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Recently, the vanadium-based kagome metals RV¢Sng (R=rare-earth) have attracted wide attention due to
their novel magnetism and nontrivial topological properties. In this paper, the DyV,Sns and HoVSns single
crystals were successfully synthesized and the magnetotransport measurements were performed to explore
the physical properties. The magnetism along different directions in Dy/HoVSns were studied via magnetic
susceptibility and magnetization measurements, which reveals ferromagnetic interaction along the ¢ axis with
magnetic transition temperature 7,, = 3.3 K/2.7 K and antiferromagnetic interaction within the ab plane. Nega-
tive magnetoresistance was observed at small field and low temperature, which is attributed to the suppression of
spin scattering. The nonlinear behavior of the Hall resistivity above 7, indicates that Dy /HoVSne are multiband
systems while the S-shaped feature at low field and linear behavior at high filed below 7, imply the possible

existence of anomalous Hall effect.
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I. INTRODUCTION

The intermetallic compound with frustrated Kagome layers
is an ideal platform to study the interplay of lattice geometry,
magnetic orders, and electronic structures [1]. The topolog-
ical nontrivial states with novel electronic properties have
been studied in Kagome materials, such as the appearance
of Dirac points, van Hove singularity, and geometry induced
flat bands [2-5], frustrated magnetism [6—8], anomalous Hall
responses [9-11], charge density waves (CDW) [12], etc.
Recently, RMn¢Xg (R = rare-earth; X = Sn, Ge) family
materials with Mn-based Kagome lattice, crystallizing into a
HfFesGeg-type structure (P6/mmm), have been investigated
with their complex patterns of magnetism [13-23] and novel
magnetotransport properties including anomalous Hall effect
(AHE) [24-31] or topological Hall effect [27,28]. The rare-
earth ions synergized with the magnetic Kagome lattice play
an important role in the rich magnetic and topological prop-
erties. Recently, a similar series of vanadium-based Kagome
metals RV¢Sng (R = rare-earth) have attracted considerable
attention as a new member of the Kagome materials [32—40].
The nonmagnetic V ions substitute Mn to form the Kagome
layers, which may provide a more clear image to explore
the interplay between the magnetism and electronic struc-
tures derived from the Kagome lattices via different rare-earth
substitutions. ScVgSng identifies a CDW [39-59] at 92 K,
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demonstrating that charge order is a common feature in partly
filled d-orbital kagome systems. GdVSng, HoV¢Sng, and
TbVSng have been investigated by angle resolved photoemis-
sion spectroscopy measurements [34,38], from which Dirac
point, saddle point, and flat band are observed, indicating
the presence of nontrivial topological phases. Transport ex-
periments on TbV¢Sng [35,60] indicate that it holds a large
anomalous Hall conductivity at 1.8 K to be approximately
2000 7! cm™!, while it is difficult to perform detailed scal-
ing analyses to identify the mechanism of the AHE due to the
inadequate data of anomalous Hall resistivity at different tem-
peratures below the Curie temperature (4.1 K). In YbV¢Sng, it
shows typical heavy fermion properties above 2 K due to the
Kondo effect on the Kramers doublet of Yb** ions in crystal
electric field [40]. Thus, the pristine RVSng family materials
are crucial to realize the interplay of magnetism and electronic
structures, which deserves detailed transport studies.
Recently, the magnetic and electrical transport properties
of (Dy-Tm)VeSng have been reported [36,37]. The transi-
tion temperature of DyVSne and HoVSng is reported to be
about 3.0 K and 2.5 K, while ErV¢Sng and TmVgSng do not
show signs of magnetic order. However, detailed magnetore-
sistance and AHE studies on DyV,Sne and HoV¢Sng need
further investigation. In this paper, the physical properties via
magnetic susceptibility, magnetization, and magnetotransport
measurements were performed on the grown single crystals
of DyV¢Sne and HoVeSne. In Dy/HoVSne, the transition
metal V is nonmagnetic while the Dy/Ho ions form mag-
netic orders at 7,, = 3.3 K/2.7 K. A canted or noncollinear
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antiferromagnetic (AFM) structure is depicted below T,
according to the anisotropic magnetic susceptibility and
nonlinear behavior of magnetization results. Negative mag-
netoresistance (MR) is observed in Dy/HoV¢Sng at low field
and low temperature, which is attributed to the suppression of
spin scattering. The nonlinear behavior of the Hall resistivity
above T, indicates that Dy/HoVSng are multiband systems.
While below T,,, the S-shaped feature at low field and the
linear Hall curves at high filed imply the possible existence of
the anomalous Hall effect. The complex magnetic structures
of Dy/HoV¢Sng make them promising platforms to study
exotic magnetotransport properties.

II. EXPERIMENTAL AND CRYSTAL STRUCTURE

The single crystals of DyV,Sne and HoV¢Sng were grown
from the Sn-flux method. The starting elements, dysprosium
or holmium block, vanadium powder, and excess tin granules,
were put into the corundum crucible and sealed in a quartz
tube with a ratio of Dy/Ho:V:Sn = 1:6:20. The quartz tube
was heated to 1125°C at 60°C/h and held for 20 h, then
cooled to 780°C at a rate of 1°C/h, at which the excess
Sn flux was separated from the crystals by centrifugation.
The obtained crystals are a hexagonal platelike shape with
length of about 1 ~ 3 mm and thickness of 0.5 mm. Sn flux
on the surfaces were removed by dilute hydrochloric acid.
The atomic proportion of DyV,Sns/HoVSne were checked
to be Dy/Ho:V:Sn = 1:6:6 using energy dispersive x-ray
spectroscopy (EDS, Oxford X-Max 50). The single crystal
and powder x-ray diffraction (XRD) were collected from a
Bruker D8 advance x-ray diffractometer using Cu K, ra-
diation. TOPAS-4.2 was employed for the refinement. The
magnetic properties were measured with the vibrating sample
magnetometer (VSM) option of the quantum design physical
property measurement system (QD PPMS) using the pol-
ished crystal. The resistivity and Hall measurements were
performed on a QD PPMS-14T using the standard six-probe
method on a long flake crystal that is 0.1 mm thick.

III. RESULTS AND DISCUSSIONS

The crystal structure of RVgSng is shown in Fig. 1(a),
which crystallizes in a hexagonal HfFesGeg-type structure
with P6/mmm (No. 191) space group. V-ion formed Kagome
lattices are stacked along the ¢ axis separated by two Sn layers
and one RSn layer, whereas Sn ions occupy two different
types of crystallographic sites, forming [V3Sn][RSn;][V3Sn]
layers along the c axis. The powder XRD patterns of DyV¢Sne
and HoVSng are displayed in Figs. 1(b) and 1(c). As ob-
tained from the XRD refinement of polycrystalline samples,
DyV¢Sns and HoVSne exhibit the HfFegGes-type structure
with the refined lattice parameters a = b = 5.519(1) A c=
9.184(3) A and a = b = 5.516(9) A, c = 9.186(4) A, respec-
tively. In addition, few impurity phases of V3;Sn and B-Sn
are detected, as reported in previous studies [61]. It should
be noted that few small peaks of V3Sn indicate the traceable
amount, contributing a negligible effect to the magnetic and
magnetotransport properties. Figures 1(d) and 1(e) display
the single crystal x-ray diffraction patterns of DyVSn¢ and
HoVSng with (001) reflections, and insets show the single

(@) (d)

Y . [ o —
ro, 2 . e -
Sn @ @, o :
Vo ¢ JOJ (] ] 8 (0003)
@ o £ (0006) 1
) 0 ") o 0002 (0008)
z Y ) ( l-)
ie o

10 20 30 40 50 60 70 80 90

26 (Degree)
(0004)
&
z 1
Z
:2 (0003) (0006) (0008) |
(0002) ‘ 1
l T [ N T I
10020 30 40 S0 60 70 80 90 49 20 30 40 50 60 70 80 90
(C) 20 (Degree) (f) 26 (Degree)

30
DyV,Sn,
15
RRR=p(300 K)/p(2 K)~14
9
HoV¢Sng
60
w30
20 30 40 50 60 70 80 90 RRRZPOIPE K10

0
26 (Degree) 0 50 100 150 200 250 300
T (K)

Intensity (a.u.)
Py (HQ cm)

FIG. 1. (a) The crystal structure of RV¢Sng (R = Dy,Ho) with
the space group P6/mmm (No. 194). (b), (c) Powder XRD patterns
with refinement. (d), (e) Single crystal XRD patterns of RV¢Sng (R =
Dy,Ho) with (001) surface. Inset shows the typical single crystal.
(f) Temperature-dependent resistivity p,, of DyV¢Sne and HoVSns,
respectively.

crystals as a part of hexagonal samples. The temperature-
dependent resistivity of DyVSne and HoVSne are displayed
in Fig. 1(f), respectively, which exhibits a metallic be-
havior with residual resistivity ratio RRR = p(300 K)/p(2
K) ~14/10. No signals of superconducting transition from
V3Sn and B-Sn are observed on the temperature-dependent
resistivity. Thus, the transport properties of DyV,Sne and
HoVSng reported here are believed to be intrinsic.

Figures 2(a)-2(d) display the temperature-dependent mag-
netization in DyVSne with a field of 50 Oe applied parallel
and perpendicular to the ¢ axis, respectively, indicating
an anisotropic behavior of the magnetism. With H//c, the
temperature-dependent magnetization of zero-field cooled
(ZFC) and field-cooled (FC) curves both demonstrate the
ferromagnetlike behaviors in which upturns appear at about
10 K and bifurcate at 3.3 K, as shown in Fig. 2(a). The
behaviors indicate the emergence of ferromagnetic (FM) in-
teractions at about 10 K and the formation of magnetic order
at 3.3 K, respectively. With H L ¢, temperature-dependent
ZFC and FC magnetization curves exhibit similar behaviors.
It is noteworthy that the value of magnetization within the
ab plane is almost four times larger than that along the
¢ axis, indicating a slight anisotropy. In order to quantify
the difference, a modified Curie-Weiss (CW) formula y ~! =
1/(C/(T — Ty) + x(0)) with an additional x (0) term was em-
ployed to fit the inverse magnetic susceptibility x ~! curves
above 50 K as shown in Fig. 2(b). x(0) originates from the
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FIG. 2. (a), (e) Temperature-dependent magnetic susceptibilities of DyV,Sns and HoV¢Sne with H//c and H _L ¢ under 50 Oe, respec-
tively. (b), (f) The Curie-Weiss fittings of inverse susceptibility of DyV,Sns and HoVSne with H//c and H L c, respectively. (c), (g)
Field-dependent magnetization of DyV Sne and HoVsSne along the ¢ axis at various temperatures, respectively. (d), (h) Field-dependent
magnetization of DyV,Sns and HoVSng along the ab plane at various temperatures, respectively.

Pauli and van Vleck paramagnetism, as well as diamagnetic
signals of nucleus, and is independent of temperature. The
obtained x(0), 7y, and Curie constant C are displayed in
Table I. The values of the 7T are 10.7 K and -8.2 K for
H//c and H L ¢, suggesting the dominant FM interaction
along the ¢ axis and AFM interaction within the ab plane. The
fitting generates the effective moment of uly = 8.97 up/Dy
and u®% = 7.75 up/Dy, respectively, less than the spin-only
moment of Dy** (10.6 u5). Furthermore, the field-dependent
magnetization in both directions has been measured, as exhib-
ited in Figs. 2(c) and 2(d), which further confirms the different
magnetic interactions along different directions in DyVSne.
The magnetization along the c¢ axis increases rapidly and
seems to reach a first step of saturation at uoHess = 0.6 T. The
steady slight rising remains until about 7.8 T before another
significant increase appears and approaches the moment of
7.2 up/Dy at 2 K and 14 T. This steplike magnetic transition
behavior indicates that the magnetic structure may undergo
transitions with increasing field [62,63]. Apparently, the mo-
ment on Dy** is not yet completely polarized under external
field, compared with the effective moment obtained from the
CW fitting. The nonmonotonic and unsaturated magnetization
indicates the potential coexistence of AFM and FM interac-
tions along the c axis. Within the ab plane, magnetization
increases rapidly below 0.8 T and then increases monotoni-
cally up to 14 T where the moment reaches 4.6 ug/Dy, less

TABLE I. CurieWeiss fitting results of DyV,Sns and HoV¢Sn.

x(0) C To(K) e (1ep)
DyV¢Sng H//c 0.0016 10.10 10.70 8.97
Hlc 0.0026 7.50 —-8.19 7.75
HoVSng H//c 0.0072 14.54 3.27 10.77
Hlc 0.005 13.78 —0.68 10.50

than the effective moment extracted from Curie-Weiss fitting,
signifying the system in a process of being uniformly polar-
ized. Magnetic properties of HoV¢Sng are also depicted via
magnetization measurements in different directions, as shown
in Figs. 2(e)-2(h). The temperature-dependent magnetization
of ZFC (cyaneous line) and FC (red line) both exhibit an
upturn below 2.7 K with H//c. In the other direction, M,
is approximately six times weaker than M, at low temper-
ature, which indicates a slightly anisotropic behavior of the
magnetism in HoV¢Sng. The fitting according to a modified
Curie-Weiss formula yields T; = 3.2 K with H//c and Tgb =
—0.6 Kwith H L c, suggesting the dominance of FM interac-
tion along the c axis and AFM interaction within the ab plane,
as shown in Fig. 2(f). The corresponding parameters x, and
C are displayed in Table I. The magnetic field dependence of
magnetization at various temperatures are plotted in Figs. 2(g)
and 2(h) for H//c and H L c, respectively. The sharp increase
of the magnetization at low field and saturated behavior at
high field indicates the rapid polarization of the moments
forming the FM component along the ¢ axis. Within the ab
plane, the slow and unsaturated rising of the magnetization
demonstrates that AFM interaction is dominant. At 14 T, the
maximum moment of 8.7 ug/Ho for H//c and 8.6 ug/Ho for
H L c are obtained, which is lower than the effective moment
extracted from Curie-Weiss fitting along respective directions,
demonstrating that the field-polarized ferromagnetic state is
still not reached at 14 T.

As is shown, DyV,Sne and HoVSng both show magnetic
anistropy at low temperatures, originating from the rare-earth
anisotropy [64] which is usually described by the single-ion
magnetic anisotropy theory [65]. The single-ion magnetic
anisotropy is derived from the combination of SOC effect
and crystal electric field (CEF) effect. The interaction be-
tween 4f ions and their interplay with surrounding atoms
result in the different environments of crystal field, leading
to different magnetic properties of RV¢Sng, as summarized
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TABLE II. A summary of magnetic properties of R V¢Sng(R = Gd-Tm [33,36,37,60]): T;, is magnetic ordering temperatures; Weiss
temperatures T/*(K) and T, (K); CEF parameter B and easy magnetization direction. Asterisks indicate the values we obtained from the

BY formula.

R T,,(K) ]:9”” (K) T; (K) Bg (K) Easy direction
Gd [37] 4.8 0.90 —2.50

Gd [33] 5.2 7.56 7.76

Tb [37] 43 —38.30 32.30 —1.40 ¢ axis
Tb [60] 5.0 —40.40 33.10 —1.48* ¢ axis
Dy this work 3.3 —8.19 10.70 —0.25* ¢ axis
Dy [36] 3.0 —16.01 8.93 —0.33* ¢ axis
Dy [37] 2.9 —13.40 17.0 —0.40 ¢ axis
Ho'his work 2.7 —0.68 3.27 —0.05* ¢ axis
Ho [36] 2.5 —14.42 3.71 —0.21% ¢ axis
Ho [37] 2.3 —4.50 4.50 —0.10 ¢ axis
Er [36] 4.42 —33.46 0.50* ab plane
Er [37] 3.30 —29.90 0.40 ab plane
Tm [36] 12.69 —39.79 1.06* ab plane
Tm [37] 10.30 —71.20 1.70 ab plane

in Table II, with our results from DyV,Sns and HoVsSng,
which is similar to previous work [37]. According to the
single-ion magnetic anisotropy theory, CEF effect is weak and
Hepr =) 1.m BJ'O]" determines the anisotropy of the 4f ions
[65]. Here, B} is the CEF parameter, which is determined by
the symmetry of the crystal structure, and Oy’ is the equivalent
operator, which is related to the angular momentum operators.
If only the term with 1 = 2, m = 0 is considered, the sign
of the CEF parameter B9 determines whether the direction
of magnetization is along the ¢ axis. According to the point
charge model, the CEF parameters are determined by the

Weiss temperature in the ab plane and the ¢ direction, and the

1 p0 10T —T)
total angular momentum J of the material By = 30I-10IT3)

[66,67]. Based on the Curie-Weiss fitting results in our work
and previous studies, the values of Bg are calculated, as shown
in Table II. For DyVSne and HoVSns, as Bg <0, the angular
momentum is parallel to the ¢ axis, and the c¢ axis is the
easy axis, which is consistent with our experimental results,
as shown in Figs. 2(c), 2(d), 2(g), and 2(h).

According to the above reported magnetic properties, the
coexistence of FM and AFM interactions make the DyV¢Sng
and HoV¢Sng complex and intriguing materials. Here, we
performed the MR (MR = (p(B) — p(0))/p(0)) and Hall
measurements at various temperatures to investigate their
electrical properties. Figures 3(a) and 3(e) show the MR for
DyV¢Sns and HoVsSne, respectively. In DyVSne, at low
temperatures (T < 10 K), MR decreases rapidly with field
increasing until a critical field (B, = £0.65 T at 2 K as an
example) is reached, then it turns to increase and presents
decurved behavior at high field.

The negative MR and the departure from quadratic be-
havior suggest that magnetism plays an essential role in the
transport properties. Above 20 K, far away from the mag-
netic transition temperature 3.3 K, DyV,Sne exhibits the
positive and quadratic MR as usually expected. As the two
main components of MR, positive MR is dominated by the
orbital effects deriving from the cyclotron motion of the elec-
trons caused by Lorentz force, while negative MR may stem
from multiple factors, such as the suppression of magnetic

scattering, chiral anomaly, or current jetting, etc. Indeed,
chiral anomaly is observable only when B//I and current
jetting can be avoided via improving the experimental tech-
niques (We used a highly symmetrical electrode and evenly
coated silver adhesive for measurements). The comparison
between MR and field-dependent magnetization is displayed
in Fig. 3(b), in which B, is coincident with the first saturated
field of magnetization (labeled with black dotted lines). Dy**
moments are polarized at B, forming an ordered state, which
reduces the magnetic scattering of conduction electrons, re-
sulting in the negative MR. As the field increases, the orbital
MR dominates and competes with the magnetism induced
negative MR, leading to a reclinate behavior at high field.
In HoV¢Sng, the MR exhibits similar behavior as those in
DyV¢Sng:

2 2
Ao‘xy _ ( npLy, - Neld, z)eB. (1
L+ (uiB)” 14 (ueB)

In order to demonstrate the electrical properties and charac-
teristics of carriers in DyVSng and HoV¢Sne, Hall resistivity
Oyx has been measured with the field parallel to the ¢ axis. In
Figs. 3(c) and 3(g), Hall resistivities present the nonlinear be-
havior, indicating the multiband characteristics. Significantly,
at 2 K, p,, exhibits a cambered form at low field and becomes
completely linear above 6 T, which is in accord with the
behavior of AHE in magnetic materials. In order to verify
the possible AHE in Dy/HoVeSne, the component of nor-
mal Hall pfc\; = RyB is extracted by the linear fitting of the
high-field region (6-14 T) according to py, = RoB + pﬁx.
Ry is the normal Hall coefficient and pfx =0.247 Q2 cm
(DyV4Sne) and 0.325 u2 cm (HoVeSne) are the anomalous
hall components. The fitting curves are displayed in the insets
of Figs. 3(d) and 3(h). The AHE singal (red dotted line) is
extracted via subtracting the normal Hall from the total Hall
resistivity, which is resemblant to magnetization curves. AHE
is closely related to the topological nontrivial band structures
which has large Berry curvature. In DyV,Sne and HoVSng,
Dirac points and surface states, which contribute a large Berry
curvature resulting in the anomalous Hall effect, are observed
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FIG. 3. (a), (¢) Magnetic field-dependent MR at different temperatures of DyVSns and HoVSne, respectively. (b), (f) Upper: Enlarged
view around zero field of Fig. (a) and Fig. (e). Lower: Corresponding field-dependent magnetization curves of DyV,Sns and HoVeSns,
respectively. (c), (g) Magnetic field-dependent Hall resistivity at various temperatures of DyV,Sns and HoVSng, respectively. (d), (h) The
field-dependent anomalous Hall resistivity of DyV¢Sns and HoVSng, respectively. Inset shows the linear fitting at the high field and normal

Hall resistivity o)\ = RoB.

in previous ARPES measurements [34,38]. In magnetic mate-
rials, the relation ,ofx o< py. is usually employed to estimate
the mechanism of AHE. However, the anomalous Hall re-
sistivity pfx and resistivity p,, below T, can only provide
insufficient data, making it impossible to take more detailed
scaling analyses according to the conventional methods to
identify the mechanisms of AHE.

Above T, the Hall resistivity reveals a nonlinear behav-
ior at various temperatures and the linear behavior at high
field gradually disappears. The change of the normal Hall
effect indicates that DyVSns and HoV¢Sng may transform
from a single-band to a multiband system, possibly due to
the vanishment of the magnetic order that changes the band
structure above T,,. It is normal that the magnetic orders exert
great influence on the band structures so that the fermi surface
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FIG. 4. (a) Field dependence of the Hall conductivity (o, =
Py /(P )* + (pxx)?)) of DyVSng at various temperatures. (b),
(c) The temperature dependence of carrier concentration and
mobility.

and the characteristics of carriers are changed accordingly
[68]. Therefore, it is suitable to fit the Hall conductivity
with the two-band model. Figures 4(a) and 5(a) display the
field-dependent Hall conductivity. The fitting curves from
Eqg. (1) match well with the experimental results, from which
the concentrations and mobilities are extracted, reflecting
the temperature-dependent change of the electronic struc-
tures [Figs. 4(b) and 4(c), and Figs. 5(b) and 5(c)]. The n,
and p., represent the concentration and mobility of elec-
trons or holes, respectively. As the temperature decreases,
the electron concentration of DyV,Sng first increase and then
fluctuate below 10 K, while hole concentration has an op-
posite changing tendency. High mobility of the two types of
carriers both increase with lowering temperature and show a
similar change below 10 K. The striking consistency of the
temperature-dependent concentration and mobility suggests
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FIG. 5. (a) Field dependence of the Hall conductivity (o, =
Py/ (P )* + (xx)?)) of HoVeSng at various temperatures. (b),
(c) The temperature dependence of carrier concentration and
mobility.
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that magnetic properties have crucial influence on electronic
structures. In addition, oy, = py./p2 + ,oyzx contains field-
dependent resitivity components. Obviously, the behavior of
MR is strongly affected by the magnetism in DyV,Sn,
which is also reflected at the fitting of the Hall conductivity
and extracted n,j and u, ;. As discussed above, the fluctu-
ant behavior of temperature-dependent n,j; and p.; below
10 K indicates that the appearance of magnetic interaction
significantly modulates the electronic structures, which fur-
ther affect the characteristics of carriers. At 2 K, n, = 3.1 x
102 ecm ™3, ny, = 1.4 x 10%° em ™3, w, = 405 cm?/Vs and
= 1600 cm?/Vs for DyV¢Sng. n, = 9.3 x 10% cm~3, nj, =
8.9 x 10" cm—3, 1, = 280 cm?/Vs, and u;, = 2132 cm?/Vs
for HoV¢Sng. The multiband fitting reveals the large elec-
tron pockets with lower carrier mobility, and a high mobility
hole pocket with much smaller carrier density. Generally, the
conductivity of electrons and holes could be simply written
as o, = n.u.e and o, = nyupe, respectively. The imbalance
between o, and o, confirms the electron-dominant transport
in DyVSng and HoVSns.

IV. SUMMARY

In summary, single crystals of DyV,Sns and HoVSng are
synthesized which crystallize in hexagonal structures with
V-Kagome layers. The magnetism along different directions

are studied via magnetization and magnetotransport mea-
surements. Dy/HoV¢Sng show FM interaction along the ¢
axis with magnetic transition temperature 7,, = 3.3 K/2.7 K
and AFM interaction within the ab plane. The noncollinear
field-dependent magnetization along the c axis indicates that
DyV¢Sne has complex magnetic structure with the coex-
istence of FM and AFM interactions. Magnetoresistance
measurements further confirm the dominant ferromagnetism
along the c axis. Hall resistivity reveals that Dy/HoVsSng
are multiband systems with high mobility and possess the
feature of anomalous Hall effect below 7,,,. Furthermore, pre-
vious work confirmed that HoVSng is topological magnetic
semimetals with Dirac points and nontrivial topological sur-
face states. DyVSns and HoVSng are analogous platforms
which require further studies of explicit spin configuration
and band structure to study the relation between topology and
magnetism in Kagome materials.
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