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Kagome magnets are expected to feature emergent properties due to the interplay among geometry, mag-
netism, electronic correlation, and band topology. The magnetism and topological electronic states can be tuned

via the rare-earth engineering in RV¢Sng kagome metals, where R is a rare-earth element. Herein, we present
the synthesis and characterization of SmV¢Sng, a metal with two-dimensional kagome nets of vanadium and a
frustrated triangular Sm lattice. Some of the Sm atoms are shifted from the normal R positions by c¢/2 along the
¢ axis. Magnetic measurements reveal obvious anisotropy, where the easy magnetic axis is within the ab plane.
Electronic transport shows multiband behaviors below 200 K. Density functional theory calculations find that the
electronic structure of SmV,Sne hosts flat bands, Dirac cones, and saddle points arising from the V 3d electrons
near the Fermi level. No evidence for the existence of a charge density wave or magnetic order down to 2 K can
be observed. Thus, SmV¢Sne can be viewed as a modest disordered derivative of the RV¢Sng structure, in which
the disordered rare-earth ions can suppress the magnetic order and charge density wave in the RV¢Snes kagome

family.
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I. INTRODUCTION

Kagome materials RMgXs (R = rare earth, M = transition
metal, X = Sn, Ge) have drawn considerable attention in
condensed matter physics due to their rich exotic magnetic
and electronic properties [1-11]. These materials feature ideal
kagome layer structures consisting of pure transition met-
als and naturally exhibit Dirac cones, saddle points, and flat
bands that are characteristic electronic features of a kagome
lattice [1,4,12—14]. For a magnetic kagome system, such as
RMngSng, the magnetic structure of the Mn sublattice can
be flexibly modulated by the rare earth R bearing differ-
ent 4f moments and ion anisotropy. When R = Gd to Ho,
ferrimagnetic (FIM) structures are formed, while antiferro-
magnetic (AFM) structures are formed when R = Er, Tm, and
Lu [3,15]. In YMngSng, frustrated interplanar exchange inter-
actions were suggested to trigger strong magnetic fluctuations,
resulting in a complex magnetic phase diagram [16-18]. Of
particular interest, a spin-orbit-coupled kagome lattice with
strong out-of-plane magnetization can achieve spin-polarized
Dirac dispersion with a large Chern gap in TbMngSng [2].
The Chern-gapped Dirac fermions will host a large Berry
curvature and contribute to anomalous electronic and thermal
transport effects [2,19,20]. Furthermore, rare-earth magnetism
can effectively engineer the Chern gap and related Hall con-
ductivity [3].

Compared with robust magnetically ordered RMngSng,
RVSng compounds solely exhibit weak magnetic couplings
among the local 4f moments of the R sublattice. RV¢Sng
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compounds undergo magnetic ordering transitions at rather
low temperatures. The ordering temperature is below 6 K for
R = Gd-Ho, while no magnetic ordering is observed down
to 1.8 K for R = Er-Yb [5,21-26]. The crystalline electric
field (CEF) of rare-earth ions is suggested to play an impor-
tant role in the development of magnetic anisotropy [5,24].
Topologically nontrivial Dirac surface states (GdV¢Sne and
HoVeSng) [1,22,27], quantum oscillation (YVeSng) [22],
quantum critical behavior (YbVSne) [25], and charge density
waves (CDWSs) (ScVeSng) [14,28,29] have been realized in
the RVeSng system. These results suggest that the R sub-
lattice plays an important role in tuning the magnetic and
electronic properties of RVgSng, driving us to explore the
R-site substitution. RM¢Xs with light R may stabilize crys-
tal and magnetic structures in another way. For example,
SmMngSng and SmFegSng show HoFegSng- and YCogGeg-
type structures, respectively [30]. Furthermore, SmMngSng
displays ferromagnetism and a large intrinsic anomalous Hall
effect [31].

In this paper, we report the crystal growth, structure, mag-
netism, electronic transport properties, and band structure
calculations of a newly discovered kagome metal SmV¢Sng.
Differing from the HfFegGeg-type structure of RVeSng
(R = Gd-Lu, Y, Sc), SmVeSng crystallizes in the hexagonal
SmMneSne prototype [32]. No evidence for magnetic order
and CDW can be observed above 2 K, which may be as-
cribed to the structural disorders of Sm. As a result of the
CEF effect, the easy magnetization direction lies within the
ab plane. Electronic transport measurements reveal multiband
behaviors arising from the electronic bands of the vanadium
kagome sublattice. Density functional theory (DFT) calcu-
lations reveal flat bands, Dirac cones, and saddle points for
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FIG. 1. (a) Three-dimensional crystal structure of SmV¢Sng. The
atom balls with different colors suggest that atoms have fractional
occupancy. (b) Top view of the crystal structure, showing the kagome
lattice consisting of V atoms.

the kagome V 3d bands. The results highlight the interplay
between the structural geometry, magnetism, and electronic
correlations.

II. EXPERIMENTAL AND CALCULATION DETAILS

Single crystals of SmV¢Sng were grown by the flux method
[22]. The starting elements with a molar ratio of Sm:V:
Sn = 1:6:40 were loaded in an alumina crucible and sealed
in an evacuated silica ampoule. The ampoule was heated to
1100°C and held for 1 day, then cooled slowly at 3°C/h
to 650°C. The ampoule was taken out and loaded into a
centrifuge quickly to separate the excess Sn flux. A dilute HC1
solution was used to remove the residual Sn from the crystal
surface. The obtained single crystals have a typical size of
2x1.5x0.1 mm? as shown in the inset of Fig. 2(a).

Single-crystal x-ray diffraction (XRD) was conducted on
a Bruker APEX-II CCD x-ray diffractometer at 150 K. The
powder XRD pattern of a crushed single crystal was collected
on a powder XRD diffractometer (Empyrean) at room temper-
ature. The elemental analysis was carried out using an energy
dispersive x-ray spectroscopy (EDX) (EVO, Zeiss). Magnetic
and electronic transport properties were measured on a phys-
ical property measurement system (Quantum Design). The
in-plane resistivity was measured using the standard four-
probe method.

DFT calculations for the structural relaxation and further
electronic properties of SmVeSng were performed using the
Vienna ab initio simulation package (VASP 5.4.4) [33]. The
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FIG. 2. (a) XRD measurement on the ab plane of a single crystal
of SmVeSne. The inset on the left is a picture of the single crystal
and the right inset shows the refinement of single-crystal diffraction.
(b) A pattern of XRD measured on powder samples.

exchange and correlation function was described using the
Perdew-Burke-Ernzerhof generalized gradient approximation
[34]. The all-electron projector augmented-wave method [35]
was adopted to describe the electron-ion interactions, treating
5525p%, 3d34s?, and 55*5p°4 f>5d' 65 as valence electrons for
Sn, V, and Sm atoms, respectively. To ensure convergence
of the total energy within a precision of 1 meV per atom,
the plane-wave energy cutoff was set at 500 eV, and the
Monkhorst-Pack [36] k-point grids with a reciprocal space
resolution of 277 x0.03 A" in the Brillouin zone were se-
lected. Structural relaxations were performed with forces
converged to less than 0.001 eV A1,

III. RESULTS AND DISCUSSIONS

A. Crystal structure

Single-crystal XRD measurements reveal SmVeSng crys-
tallizes in the hexagonal space group P6/mmm as that of the
SmMngSng [32], as shown in Fig. 1. The ideal V kagome
layers are separated by Sm and Sn atoms. The refined struc-
tural parameters were summarized in Table I. The measured
structure factors are in good agreement with the calculated
structure factors as shown in the inset of Fig. 2(a).

The results yield 22% of the Sm ions occupying on the
intermediate lattice positions (15 site) that are shifted from
the Sm positions (1a) by c¢/2 along the ¢ axis. The Sm ions
on the intermediate sites enforce the nearest-neighbor Sn ions
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TABLE 1. Crystal parameters of SmV4Sne from the single-
crystal XRD at 150 K (Ga Ko, A = 1.341 38 A).

Formula SmVgSng Occupancy
Space group P6/mmm

a(A) 5.5243(6)

cd) 9.188(2)

Sml 1a(0, 0, 0) 0.78
Sm2 156(0,0,1/2) 0.22
\" 6i(0,0, 1/4) 1
Snl 2¢[0, 0, 0.3356(2)] 0.78
Sn2 2¢[0, 0, 0.1673(9)] 0.22
Sn3 2¢(1/3,2/3,0) 1
Sn4 2d(1/3,2/3,1/2) 1
Goodness of fit on F? 1.112

R, wR; (all data) 0.0378, 0.0747

to the Sn2 sites. The occupancy of Sm in both the Sml
(la site) and Sm2 (1b site) positions is confirmed by the
weaker intensity of the (003) reflection compared with the
fully ordered GdVeSng and HoV¢Sng, as shown in Fig. 2(a)
[1]. The shift of the R atoms has also been observed in the
other RMSng systems, where R are light rare-earth elements
[30,32]. Following the lanthanide contraction rule, the lattice
constants a and ¢ in SmVgSng are larger than that of the
heavy rare-earth elements, indicating the Sm ions are trivalent
[5]. Thus, SmVSng can be regarded as a modest disordered
derivative of the RV¢Sng (R = Gd-Lu, Y, Sc) structure. The
powder XRD pattern in Fig. 2(b) further confirms that no im-
purity could be identified within our instrumental resolution.
Furthermore, the EDX measurements yield an atomic ratio
of Sm: V:Sn=1:6.79 : 6.62, close to the stoichiometry of
SmV()Snﬁ.

B. Magnetic properties

Figure 3(a) shows magnetic susceptibility [x(7)] mea-
sured with a 0.6 T magnetic field. No obvious furcation exists
between zero-field-cooled (ZFC) and field-cooled (FC) sus-
ceptibility curves. The x (T") along the ab plane is larger than
that along the ¢ axis at low temperatures, revealing a strong
easy-plane anisotropy. The magnetic susceptibility increases
rapidly and large anisotropy is developed below 10 K, con-
sistent with the development of short-range magnetic order.
No evidence for a magnetic ordering transition appears down
to 2 K from susceptibility measured under in-plane magnetic
fields, as shown in Fig. 3(b). The Curie-Weiss susceptibility
considering the Van Vleck contribution follows the expression
x = C/(T — 6cw) + xvv, where Ocw is the Curie-Weiss tem-
perature, C is the Curie constant, and yvyv is the temperature-
independent Van Vleck contribution [37]. As the inset shown
in Fig. 3(a), the susceptibility at high temperatures deviates
from the Curie-Weiss behavior, suggesting the involvement
of the crystal field effect of Sm**. To get the effective mag-
netic exchange interactions, we fit the susceptibility using the
Curie-Weiss formula from 25 to 50 K, resulting in 6%, =
49(7) K, C* = 4(2)x1072 emu K mol™! Oe™', and xyy =
4.3(3)x10™* emu mol~' Oe~! for the H | ab plane, and
0w = —6(3) K, C¢ = 3.6(6)x 10~ emu K mol~' Oe ™, and
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FIG. 3. (a) Temperature dependence of zero-field-cooled (ZFC)
and field-cooled (FC) magnetic susceptibilities measured with a
0.6 T magnetic field along the c axis and ab plane of SmV,Sng. The
blue and orange lines indicate a Curie-Weiss fit to the inverse suscep-
tibility data from 25 to 50 K. (b) Magnetic susceptibilities measured
with various magnetic fields along the ab plane. (c) Magnetization
against magnetic fields along the ¢ axis and (d) the ab plane at 2, 5,
10, and 30 K. The Brillouin function (gray line) in (c) is for J = 5/2
(Sm**)and T =2 K.

xvv = 8.4(7)x10~* emu mol~' Oe~! for the H || ¢ axis. The
positive Ggl{,v suggests a dominant ferromagnetic (FM)-type
in-plane magnetic interaction while the negative 8¢, shows
AFM-type out-of-plane interactions. The effective magnetic
moments of Sm*" jons are calculated to be % = 0.605(1)pp
and gy = 0.536(1)up, which are smaller than 0.845up of
a free Sm*" ion (J = 5/2, g =2/7). The reduced effective
moments are also observed in the other samarium compounds
such as Sm3Sb3Zn, 014 (0.53 ) [38] and Sm»Zr, 07 (0.5up)
[39], which are likely related to the narrow J multiplet width
arising from the large crystal field splitting of the lowest
J = 5/2 multiplets.

Isothermal magnetization data at different temperatures are
plotted in Figs. 3(c) and 3(d). Large magnetic anisotropy can
be observed at low temperatures. The magnetization for the
H || ab plane is about 4.5 times larger than that for H || ¢
at 2 K. When the field is parallel to the ab plane at 2 K,
the magnetization increases linearly in the low field and then
gradually approaches saturation. The magnetization is up to
0.37up at 12 T, which is far smaller than the theoretical value
of My = gJ = 0.71up. As a comparison, we plot the Brillouin
function that describes the magnetization of the paramagnetic
state of SmVeSng in Fig. 3(c). The values of the Brillouin
function in the magnetic field lower than 3.6 T are smaller
than the magnetization for the H || ab plane and larger than
that for H || ¢ axis, consistent with the FM in-plane interac-
tions and AFM out-of-plane interactions. For larger magnetic
fields (uoH > 3.6 T) and higher temperatures (7 > 10 K), the
magnetic properties in the paramagnetic state are governed by
the crystal field effect of Sm>*.
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FIG. 4. Resistivity of SmVSne measured at 0 and 5 T magnetic
fields. The green curve shows the fitting of p,,(7") via the equa-
tion p = py + AT? + BT>. The inset is a zoom-in resistivity at low
temperatures. The solid line is a linear fitting below 7 K.

C. Transport properties

Figure 4 shows the temperature dependence of the in-plane
resistivity p(7") at 0 and 5 T magnetic fields. The resistivity
decreases with decreasing temperature, consistent with the
characteristic of a metal. The resistivity in the temperature
range of 10-100 K follows p = py + AT? + BT?, giving rise
to po = 61.5(1) uQ cm, A =4.4(1)x1073 uQecmK=2, and
B =5.1(7)x10719 uQcm K>, The terms AT? and BT" rep-
resent the contributions from electron and phonon scatterings,
respectively. The inset of Fig. 4 displays a decrease of re-
sistivity below 10 K, which may be related to the formation
of short-range magnetic order. In addition, the resistivity is
enhanced by a 5 T magnetic field at low temperatures. The
resistivity changes linearly between 2 and 7 K, indicating the
existence of weak spin fluctuations.

To study the magnetoresistance (MR) effect, we further
measured the field dependence of the longitudinal resis-
tivity [px(H)] at various temperatures. The MR defined
as [pw(H) — pux(H = 0)]/pxx(H = 0)x100% is shown in
Fig. 5(a). The current is along the ab plane and the magnetic
field is along the ¢ axis. A small magnitude of MR can be
observed at all temperatures. The MR does not tend to saturate
up to 12 T. The MR is gradually increased with decreasing
temperature. However, a small decrease can be found at 2 K
compared with that of 30 K, which may be a consequence of
suppressed spin-disorder scattering.

To characterize the carrier concentrations and effective
mobilities, Hall resistance [y, (H )] measurements were per-
formed from 2 to 300 K with the magnetic field applied
parallel to the ¢ axis and the current within the ab plane
as shown in Fig. 5(b). The p,,(H) curves are linear at
temperatures 7 > 250 K. The p,, decreases nonlinearly as
the temperature decreases below 250 K, signifying a multi-
band transport behavior. The p.,(H) curves can be fitted
with a single-band model at high temperatures (7T > 250 K)
and a two-band model at low temperatures (7" < 250 K).

FIG. 5. (a) Magnetoresistance at various temperatures measured
with the H || ¢ axis. The magnetoresistance component was isolated
by averaging p..(H) and p..(—H). (b) Hall resistivity p,, measured
at different temperatures. To remove the effects of the longitudinal
resistivity, p,, is obtained via p,, = [0x,(H) — px,(—H)]/2. (c) Car-
rier densities of electrons and holes obtained from fitting of the Hall
resistivity in (b) with a two-band model below 250 K and a single-
band model for higher temperatures. (d) Charge carrier mobilities
against temperature obtained from fitting the Hall resistivity.

Figures 5(c) and 5(d) display the fitted results. It can be found
that the concentration and mobility of the electron carriers are
larger than that of the holes for most temperatures, suggesting
that electrons play a dominant role in conduction. The similar
multiband transport behaviors have also been observed in
RV¢Sng (R = Gd-Lu, Y) [22,24,26].

D. Electronic structure

It is difficult to calculate the electronic structure via the
DFT for the compound with disorders. We constructed two
types of crystal structures via rearranging the atomic occu-
pancies of the Sm and Sn sites in SmVgSng. For the type-1
structure, the atomic occupancies of both the Sm1 and Snl
sites are 100%; for the type-2 structure, Sm and Sn fully
occupy the Sm2 and Sn2 sites, respectively. The experimen-
tally synthesized SmVgSng can be regarded as an intermediate
phase of the type-1 and type-2 structures. Figures 6(c)-6(f)
show that the two types of structures possess similar elec-
tronic structures, suggesting the synthesized SmVgSng has
an approximative electronic structure. The orbital projected
density of states yields that the 3d electrons of V atoms make
a dominant contribution near the Fermi level. The electronic
band structures are shown in Figs. 6(e) and 6(f), where an
obvious kagome flat band characterized by the V d,. orbitals
can be observed above Ep. Moreover, the Dirac cones and
saddle points appear at the K and M points, respectively, as ex-
pected from minimal kagome tight-binding models [40]. Such
a transition-metal-based d-orbital band structure endemic to
the kagome lattice in the proximity of the Fermi level is one
of the common features in the family of RM¢Sne [1,4,12-14].
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FIG. 6. (a) Sketch of the type-1 structure with fully occupied Sm1 and Snl sites. (b) Sketch of the type-2 structure with Sm and Sn
occupying the Sm2 and Sn2 sites. (c) Orbital projected density of states of type-1 and (d) type-2 structures. (e) and (f) V d orbital decomposed

band structures.

IV. DISCUSSIONS

Compared with the RMgXs (M = Mn, Fe, X = Ge, Sn)
family with magnetic ordering temperatures originating from
the transition metals well above room temperature [6,7,11],
the moments of the rare-earth ions in RV¢Sng (R = Gd-Ho)
order at rather low temperatures [5]. The magnetic transition
temperatures of RVeSng are affected by the CEF of the R
ions. The leading crystal field parameter B can be calculated
via the point charge model Bg = 10(93{}, —O0cw)/3(27 — 1)
(2J 4+ 3), giving rise to Bg = 1.48 K for SmVSng. The pos-
itive value is close to that of TmVgSng [S], which shows an
easy in-plane anisotropy. Normally, a large BY with strong
CEF as —1.4 K of TbVSng is expected to enhance the mag-
netic ordering temperature [5]. However, the magnetic order
has not been observed down to 2 K in SmVgSng. The absence
of magnetic order may be related to the atomic disorder asso-
ciated with the shifts of the Sm** ions along the ¢ axis.

The DFT calculations reveal that the flat bands at the T’
point of the type-1 and type-2 structures are located at 0.376
and 0.326 eV, respectively. The difference should be asso-
ciated with the strength of V d—Sn p orbital hybridization.
The different V-Snl [2.872(1) A] and V-Sn2 [2.865(3) A]
bond lengths will result in different strengths of orbital hy-
bridization. It was reported that ScV¢Sng undergoes a CDW
phase transition at 92 K, in which the V-Sn bond length is
2.822(1) A [28], while no evidence of CDW is observed in the
isostructural RVsSng compounds with the larger ions R =Y,
Sm-Lu [5,25]. The V-Sn bond length in the RVSng family
depends on the chemical pressure arising from the rare-earth
ions R3*. The smaller the ion radius of R3*, the shorter is the
bond length. Recent studies suggested that the exotic CDW in
ScVeSng is not Fermi-surface nesting driven. The structural
degree of freedom may play a fundamental role in stabilizing

the CDW [41-44]. Large modulated displacements of Sc and
Sn atoms have been observed, which can be attributed to the
small Sc atomic radius [45]. Thus, further explorations for
smaller R systems or the effect of pressure are interesting
for investigations of the interplays among lattice, charge, and
magnetism.

V. CONCLUSIONS

Single crystals of the kagome metal SmVsSng have been
grown by the self-flux method. The crystal structure of
SmVSng belongs to the SmMngSng prototype, showing par-
tial crystallographic disorder associated with the appearance
of an additional Sm site. Large magnetic anisotropy due to the
CEF effects is found for the magnetic Sm** ions. Moments
tend to align in the ab plane. No abnormal transition related
to long-range magnetic ordering and CDW can be observed
down to 2 K. Electronic transport measurements exhibit multi-
band behaviors and positive magnetoresistance properties.
DFT calculations show a V 3d kagome band structure near the
Fermi level with a flat band, Dirac cones, and saddle points.
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