange interaction
changes from antiferromagnetic to ferromagnetic and the material
undergoes a magnetic transition at Tc = 13K, a temperature very
close to the Curie-Weiss temperature in the rhombohedral phase®.
In the inset of Fig. 2b, the dependence of the magnetization curves
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Figure 2 | Magnetic phases in the lacunar spinel GaV,4Sg. a, Topographic image recorded by AFM on the (100) surface of the crystal at T=11.6 K. The
colour scale corresponds to the altitude perpendicular to the image plane. Alternating blue and yellow stripes running along the cubic [001] direction are
structural domains with different rhombohedral axes, whereas edges along the [010] axis are epilayer terraces. The yellow and white dashed lines highlight
a domain boundary and a step between epilayer terraces, respectively. The magnetic patterns in Fig. 3 were recorded within the area of the red square.

b, Magnetization curves measured at 12 K in B|| [100], [110] and [111] (shifted vertically for clarity). Magnetization steps are observed at different field
values, depending on the orientation. The inset shows the magnetization measured at T=2 K up to B=1.2T. ¢, Phase boundaries from d-f, after projecting
the magnetic field onto the easy axis of the corresponding domains. d-f, Magnetic phase diagrams derived from the field- and the temperature dependence
of the magnetization. Circles and squares correspond to peaks in the field- and temperature-derivative of the magnetization curves, respectively. The insets
show the orientation of the magnetic field relative to the easy axes of the four rhombohedral domains (cubic body diagonals). The easy axes of
magnetically favoured/unfavoured domains are indicated by thick/thin green lines. For B|| [111], besides the cycloidal and the SkL states, there are two
additional phases extending up to higher fields, labelled as the cycloidal* and the SkL* states.

on the field orientation indicates a considerable anisotropy. Indeed,
our mean-field analysis shows the ground state to be an easy axis
ferromagnet with ], ~4.35K and J, ~4.15K, as described in the
Supplementary Information. Here, J; and ], respectively denote the
exchange coupling for spin components parallel and perpendicular
to the easy axis, which itself coincides with the direction of the
rhombohedral distortion. These exchange values are also consistent

GaV,S; was considered as an ordinary ferromagnet below T¢
(refs 26,30), although there is a report about low-field magnetic
anomalies in this material®. We found that the magnetic state
is far from ordinary, and contains several neighbouring phases.
Below T¢, the low-field magnetization exhibits a sequence of steps
indicating metamagnetic transitions (see Fig. 2b). The positions
of the steps, associated with sharp peaks in the field-derivative of
the magnetization, are different for the magnetic field, B, applied
parallel to the [111], [110] and [100] cubic axes. The corresponding
phase diagrams are shown in Fig. 2d-f. Similar low-field steps have
been observed to separate the helical, SkL and conical states in
MnSi (refs 7,18,32,33), Mn,_,(Co,Fe),Si (ref. 34), FeGe (ref. 11)
and Cu,08eO; (ref. 12). In GaV,S; we assign the three different
magnetic phases as cycloidal, Néel-type SKL and ferromagnetic,
on the basis of AFM imaging, SANS experiments and theoretical
calculations, as described below. This assignment is in accord with
the results of pioneering works predicting the emergence of the
cycloidal and Néel-type SKL states in materials belonging to the C,,
symmetry class'™*.

For B[ [111] there exist two additional magnetic states besides
the cycloidal, SKL and ferromagnetic states. This arises due to the
multi-domain nature of the crystal and the easy axis anisotropy, as
only one of the domains has its easy axis parallel to B, whereas the
easy axes of the other three domains—[111], [111] and [111]—lie
at 71° to B. For these latter three domains the non-collinear spin
structures survive to higher fields because the magnetic anisotropy
energy is much larger than the Zeeman energy, and only the field
component parallel to the easy axis of each domain can influence
its magnetic state. This leads to the two additional phases persisting
up to B=80mT and 160 mT, marked with asterisks in Fig. 2d, and
assigned as the cycloidal and SkL states common for these three
domains. For B || [110], the cycloidal and SkL phases common for the
two domains with easy axes [111] and [111] are indicated in Fig. 2e.
The other two domains with easy axes perpendicular to B cannot
contribute to the magnetization in this field range. For B || [100],
the easy axis of each domain makes the same angle with B, hence
all domains share common phase boundaries, as shown in Fig. 2f.
Phase boundaries for all field orientations can be scaled together by
projecting the field onto the easy axes of the corresponding domains
(see Fig. 2¢). Surprisingly, the SKL state exists over an unusually
broad temperature range, down to ~0.68T¢, compared with other
bulk crystals, where the stability of this phase is limited to the
temperature range 0.9Tc < T < T (refs 7,10,12).

To observe directly the spin pattern in real space we performed
non-contact AFM imaging in magnetic fields applied perpendicular
to the sample surface using magnetic cantilever tips (for technical
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Figure 3 | Real-space imaging of the magnetic patterns in GaV4Sg. a, AFM image recorded at T=11.2 K and in B=20 mT on the (100) surface in the area
indicated by the red square in Fig. 2a. Colour coding corresponds to the dissipated power due to magnetic interactions between the tip and the sample. A
modulated structure with a single g-vector and a corresponding periodicity of acyc =17.74+0.4 nm is observed on the left side of the domain boundary
(yellow dashed line). The weak magnetic contrast does not allow the determination of the magnetic pattern on the other domain. b, Magnetic pattern
measured in the same area at T=11.6 K and in B=50 mT. A distorted triangular lattice is observed on the right side of the domain boundary. (See the
Supplementary Information for similar images taken at different temperatures and magnetic fields.) The area with red border is scaled by +/3 according to
the red arrows—that is, perpendicular to the direction of the shortest lattice periodicity. The area, transformed to a square shape after this contraction, is
shown in c. ¢, The green spots indicate a regular triangular SkL with a lattice constant of ag, =22.241nm and vortex cores parallel to the [111] axis. For
more details about the data analysis and the evolution of the magnetic pattern as a function of magnetic field, see the Supplementary Information. d, Two
sections of a hexagonal array of vortex lines running along the [111] axis. The intersections of the vortices with the (111) and (100) planes form a regular and

a distorted triangular lattice, respectively.

details see the Methods)". For B || [100], Fig. 3a,b shows images of
the same surface area taken at T =11.2K and 11.6 K in magnetic
fields B=20 mT and 50 mT, respectively. The trail running along the
[001] axis and dividing each image into two halves is a structural
domain boundary.

Although all four domains should host the same magnetic states
for B || [100], we found that the magnetic pattern always changed at
the domain boundaries, and often it was not possible to achieve good
contrast for the two sides simultaneously. As the wavevectors of the
magnetic modulation (q-vector) are expected to be perpendicular to
the easy axis, they can be different for different domains, resulting
in a rotation of the magnetic pattern between the two sides. In
Fig. 3a, a modulated structure with a single q-vector, representative
of the zero- and low-field region, is observed with good contrast
on the left side. Our calculations described later reproduce this
phase as a cycloidal spin state, where the spins rotate in a plane
containing the q-vector. This is in contrast to the helical order
generally found in other SkL materials, where the spins rotate
in the plane perpendicular to q. Assuming that the g-vector is
perpendicular to the easy axis, which is either the [111] or [111] axis
for the left-side domain, the periodicity of the cycloid in B=20 mT
is a.,=17.74+0.4nm. (For more details see the Supplementary
Information.) This value is confirmed by our SANS study.

With increasing field the cycloidal pattern disappears and a
distorted triangular lattice emerges with sufficient contrast on the
right side of the domain wall in Fig. 3b. As demonstrated in Fig. 3c,
re-scaling the lattice on the right side by +/3 perpendicular to the
direction of the shortest lattice constant leads to a regular triangular
lattice with a lattice constant of agq, =22.2 £ 1 nm. This value is also
consistent with our SANS data. The observed distortion is naturally
explained by the orientational confinement of the SkL. As the vortex
cores are not aligned parallel to the magnetic field, but instead the
easy axis, which is either the [111] or [111] axis for the right-side
domain, they form a regular triangular lattice in the hard plane.
Therefore, the terminus of the vortices on the (100) surface forms
a distorted triangular lattice, as sketched in Fig. 3d. When further
increasing the field, the magnetic pattern disappears, indicating a
uniform ferromagnetic state.

SANS was employed to confirm the bulk nature of the magnetic
structures and determine the q-vectors directly”*. Magnetic Bragg
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spots were always observed with q-vectors parallel to the cubic
(110) directions, irrespective of the field orientation, as shown in
Fig. 4. As the cycloidal or SKL states in each rhombohedral domain
exhibit three (110) q-vectors, the SANS diffraction spots can have
overlapping contributions from q-vectors in different domains. For
B || [111] the q-vectors form a regular hexagon. Here, scattering from
the unique domain with easy axis parallel to the field contributes
to all six spots (each of the three q-vectors gives scattering at £q).
From the three other domains, only a single q-vector satisfies the
Bragg condition, and the scattering from each overlaps with spots
arising from the unique domain. For B || [100], a square pattern of
four spots is observed. Here single q-vectors in two of the domains
contribute to either the vertical or horizontal spot pairs, with the
Bragg condition not fulfilled for the other q-vectors.

These results, in agreement with AFM imaging, confirm the
orientational confinement of the SkL—that is, the alignment of the
vortex lines parallel to the easy axis of each domain. It also shows
that, in both the cycloidal and SKL states, the three possible q vectors
are parallel to the three (110) axes lying in the hard plane. For
B || [111] a pale ring structure appears besides the hexagon in low
fields. This implies that the q-vectors are not fully pinned to the
(110) axes but can point in any direction within the hard plane, at
least in the surface and domain boundary regions observed by AFM.

In each rhombohedral domain the cycloidal state can emerge
with three different q-vectors, whereas the SKL state is unique, and
describable as a superposition of three cycloids whose q-vectors sum
to zero. First-order Bragg peaks observed using SANS do not allow
a direct distinction between the cycloidal and the SKL states owing
to the presence of magnetic and structural domains. Nevertheless,
for B || [100], when all four structural domains are magnetically
equivalent, the field dependence of the total Bragg intensity
evidences both the cycloidal to SkL and the SKL to ferromagnetic
transitions (see Fig. 5d). For B || [111], the magnetization data in
Fig. 2d imply that the cycloidal and SKL phases in the unique
domain, with easy axis parallel to the field, exist in lower fields
compared to the other three domains. To confirm this scenario, we
analysed the angular dependence of the SANS intensity (the so-
called rocking curve) with q || [011]—that is, for the upper peak
in the images of Fig. 4a—c. As shown in Fig. 5a, the rocking curve
includes both a central peak and a flat part extending beyond
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Figure 4 | Small-angle neutron scattering study of the magnetic states in GaV4Sg. a-d, SANS images measured at T=10.9 K in various fields for B|| [111].
The images were recorded at field values representative of the different magnetic states assigned in Fig. 2d. e f, SANS images taken at T=10.9K in
different magnetic fields for B || [100]. Labels refer to the magnetic states assigned in Fig. 2f. The dashed circles having common diameter in all the images
help in visualizing the change in the magnitude of the g-vectors. The two colour bars indicate the scattering intensity for the two field orientations.

the measured angular range. The central peak is due to magnetic
scattering from the unique domain: its intensity is fully suppressed
when the SKL phase vanishes, and it also shows an anomaly at the
cycloidal to SKL transition (see Fig. 5¢). The flat part, vanishing only
at the SKL* to ferromagnetic transition, represents scattering from
the other domains.

The origin of the different contributions to the SANS intensity
deduced from the rocking curves is also confirmed by the |q]-
dependence of the intensity. As shown in Fig. 5b, for SANS images
recorded in the central region of the rocking curve, a double-peak
structure is observed, whereas only the peak at higher |q| appears
for images taken in the flat part of the rocking curve. Moreover,
the peak at lower |q| disappears entirely at B= 60 mT, where the
SKL to ferromagnetic transition takes place in the unique domain.
As shown in Fig. 5¢, from this analysis we could distinguish the
periodicities (a=2m/|q|) of the magnetic structures in the two types
of domains.

As indicated in Fig. 5b, all individually resolved Bragg peaks
are resolution-limited within the detector plane, which hinders the
determination of the magnetic correlation lengths. On the other
hand, the out-of-plane correlations probed by the rocking curve
width are not limited by the instrumental resolution, and we could
estimate the correlation length along and perpendicular to the
skyrmion cores as ~540 nm and ~110 nm, respectively (for more
details see Methods). Concerning our AFM studies, the typical
thickness of the sheet-like structural domains varies in the range
~200-700 nm. Correspondingly, the domain size of the SkL is
limited by the size of the underlying structural domains along the
skyrmion cores, but not in the perpendicular directions.

In GaV,S;, the S=1/2 spins sit on an FCC lattice stretched along
the [111] direction, which can be regarded as triangular lattices
stacked along [111]. To determine the spin patterns in the different
phases we studied the following classical Heisenberg model on the
triangular lattice by a Monte Carlo technique;

H = Hex + HDM + HZeeman (1)

where

Hex = Z (]J_mximxj +]J_myimyj +]|| mzimzj)
(i)

HDM = Z D,-j(mi X mj)
(i)

HZeeman =-B E mg;
i

For the exchange interaction 7., we consider ferromagnetic
coupling with XXZ-type anisotropy between the local magnetic
moment m; of neighbouring V, clusters, where the z (easy) axis
is parallel to [111]. The direction of the Dzyaloshinskii-Moriya
vectors, Dy, are determined by the FCC crystal symmetry, as
shown in Fig. 6a. For the calculation we choose realistic exchange
parameters for GaV,S: J; /] =1.08 determined from the mean-field
analysis of the magnetization curves and D/, =0.35 fixed according
to the observed cycloidal pitch, where D= |Dj].

This model provides three ordered phases with increasing
strength of the magnetic field: the cycloidal, SKL and ferromagnetic
state. Figure 6 shows the spin patterns obtained for the cycloidal
and SKL state. The skyrmions exhibit the Néel-type domain wall
alignment along the radial direction from their cores to their
peripheries. Namely, the spins rotate within the plane parallel to
the radial direction. We stress that, irrespective of the details of
possible models, GaV,S; can host only a Néel-type SkL owing to
the orientation of Dzyaloshinskii-Moriya vectors characteristic to
the C,, symmetry class'™°. This statement is further supported
by our calculations on a lattice model with C,, symmetry. This
calculation can reproduce the experimental phase diagram in
Fig. 2c as well as the field dependence of the SANS intensity
on a semiquantitative level (see the Supplementary Information).
For the triangular lattice model, the Fourier components of the
magnetization configurations in the cycloidal and the SKL states are
shown in Fig. 6d,g, respectively. These results, in full agreement with
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Figure 5 | Tracing the magnetic phase boundaries by SANS. a, Angular dependence of the SANS intensity in various magnetic fields. The sample is rotated
together with the magnetic field by an angle ¢ around the horizontal axis (orthogonal to both the scattering vector q || [011] and the incoming beam). The
rocking curves, representing the angular dependence of the total intensity of the q || [017] Bragg spot, are characterized by a central peak located between
+2° and a flat part. Error bars are determined by assuming Poissonian statistics. b, |q|-dependence of the SANS intensity along [011] in B=58 mT
measured at rotation angles in the central region (red line) and the flat part (black line) of the corresponding rocking curve. The inset shows the difference
between the red and black curves. The blue curve is representative of fields larger than B=60 mT, for which the |q|-dependence of the intensity is uniform
for all angles between £5°. Horizontal bars indicate the instrumental resolution. ¢,d, The scattering intensity (upper part) and the magnetic periodicity,
a=2mn/|q|, (lower part) as a function of field for the two magnetic field orientations. Vertical dashed lines indicate the phase boundaries according to

Fig. 2d,f. For B| [100], the total scattering intensity summed over the Bragg spots is shown. For B || [111], the intensity of the [011] Bragg spot is plotted for
the central region (red line) and the flat part (black line) of the rocking curve. As exemplified in b for B=58 mT, the splitting of the Bragg spot into two
peaks with different |q| was resolved in the field range B=30-60 mT, which arises from the coexistence of cycloidal* and SkL states in different
rhombohedral domains. This splitting is emphasized by using open symbols over the corresponding field range.

SANS data, show that the q-vectors are parallel to the (110) axes in
the hard plane in both states. In cubic helimagnets the orientation
of the gq-vectors is defined by the weak magnetocrystalline
anisotropy*®”. In contrast, we found that in GaV,S; the orientation
of Dzyaloshinskii-Moriya vectors alone determines the direction
of the g-vectors, without additional magnetic anisotropies in the
hard plane—that is, perpendicular to the vortex cores. The lack of
a conical spin state, which is generally present in the phase diagram
of cubic helimagnets, is also reproduced by these calculations, in
agreement with previous theoretical works"®*,

Recent experimental and theoretical studies'? on cubic
helimagnet films with uniaxial distortion have revealed SkL phases
existing over broad temperature regions similar to GaV,S;. Whereas
the pattern of the Dzyaloshinskii-Moriya vectors on the crystal
lattice and the magnetic structure of the skyrmions are different in
the two cases, the key role of finite axial anisotropy in stabilizing the
SKL phase against the conical state seems to be universal, as already
predicted in early studies'™. In the case of thin films the uniaxial
anisotropy is determined by the substrate and the film thickness. In
GaV,Ss, the application of pressure can be an efficient tool to tune
the strength of uniaxial anisotropy, and thus address its role in the
formation and stability of the SKL phase.

1120

In a new class of materials we observed a SkL state emerging over
an extraordinarily broad temperature range. Although Bloch-type
skyrmions have been investigated extensively in chiral magnets,
lacunar spinels provide a unique arena to study another topological
spin pattern, the Néel-type skyrmions. We found that the strong
orientational confinement of the vortices ensures the robustness of
two distinct skyrmionic states with a core magnetization pointing
either up or down the easy axis. This may facilitate a unique
magnetic control of the SKkL, as we expect that the SkL induced
by a magnetic field parallel to the easy axis can be rotated within
the hard plane by an additional transverse field component. Such
magnetic control is inconceivable in cubic helimagnets where
vortex cores instantaneously co-align with the magnetic field. In
addition, the polar crystal structure of lacunar spinels®? may
be exploited for a non-dissipative electric field control of the
SKL. Recent studies have successfully demonstrated the creation,
manipulation and atomic-scale magnetic profiling of individual
skyrmions'®****!, which are the basic functions required for a
novel type of information technology built on skyrmion-based
memory devices'**?™**. The magnetic and/or electric control of
skyrmions can play a crucial role in the technological realization of
such devices.



y Z|| 111
X

/1
ot /Y /
T y
= « 4 7
oo =a
y g ‘..,'/‘
f A2 g

\'\\‘\’/'r-
\\\\

"

~ <

2N I B B S R

vad

PR |

Figure 6 | Spin patterns in the magnetic phases of GaV4Sg. a, FCC lattice of V4 units, each carrying a spin 1/2, and the orientation of the
Dzyaloshinskii-Moriya vectors for bonds on the triangular lattice within the (111) plane (chosen as the xy plane in the calculation). b, Cycloidal spin state
obtained for the spin model in equation (1) on the triangular lattice in zero magnetic field. The colour coding indicates the out-of-plane components of the
spins. ¢, Magnified view of the magnetization configuration for the cycloidal state. The arrows correspond to the in-plane components of the spins at every
second site of the triangular lattice. (The remainder of the sites are not shown to reduce the density of the arrows and preserve the clarity of the figure.)

d, Bragg peaks (g-vectors) of the cycloidal state in b in reciprocal space. e, SkL state obtained for the spin model in equation (1) on the triangular lattice for
B/J; =0.08 along the z axis. The colour coding is the same as in b. f, Magnified view of the magnetization configuration for the SkL state clearly shows the
Néel-type domain wall alignment. Note that the magnetization points opposite to the magnetic field in the core region of the skyrmions. (Similarly to ¢, only
every second spin is shown.) g, Bragg peaks of the SkL state in e. The g-vectors of first-order Bragg peaks are located along the (170) directions (white
lines) in the hard plane, for both the cycloidal and SkL states.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods

Sample synthesis and characterization. Single crystals of GaV,S; were grown by
the chemical vapour transport method using iodine as the transport agent. The
crystals are typically cuboids or hexagonal slabs, with masses ranging from

1-60 mg. The sample quality was checked by powder X-ray diffraction, specific
heat and magnetization measurements. The crystallographic orientation of the
samples was determined by X-ray Laue and/or neutron diffraction before the
magnetization, SANS and AFM studies. The magnetization measurements were
performed using a magnetic property measurement system (MPMS) from
Quantum Design. The field dependence of the magnetization was measured in
increasing temperature steps following an initial zero-field cooling to 2 K. The
temperature dependence of the magnetization was also measured in different
fields. For both of these approaches, we found no hysteresis in the magnetization
curves, thus indicating that the SkL state cannot be quenched—that is, stabilized as
a metastable state—in this compound.

Non-contact atomic force microscopy. All AFM data presented were obtained by
non-contact atomic force microscopy (nc-AFM) performed in an Omicron
cryogenic ultrahigh vacuum (UHV) STM/AFM instrument using the RHK
R9-control electronics. The microscope features interferometric detection, which
as a side effect allows the tuning of the cantilevers’ effective quality factor Q. by
varying the laser intensity used for the detection of the cantilever motion. For all
measurements we used magnetically coated AFM-tips from the SSS-QMFMR
series from NANOSENSORS to achieve sensitivity to magnetic forces. To ensure
accurate temperature readings in the T'=9-13 K regime, the temperature of the
AFM sample stage was calibrated by means of a niobium wire with a
superconducting temperature of To =9.25 K placed on the AFM sample stage.
Correspondingly, we expect that the difference between the nominal temperature
and the actual sample temperature is well below 1 K.

In nc-AFM mode the frequency f of an oscillating cantilever is measured via a
phase-locked loop and kept constant by the topography feedback loop. The
frequency shift Af with respect to the resonance frequency f; far away from the
sample provides a measure of the force gradient apparent between tip and sample.
In addition, the oscillation amplitude A is kept constant by adjusting the excitation
amplitude A,,.. Electrostatic interactions between tip and sample have been
minimized using an additional FM-Kelvin control loop without any further lateral
information in the measured contact potential difference.

We could not obtain magnetic contrast in magnetic force microscopy mode,
where the tip is retracted from the surface and the conservative magnetic forces are
measured by means of the induced frequency shift Af. Instead, a dissipative force
interaction induced the magnetic contrast in the excitation channel when the tip
was brought close to the sample surface. The nature of this dissipative interaction is
subject to further investigations.

With knowledge of the cantilever’s spring constant k, the actual oscillation
amplitude A, the resonance frequency f, the effective quality factor Q. and the
signal-to-drive ratio R, far away from the sample, we compute the dissipated power
from the measured excitation amplitude as

KfRoA
pTHRA

chf,ﬂ
For the images in Fig. 2 these parameters are k=3.4Nm™', A=3nm,
Qeiro =4.28 x 10°, f =70.87 kHz, R, =30.92 um V! with excitation amplitudes
ranging from 150 uV to 1.1 mV.

Small-angle neutron scattering. Small-angle neutron scattering (SANS) was used
to study the long-wavelength, microscopic magnetic states in a 25.5 mg single
crystal sample of GaV,Ss. The SANS measurements were carried out using the D33
instrument at the Institut Laue-Langevin (ILL), Grenoble, France, and the SANS-II
instrument at the Swiss Spallation Neutron Source (SINQ), Paul Scherrer Institut,
Switzerland. In a typical instrument configuration, neutrons of wavelength 5 A
were selected with a full-width at half-maximum (FWHM) spread (A1 /A) of 10%,
and collimated over a distance of 5.3 m before the sample. The scattered neutrons
were collected by a two-dimensional multi-detector placed 5 m behind

the sample.

The single-crystal sample of GaV,Sg was mounted inside a horizontal field
cryomagnet that was installed on the beamline so that the direction of applied
magnetic field was approximately parallel to the neutron beam. The sample was
oriented to have a horizontal scattering plane that included the [100] and [111]
crystal directions. Applying the magnetic field along either of these directions was
achieved simply by rotating the sample stick inside the cryomagnet. The SANS
measurements were done by both tilting and rotating the sample and cryomagnet
together through angular ranges (rocking angles) that moved the magnetic
diffraction peaks through the Ewald sphere. The SANS patterns presented in Fig. 4
were constructed by summing together the detector measurements taken at
each rocking angle, which allows all of the Bragg spots to be presented in a
single image.

For the data shown in Figs 4 and 5, the FWHM g-resolution within the plane of
the SANS detector was Aq, =0.006 A~" parallel to the scattering vector, and
Agq, =0.005 A" in the perpendicular direction. In this plane all individually
resolved Bragg peaks were resolution-limited. In contrast, the rocking curves,
which probe the magnetic correlations perpendicular to the detector plane, are not
resolution-limited; for the data shown in Fig. 5a the FWHM angular resolution is
about 0.1°. This demonstrates that in general for our measurements the rocking
curve widths are always dominated by the magnetic mosaicity.

The form of the rocking curves at low field, a central peak on top of a flat and
finite component (Fig. 5a), arises because the overall scattering receives
contributions from both the unique domain with easy axis along the field (the
central peak), and a different rhombohedral domain (flat component). As
evidenced in the rocking curve measurements, the Bragg peaks due to the
scattering from each type of domain have clearly different shapes in the
longitudinal direction perpendicular to the detector plane. We use this observation
to extract estimates for the different correlation lengths along (central peak) and
perpendicular to the vortex cores (flat component) of the SKL states. From the
width of the central peak we estimate the correlation length along the vortex cores
to be & ~2540 nm, according to &, ~27/(|q|sin(¢)), where ¢ is the FWHM of the
central peak in the rocking curve in radians. The explored angular range of the
rocking curves only allows an upper estimate of &, <110 nm for the correlation
length perpendicular to the vortices.

Theoretical calculations. The Monte Carlo calculations for Fig. 6 are performed
for the model in equation (1) on a two-dimensional triangular lattice with

144 x 144 sites and periodic boundary conditions. The XXZ-type anisotropy in the
exchange term comes from the orbital ordering with 3z” — r*-type orbitals pointing
in the [111] direction, taken as the z axis in the calculation®®. The ratio of J, /], was
determined from a mean-field analysis of the low-temperature magnetization
curves, with the value of D/J, fixed according to the observed cycloidal

pitch, ay..



