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GdSbg 46Teq.4g, @ nonsymmorphic Dirac semimetal with Dirac nodes at the Fermi level, has a rich magnetic
phase diagram with one of the phases predicted to be an antiferromagnetic skyrmion state. In the current
work, we investigate GdSbg 71 Te 2, through bulk magnetization measurements, single-crystal, and powder
synchrotron X-ray diffraction, as well as single-crystal hot-neutron diffraction. We resolve a weak orthor-
hombic distortion with respect to the tetragonal structure and charge density wave (CDW) satellites due to
incommensurate modulations of the crystal structure. At 2 K the magnetic structure is modulated with two
propagation vectors, k; = (0.45 0 0.45) and kj = (0.4 0 0), with all their arms visible. While k; persists up to
the transition to the paramagnetic state at Ty = 11.9 K, kj disappears above an intermediate magnetic
transition at T; = 5 K. Whereas magnetic field applied along the c-axis has only a weak effect on the in-
tensity of antiferromagnetic reflections, it is effective in inducing an additional ferromagnetic component
on Gd atoms. We refine possible magnetic structures of GdSbg 7, Te; 2, and discuss the possibility of hosting
magnetic textures with non-trivial 3D+ 2 topologies in the GdSb;_xTe . series.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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1. Introduction

Topology concepts in solid-state science [1-3] have revived in-
terest in frustrated magnets, as intriguing topological phenomena
can appear both below and above the long-range magnetic ordering.
Furthermore, materials hosting skyrmions, mesoscale topological
spin textures, attract a significant interest due to their high potential
in spintronics, e.g., in next-generation memory devices [4-8]. In
addition to the non-trivial topology of such spin textures in real
space, topological features in the electronic band structure, such as
Dirac or Weil nodes, may predispose useful technological properties
like large magnetoresistance and high charge carrier mobility [1-3].

In most skyrmion-host crystals, the thermal stability range of the
skyrmion lattice state is rather limited, as this phase is stabilized
only under a specific combination of the micro- and macroscopic
parameters. This applies to centrosymmetric systems with
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frustrated exchange interactions and also to non-centrosymmetric
crystals, where the competition between the Dzyaloshinskii-Moriya
interaction and Heisenberg exchange leads to the formation of
skyrmions. Since strong magnetic anisotropy, comparable to the
leading exchange interactions, generally favours collinear magnetic
structures in bulk crystals, weak magnetic anisotropy is a key factor
to promote the formation of multi-k magnetic lattices with non-
trivial topology [9-13]. From this perspective, the compounds con-
taining ions with half-filled 3d of 4f shells are promising candidates.
Indeed, some examples of Mn?* (3d°) and Gd>* (4f’) materials that
host skyrmions are extensively discussed in literature, including
GdRu,Si; [14], GdyPdSi; [15], MnsSn [16], MnSi [17], and
MnSc,S4 [18]

This study was motivated by the recent proposal of an anti-
ferromagnetic skyrmion lattice in GdSbg 46Te14g based on magneti-
zation and magnetocaloric measurements [19]. The more general
class, the LnSbTe compounds (Ln = lanthanide) belong to the ZrSiS
(PbFCl)-structure type and, similarly to the prototype, are Dirac
nodal-line semimetals [20-24]. Substantial structural flexibility, the
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presence of magnetic lanthanide ions, and topological electronic
structure make this material family a useful platform to study the
interplay between structural, electronic and magnetic instabilities.
Although the crystal structure and the basic physical properties have
not been reported for all lanthanide members of the LnSbTe family,
two particular members (CeSbTe and GdSbTe) merit an extensive
discussion in the literature owing to their intriguing physics. For
example, degeneracy in the electronic structure of CeSbTe can be
lifted by breaking the time-reversal symmetry using a small field in
the sub-Tesla range [25]. This evolves into a peculiar multi-stage
process through a partial substitution of Sb by Te [26] owing to in-
terplay between the magnetic and charge orders.

By substituting Sb by Te in GdSbTe, one can obtain a series of
solid solutions GdSb,_4Te;.4 that, depending on the exact value of x,
features different CDW superstructures of the parent cell [19,27-29].
At low x (below ca. 0.2), the crystal preserves the initial tetragonal
structure, while at higher values, it undergoes an orthorhombic
distortion accompanied by the evolution of complex CDW super-
structure and accumulation of vacancies in the Sb/Te net. By virtue of
chemical pressure, such substitution affects the electronic structure
- the intermediate phase with the composition GdSbg 4¢Te 45 pro-
vides a close realization of Dirac nodes at the Fermi level. Hereafter,
we will refer to this compound as GST. The compounds around this
composition show a rich and complex magnetic phase diagram with
three transitions in zero field and several field-induced phases.
Magnetization measurements hint at a skyrmion phase in this ma-
terial in a small critical region, extending over the temperature range
of 6.2 - 7 K and the field range of 0 - 0.3 T [19]. Given the funda-
mental and potential practical importance of skyrmions, these
compounds deserve a more detailed microscopic study.

Neutron diffraction is a conventional method to elucidate mag-
netic ordering on a microscopic level and to follow the evolution of
the magnetic structure with external parameters, like magnetic field
and temperature. However, the strong neutron absorption of the
natural Gd precludes routine neutron studies of its compounds. In
the present report, we overcome this limitation using hot neutrons
(0.5 A, ca. 330 meV), where absorption is substantially mitigated
[30]. We show that the ground state magnetic structure features two
incommensurate propagation vectors that are not related by sym-
metry. We also discuss the possible formation of topologically non-
trivial magnetic structures based on our data.

2. Experimental part

The single crystals have been grown by the chemical vapour
transport reaction from the preliminary synthesized polycrystalline
material with an appropriate ratio of Sb to Te and iodine as a
transport agent [19,27-29]. The polycrystalline samples were ob-
tained by solid-state reaction from high-purity elements. All con-
sequent measurements were done on the samples extracted from
the same batch. The phase analysis was performed using conven-
tional X-ray powder diffraction. The composition of the crystals was
analyzed by ZEISS Crossbeam 550, using energy dispersive x-ray
spectroscopy (EDS). Magnetic susceptibility was measured by a
SQUID magnetometer (MPMS 3, Quantum Design) in magnetic fields
upto5T.

Hot neutron single-crystal diffraction has been performed on the
D9 diffractometer at ILL [31]. The crystals were glued into an alu-
minium pin, attached to a goniometer, and loaded either in a 4-circle
He-flow cryostat (for collecting the zero-field data) or into a cryo-
magnet (for applied field studies). A small two-dimensional (2D)
area detector of 6 x 6 cm (32 x 32 pixels) allows reciprocal space
survey, optimizing the nuclear peak position, and searching for in-
commensurate magnetic reflections. The program RACER [32] was
used to integrate the omega- and omega-2theta-scans and to correct
them for the Lorentz factor. Long qg-scans were collected along
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specific directions to assess the presence of the different propaga-
tion vectors. Reciprocal space survey was done using the Int3D
program [33]. The neutron wavelength was set to 0.5 A to minimize
the absorption due to the presence of natural gadolinium in the
sample. The raw diffraction data are available at the ILL data de-
pository [34].

Variable temperature synchrotron powder X-ray diffraction has
been collected at MS - X04SA: Materials Science beamline at SLS
(PSI) at 0.49235 A (25 keV) [35]. Single-crystal X-ray diffraction
datasets were collected using Bruker SMART Platform diffractometer
with Apex I CCD-Detector (MoKa radiation) at room temperature
and at 100 K. Data reduction was done with Rigaku CrysAlisPro
1.171.40.67a [36].

Diffraction data were treated using JANA2006/JANA2020 soft-
ware [37,38]. Representation/magnetic symmetry analysis [39] has
been performed using ISODISTORT online tool [40,41]. The magnetic
structures were plotted using VESTA [42].

3. Results and discussion
3.1. X-ray diffraction

X-ray powder diffraction confirms orthorhombic symmetry of
the studied crystals; all strong reflections can be indexed in the
Pmmn unit cell a = 4.2861(2) A, b = 4.3257(2) A, c = 9.1183(3) A. On
the other hand, single-crystal X-ray diffraction shows effectively
tetragonal structure due to the ferroelastic twinning. Pronounced
CDW atomic superstructure, associated with the incommensurate
vector k, = (0.172 0 0) due to small displacements of atoms from the
ideal average position, is evident. Crystal structure refinement re-
veals the presence of vacancies in the mixed Sb/Te position con-
sistent with the composition GdSbg7;Te;z; derived from EDS
measurements. A more detailed description is provided in SI.

3.2. Magnetic properties

The temperature-dependent magnetic susceptibility of a
GdSbg 71Tey2, crystal was measured in various fields applied along
the c-axis, as shown in Fig. 1. The compound undergoes an anti-
ferromagnetic transition at Ty = 11.9 K, which is only slightly reduced
with increasing magnetic field. In low fields, susceptibility curves
exhibit two other transitions at, T; = 5 K and T, = 6.9 K. In finite
magnetic fields, T; and T, converge to each other, and above ca. 2 T
they are merged into a single transition. Ty, T,, and Ty separate three
magnetically ordered phases marked as AFM1 T < T;, AFM2
Ti< T < T,and AFM3 T, < T < Ty, according to the notation in Ref.

0.15 ! L ! '

Fig. 1. Magnetic susceptibility vs temperature measured in different fields applied
along the c-axis. Three anomalies, observed at Ty, T, and Ty, indicate magnetic
transitions.
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Fig. 2.. Crystal GdSbg 71Te; 2, of mass of ca. 300 mg used for hot neutron single-crystal
diffraction study in a cryomagnet on the D9 instrument at ILL.

[19]. The magnetic susceptibility curves measured for our crystals
are qualitatively similar to those shown in literature, with two major
exceptions. The transition temperatures (Ty = 11.9 K, T, = 6.9 K, and
T; = 5 K) are slightly lower than those reported earlier (13.2 K, 8.5 K,
and 7.2 K, respectively). In addition, slightly below Ty, the low-field
magnetization data in Ref. [19] show a sharp upturn, which is not
present in our crystals.

3.3. Single-crystal hot-neutron diffraction

The small crystal (brick-shaped, ca. 0.7 x1.5 x1.8 mm) was studied
in zero-field in a Displex cryostat, while the big one shown in Fig. 2
was studied both in cryomagnet and Displex cryostat. Using a bigger
crystal in the cryomagnet was crucial as the more massive sample
environment creates significant background.

The room temperature ND dataset is consistent with the X-ray
data, i.e. we observe an effectively tetragonal crystal structure. No
superstructure reflections were observed due to their low in-
tensities. Attempts to fit the measured intensities to the X-ray model
using tabulated values of nuclear neutron scattering factors [43]
yield poor residuals. This is because, whereas the scattering factors
are tabulated for the 1.8 A neutrons, the natural Gd has a very strong
energy dependence close to the thermal region due to the resonant
effects in the >Gd and '®’Gd isotopes [44,45]. For neutrons with
A»=1.8A, the real part of the nuclear scattering factor is 6.5 fm and
the imaginary is -13.82fm, whereas at 0.5A is ca. 11fm and
- 0.5 fm, respectively. Plugging the 0.5 A scattering length of Gd into
refinement yields good agreement factors even without absorption
correction (R; = 7.6 %, Rwi1 = 9.1 %, ¥* = 1.9 for 145 independent re-
flections and 13 refined parameters). To improve the fit, we per-
formed a series of refinements with numerical shape-corrected
absorption and variable absorption coefficient. The R, (the factor
indicating agreement between the equivalent reflections) has the
lowest value for p ~ 0.35 mm™!, which is in good agreement with the
literature [30] value of 0.66 mm™ and was used for correction of
magnetic intensities (vide infra). The estimated absorption coeffi-
cient yields transmission Tmin/Tmax Of 55 %/68 % and lowers the re-
siduals to Rg =5.3 %, Rwr =6.6 %, > =1.2.

Besides the nuclear reflections, the neutron diffraction pattern
collected at 2K exhibits a set of additional reflections. They dis-
appear upon heating to 15K (> Ty), and thus are of magnetic origin.
The majority of strong magnetic reflections can be indexed using the
propagation vector k; =(0.45 0 0.45), whereas there are other small
ones corresponding to k; =(0.4 0 0). Reflections belonging to all
arms of k; and kj; are visible. No nuclear reflections gain intensity in
zero-field in the magnetically ordered state, hence the k=0 com-
ponent can be ruled out. Temperature-dependent intensities for
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Fig. 3.. Temperature dependences of selected magnetic reflections of k; and k, in zero
field for the big crystal shown in Fig. 2. The temperatures of phase transitions from
the magnetization measurements are outlined. Note, that whereas kj, reflections were
measured in the Displex cryostat, the k; ones were measured in cryomagnet, which
leads to larger error bars (see explanations in the text).

selected reflections corresponding to k; and kj are shown in Fig. 3.
The kj; reflection exists between 2K and T, and is gone at higher
temperatures, while the k; reflections are present in the whole range
between 2 K and Ty.

Topologically non-trivial magnetic phases sought-for in the title
material should be based on several propagation vectors, i.e., re-
present so-called multi-k structures. Distinguishing them from
single-k structures is not trivial. The most reliable way to establish
relations between different vectors (k; and ky, in our case) as well as
between their arm/domains is by applying an external stimulus, like
magnetic field, which can change the magnetic structure and/or
domain population. In our experiment the high background origi-
nating from the cryomagnet precludes reliable measurements of
weak reflections. This was fatal for the kj; reflections, as they could
not be probed in the part of reciprocal space accessible in the
cryomagnet. Still it is clear that k; and kj originate from different
phases existing in the crystal, due to different temperature de-
pendences of their intensities in zero field. We do not observe
evolving k-k; cross-satellites in applied field. The intensities of dif-
ferent arms of k; are nearly field-independent (Fig. 4). Hence, our in-
field studies are not conclusive enough to distinguish between the
multi-domain and multi-k scenarios for the k; vector.

The effect of the field on magnetic intensities is the most pro-
minent for the (110) main reflection, but not for the (111) one, field
dependences of which are provided in Fig. S6. At 6K, the (110) in-
tensity grows in the field up to 1T after, followed by a drop and
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Fig. 4. Field dependence for the selected reflections of k; belonging to the different
arms at 6 K.
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Fig. 5. Details of the magnetic structure corresponding to k; - schematic representation of the structure and (x, y, z) components of the magnetic wave.

resuming the growth at ca. 1.5T. This is consistent with the field-
induced magnetic moment on Gd atom according to the mGM3 +
representation (Gd atom at the 2c Wyckoff position (P4/nmm). The
(110) reflection at 4K, within the AFM1 phase but slightly below
AFM2, is nearly field-independent.

From the distribution of the magnetic intensities, one can make a
first guess about the magnetic structure, assuming the most
straightforward possibility, ie, single-k models. For an in-
commensurate magnetic structure described by a given k-vector, the
magnetic moment at a given T (x, y, z) position is expressed through
a general equation of a helical wave:

fVi = Msin-sin(Znﬁﬁ + ]\_/I)COS'COS(ZHF?)

Here I\7L,-m Mms are orthogonal amplitudes. For our magnetic
structures, these components are collected in the tables in Fig. 5 and
Fig. 6. In the magnetically ordered crystals possessing a nontrivial
symmetry, some of those components are constrained to zero, re-
ducing the number of parameters to be determined from the ex-
periment. The possible maximal magnetic superspace space groups
(MSSG) can be constructed directly from the parent structural space
group and the direction of the magnetic vector using representation
analysis. The magnetic structures were solved and refined from the
zero-field data collected for the small crystal in the Displex cryostat.

For k; at 2 K, we collected 113 reflections. For 36 reflections, the
intensities are above 3o (for 43 reflections, above 2c). k; is located at
the K(0 b g) point of the Brillouin Zone (BZ) with b = 0.45 and g = 0.45
in our case. This point has two possible irreducible representations
(irreps.), mK; and mK,. They correspond to maximal MSSG with one
symmetry-independent Gd atom in the unit cell, P2,/m0.1'(a0g)00 s
(No. 11.1.2.1.m51.2, two variable components of the magnetic wave -
Mysine Mycos) P21/m0.1'(a0g)0ss (No. 11.1.2.2.m51.2, four variable
components of magnetic wave). Although the first one has just two
parameters, it yields a better fit (R = 12.3 % and 3> = 2.6 vs Rp = 25.1 %
and »? = 6.9). The solution can be found among the subgroups of the
P2,/m0.1'(ab0)00s MSSG. Removal of the m-plane leads to
P2,0.1'(a0g)0 s, which provides better residuals (R = 11.8 %, y* = 1.9)
while still having a single symmetrically independent Gd atom with
all six variable components of the magnetic wave. As follows from
the consequent refinement, the M., and M,.s components are
zero, i.e., the magnetic structure is planar. The parameters of the
refined magnetic model are provided in Fig. 5, together with its
schematic drawing. The Fops-Fcas plot (provided in Fig. S6) shows a
good agreement between the experimentally obtained structure
factors and those calculated from our model. Most reflections fall

within three standard deviations, whereas not-fully accountable
absorption and extinction effects can probably explain the observed
discrepancies. The magnetic moments of Gd atoms have a variable
amplitude and lie in the ab-plane. The nearest members within the
ab-plane are coupled nearly antiparallel; they rotate from one unit
cell to another, forming a cycloid.

For kj, we collected 24 reflections, 11 of which had intensities
above 3o (13 above 26). k; is located at the DT(0 b 0) point of BZ with
b =0.4 in our case. This point has four irreps. The mDT, irrep with
the highest symmetry solution in Pmmn.1'(a00)0sss MSSG, with two
variable components of magnetic moment on Gd atom (Mg, and
Mycos), provides the best fit (R = 22 % vs. 68 %, 25 % and 52 % for
mDT;, mDTs, and mDT, respectively). From consequent testing of
subgroups of this superspace group, one can find that adding the
Mysin component improves the fit. These three (and only them)
variable components are allowed in Pm2,n.1'(a00)00ss, which cor-
responds to removal of the m, and m,’ planes from the maximal
MSSG. Consequent refinement improves the residuals (Rg = 17 %, ¥ =
3.4, Fig. S6) and yields a constant-moment (|M|si, = |[M|c0s) magnetic
structure provided in Fig. 6. This structure is a cycloid. Magnetic
moments of a constant amplitude rotate in the plane slightly tilted
off the ab-plane.

3.4. General overview

We studied magnetic ordering in GdSbg7Teq,,, which shows a
complex phase diagram and CDW atomic superstructure. Two
magnetic propagation vectors k; =(0.45 0 0.45) and k; =(0.4 0 0),
that characterize the magnetic ordering at the base temperature,
were identified. The ordering vector k; in our crystal has two in-
commensurate components (along the a- or b-axis and along the c-
axis). Its full star contains eight arms, namely * (0.45 0 0.45), = (0.45
0-0.45), £ (0 0.45 0.45), and = (0 0.45-0.45), transformed into one
another through the elements of the P4/nmm group, ie. the sym-
metry of the paramagnetic state that is effectively observed in
single-crystal measurements. As follows from high-resolution X-ray
powder diffraction data, the real crystal symmetry is orthorhombic
(a- and b-directions are not equivalent) whereas the tetragonal
symmetry seemingly observed in single-crystal data is due to the
ferroelastic structural twinning. We propose spin textures for the
individual k; and k;; vectors using (3D+1) MSSG, which provide nice
fits. The k; and kj vectors correspond to different magnetic phases,
i.e, we deal with the phase separation scenario. The driving force of
the transition at Ty is formation of a constant-moment structure. The
question remains if the k; magnetic structure could possibly be

a.j//x\\\*//\\

Gd x y z
sin 0 1.2(2) 0.7(3)
cos | 1.4(2) 0 0

Fig. 6.. Details of the magnetic structure corresponding to k; — schematic representation of the structure and (x, y, z) components of the magnetic wave.
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multi-k (multi-arm), within (3D+2) MSSGs, which predisposes non-
trivial topology. The in-field scans of the magnetic Bragg peaks were
not conclusive in this respect.

The components of the magnetic propagation vectors are very
close to ¥4, i.e. one can write them as: k;=(¥2-6; 0 %2 - 8;,) and kj = (%2
- 83 0 0). Interestingly, this is in line with the fact that magnetic
moments on the nearest atoms are aligned in an antiparallel manner
along the a- and c-axes. This contrasts with the situation when the
magnetic propagation vector is close to zero and the moment on the
nearest atoms are aligned nearly parallel, like, for example, in
CeAlGe [46]. The degree of deviation from the collinearity is related
with 8, which defines the characteristic scale of the magnetic tex-
ture. Overall, the magnetic propagation vectors on their own hint at
the possibility of non-collinear antiparallel-aligned spin textures.

Another way to rationalize this phenomenon is to compare the
Gd member with the other LnSbTe compounds we studied before
[47]. HoSbTe and TbSbTe have qualitatively similar behavior: they
order with the commensurate propagation vectors k; =(%2 0 0) and
ko =(¥2 0 %) at the lowest temperature, and with incommensurate
propagation vectors k;" =(% - 6 0 0) and k3 =(%2 - 6 0 %) at inter-
mediate temperatures slightly below Ty. One can think about the
commensurate vectors as harmonics of a “master propagation
vector” K =(% 0g) with g =0, %, and %, while the incommensurate
ones are just those subjected to small deviations from K. For the Ho
and Tb members, the incommensurate vectors lock their compo-
nents to commensurate values when approaching the base tem-
perature. One origin of this lock-in is probably in the single-ion
anisotropy. For the Gd member, the anisotropy is small (due to the
absence of the orbital component in the half-filled 4 f shell); this
allows the propagation vectors to persist in being incommensurate
(forg=1,k=(%-80%-5),forg=0, k;=("2 - 50 0)) down to the
base temperature. Multi-k magnetic ordering has been observed in
TbSbTe [47], which may hint at a similar scenario in GdSbg7;Teq 5.

Finally, although we were not able to test the effect of the
magnetic field on the behavior of the superstructure CDW satellites,
the absence of effects in the temperature dependence of their in-
tensities together with the absence of significant features in ADP
curves for the (Sb/Te) and Te positions (unlike for Gd) indicates the
magnetic and non-magnetic subsystems to be likely disentangled.
This is rationalized by the fact that the Peierls-distortion-driven
corrugations in the (Sb/Te) mixed square-net layer are, in fact, of the
order of only 0.05 A, which is most likely insufficient to perturb the
magnetic exchanges. And vice versa, the magnetic ordering at low
temperatures causes too little strain to affect the geometry of the
non-magnetic part.

4. Conclusions

The antiferromagnetic skyrmion candidate GdSbq;,Te 5, has
been elucidated through magnetization measurements, single-
crystal and powder X-ray diffraction as well as hot neutron single-
crystal diffraction. The initial small orthorhombic unit cell already at
room temperature features a long-periodicity nuclear super-
structure due to the wave-like displacement of atoms. Below Ty
=11.9K, the compound undergoes several magnetic transitions. At
the base temperature, the magnetic ordering is characterized by two
incommensurate propagation vectors k; =(0.45 0 0.45) and kj = (0.4
0 0). These vectors, having their components close to %2, might
predispose long-wavelength non-collinear magnetic textures with
the nearly antiparallel magnetic moments on the nearest atoms.
Although we did not find the direct evidence of multi-k magnetic
ordering, predisposing the non-trivial topology and skyrmion state,
we show that our diffraction data do not exclude this possibility, and
discuss the scenario, which can lead to such state.
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