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Ground-state magnetic structures of topological kagome metals RV¢Sng (R = Th, Dy, Ho, Er)
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Magnetic kagome metals have attracted tremendous research interests recently, because they represent an
ideal playground for exploring the fascinating interplay between their intrinsically inherited topologically
nontrivial electron band structures, magnetism and electronic correlation effects, and the resultant novel
electronic/magnetic states and emergent excitations. In this work, we report a comprehensive single-crystal
neutron diffraction investigation of the ground-state magnetic structures of the recently discovered V-based
topological kagome metals RV¢Sng (R = Tb, Dy, Ho, Er). Furthermore, the sample synthesis details and
our systematic studies of crystal structure, low-temperature magnetic and thermodynamic properties of these
compounds via various in-house characterization techniques are also reported. Our single-crystal neutron
diffraction measurements confirm that the long-range magnetic order forms below 4.3 K for R = Tb, 3.0 K
for R = Dy, 2.4 K for R = Ho, and 0.6 K for R = Er, respectively. The ground-state magnetic structures of
the studied compounds are comprehensively determined via the magnetic crystallography approaches. It can
be revealed that RV¢Sng (R = Tb, Dy, Ho) have a collinear ferromagnetic order in the ground state, with
the ordered magnetic moment aligned along the ¢ axis for R = Tb, Ho, while approximately 20° tilted off
from the ¢ axis for R = Dy. In contrast, ErVsSne shows an A-type antiferromagnetic structure with a magnetic
propagation vector k = (0, 0, 0.5), and with the ordered magnetic moment aligned in the ab plane. The ordered
magnetic moments are determined as 9.4(2) ug, 6.6(2) wg, 6.4(2) g, and 6.1(2) g for R = Tb, Dy, Ho, and
Er, respectively. A comparison of the low-temperature magnetic structures for both the extensively investigated
topological kagome metal series of RV¢Sne and RMneSng is given in detail. This allows to gain new insights
into the complex magnetic interactions, diverse single-ion magnetic anisotropies and spin dynamics in these
compounds. The reported ground-state magnetic structures in RV¢Sng (R = Tb, Dy, Ho, Er) can pave the way
for further explorations of the possible interplay between magnetism and topologically nontrivial electron band
structures in the magnetically ordered phase regime.

DOI: 10.1103/PhysRevResearch.6.043291

I. INTRODUCTION

Topological metals and semimetals possessing a two-
dimensional kagome lattice are an ideal platform for the
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studies of quantum interactions between geometric effects
of lattice, topologically nontrivial electron band structures,
magnetism, and electronic correlations, owing to some ex-
traordinary features in their electronic structures such as
Dirac cones, flat bands, and van Hove singularities [1-4].
For instance, Dirac cones are a defining feature in electronic
structure that can lead to topologically protected states, flat
bands can be a fertile ground for unconventional supercon-
ductivity, and van Hove singularities can lead to instabilities
towards exotic electronic orders [5—7]. Emergent correlated
topological phases are widely found in kagome metals and
semimetals, such as magnetic Weyl fermions in Mn3;Sn
[8-12] and Co3Sn,S, [13-17], massive Dirac fermions in

Published by the American Physical Society
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Fes;Sn, [18-22], quantum-limited magnetic Chern phases in
TbMngSng [23-26], charge-density waves (CDW) in FeGe
[27] and ScVeSng [28-36], and both CDW and superconduc-
tivity in AV3Sbs (A = K, Rb, Cs) [37—41].

Among them, the intermetallic RT¢Sng (R = rare earths,
T = transition metals) compound stands out for its unique
crystal structure of HfFesGeg-type (space group No. 191,
P6/mmm), that has a kagome bilayer structure formed by
transition metal element and in-between a triangular layer of
rare-earth element stacked along the ¢ axis in the unit cell.
Recently, the RMngSng series has attracted a lot of attention
not only for its complex magnetism due to rich magnetic
interactions from the Mn-Mn, R-Mn, and R-R couplings, but
also for the intrinsic tunability of the magnetic properties
by rare-earth elements that have distinct single-ion magnetic
anisotropies [7,23,26,42-56]. The RMngSng (R = Gd, Tb,
Dy, and Ho) compounds are all ferrimagnetic (FiM) but with
different magnetic anisotropy, for instance, in-plane for R =
Gd, out-of-plane for R = Tb, tilted off from the ¢ axis for
R = Dy, Ho, while other RMngSng compounds (R = Sc, Y,
Er, Tm, and Lu) have an incommensurate helical magnetic
order over a large temperature range. Such a high diver-
sity in magnetic anisotropy and magnetic structure allows
the rare-earth engineering of various topological quantum
phases [52].

Similarly, the kagome metal RV¢Sng series was recently
discovered and has also attracted strong interests due to rich
quantum phenomena and high diversity in magnetic proper-
ties, in which nonmagnetic V replaces Mn in the kagome
layers, and the magnetic interaction is mainly contributed by
the intralayer and interlayer R-R couplings. For the nonmag-
netic RV¢Sng (R = Sc, Y, Lu) compounds, the CDW was
found in ScVeSng at 92 K [28] and thus it has attracted much
attention [29-36], the electronic properties of the nonmag-
netic YV¢Sng exhibit high mobility and multiband transport
[57,58], but there is not so much study on LuV¢Sng besides
specific heat capacity [58]. For the magnetic RV¢Sng (R =
Gd, Tb, Dy, Ho, Er, Tm) compounds, the magnetic transition
temperatures are 4.9 K, 4.2 K, 3.0 K, and 2.4 K for R = Gd,
Tb, Dy, and Ho, respectively, but no magnetic order observed
for R = Er and Tm down to 1.8 K [58,59]. Recent angle-
resolved photon-emission spectroscopy (ARPES) studies of
GdVeSne and HoVgSng found indeed Dirac cones, saddle
points, and flat bands in electronic structure [60], and proved
the presence of the topologically nontrivial states in GdV¢Sng
[61]. Furthermore, a finite spin Berry curvature in RV¢Sng (R
= Tb, Ho, Sc) has been unveiled [30]. Besides, an incommen-
surate magnetic order with the magnetic moments oriented
in the ab plane was found in GdVeSng via resonant x-ray
diffraction [62], while the magnetism in TbVSng was found
highly anisotropic with easy axis along the c axis [63,64]. In
addition, partial crystallographic disorder and a large easy-
plane magnetic anisotropy were found in SmVSng [65], and
YbVSng was discovered as a heavy-fermion compound host-
ing a triangular Kondo lattice [66]. A study of the magnetic
and magnetotransport properties on DyVSns and HoVeSng
found that they have ferromagnetic interaction along the ¢ axis
and antiferromagnetic interaction within the ab plane and are
multiband systems [67]. Despite extensive recent investiga-
tions on the magnetic properties of the kagome metals RV¢Sng

(R = Tb, Dy, Ho, Er) [58,59,63,64,67], their ground-state
magnetic structures, which are essential for the understanding
of the intertwined topological and magnetic properties in these
compounds, have not been determined so far.

In this work, we report a comprehensive single-crystal
neutron diffraction study of the low-temperature magnetic
properties of the recently discovered V-based topological
kagome metals of RV¢Sng (R = Tb, Dy, Ho, Er). Our
single-crystal neutron diffraction measurements confirm the
occurrence of the long-range magnetic order at 4.3 K for
R =Tb, 3.0 K for R = Dy, 2.4 K for R = Ho, and 0.6 K for
R = FEr, respectively. Based on the magnetic crystallography
approaches, the ground-state magnetic structures of the stud-
ied compounds are comprehensively determined. The RVSng
(R = Tb, Dy, Ho) compounds have a collinear ferromagnetic
order below the respective magnetic phase transition temper-
ature, with the ordered magnetic moment aligned along the ¢
axis for R = Tb, Ho, while approximately 20° tilted off from
the ¢ axis for R = Dy. ErV4Sng shows an A-type antiferro-
magnetic structure with a magnetic propagation vector k = (0,
0, 0.5), and with the ordered moment aligned in the ab plane.
The ordered magnetic moments are determined as 9.4(2) g,
6.6(2) ug, 6.4(2) ug, and 6.1(2) uz for R = Tb, Dy, Ho, and
Er, respectively. In addition, we also report the sample syn-
thesis via the flux-method crystal growth, and the systematic
investigations of crystal structures, magnetic properties and
specific heat capacity (down to 50 mK) of the high-quality
single-crystal samples of this kagome metal series via a wide
range of in-house characterization techniques. A comparison
of the low-temperature magnetic structures in both RVSng
and RMngSng kagome metal series is given. This allows
to shed light on the complex magnetic interactions, diverse
single-ion magnetic anisotropies and spin dynamics in these
compounds. Our study would motivate further investigations
on the possible interplay between magnetism and topologi-
cally non-trivial electron band structures in the magnetically
ordered phase regime in this fascinating topological kagome
metal series of RVgSng.

II. EXPERIMENTAL DETAILS

Single crystals of RV¢Sng were grown via the self-flux
method. Rare-earth element pieces, V granular, and Sn shots
were loaded in a crucible in the glove box with the molar
ratio of R:V : Sn=1:2:40, which was then sealed in a
quartz tube under an argon atmosphere with the pressure of
200 mbar. The tube was heated to 1200°C over 12 hours and
then dwelt for 10 hours. Afterwards, it was slowly cooled
down to 800°C with a cooling rate of 1°C/h followed by
centrifuging to separate crystals from the flux, and then shiny
plate-shape crystals were obtained (see Fig. 1).

In-house single-crystal x-ray diffraction (XRD) was mea-
sured using a Rigaku Xtal.LAB Synergy-S diffractometer with
MoK, The CrysAlis’" software is used to search for a proper
unit cell, and after indexing, to integrate the intensity of the
Bragg reflections over different image frames. The absorp-
tion correction is done using the indexed crystal facets. The
Jana2006 program is used for the crystal structure refine-
ment and the charge flipping approach for solving crystal
structures [68].
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FIG. 1. Single crystals of RV¢Sng (R = Tb, Dy, Ho, Er) via self-
flux method and x-ray diffraction pattern of ErVSne single crystal
in the ¢ direction, the inset shows the Laue x-ray pattern in the same
direction.

A few selected single crystals were used for measuring the
magnetic properties by SQUID from Quantum Design. Mag-
netic susceptibility (M/H — T') was measured with sweeping
temperature from 300 to 2 K under a magnetic field of 1 T.
The isothermal magnetization (M — H) curves were measured
from O to 5 T at different temperatures.

The molar heat capacity at constant pressure (C,) of the
RVeSng single crystals was measured using a PPMS device
from Quantum Design. After the addenda measurement, the
samples with suitable mass and size were chosen to opti-
mize the thermal coupling between the sample and the puck.
Specific heat was measured in two temperature ranges, from
50 mK to 3 K and from 2 K to 100 K, and then the data were
combined accordingly. Note that only the low-temperature
part for DyV,Sne and only the high-temperature part for
LuVeSne were measured.

Comprehensive single-crystal neutron diffraction experi-
ments were carried out with a series of neutron instruments at
various neutron facilities. For TbVSng, a 3 mg high-quality
single crystal was chosen and mounted on an aluminium
pin with GE-vanish. The neutron diffraction experiment was
conducted at the thermal neutron single-crystal diffractometer
Zebra at SINQ, PSI. A neutron beam with wavelength of
1.383 A was generated using a Ge(311) monochromator. An
open HUBER cradle combined with a dedicated 1.6-300 K
cryostat (JT-CCR) was used. Initially, an area detector was
utilized to locate the peaks and subsequently switched to
a single detector configuration for data collection. Neutron
diffraction measurements on the HoV¢Sng and ErVeSng sin-
gle crystals were initially performed using the cold neutron
triple-axis spectrometer (TAS) Sika at ANSTO. The samples,
weighing 33.2 mg and 42.6 mg, respectively, were mounted
in the (H, H, L) horizontal scattering plane. All elastic scans
were performed with k; = ky = 2.662 A-'. A PG filter and
collimators with a sequence of 0’ — 0" — 60" — 60" were em-
ployed in the experiment. A dilution refrigerator (DF-1) was
used for reaching the base temperature of 50 mK for ErVSng.
Due to the limited reflections accessible with a cold TAS
instrument, while the magnetic propagation vector and the
phase transition temperature for both compounds were deter-
mined, their magnetic structures could not be solved based
on a small number of reflections in the horizontal scattering
plane. Further single-crystal neutron diffraction experiments
on DyV,Sne, HoVeSng, and ErVeSng, with a sample weight
at 36.1, 40.9, and 30.7 mg, respectively, were carried out

—~9.2A
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FIG. 2. Crystal structure of RV¢Sne. (a) Hexagonal structure
formed by RSn, V, and Sn layers, with the order of [-RSn2-V-Sn3-
Sn1-Sn3-V-], and the distance between two adjacent R layers is about
9.2 A. (b) Triangular structure of R sublattice from the top view, with
Sn2 in the middle of each triangular, and the distance between the
nearest R ions in the same layer is about 5.5 A (© Kagome structure
of V sublattice from the top view, the distance between the nearest V
jons is about 2.8 A.

on the thermal neutron diffractometer D23 at ILL. All mea-
sured single-crystal samples at D23 were also mounted in
the (H, H, L) horizontal scattering plane, nevertheless, the
lifting-counter setup at D23 allows the measurement of out-of
plane reflections. A wavelength of 1.283 A was employed for
data collection. A standard ILL 1.5-300 K orange cryostat
combined with a dilution insert was used for ErVeSng. All
neutron diffraction experiments were carried out under zero
magnetic field, and the refinement of magnetic structure as
well as neutron absorption correction have been done with the
help of Mag2Pol [69]. The momentum transfer Q = (H, K, L)
is defined in hexagonal reciprocal lattice units (r.l.u.) based on
the lattice constants given in Tables I and II, where H, K, and
L are Miller indices. Both Q and sample-rotation (i.e., Omega)
scans were measured for various reflections.

III. IN-HOUSE CHARACTERIZATION RESULTS

A. X-Ray Diffraction and Crystalline Structures

The crystal structure of RV¢Sng (R = Tb, Dy, Ho, Er, Lu)
is determined through the refinement of single-crystal XRD
data collected at room temperature. As depicted in Fig. 2(a),
all compounds exhibit a HfFesGeg-type hexagonal structure
with the space group P6/mmm (No. 191). In this structure,
R(1a) and V(6i) ions occupy a single Wyckoff position, while
Sn ions are found in three distinct Wyckoff positions, namely,
Snl(2d), Sn2(2e), and Sn3(2c). Along the ¢ axis, the layers
are arranged in the sequence of [-RSn3-V-Sn2-Sn1-Sn2-V-].
R ions form a triangular layer with Sn3 situated at the center
of each triangle [see Fig. 2(b)], with an approximate interionic
distance of 5.5 A between the nearest R ions. Within a single
layer, V ions adopt a perfect kagome structure [see Fig. 2(¢c)],
with the nearest V-V distance at around 2.8 A. The unit cell
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TABLE L. Crystal parameters and physical properties of RV¢Sng (R = Tb — Er, Lu). a, ¢, and V are refined crystal parameters of RVSng
of x-ray single crystal diffraction at room temperature. 625, and 6¢,, are the fitted Curie temperatures obtained from the Curie-Weiss fitting on
susceptibility with the magnetic field applied within the ab plane and along the ¢ axis. 1% and p&; are the fitted effective magnetic moments
for R** ion according to the Curie constant, and the ui‘fcfc (up) is the effective moment of free R** ion. R,y represents the anisotropy ratio,
obtained from the susceptibility in the easy-axis direction over in the hard-axis direction at 2 K under the magnetic field of 5 T. T¢ /v (K) is
the transition temperature obtained by heat capacity measurements under zero field (Note that the 7¢ value of TbVSng is taken from the DC
magnetization measurement).

Parameter TbVeSng DyV¢Sng HoV¢Sng ErVe¢Sng LuV¢Sng
a(A) 5.5214(2) 5.5161(2) 5.5157(4) 5.5113(2) 5.4976(2)
c(A) 9.1791(2) 9.1872(6) 9.1774(2) 9.1752(2) 9.1846(2)
V(A% 242.34(1) 242.09(1) 241.80(1) 241.35(1) 240.40(1)
0%, (K) —49.29 —11.88 —5.21 0.76 -
0w (K) 33.92 6.48 9.29 —25.08 -
Wik () 10.28 11.19 10.41 9.41 -
W (ep) 9.29 11.09 10.41 9.42 —
1 (1g) 9.72 10.65 10.61 9.58 -
Easy axis/plane c-axis c-axis c-axis ab-plane —
Runi 181 1.2 10 23 -
Ten(K) 4.0 29 2.3 0.5 -

contains two V kagome layers, and the distance between
adjacent R layers, also referred to as the ¢ lattice parameter,
is approximately 9.2 A. Further details regarding the lattice
parameters can be found in Table .

B. DC Magnetization

The results from the direct current (DC) magnetization
measurements of RV¢Sng (R = Tb, Dy, Ho, Er) single crystals
are shown in Fig. 3, with each compound measured with the
magnetic field applied within the ab plane and along the ¢
axis. Figures 3(a)-3(d) show the susceptibilities under the

magnetic field of 1 T and measured during cooling from 300 K
to 2 K. These results demonstrate that the compounds dis-
play strong magnetic anisotropy. Specifically, TbV¢Sne and
HoVSng exhibit an easy axis along the c-axis direction, while
ErVeSng exhibits an easy direction within the ab plane. In
comparison, the anisotropy in DyVSng is relatively weak,
with the susceptibility along the ¢ direction slightly larger
than within the ab plane. The insets in Figs. 3(a)-3d present
reciprocal susceptibilities and Curie-Weiss fittings (indicated
by blue lines) for each compound. Curie-Weiss fittings were
performed in the temperature range of 150 — 300 K, us-
ing the formula x(7) = o + C/(T — 6cw). The values of
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FIG. 3. Magnetic properties of RVsSns (R = Tb, Dy, Ho, Er), measured with the magnetic field applied within the ab plane (uoH||ab)
and along the ¢ axis (uoH||c). (a)—(d) sho ws the susceptibilities under the magnetic field of 1 T measured during cooling, and the insets
are the reciprocal of susceptibilities and Curie-Weiss fitting. (e)—(h) shows the corresponding isothermal magnetization properties at different
temperatures.
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FIG. 4. Broad peaks of susceptibility properties under different
magnetic fields applied perpendicular to the easy-axis direction for
(a) TbVeSng and (b) ErVeSng.

the xo for these fittings are in the range of 10~* — 1073
emu/mol Oe. The resulting Curie-Weiss temperatures for both
in-plane (6¢%,) and out-of-plane (8¢, ) directions are shown in
Table 1. The negative Ggﬁ, and positive 65y, for R = Tb, Dy,
and Ho imply antiferromagnetic (AFM) interaction within
the ab plane and ferromagnetic (FM) interaction along the
c axis, while the situation for ErVgSng is to the contrary.
The calculated effective magnetic moments, derived from the
Curie-Weiss fitting, are also listed in Table I as ,ugé’f /g, With
values of 10.28/9.29 ug, 11.19/11.09 g, 10.41/10.41 pg, and
9.41/9.42 u, for Tb, Dy, Ho, and Er compounds, respectively.
These values closely resemble those of the free R3t ions,
indicating that the trivalent valence of rare earth elements and
the nonmagnetic nature of V ions. Our susceptibility proper-
ties and the Curie-Weiss fitting results are consistent with the
previous studies [58,59,67].

Figures 3(e)-3(h) present the magnetization of these com-
pounds at different temperatures, in which the anisotropy
shows evidently, particularly at low temperatures. To assess
the level of anisotropy, an anisotropic ratio R,,; was defined
as the ratio of magnetization in the easy direction to that in
the hard direction at 2 K and under a 5 T magnetic field
where the spin moments are more or less saturated. The values
of R,y for these compounds are listed in Table I. TbVSng
exhibiting extreme anisotropy along the c axis, characterized
by an Ry, value of 181, suggests an Ising transition at low
temperature which is consistent with former studies [63,64],
while a very weak anisotropy along the c axis of R,,; value 1.2
for DyVSne. The anisotropy for HoVeSns is also along the
¢ axis and stronger than DyVSne but smaller than TbVSn,
with the anisotropy ratio of 10. ErVSng displays an easy di-
rection within the ab plane, and a relatively strong anisotropy
with the R,,; values of 23.

In addition, a broad feature is observed in the suscepti-
bilities of TbV¢Sng and ErVgSng compounds, as shown in
Fig. 4, specifically along the direction perpendicular to the
easy axis. Under different magnetic fields, the susceptibilities
of TbV¢Sng [see Fig. 4(a)] compounds remain unchanged

25
20t
X
< 15}
o
€
5 107
ke
O 5¢
0_
0.1 1 10
T (K)

FIG. 5. Heat capacity of RV¢Sng (R = Tb, Dy, Ho, Er) com-
pounds measured at zero magnetic field down to 50 mK.

up to 5 T. However, in the case of ErVeSng [see Fig. 4(b)]
compound, the broad peak shifts slightly to lower tempera-
tures and exhibits higher susceptibility when a larger magnetic
field is applied. A similar behavior was also observed in
TbVeSng by Pokharel et al. [64]. This broad-peak feature is
likely due to the gradual development of single-ion magnetic
anisotropy at low temperatures.

C. Heat Capacity

Figure 5 shows the temperature dependence of the specific
heat for the compounds RV¢Sng (R = Tb, Dy, Ho, and Er)
down to 50 mK. In agreement with the magnetization studies,
a A-shape sharp heat capacity anomaly is observed at low
temperatures for all the compounds, providing further sup-
port for the presence of long-range magnetic order at their
ground states. The transition temperatures for Tb, Dy, Ho,
and Er compounds are identified at ~3.6 K, 2.9 K, 2.3 K,
and 0.5 K, respectively. Our results are consistent with the
recent studies on this series [58,59], but it should be noted
that the previous results are limited to 1.8 K. Besides, there is
only one sharp peak for each compound down to 50 mK, and
the additional broad or upturn feature below the long-range
magnetic ordering temperature can be observed at very low
temperatures in TbV¢Sng, HoV¢Sng, and ErVeSng, which is
attributed to the nuclear Schottky heat-capacity contribution
from the respective R>* ions. The nuclear Schottky anomaly
is resulted from the splitting of the energy levels due to the
hyperfine interaction between the electronic and nuclear spins
of the R** ions. Such hyperfine interactions can be rather large
in some rare-earth elements such as Ho and Tb, thus leading to
prominent nuclear Schottky anomaly that has widely been ob-
served in various rare-earth based magnetic materials [70-73].
A detailed analysis of the low-temperature heat capacity data
of the studied compounds will be discussed in a separate work
of ours together with nonmagnetic LuV¢Sne.

IV. MAGNETIC STRUCTURE DETERMINATION VIA
SINGLE-CRYSTAL NEUTRON DIFFRACTION

Having evidenced the presence of long-range magnetic or-
der in their respective ground states, we turn to single-crystal
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TABLE II. Single-crystal neutron diffraction results for RV¢Sne (R = Tb, Dy, Ho, Er). T¢/y(K) is the magnetic transition temperature
obtained from the temperature dependent neutron diffraction measurements under zero field. The lattice parameters a and c are obtained based
on the single-crystal neutron diffraction data taken below T¢/y at the base temperature of 1.6 K, 1.8 K, 1.8 K, and 50 mK for R = Tb, Dy,
Ho, and Er, respectively. V(6i) and Sn2(2¢) represent the refinable Wyckoff positions for the crystal structure with space group P6/mmm. The
refinements of the atomic positions of V(6i) and Sn2(2e) are performed based on the single-crystal neutron diffraction data taken both at HT
(i.e.,at5.5,5.0,5.0, and 0.7 K for Tb, Dy, Ho, and Er compounds, respectively), and at LT (i.e., at 1.6, 1.8, 1.8, and 0.05 K for Tb, Dy, Ho, and
Er compounds, respectively). k is the magnetic propagation vector. M o.07, M[1.2,07, and Mo 0,1; are the projection of the magnetic moment
along [1, 0, 0], [1, 2, 0], and [0, O, 1] determined by the refinement, and the ug&e(MB) is the effective moment of free R3* ion. The refinement
parameter Ry (Int) represents the average discrepancy between the observed and calculated values of the integrated intensity of the reflections,
serving as a measure of the agreement between the experimental data and the theoretical model.

Parameter TbVeSng DyV,Sng HoVSng ErVeSng
Ten(K) 4.3 3.0 2.4 0.6
a(A) 5.53009) 5.510(7) 5.506(6) 5.50(1)
c(A) 9.212(6) 9.167(6) 9.158(9) 9.181(8)
V(6i) (HT) 0.2562(4) 0.2460(9) 0.2553(9) 0.2655(7)
V(6i) (LT) 0.2488(4) 0.2496(9) 0.2517(7) 0.2665(4)
Sn2(2e) (HT) 0.3343(5) 0.3339(5) 0.3311(5) 0.3321(8)
Sn2(2e) (LT) 0.3346(5) 0.3338(6) 0.3298(6) 0.3315(8)
k 0,0,0) 0,0,0) 0,0,0) 0,0,0.5
[Mi10.011(es) 0 232 0 6.1(3)
[Mi1.2.01|(1e8) 0 0 0 0
[Mio,0.111(e8) 9.4(2) 6.2(1) 6.4(2) 0
e () 9.72 10.65 10.61 9.58
Rr(Int) 1.96 5.53 3.84 3.09

neutron diffraction, a microscopic probe, to determine the
magnetic structures of these four compounds. The first step
is to identify the magnetic propagation vector of the ordered
magnetic moment below its transition temperature. When the
reflections with both structural and magnetic information are
measured, there are several approaches to solve magnetic
structure via refinement. If the magnetic propagation vector is
commensurate, one can solve the magnetic structure employ-
ing the irreducible representations (Irreps) or magnetic space
group (MSG). When the propagation vector is incommensu-
rate, the approach using magnetic super-space group (MSSG)
needs to be introduced.

In this work, all the studied RV¢Sng (R = Tb, Dy, Ho, Er)
compounds have a commensurate propagation vector, the Ir-
reps are calculated with the space group P6/mmm by SARAh
[74] to obtain the allowed basis vectors. One difficulty in
this series is that the V is almost invisible because of its
rather small nuclear coherent scattering length for neutrons,
so the atomic positions of both V(6i) and Sn2(2¢) that are
obtained from the structural refinement based on the XRD
data taken at room temperature are used as the initial input
parameters for the refinement of the neutron diffraction data.
The refinements of the atomic positions of V(6i) and Sn2(2¢)
are performed based on the single-crystal neutron diffraction
data taken at HT (i.e., slightly above T¢/y), and at LT (i.e.,
below T¢/y at the base temperatures). No appreciable changes
of the atomic positions of both V(6i) and Sn2(2e) can be
seen (see Table II). Furthermore, the Omega scans, that are
carefully performed for all samples at both HT and LT, do
not show any changes in their peak position and peak width
(see the following subsections). Therefore, we conclude that
a concomitant structure phase transition at Ty is unlikely,
at least, within the detection limits of our neutron diffraction

experiments. Since the absorption cross-sections of Dy and Er
are about 994 and 159 barn for thermal neutrons, respectively,
which is notably high when compared to other rare-rare ele-
ments, thus neutron absorption correction is needed. One can
deal with the absorption correction via Mag2Pol [69,75], in
which a 3-dimensional crystal model can be created based on
the shape and size of the real sample on which the neutron
diffraction is performed, then the intensity of the measured
reflections can be corrected according to the distance that the
neutron beam travels inside the sample. All the single-crystal
diffraction results for RV¢Sng (R = Tb, Dy, Ho, Er) are
listed in Table II. It is worth noting that the lattice param-
eters of TbVgSng at 1.6 K obtained via neutron diffraction
(see Table II) are slightly larger than that obtained at room
temperature via XRD (see Table I). This is rather unusual
and potentially interesting, further experiments, such as low-
temperature XRD measurements, or low-temperature strain
measurements on single-crystal samples using strain gauges
and capacitance bridges, would be very helpful to clarify this.

A. Magnetic Structure of TbVSne

The single-crystal neutron diffraction results of TbVSng
are shown in Fig. 6. As shown in Fig. 6(a), it can be seen
that the magnetic phase transition takes place at 4.3 K. The
(1, 0, -1) reflection is chosen to do the temperature depen-
dent measurement for the reason that the contribution from
structural intensity here is almost zero and the change in
magnetic intensity can be seen clearly [see Fig. 6(d)]. The
intensity of the (0, 0, 2) reflection shows no difference be-
tween 5.5 K and 1.6 K, indicating that the magnetic moment
is strictly aligned along the ¢ axis, which is consistent with
the magnetization results (see Fig. 3). A ferromagnetic order
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FIG. 6. Single-crystal neutron diffraction results of TbV4Sng.
(a) Temperature dependence from 1.6 K to 5.5 K of (1, 0, -1).
(b)—(d) Omega scans at 5.5 K and 1.6 K of (0, 0, -2), (1, 1, 0),
and (1, 0, -1). (e) Magnetic structure of TbVSne with the magnetic
propagation vector k = (0, 0, 0), and (f) fitted reflections as a function
of observation and calculation.

with the ordered magnetic moment aligned along the ¢ axis at
the ground state is thus suggested. A total of 135 reflections
are collected at both 5.5 K and 1.6 K for the refinement of the
magnetic structure. Given the magnetic propagation vector k
= (0, 0, 0) and a strong c-axis Ising anisotropy, the Irrep I'3
with the basis vector ¥y = (0, 0, 1) is used for magnetic struc-
ture refinement of TbVSng. The ordered magnetic moment of
Tb3* is determined at 9.4(2) ug, which is very close to the
effective moment of the free Tb>*. The magnetic structure
of TbVeSne is shown in Fig. 6(e), in which the magnetic
moment of Tb>* is indeed aligned along the ¢ axis, thus fur-
ther confirming the strong easy c-axis anisotropy as suggested
previously [63,64].

B. Magnetic Structure of DyV,Sng

Figure 7 presents the single-crystal neutron diffraction re-
sults of DyVSne. The temperature dependence of the (1, 0, 0)
reflection clearly reveals a magnetic phase transition at 3.0 K
[see Fig. 7(a)]. A total of 245 reflections are measured to
determine the magnetic structure at both 5.0 K and 1.8 K.
Among these reflections, as shown in Figs. 7(b)-7(e), a dif-
ference in intensity between 5.0 K and 1.8 K for the (0, O,
-60) reflection can be seen, suggesting that a projection of the
ordered magnetic moment in the ab plane also exists. Similar
intensity changes are also observed in the (-1, -1, -1), (-1,
-1, 0), and (-1, 0, 0) reflections, which indicates the ordered
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FIG. 7. Single-crystal neutron diffraction results of DyV,Sns.
(a) Temperature dependence from 1.8 K to 3.5 K of (1, 0, 0). (b)—(e)
Omega scans at 5.0 K and 1.8 K of (0, 0, -6), (-1, -1, -1), (-1, -1, 0),
and (-1, 0, 0), respectively. (g) Magnetic structure of DyV,Snes with
the propagation vector k = (0, 0, 0) in custom and top view, and (f)
fitted reflections as a function of observation and calculation.

magnetic moments of Dy>* at 1.8 K is neither simply aligned
along the ¢ axis nor within the ab plane, but tilted away from
them. A weak magnetic anisotropy is also suggested from
the magnetization measurements of DyV,Sns [see Fig. 3(f)].
Given the magnetic propagation vector k = (0, 0, 0) and the
identified weak magnetic anisotropy, both the Irreps I'; and I'y
including the basis vectors ¥; = (0,0, 1), ¥» = (1,0, 0) and
Y3 = (1, 2, 0) are used in the refinement for DyV4Sne, which
is based on the measured 245 reflections after the neutron
absorption correction. Furthermore, the magnetic structure
refinement based on the symmetry-imposed and equally popu-
lated magnetic domains is also undertaken and the same result
is obtained. The solved magnetic structure reveals a magnetic
moment of Dy>* as 6.6(2) u, ferromagnetically ordered in-
clined approximately 20° off from the c axis towards the [1,
0, 0] direction, as depicted in Fig. 7(g).

C. Magnetic Structure of HoV¢Sng

The single-crystal neutron diffraction results for HoV¢Sng
are displayed in Fig. 8. The (1, 1, 1) reflection is selected
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FIG. 8. Single-crystal neutron diftraction results of HoV¢Sng.
(a) Temperature dependence from 1.8 K to 3.1 K of (1, 1, 1).
(b)—(d) Omega scans at 5.0 K and 1.8 K of the (0, 0, 6), (-1,
-1, 0), and (1, 1, 1) reflections, respectively. (e) Magnetic struc-
ture of HoV¢Sne with the magnetic propagation vector k = (0,
0, 0), and (f) fitted reflections as a function of observation and
calculation.

for the temperature dependence measurement. As shown in
Fig. 8(a), the onset of the magnetic phase transition can be
identified at 2.4 K. For the (0, 0, 6) reflection, similar to the
case in TbVeSng, no noticeable intensity variation between
1.8 K and 5.0 K can be seen, thus suggesting that the or-
dered magnetic moment is aligned in parallel to the ¢ axis.
This finding is consistent with the magnetization results [see
Fig. 3(g)]. Additionally, an increase in intensity is observed
for the (-1, -1, 0) and (1, 1, 1) reflections at 1.8 K, which
further supports that the magnetic moment of Ho>* is aligned
along the ¢ axis. A total of 201 reflections were collected at
both 5.0 K and 1.8 K. Based on the magnetic propagation
vector k = (0, 0, 0) and a strong c-axis magnetic anisotropy,
the Irrep I'; with the basis vector ¢ = (0,0, 1) is adopted
for the magnetic structure refinement of HoVgSng. The fi-
nal analysis yields an ordered magnetic moment of Ho>* as
6.4(2) up, along the c axis. The magnetic structure is shown in
Fig. 8(e).

D. Magnetic Structure of ErV¢Sng

The single-crystal neutron diffraction results for ErV¢Sng
are shown in Fig. 9. Magnetic reflections are found at the
(H, K, L£0.5) positions. The temperature dependence mea-
surement at (0, 0, 1.5) reveals that the magnetic transition
happens at 0.6 K [see Fig. 9(a)]. Omega scans conducted at
0.1 K and 0.7 K on the (0, 0, 2.5) reflection are depicted

—
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5

o
°

QFEr
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@ Sn
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FIG. 9. Single-crystal neutron diffraction results of ErVeSne.
(a) Temperature dependence from 0.05 K to 0.7 K of (0, 0, 1.5).
(b)—(d) Omega scans at 0.1 K and 0.7 K of the (0, 0, 2.5), (0, 0, 2),
and (1, 1, 0) reflections, respectively. Magnetic structure of ErVSng
with the magnetic propagation vector k = (0, 0, 0.5) in (e) custom
and (g) top view, and () fitted reflections as a function of observation
and calculation.

in Fig. 9(b). At 0.1 K, a magnetic peak emerges at (0, O,
2.5), indicating an antiferromagnetic structure with a mag-
netic propagation vector k = (0, 0, 0.5). The observed very
weak intensity at the structural reflection (0, 0, 5) further
rules out the possibility of second-order contamination orig-
inating from the structural reflections. Taking into account
the significant magnetic anisotropy in the ab plane from its
magnetization properties, it is suggested that the magnetic
moment of Er** lies within the ab plane. In total, 211 struc-
tural and 148 magnetic reflections are measured to determine
the magnetic structure at 50 mK. The neutron absorption
correction is also undertaken for all the measured reflections
via Mag2Pol. Based on the magnetic propagation vector k =
(0, 0, 0.5) and the observed strong easy ab-plane magnetic
anisotropy, the Irrep I'g with the basis vectors ¥, = (1, 0, 0)
and Y3 = (1,2,0) are used in the refinement for ErV¢Sng.
The custom and top view of the solved magnetic structure
is shown in Figs. 9(e) and 9(g). The final result reveals
an ordered magnetic moment of Er*™ as 6.1(3) up in its
ground state, and an A-type antiferromagnetic order within the
ab plane parallel to the a direction.
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FIG. 10. Comparison of the ground-state magnetic structures of RMngSng [25,45,46] and RV¢Sng (R = Tb, Dy, Ho, Er).

V. DISCUSSIONS AND OUTLOOK

By investigating RVsSng, we not only uncover the intrigu-
ing physical properties of a new series of topological kagome
metals, as discussed in the previous sections, but also could
gain new insights into the complex magnetic orders and inter-
actions in another extensively investigated magnetic kagome
metal series of RMngSng. This is because RV¢Sng represents a
simplified case where Mn is replaced by nonmagnetic V, thus
switching off the magnetism from Mn as well as the magnetic
interactions between R and Mn. In this regard, YMngSng
could serve as another simplified case for the understanding
of the complex magnetism in RMngSng, as the magnetism
from R and the corresponding R-Mn interactions are also
removed.

Numerous neutron scattering studies on YMngSng
[44,48,49,51] have revealed that under zero field it transforms
initially to a commensurate AFM order with a propagation
vector of (0, 0, 0.5) below 345 K, and, upon cooling to
the base temperature, subsequently to a double-flat-spiral
incommensurate magnetic order. This behavior is attributed
to the strong intralayer Mn-Mn FM interaction due to a
short distance (~2.8 A) between the neighboring Mn ions,
and the competing interlayer magnetic interactions owing to
the slight difference in distances between the nonequivalent
Mn layers (i.e., [Mn-Sn2-Sn1-Sn2-Mn] and [Mn-RSn3-Mn]
layers) [44,76].

In RMne¢Sng (R = Tb, Dy, Ho, Er), magnetic orders vary
significantly due to different R-Mn exchange interactions

[25,42,45-47,50,56,77]. For R = Tb, Dy, and Ho, the R and
Mn moments exhibit FiM order below 423 K, 393 K, and
376 K, respectively, with a subsequent spin reorientation at
320 K (Tb), 277 K (Dy), and 195 K (Ho). In contrast, for
ErMneSng, an incommensurate magnetic spiral order appears
below 345 K, which is then followed by an FiM order at
68 K. The high magnetic ordering temperatures in RMngSng
are due to the strong intralayer Mn-Mn and interlayer R-
Mn interactions, while the spin reorientation transition is
likely driven by the delicate balance between the magnetic
anisotropy energy and the R-Mn interaction. Thus, the R-
Mn interaction plays a crucial role in the RMngSng system
with the distance of ~3.6 A between the neighboring R
and Mn ions.

In RVeSng, in which Mn is replaced by nonmagnetic V,
the magnetic interactions become simpler, involving only
intralayer and interlayer R — R interactions. The indirect
Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interac-
tion dominates due to the relatively long distances between
R ions (i.e., ~5.5 A for intralayer and ~9.0 A for interlayer
R — R interactions). In contrast to the strong Mn-Mn and
R-Mn direct exchange interactions in RMngSng, the RKKY
interaction is much weaker, so that the magnetic phase tran-
sition temperature is strongly suppressed in RVgSng. The
ground-state magnetic structures of RMngSng [25,45,46] and
RV¢Sng (R = Tb, Dy, Ho, Er) are summarized in Fig. 10.
A comparison of them could help to unravel the crucial role
of the 4f-3d R-Mn interactions played in the tuning of the
magnetic properties of the RMneSne system. The distinct
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magnetic anisotropy of various R ions shows evidently in
RVSng: the ordered magnetic moment is aligned along the ¢
axis for both TbVSng and HoVSng, slightly tilted away from
the ¢ axis for DyV,Sng, and aligned within the ab plane for
ErVeSng, respectively. The ordering temperatures for RVgSng
are 4.3 K, 3.0 K, 2.4 K, and 0.6 K for the Tb, Dy, Ho, and Er
compounds, respectively (see Table II). These temperatures
follow the same trend as the spin-reorientation transition tem-
peratures in RMneSng that decrease with increasing atomic
number of the rare-earth elements, indicating a weaker R-Mn
interaction for rare-earth elements with higher atomic num-
bers. This trend also suggests that the R-Mn interaction is
significantly influenced by the intrinsic single-ion properties
of R3*, which strongly depend on crystalline electric field
(CEF) effects. Additionally, the large difference in magnetic
transition temperature between RVgSng and RMngSng further
indicates a robust R-Mn interaction.

There are numerous possible emergent quantum phe-
nomena yet to be discovered in this system, particularly
concerning the interplay between topology and magnetism.
Unlike the RMngSng system, where the kagome layers are
magnetic, the RVsSng system features a nonmagnetic topo-
logical kagome layer and a magnetic triangular layer of R,
thus providing a fresh platform for understanding such an
interplay. For instance, when an out-of-plane magnetization
is introduced to the kagome lattice in TbMngSng, it lifts the
spin degeneracy, thus transforming the Z, topological gap
into a quantum-limit Chern gap, and resulting in the kagome
lattice hosting exotic chiral edge states [1,23]. However, in the
RMngSng system, the kagome layers are inherently magnetic,
which breaks time-reversal symmetry and may significantly
alter the electronic structure of the kagome lattice. This con-
dition does not occur in the RVgSng system, making it a
perfect platform to study the interplay between magnetism
and topology. The magnetic nature of R in the RV¢Sng system
can then be used as an ideal tuning parameter to explore how
magnetism influences the topological features arising from the
kagome geometry, offering insights that are unattainable in
magnetic systems like RMngSng. For instance, it would be
very interesting to search for possible exotic quantum states
like Chern insulator or Weyl semimetal at its ground state
at very low temperatures in TbVSng, owing to the ferro-
magnetically ordered large moment of Tb>* along the ¢ axis
and the nonmagnetic V kagome layers. HoV¢Sng may exhibit
a similar but relatively weaker effect. Additionally, the spin
Berry curvature [30], that is related to the bilayer kagome lat-
tice, may also be systematically explored in the magnetically
ordered states in RVSng.

Another interesting aspect to discuss is the magnetic frus-
tration in RVeSng due to the presence of an ideal triangular
lattice of the R site. However, the dominating FM intralayer
R — R interaction does not provide a strong basis for frustra-
tion, especially in the Ising-type ordered compound TbVSng,
with a magnetic moment of 9.4(2) u, ordered along the ¢
axis. For DyVSne and HoVSng, their magnetic moments at
1.8 K are still notably smaller than those of the free ions. In
ErVeSng, the ordered magnetic moment is 6.1(3) p at 50 mK,
which is also much smaller than its free ion moment. This thus
hints a likely strong influence of the single-ion CEF effects
and possible presence of persistent spin fluctuations in the

ground state. Clearly, further studies of CEF excitations and
spin dynamics would be of high interest.

VI. CONCLUSIONS

In this work, we report mainly a comprehensive single-
crystal neutron diffraction investigation of the ground-state
magnetic structures of the recently discovered V-based topo-
logical kagome metals RV¢Sng (R = Tb, Dy, Ho, Er). We
also systematically investigated the crystal structure, magnetic
properties and specific heat capacity (down to 50 mK) of
the high-quality single-crystal samples of this kagome metal
series, that were successfully grown by the flux method,
via a wide range of in-house characterization techniques.
These in-house investigations indicate the presence of long-
range magnetic order at low temperatures. Our single-crystal
neutron diffraction measurements further confirm that the
long-range magnetic order indeed takes place at 4.3 K (Tb),
3.0 K (Dy), 2.4 K (Ho), and 0.6 K (Er), respectively, and
no further magnetic phase transitions were found at lower
temperatures down to 50 mK according to the heat capacity
results. The ground-state magnetic structures of all the studied
compounds are comprehensively determined via the magnetic
crystallography approaches. It can be revealed that RV¢Sng (R
= Tb, Dy, Ho) transform to a collinear ferromagnetic order
below the magnetic phase transition temperature, with the
ordered magnetic moment aligned along the ¢ axis for R =
Tb, Ho, while approximately 20° tilted off from the ¢ axis
for R = Dy. Due to an apparent antiferromagnetic interlayer
coupling between triangular lattice Er layers, ErV¢Sng shows
an A-type antiferromagnetic structure with a magnetic prop-
agation vector k = (0, 0, 0.5), and with the ordered moment
aligned in the ab plane. The ordered magnetic moments are
determined as 9.4(2) ug, 6.6(2) ug, 6.4(2) ug, and 6.1(2) ug
for R = Tb, Dy, Ho, and Er, respectively. We also com-
pared and discussed the low-temperature magnetic structures
in both RVeSng and RMngSng kagome metal series. This
allows to gain new insights into the complex magnetic inter-
actions, single-ion magnetic anisotropy and spin dynamics in
these compounds. With the determined ground-state magnetic
structures in these four compounds, further investigations on
the possible interplay between magnetism and topologically
nontrivial electron band structures in the magnetically ordered
phase regime can be expected for this fascinating topological
kagome metal series of RV¢Sng.
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