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Abstract

®

CrossMark

The magnetic ground state of polycrystalline Néel skyrmion hosting material GaV4Sg has

been investigated using ac susceptibility and powder neutron diffraction. In the absence of an
applied magnetic field GaV4Sg undergoes a transition from a paramagnetic to a cycloidal state
below 13 K and then to a ferromagnetic-like state below 6 K. With evidence from ac
susceptibility and powder neutron diffraction, we have identified the commensurate magnetic

structure at 1.5 K, with ordered magnetic moments of 0.23(2) i on the V1 sites and
0.22(1) pg on the V2 sites. These moments have ferromagnetic-like alignment but with a
39(8)° canting of the magnetic moments on the V2 sites away from the V4 cluster. In the
incommensurate magnetic phase that exists between 6 and 13 K, we provide a thorough and
careful analysis of the cycloidal magnetic structure exhibited by this material using powder

neutron diffraction.

Keywords: skyrmion materials, powder neutron diffraction, magnetism, magnetic structure,

cycloidal magnetic structure

(Some figures may appear in colour only in the online journal)

1. Introduction

There has been widespread interest in skyrmion hosting mate-
rials, both for their fascinating magnetic properties, as well
as their potential application in fields such as spintronics [1].
These topological magnetic quasi-particles have been found
in an increasing number of systems but the majority of these
materials stabilise Bloch as opposed to Néel skyrmions. In
order to explain the physics of Néel skyrmions we need a
deeper understanding of the materials in which they form,
including the various types of magnetism that these systems
exhibit [2].

GaV,4Sg is a member of the lacunar spinel family (AB4X3g)
which has been shown to stabilise a variety of magnetic phases
including a cycloidal state and Néel skyrmions [3]. It adopts
a high-temperature face centred cubic F43m structure with a

* Authors to whom any correspondence should be addressed.

Original content from this work may be used under the terms
BY

of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1361-648X/21/255802+6$33.00

1

lattice made up of heterocubane-like [V4S4]°" and [GaS4]°~
tetrahedra [4]. A first-order structural phase transition occurs
at 42 K distorting the cubic lattice into a low-temperature
rhombohedral (R3m) crystal structure. In this paper we use the
hexagonal setting of the R3m space group. This phase tran-
sition causes a deformation of the V, tetrahedra, elongating
along one of the four possible (111) cubic directions, creating
two distinct V sites. Figure 1 depicts the low temperature crys-
tal structure of GaV4Sg. The V1 (3a Wyckoff) site corresponds
to the V ion on the elongated node of the tetrahedra while the
V2 (9b Wyckoff) site corresponds to the three remaining sym-
metric V ions within the tetrahedra. As this distortion can occur
in any of the four possible (111) directions, micro-domains of
each orientation are formed.

The magnetic behaviour of GaV4Sg arises from the shar-
ing of a single unpaired electron among the V ions within the
V4 tetrahedron similar to other members of the lacunar spinel
family [6]. GaV4Sg undergoes a paramagnetic to cycloidal
magnetic transition at 13 K in zero field. Application of a mag-
netic field to the cycloidal magnetic phase stabilises magnetic

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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Figure 1. Low temperature R3m crystal structure in the hexagonal
setting with the V4S4 heterocubane shown in red and the GaS4
tetrahedra shown in green. The V atoms are shown in red, Ga in
green, and S in yellow.

skyrmions [3]. A further reduction in temperature produces a
ferromagnetic-like state below 6 K [4, 7]. Due to the easy axis
anisotropy, the direction of the applied field with respect to the
crystal lattice strongly effects the magnetic phases present. For
example, aligning the field along the [111] pseudo-cubic crys-
tallographic direction has been found to stabilise the largest
extent of the skyrmion phase in magnetic field-temperature
space [8].

The magnetic properties of GaV4Sg have previously been
investigated using a variety of techniques such as muon-
spin rotation (u"SR) [9, 10], small angle neutron scattering
(SANS) [3, 11, 12], and electric polarisation [13]. Magnetisa-
tion measurements [13] have shown that at temperatures below
6 K and low fields, the magnetic structure of GaV4Sg is not
a simple collinear FM phase as suggested by previous work
[3]. High temperature magnetisation measurements have also
emphasised the magneto-structural link in this material, with
discontinuities being seen in the inverse susceptibility at the
structural phase transition [4, 13]. Both the zero-field magnetic
and structural transitions are able to be seen in heat capacity
measurements, while the structural transition is also evident in
resistivity data [13].

Our previous powder neutron diffraction studies on the
ferromagnetic-like state revealed a magnetic spin texture
where the moments on the V1 sites align with the hexagonal
crystallographic ¢ axis and the moments on the V2 sites cant
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Figure 2. Real component of the ac susceptibility (') versus
temperature and applied dc field for a single crystal of GaV4Sg with
the ac and dc magnetic fields applied along the pseudocubic [111]
direction showing the low and high field skyrmion phases (S and
S*), the low and high field cycloidal phases (C and C*),
ferromagnetic-like phase (F-L), and ferromagnetic phase (F).
Dashed lines are given as guides to the eye. The inset depicts an ac
susceptibility field scan at 2 K.

outwards from the centre of the V4 cluster [4]. Investigations
of GaV,4Sg support the evidence for a commensurate mag-
netic ground state below 6 K and a cycloidal magnetic phase
has been identified to propagate along the [110] pseudo-cubic
direction from SANS measurements, although due to complex
micro-twinning, the propagation vector of the magnetism with
respect to the rhombohedral phase has not been reported to
date [3, 11].

We have therefore carried out ac susceptibility measure-
ments on a single crystal of GaV4Sg and have identified
a new commensurate ferromagnetic-like zero-field phase at
low temperatures that undergoes a transition to a ferromag-
netic state with applied magnetic fields. In order to investi-
gate this ferromagnetic-like region in more detail, we have
performed high-intensity powder neutron diffraction experi-
ments on GaV4Sg. We describe the magnetic structure in this
low temperature commensurate phase and the incommensurate
state, with reference to the existing literature.

2. Experimental details

Polycrystalline samples of GaV4Sg were synthesised by solid-
state reaction as described in reference [4]. Phase purity
was confirmed by laboratory powder x-ray diffraction using
monochromatic Cu K,,; radiation. Powder neutron diffraction
experiments were carried out on the D2B and D20 diffractome-
ters at the Institut Laue-Langevin, in line with our previous
experiments on these diffractometers [4, 7]. A standard orange
cryostat was used for neutron diffraction with the ~ 9.5 g pow-
der sample sealed in a thin-walled cylindrical vanadium tube
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Figure 3. Top: experimentally-obtained magnetic difference pattern
1.5 K-15 K (blue open circles), predicted peak positions (black tick
marks), magnetic Rietveld refinement (red solid line), difference
(olive green solid line). Data were taken on the D20 diffractometer.
Bottom: magnetic structure of GaV4Sg at 1.5 K determined from
powder neutron diffraction difference pattern refinements.

of 12 mm diameter. Magnetic structure determination mea-
surements were performed on the D20 diffractometer with a
neutron wavelength of 2.417 A at three temperatures: 1.5, 9,
and 15 K representing the lowest temperature achievable in the
cryostat in the ferromagnetic-like region, in the centre of the
cycloidal phase, and in the paramagnetic phase, respectively.
The magnetic refinements were carried out using the FullProf

Table 1. BV for GaV4Ss used in the magnetic refinements for each
propagation vector.

BV1 BV2 BV3
k=0
V1 (3a)
X, ¥, 2 001
V2 (9b)
X, Z 120 001
-V X—=¥2Z —2-10 001
X4y, —xz —-1-10 001
koro= [0KO0]
V1 (3a)
X, 9,2 120 001
V2, (9b)
X, ¥, 2 120 001
V2, (9b)
X, ¥, 2 100 010 001
—X+V¥2Z —-100 110 001
koor=[00L]
V1 (3a)
X, ¥, 2 001
V2,,V2,, and V23 (9b)
X, 9, Z 120 001
VX =Yz —2-10 001
—X 4+ y,—X,z 1-10 001
kip and kip-c
V1 (3a), V21,V2,, and V23 (9b)
X, 9,2 100 010 001

software suite [5]. Ac susceptibility measurements as a func-
tion of dc applied field were performed on a single crystal
of GaV,Sg grown as described in reference [4]. An ac field
of 113 Hz and 0.3 mT was applied after zero-field-cooling
then application of a dc magnetic field along the cubic [111]
direction at intervals of approximately of 0.25 K and 2 mT.

3. Results and discussion

3.1. Ac susceptibility

Figure 2 depicts the ac susceptibility phase diagram obtained
on a GaV,4Sg single crystal. Comparison with the magnetic
phase diagram by Kézsmarki et al [3] enables identification
of the low field cycloidal (C) and skyrmion (S) phases and the
high field cycloidal (C*) and skyrmion (S*) phases. However,
an additional low temperature ferromagnetic-like (F-L) phase
can be identified from the ac susceptibility map in figure 2,
which is not present in most previously published phase dia-
grams. Based on SANS measurements from the literature
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g _ aoaa [3, 11, 12] and our previous powder neutron diffraction mea-
gﬁ % £ I Z=oa surements [4], this low temperature magnetic state has been
Se = confirmed to be a commensurate structure. This is com-
_E-i _ monly identified in the literature as a ferromagnetic state
:E) 8 \é‘; although more careful ac susceptibility measurements in the
e _g 2~~~ ~ ~ —~ low-temperature low-field region shows a peak in the suscep-
2 2 El S % S5 = tibility with application of a dc magnetic field that extends
£ § gl 853333 from 6 K down to the lowest temperatures measured, as seen
ﬁ §D Tg in figure 2. The F-L phase had not been identified in previ-
g 2 &= ous studies using techniques such as SANS and atomic force
B « ~ o~~~ microscopy [3] that are often not sensitive to small changes in
Ei ; > |2 || % | é’ (% a commensurate magnetic structure, although a non-collinear
=) = S So magnetic state, possibly with short-range order, was suggested
52 from magnetisation measurements [13]. The inset of figure 2
8 .§ R highlights this peak at 2 K in the ac susceptibility which is
§§ N § g = 3:/: = present at ~ 65 mT on decreasing field after saturation at
B = RIZSES 2 =g 1 T. As this peak is observed after both zero-field-cooling
§ X and saturation with a high magnetic field, it precludes the
3 2 peak’s origin being from magnetic domains and thus indicates
& ) © a change in the dynamics of magnetic moments that is often
; = 5 % L] associated with a magnetic phase transition. The high-field
w8 el = low-temperature magnetic phase can be associated with a fer-
;; §D | romagnetic state as it has previously been seen to be commen-
i § = surate and no additional phase transitions have been observed
L& :3/‘ with the application of larger magnetic fields. Powder neutron
f & E azaa=gs diffraction in this ferromagnetic-like region, can help us fur-
§ § S § § § § i § ther understand this magnetic phase and allow us to determine
N‘é ;‘3 Tg its magnetic structure
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E - ] 3.2. Powd diffi 15 K.

=) oo .2. Powder neutron diffraction at 1.5 K: commensurate

‘s 2 S iz structure

2 _ :

é”fl > << Figure 3 shows the magnetic peaks in the 1.5 K—15 K pow-
R der neutron diffraction difference pattern. The nuclear R3m
ﬁ Z . S é = hexagonal structure was first refined at 15 K, a temperature
g £ 2 15 | 3 = at which GaV,Sg is paramagnetic. At 1.5 K the peaks can be
" 2 © S indexed by a k = 0 propagation vector, in agreement with lit-
S % g erature [3, 4, 12]. Magnetic symmetry analysis was performed
& g o a2 using BASIREPS to determine the magnetic irreducible rep-
>: 5 > % Z | g N 2 resentations (IR) and their basis vectors (BV) [14, 15]. The
E:‘ g RIas = £ only IR that can be found to fit the data is I', for both the
° Q g g V1 and V2 sites. The corresponding BV are given in table 1
g S8 % and details of these refinements in table 2. The refinement
g(j‘ > 2l m 28 T @ yields a magnetic structure shown in figure 3 with a total
% g% K| LoL®n = ;E moment of 0.23(2) yp on the V1 sites and 0.22(1) py on the
5 g “‘:;; V2 sites. The V2 moments are canted outwards from the V4
gj‘ § I - cluster, as seen in figure 3 with total moment of the cluster
£ g 2 e ragoan § being 0.88(5) 115/ V4. The magnetic structure is in agreement
S E g with our previous neutron diffraction results [4] although the
'§NH % g ﬁ data presented in this paper show an equal moment distributed
s ™ § % oo E S & = across all of the V atoms and have allowed us to determine
.55 Z SRS %“ a canting of the moments on the V2 sites of 39(8)°, indi-
z ; z 8 cating that the low-temperature magnetic phase identified in
§ £ E N > the ac susceptibility measurements is not fully collinear. In a
£22 El g recent SANS study, Dally et al suggested that the moments
o ?5 & £ are constrained to point along the magnetic easy axis (the
2238 g | M g is in the hexagonal setting of the R3m space group) at
E 3 % § " i £ ¢ axis in g g pace group

3 K [12]. Constraining the refinement of our data in this way
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Figure 4. Powder neutron diffraction of GaV4Ss fit using multiple
incommensurate models with each propagation vector shown in a
separate panel. Experimentally-obtained magnetic difference pattern
9 K-15 K (blue open circles), predicted peak positions (black tick
marks), magnetic Rietveld refinement (red solid line), difference
(olive green solid line). Data were taken on the D20 diffractometer.

leads to nearly identical simulated pattern and R factor, (see
table 2) but with a moment of 0.382(13) up on the V1 sites
and 0.117(12) pg on the V2 sites, hence to a total moment
per cluster of 0.73(4) ug/Va. The unconstrained fit at 1.5 K
gives better agreement with our previous magnetisation results
[4] along with the magnitude of ordered moment per cluster
calculated by Dally et al [12]. The slight difference of mag-
netic structure determined from our measurements and those
of Dally et al can be attributed to how similar the diffrac-
tion patterns of the canted and collinear state are, making it
difficult to distinguish between them. It is worth noting that
our observed pattern could not be fitted with a moment only
residing on a single atom.

These zero-field measurements show a canting of the V2
spins away from the hexagonal c axis, which is along the pseu-
docubic [111]direction. This is consistent with the ac suscepti-
bility measurements that show the application of a dc magnetic
field along this [111] direction leads to a change in orienta-
tion of the magnetic moments from the canted to a collinear
ferromagnetic structure as the field is increased. The peak in
X’ suggests this reorientation occurs at a well-defined field (a
phase boundary) rather than via a more gradual rotation of the
magnetic moments.

3.3. Powder neutron diffraction at 9 K: incommensurate
Structure

Measurements carried out at 9 K within the incommensurate
phase identified by SANS [3, 11] (spanning from approxi-
mately 6 to 13 K) are shown in figure 4. The magnetic Bragg
peaks in the magnetic difference pattern can be seen to have
broadenedrelative to 1.5 K, which highlights the incommensu-
rate nature of the magnetism at 9 K. Without previous knowl-
edge of the form of magnetic structure, Occam’s razor might
be used to argue that the propagation vector would be along a
primary crystallographic direction or the magnetic easy axis.
Refinements show that a solution using the kK = 0KO propa-
gation vector with BV 001 (table 1), to be significantly better
than any allowed k = OOL refinement. Due to symmetry the
k = 0KO propagation vector will give the same results as the
h = HOO propagation vector therefore only k = 0K0 is exam-
ined. The kK = OKO refinement shown in figure 4 also gives
a visibly better fit than the kK = OOL solution. However, the
k = 0KO refinement provides a solution that is a modulated
sinusoidal wave propagating along the k = 0KO0 direction with
the magnetic moments aligned with the ¢ axis but a larger
moment on the V1 site compared to the V2 sites. The mag-
netic modulation length is slightly longer from the refinement
compared to the value from SANS but due to the limitations of
powder neutron diffraction for resolving magnetic structures
with large length scales, this value seems reasonable [3]. The
symmetry of this propagation vector precludes the possibil-
ity of cycloidal winding, going against existing evidence from
measurements such as SANS [3, 11].

SANS results by White ez al [11] show the presence of a
cycloidal winding (region C in figure 2) and they determine
the magnetic propagation vector to be perpendicular to the
hexagonal ¢ axis with no preferential direction in the plane.
As the propagation direction is ill defined but in the ab plane,
BASIREPS can be used to find a suitable IR and BV (table 1)
for an arbitrary in-plane propagation vector ki,. Using BV2
and BV3 with one real and one imaginary, a cycloidal mag-
netic structure can be created. From the literature [11] we know
there is a cycloidal magnetic winding in the plane of the propa-
gation vector and the ¢ axis, therefore only solutions with this
form of winding will be examined. This yields two possible
refinements, one with the moments on the distinct V Wyckoff
sites being the same, and one where each type of site is refined
separately and will be referred to as ki, and k;, respectively.
Both solutions give similar refinements, with the major dif-
ference being the size of the magnetic moment. kj,_. gives a
good agreement with the commensurate state which indicated
an approximately equal moment on each V site.

4. Summary and conclusions

Using a detailed analysis of powder neutron diffraction data,
combined with evidence from ac susceptibility in the tem-
perature region of interest, we have been able to establish
that in low magnetic fields, a commensurate spin structure
exists at 1.5 K with a canting of the magnetic spins as well
as confirming a cycloidal magnetic structure at 9 K.



J. Phys.: Condens. Matter 33 (2021) 255802

SJRHoltetal

At 1.5 K the magnetic structure determined is shown to be
in agreement with our previous studies [4]. Taking into account
the reported density functional theory calculations [10, 12],
results from our magnetisation measurements [4], and the pres-
ence of a phase transition in the ac susceptibility, the evidence
supports a magnetic structure where the magnetic moments
are, within error, spread equally across the V4 cluster with a
canting of the V2 spins.

In treating the incommensurate structure at 9 K, numer-
ous models that differ only slightly in terms of the quality
of the refinements, appear to be possible solutions. The sim-
plest solution suggests a sinusoidal magnetic structure with
spin modulation along the k = 0KO direction. However, this
is inconsistent with previous SANS measurements of GaV4Sg
which show a cycloidal magnetic structure propagating in the
ab plane while the moments can rotate between the ¢ axis and
the propagation direction. We have used this information to
constrain the possible propagation directions in the R3m phase
for our refinements. Fits then give a value for the modulation
length close to that of SANS and two reasonable magnetic
structures with the moments either the same on both the V1
and V2 sites, or varying by a factor of ~ 3.5.

This study highlights the need for further investigations,
using techniques such as small angle neutron diffraction of
materials that have the potential to host skyrmions which have
been reported as having a sinusoidal modulating spin struc-
tures. If, instead, the magnetic order in such materials show
cycloidal winding this would leave open the possibility that
these materials could be potential skyrmion hosts.
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