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Study of the electronic properties of topological kagome metals YV6Sn6 and GdV6Sn6

Ganesh Pokharel,1 Samuel M. L. Teicher,1 Brenden R. Ortiz,1 Paul M. Sarte,1

Guang Wu,2 Shuting Peng,3 Junfeng He,3 Ram Seshadri,1 and Stephen D. Wilson1, ∗
1Materials Department and California Nanosystems Institute,

University of California Santa Barbara, Santa Barbara, California 93106, USA†
2Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa Barbara, California 93106, USA

3Hefei National Laboratory for Physical Sciences at the Microscale,
Department of Physics and CAS Key Laboratory of Strongly-coupled Quantum Matter Physics,

University of Science and Technology of China, Hefei, Anhui 230026, China
(Dated: September 16, 2021)

The synthesis and characterization of vanadium-based kagome metals YV6Sn6 and GdV6Sn6 are
presented. X-ray diffraction, magnetization, magnetotransport, and heat capacity measurements reveal
an ideal kagome network of V-ions coordinated by Sn and separated by triangular lattice planes of rare-
earth ions. The onset of low-temperature, likely noncollinear, magnetic order of Gd spins is detected in
GdV6Sn6, while V-ions in both compounds remain nonmagnetic. Density functional theory calculations
are presented modeling the band structures of both compounds, which can be classified as Z2 topological
metals in the paramagnetic state. Both compounds exhibit high mobility, multiband transport and
present an interesting platform for controlling the interplay between magnetic order associated with the
R-site sublattice and nontrivial band topology associated with the V-based kagome network. Our results
invite future exploration of other RV6Sn6 (R=rare earth) variants where this interplay can be tuned via
R-site substitution.

I. INTRODUCTION

The structural motif of a kagome net of metal ions
gives rise to both Dirac points in the band structure as
well as destructive interference-derived flat band effects.
As a result, kagome metals have the potential to host
topologically nontrivial band structures intertwined with
electron-electron correlation effects. Electronic instabili-
ties resulting from this interplay have been studied the-
oretically ranging from bond density wave order [1, 2],
to charge density waves (CDW) [3] to superconductivity
[1, 4]. Recent experiments have begun to probe this rich
phase space and have uncovered the emergence of an un-
usually large anomalous Hall effect [5–7], complex itiner-
ant magnetism [8, 9], charge density waves [10], spin den-
sity waves [11], and superconductivity [12, 13], validating
the promise of kagome metals to form a rich frontier of
unconventional electronic phenomena.

One family of kagome metals are the so-called “166"
compounds that crystallize in the MgFe6Ge6 structural
prototype. This class of materials is chemically very di-
verse, and considering the structure as AB6X6, the A-
site can host a variety of alkali, alkali earth, and rare
earth metals (e.g. Li, Mg, Yb, Sm, Gd...). The B-site gen-
erally hosts a transition metal (e.g. Co, Cr, Mn, V, Ni...),
and the X -site is generally restricted to the group IV el-
ements (Si, Ge, Sn). Due to this chemical diversity, 166
materials host a wide variety of functionalities, partic-
ularly among those with magnetic host lattices. Exam-
ples include the existence of spin polarized Dirac cones in
YMn6Sn6 [14]; large anomalous hall effects in LiMn6Sn6
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[15], GdMn6Sn6 [16]; Chern topological magnetism in
TbMn6Sn6 [17]; competing magnetic phases in YMn6Sn6
[18]; catalytic properties in MgCo6Ge6 [19]; negative mag-
netoreistance in YMn6Sn6−xGax[20]; and a cycloidal spin
structure in HoMn6−xCrxGe6 [21].

One appeal of the chemical versatility of the 166 class
of compounds is the ability design materials where mag-
netic interactions can be tuned independently from the
kagome lattice. Nonmagnetic B-site variants, in principle,
provide this flexibility and allow the interplay between
magnetism and the kagome-derived band structures to be
explored. This potentially allows access to new electronic
phenomena derived from coupling the triangular-lattice
planes of magnetic A-site ions and a nonmagnetic B-site
kagome net. Nonmagnetic kagome metals are rather un-
derexplored relative to their magnetic counterparts, and
recent investigation of nonmagnetic AV3Sb5 compounds
[22] have shown that unusual charge density wave in-
stabilities and superconductivity may appear when lo-
cal magnetic interactions are absent [23, 24]. Find-
ing new, nonmagnetic kagome metal variants and tun-
ing/proximitizing magnetic coupling allowed in the 166
structure via the neighboring layers is an appealing next
step in this field.

In this work, we report the synthesis of single crystals
of YV6Sn6 and GdV6Sn6 kagome metal compounds and
study their physical properties. X-ray diffraction, magne-
tization, resistivity, and heat capacity data reveal multi-
band, high-mobility electron transport and a nonmagnetic
vanadium kagome lattice. Introduction of magnetic Gd
ions results in the formation of magnetic order below 5.2
K, which, in zero field, suggests the formation of a canted
or noncollinear antiferromagnetic state. Ab initio model-
ing of the band structures of these compounds establishes
the presence of topological surface states at the Fermi
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FIG. 1. Crystal structure of RV6Sn6 (R = Gd, Y) (a) RV6Sn6 lattice structure comprised of different layers of V3Sn2, RSn1 and Sn3
atoms. The three different types of Sn sites are represented by Sn1, Sn2 and Sn3. (b) Top view of crystal structure looking along
the c-axis and showing the kagome plane of V-atoms and projected Sn1 and Sn3 sites. (c) 2D kagome net of V-atoms. (d) Triangular
lattice of R-site (Gd, Y) ions interwoven between kagome planes as shown looking along the c-axis.

level and categorizes the paramagnetic state as Z2 topo-
logical metal. Our results demonstrate that vanadium-
based 166 kagome metals are interesting platforms to
studying the interplay between nontrivial band topology
and correlation effects endemic to a nonmagnetic kagome
lattice proximitized to magnetic order in the neighboring
rare-earth layers.

II. EXPERIMENTAL DETAILS

Single crystals of YV6Sn6 and GdV6Sn6 were synthe-
sized via a flux-based technique. Gd (pieces, 99.9%), Y
(powder, 99.9%), V (pieces, 99.7%), Sn (shot, 99.99%) were
loaded inside an alumina crucible with the molar ratio of
1:6:20 and then heated at 1125oC for 12 hours. Then, the
mixture was cooled at a rate of 2oC/h. The single crys-
tals were separated from the flux via centrifuging at 780
oC. Crystals grown via this method were generally a few
millimeters in length and < 1 mm in thickness. The sep-
arated single crystals were subsequently cleaned with di-
lute HCl to remove any flux contamination. Crystals were
then transferred into a small jar of mercury to further re-
move additional tin contamination to the crystals.

Single-crystal x-ray diffraction measurement were car-
ried out on a Kappa Apex II single-crystal diffractome-
ter with a charge coupled device (CCD) detector and a
Mo source. Structural solutions were obtained using the
SHELX software package [25]. Powder x-ray diffraction
(PXRD) measurements were performed on a Panalytical
Empyrean Powder Diffractometer using powdered single

TABLE I. Structural details of YV6Sn6 obtained from the refine-
ment of single crystal x-ray diffraction data at T = 300 K. Cell
refinement in P6/mmm yields Rf = 0.0175, WRf = 0.0399, and
a = b = 5.520(2), c = 9.168(4) Å.

atom (site) x y z Uani occupancy

Y (1a) 1.0000 1.0000 0.5000 0.0085(3) 1
V (6i) 0.5000 0.5000 0.7481(1) 0.0053(3) 1

Sn1 (2e) 1.0000 1.0000 0.8335(1) 0.0066(2) 1
Sn2 (2d) 0.3333 0.6667 0.5000(1) 0.0063(2) 1
Sn3 (2c) 0.3333 0.6667 1.0000 0.0054(2) 1

TABLE II. Structural details of GdV6Sn6 obtained from the re-
finement of single crystal x-ray diffraction data at T = 300 K.
Cell refinement in P6/mmm yields Rf = 0.039, WRf = 0.085, and
a = 5.5348(7), c = 9.1797(11) Å.

atom (site) x y z Uani occupancy

Gd (1b) 1.0000 1.0000 0.5000 0.0063(4) 1
V (6i) 0.5000 0.5000 0.7487(2) 0.0055(4) 1

Sn1 (2e) 1.0000 1.0000 0.8344(1) 0.0072(4) 1
Sn2 (2d) 0.3333 0.6667 0.5000 0.0054(4) 1
Sn3 (2c) 0.3333 0.6667 1.0000 0.0064(4) 1

crystals. This was done to further verify the structure and
phase purity over a larger volume.

Magnetization measurements were carried out using a
Quantum Design Magnetic Properties Measurement Sys-
tems (MPMS-3). Plate-like single crystals were attached
to quartz paddles using GE-Varnish. Measurements were
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c a r ri e d o ut wit h t h e m a g n eti c fi el d a p pli e d p a r all el t o a n d
p e r p e n di c ul a r t o t h e c- a xi s f r o m 2 K t o 3 0 0 K. T h e c r y st al s
w e r e p oli s h e d g e ntl y o n t h e t o p a n d b ott o m s u rf a c e s p ri o r
t o m e a s u r e m e nt. F o r h e at c a p a cit y m e a s u r e m e nt s, c r y s-
t al s of m a s s 3. 6 8 m g ( Y V 6 S n 6 ) a n d 1. 6 9 m g ( G d V6 S n 6 )
w e r e m o u nt e d t o t h e a d d e n d a u si n g N- g r e a s e. L o n git u-
di n al, t r a n s v e r s e a n d H all m a g n et o r e si st a n c e m e a s u r e-
m e nt s w e r e c a r ri e d o ut u si n g t h e el e ct ri c al t r a n s p o rt o p-
ti o n ( E T O) of t h e Q u a nt u m D e si g n D y n a c o ol P h y si c al
P r o p e rti e s M e a s u r e m e nt S y st e m.  F o u r- p oi nt m e a s u r e-
m e nt s w e r e u s e d.

I I I.  C O M P U T A T I O N A L M E T H O D S

A b i niti o si m ul ati o n s w e r e c o m pl et e d i n V A S P [ 2 6 – 2 8]
u si n g t h e P B E f u n cti o n al [ 2 9] wit h p r oj e ct o r- a u g m e nt e d
w a v e s, [ 3 0, 3 1]. P A W p ot e nti al s f o r V a n d S n w e r e s e-
l e ct e d b a s e d o n t h e V A S P v 5. 2 r e c o m m e n d ati o n s.  F o r
t h e c al c ul ati o n s p r e s e nt e d i n t h e m ai n t e xt, G d p ot e n-
ti al s wit h a f r o z e n f - o r bit al c o r e w e r e c h o s e n i n o r d e r
t o a p p r o xi m at e t h e p a r a m a g n eti c p h a s e p r e vi o u sl y i n v e s-
ti g at e d i n A R P E S e x p e ri m e nt s [ 3 2]. I n t h e s u p p o rti n g
m at e ri al, el e ct r o ni c st r u ct u r e c al c ul ati o n s a r e c o m pl et e d
f o r t h e l o w-t e m p e r at u r e f e r r o m a g n eti c p h a s e u si n g c o m-
pl et e G d p ot e nti al s wit h a H u b b a r d p ot e nti al U = 6 e V
a p pli e d t o t h e G d f o r bit al s. T hi s c h oi c e of U gi v e s a
m a g n eti c m o m e nt µ ≈ 7 µ B, c o n si st e nt wit h e x p e ri m e nt ( a
H u b b a r d U c o r r e cti o n n e a r 6 e V i s g e n e r all y e x p e ct e d f o r
G d [ 3 3]). C al c ul ati o n s e m pl o y e d a n 1 1 × 1 1 × 5 Γ - c e nt e r e d
k - m e s h a n d a pl a n e w a v e e n e r g y c ut off of 4 0 0 e V. St r u c-
t u r e s w e r e r el a x e d i n V A S P vi a t h e c o nj u g at e g r a di e nt
d e s c e nt al g o rit h m wit h a f o r c e- e n e r g y c ut off of 1 0 − 4 e V.
All c al c ul ati o n s aft e r r el a x ati o n e m pl o y e d s pi n- o r bit c o u-
pli n g c o r r e cti o n s wit h a n e n e r g y c o n v e r g e n c e c ut off of
1 0 − 6 e V. Ti g ht- bi n di n g m o d el s w e r e c o n st r u ct e d b y p r o-
j e cti n g o nt o v al e n c e o r bit al s ( G d d; V d; S n p; i n n e r wi n-
d o w E F ± 2 e V; o ut e r wi n d o w E > E F − 5. 3 e V) u si n g t h e
di s e nt a n gl e m e nt p r o c e d u r e i n W A N N I E R 9 0 [ 3 4]. S u rf a c e
st at e G r e e n’ s f u n cti o n c al c ul ati o n s w e r e c o m pl et e d i n t h e
W A N N I E R T O O L S p a c k a g e [ 3 5, 3 6]. I r r e d u ci bl e r e p r e s e n-
t ati o n s u s e d t o d et e r mi n e t h e Z 2 i n v a ri a nt w e r e d et e r-
mi n e d wit h I R V S P [ 3 7]. C O H P c al c ul ati o n s a n d o r bit al
p r oj e cti o n s e m pl o y e d L O B S T E R; t h e s e c al c ul ati o n s d o
n ot i n c o r p o r at e s pi n- o r bit c o u pli n g, w hi c h i s n ot i m pl e-
m e nt e d i n L O B S T E R [ 3 8 – 4 1]. A G a u s si a n s m o ot hi n g
wit h st a n d a r d d e vi ati o n 0. 1 e V w a s a p pli e d t o t h e d e n sit y
of st at e s a n d C O H P s. St r u ct u r e s w e r e vi s u ali z e d wit h
V E S T A [ 4 2]. A d diti o n al c o m p ut ati o n al d et ail s, i n cl u di n g
a n i niti al c o m p a ri s o n of t h e a b i niti o b a n d st r u ct u r e t o
e x p e ri m e nt al A R P E S m e a s u r e m e nt s, a c o m p a ri s o n of t h e
r el a x e d v s. e x p e ri m e nt al l atti c e p a r a m et e r s a n d t h e f ull
Z 2 i n v a ri a nt c al c ul ati o n s a r e a v ail a bl e i n t h e s u p p o rti n g
m at e ri al.
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F I G. 2.  M a g n eti z ati o n m e a s u r e m e nt s f r o m Y V 6 S n 6 . ( a)

T e m p e r at u r e- d e p e n d e nt m a g n eti c d at a pl ott e d a s m a g n eti c s u s-

c e pti bilit y, χ = M /H , a n d i n v e r s e m a g n eti c s u s c e pti bilit y, χ − 1 ,

c oll e ct e d wit h 1 0 0 m T a p pli e d p a r all el a n d p e r p e n di c ul a r t o t h e

c - a xi s. H o ri z o nt al a r r o w s i n di c at e t h e c o r r e s p o n di n g a xi s f o r

t h e d at a. T h e bl u e c u r v e s h o w s t h e r e s ult f r o m a C u ri e- W ei s s

fit t o t h e d at a wit h a t e m p e r at u r e i n d e p e n d e nt χ 0 t e r m. ( b)

Fi el d- d e p e n d e nt m a g n eti z ati o n c oll e ct e d at 2 K wit h t h e fi el d

a p pli e d p a r all el a n d p e r p e n di c ul a r t o t h e c - a xi s. T h e n o n-li n e a r

fi el d d e p e n d e n c e a ri s e s d u e t o q u a nt u m o s cill ati o n s a n d t h e d e

H a a s- v a n Al p h e n eff e ct. T h e r a pi d u pt u r n s at l o w- T a n d l o w- H

a r e d u e t o t h e p r e s e n c e of w e a k p a r a m a g n eti c i m p u riti e s i n t h e

s a m pl e.

I V.  R E S U L T S A N D D I S C U S S I O N

A.  C r y s t al s t r u c t u r e

T h e c r y st al st r u ct u r e of R V 6 S n 6 ( R = Y, G d) w a s o b-
t ai n e d f r o m t h e r e fi n e m e nt of x- r a y si n gl e c r y st al diff r a c-
ti o n d at a a n d t h e st r u ct u r e i s ill u st r at e d i n Fi g. 1.
Y V 6 S n 6 a n d G d V 6 S n 6 b ot h e x hi bit t h e M g F e 6 G e 6 -t y p e
st r u ct u r e wit h a st a c ki n g of t h e k a g o m e l a y e r s of V-i o n s
al o n g t h e c r y o st all o g r a p hi c c- a xi s.  T h e Y/ G d i o n s a s
w ell a s t h e v a n a di u m i o n s o c c u p y u ni q u e c r y st all o g r a p hi c
sit e s; w h e r e a s S n i o n s o c c u p y t h r e e diff e r e nt t y p e s of
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ti o n d at a c oll e ct e d at 2 K f o r t h e fi el d a p pli e d b ot h p a r all el a n d

p e r p e n di c ul a r t o t h e c - a xi s.

c r y st all o g r a p hi c sit e s d e n ot e d b y S n 1, S n 2 a n d S n 3 i n
Fi g. 1. A u nit c ell c o n si st s of t h e l a y e r s of V 3 S n 2 s e p a-
r at e d b y t w o i n e q ui v al e nt l a y e r s of S n 3 a n d R S n 1, f o r m-
i n g [ V3 S n 2][ R S n 1][ V 3 S n 2][ S n 3] l a y e r s al o n g t h e c- a xi s.
Fi g. 1( b) r e v e al s t h e t o p si d e vi e w of t h e c r y st al st r u ct u r e
w h e r e t h e V- at o m s f o r m a k a g o m e l a y e r wit hi n t h e a b-
pl a n e. S n 2 a n d S n 3 sit e s f o r m st a n n e n e pl a n e s b et w e e n
t h e k a g o m e l a y e r s of V at o m s. T h e i s ol at e d k a g o m e n et
of V at o m s i s s h o w n i n Fi g. 1( c). T h e i nt e r stiti al r a r e-
e a rt h at o m s f o r m a t ri a n g ul a r l atti c e pl a n e a s s h o w n i n
Fi g. 1( d).

T h e r e fi n e d st r u ct u r al p a r a m et e r s of Y V 6 S n 6 a n d
G d V 6 S n 6 a r e s h o w n i n T a bl e I. N e a r e st n ei g h b o r di s-
t a n c e s wit hi n t h e k a g o m e pl a n e a r e r e a s o n a bl y cl o s e wit h
V- V di st a n c e s b ei n g 2. 7 6 Å i n Y V 6 S n 6 a n d 2. 7 7 Å i n
G d V 6 S n 6 . S n 2 at o m s c e nt e r l at e r all y wit hi n t h e h e x a g o n s
of t h e V- b a s e d k a g o m e pl a n e a n d a r e di s pl a c e d sli g htl y
u p w a r d/ d o w n w a r d al o n g t h e c- a xi s.  T hi s i s a n al o g o u s
t o t h e C o S n- B 3 5 t y p e st r u ct u r e w h e r e t h e R sit e s a r e
e m pt y a n d t h e S n at o m s r e si d e wit hi n t h e k a g o m e pl a n e s
of C o- at o m s [ 4 3]. I n R V 6 S n 6 , st e ri c eff e ct s i nt r o d u c e d
b y t h e R at o m s p u s h t h e S n 2 at o m s o ut of t h e k a g o m e
l a y e r, a n d t hi s a r r a n g e m e nt i s di sti n ct f r o m t h e st r u c-
t u r e s of ot h e r w ell- k n o w n S n- b a s e d k a g o m e m et al s s u c h
a s F e 3 S n 2 [ 4 4, 4 5] a n d C o3 S n 2 S 2 [ 4 6] w h e r e t h e S n at o m s
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F I G. 4.  El e ct ri c al t r a n s p o rt m e a s u r e m e nt s c oll e ct e d f r o m

Y V 6 S n 6 a n d G d V 6 S n 6 wit h c u r r e nt fl o wi n g i n t h e a b - pl a n e.

ρ (T ) i s pl ott e d f o r Y V6 S n 6 a n d G d V 6 S n 6 i n p a n el s ( a) a n d ( b)

r e s p e cti v el y. D at a w e r e c oll e ct e d u n d e r b ot h 0 T a n d wit h 1 T

a p pli e d al o n g t h e c - a xi s. T h e bl u e c u r v e s h o w s a n eff e cti v e p a-

r a m et e ri z ati o n of t h e d at a vi a e q u ati o n ρ = ρ ( 0) + A T 2 .

al m o st li e wit hi n t h e k a g o m e l a y e r s of F e a n d C o at o m s
r e s p e cti v el y.

B.  M a g n e ti c p r o p e r ti e s

T e m p e r at u r e- d e p e n d e nt m a g n eti z ati o n m e a s u r e m e nt s
w e r e c a r ri e d o ut wit h t h e m a g n eti c fi el d a p pli e d b ot h p a r-
all el a n d p e r p e n di c ul a r t o t h e ( 0 0 1) c r y st al s u rf a c e. T h e
r e s ult s a r e s u m m a ri z e d i n Fi g u r e s 2 a n d 3. I n Y V 6 S n 6

( Fi g. 2), t h e m e a s u r e d m a g n eti c s u s c e pti bilit y i s s m all
(≈ 1 0 − 3 c m 3 m ol − 1 ) a n d, at hi g h t e m p e r at u r e, it s h o w s
p r e d o mi n a ntl y P a uli-li k e, p a r a m a g n eti c b e h a vi o r. A w e a k
u pt u r n i s o b s e r v e d u p o n c o oli n g, li k el y d u e t o a s m all f r a c-
ti o n of i m p u rit y m o m e nt s. T o q u a ntif y t hi s, t h e c o m p o sit e
χ ( T) i s fit t o a m o di fi e d C u ri e- W ei s s f o r m a d di n g a χ ( 0)
c o nt ri b uti o n. T hi s yi el d s a χ ( 0) of 0. 0 0 1 4 5( 6) c m3 m ol − 1 ,
C u ri e c o n st a nt of 0. 0 1 3 1 9( 3) c m 3 m ol − 1 K − 2 a n d Θ C W of
- 0. 3( 2) K. T h e C u ri e c o n st a nt r e s ult s i n a w e a k eff e cti v e
m o m e nt of 0. 3( 1) µ B /f. u a n d Θ C W i s z e r o wit hi n t h e e r r o r
of t h e fit. T h e r e i s n o r e s ol v a bl e a ni s ot r o p y i n χ wit h t h e
a p pli e d fi el d p a r all el a n d p e r p e n di c ul a r t o t h e c - a xi s.

Fi g. 2( b) s h o w s i s ot h e r m al m a g n eti z ati o n d at a f r o m
Y V 6 S n 6 c oll e ct e d at 2 K. T h e l o w- fi el d m a g n eti z ati o n i s
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d o mi n at e d b y t h e r a pi d p ol a ri z ati o n of t h e s m all i m p u rit y
f r a cti o n, w hi c h at hi g h m a g n eti c fi el d e v ol v e s i nt o li n e a r
b e h a vi o r f r o m t h e d o mi n a nt, P a uli-li k e s u s c e pti bilit y. O s-
cill ati o n s b e c o m e a p p a r e nt i n t h e hi g h- fi el d m a g n eti z a-
ti o n w h e n t h e fi el d i s ali g n e d wit hi n t h e a b- pl a n e d u e t o
t h e d e H a a s- v a n Al p h e n eff e ct, s u g g e sti n g a r e a s o n a bl y
hi g h m o bilit y f o r t h e c h a r g e c a r ri e r s. T hi s i s e x pl o r e d i n
g r e at e r d e pt h i n t h e n e xt s e cti o n.

T u r ni n g t o G d V 6 S n 6 , a n a n o m al y i n t h e m a g n eti c s u s-
c e pti bilit y, M /H = χ , i s e vi d e nt at Tm = 5. 2( 2) K, i n di-
c ati n g a m a g n eti c t r a n siti o n ( Fi g. 3).  O n c o oli n g, a
r a pi d di v e r g e n c e i n t h e m a g n eti z ati o n s u g g e st s t h e o n-
s et of f e r r o m a g n eti c c o r r el ati o n s; h o w e v e r t h e m o m e nt
d e c r e a s e s b el o w T m u n d e r l o w fi el d ( H = 1 0 m T) m e a-
s u r e m e nt s. T h e l o w-t e m p e r at u r e d o w nt u r n i n m a g n eti-
z ati o n p e r si st s i n b ot h z e r o- fi el d a n d fi el d- c o ol e d m e a s u r e-
m e nt s ( n ot s h o w n), s u g g e sti n g a ntif e r r o m a g n eti c c o r r el a-
ti o n s r at h e r t h a n c o n v e nti o n al gl a s s-li k e m o m e nt f r e e z-
i n g. U p o n a p pl yi n g a sli g htl y hi g h e r m a g n eti c fi el d ( H =
1 0 0 m T), t h e l o w-t e m p e r at u r e d o w nt u r n i s l a r g el y s u p-
p r e s s e d a n d a f e r r o m a g n eti c st at e i s p ol a ri z e d a s s h o w n i n
t h e Fi g. 3( a). T h e i n s et of Fi g. 3( a) s h o w s a c o m p a ri s o n of
χ f o r t h e m a g n eti c fi el d a p pli e d p e r p e n di c ul a r a n d p a r al-
l el t o t h e c- a xi s. A w e a k a ni s ot r o p y i s o b s e r v e d b el o w T m

s u g g e sti n g a sli g ht e a s y- pl a n e a ni s ot r o p y. T h e fi el d a n d
t e m p e r at u r e d e p e n d e n c e of t h e fi el d- p ol a ri z e d f e r r o m a g-
n eti c st at e, pl ott e d a s a m a g n et o e nt r o p y m a p ∆ S m (T , H )
[ 4 7], i s s h o w n i n Fi g. 3( b). T h e ∆ S m (T , H ) m a p i n di c at e s
t h at t h e l o w-t e m p e r at u r e p h a s e b o u n d a r y b et w e e n t h e
fi el d-i n d u c e d f e r r o m a g n eti c st at e a n d t h e l o w fi el d n o n-
c olli n e a r m a g n eti c st at e i s n e a r 2 0 0 m T.

Fi g. 3( c) s h o w s t h e i n v e r s e s u s c e pti bilit y, 1/ χ , c oll e ct e d
u n d e r 1 0 m T wit h a c r y st al of m a s s 0. 2 6 m g. 1/ χ i s li n-
e a r a b o v e t h e m a g n eti c o r d e ri n g t e m p e r at u r e a n d C u ri e-
W ei s s a n al y si s i n c o r p o r ati n g a s m all χ 0 t e r m of t h e f o r m
χ = χ ( 0) + C /(T − Θ C W ) w a s p e rf o r m e d a b o v e 1 0 0 K, yi el d-
i n g C = 8. 2 8( 1) c m 3 K m ol − 1 , Θ C W = 7. 5 6( 2) K f o r t h e fi el d
a p pli e d p e r p e n di c ul a r t o t h e c - a xi s a n d C = 7. 3 3( 1) c m 3

K m ol − 1 , Θ C W = 7. 7 6( 2) K f o r t h e fi el d a p pli e d p a r all el t o
t h e c- a xi s. A p o siti v e Θ C W i s c o n si st e nt wit h t h e p r e s e n c e
of f e r r o m a g n eti c c o r r el ati o n s a b o v e T m , a n d t h e eff e cti v e
p a r a m a g n eti c m o m e nt µ e f f = 7. 9 0( 3) µ B / G d i s c o n si st e nt

wit h t h e t h at e x p e ct e d f o r J = 7/ 2 G d 3 + s pi n s a n d t h e
l o w-l yi n g c r y st al fi el d m ulti pl et s p o p ul at e d a b o v e 1 0 0 K.
I s ot h e r m al m a g n eti z ati o n d at a at 2 K a r e pl ott e d i n Fi g
3( d). T h e m a g n eti z ati o n r a pi dl y i n c r e a s e s wit h a p pli e d
fi el d a n d r e a c h e s s at u r ati o n sli g htl y b el o w µ 0 H = 1 T. T h e
m o m e nt s at u r at e s n e a r t h e e x p e ct e d v al u e of 7 µ B / G d-i o n
f o r b ot h fi el d p a r all el a n d p e r p e n di c ul a r t o t h e c r y st al s u r-
f a c e, a n d n o h y st e r e si s i s o b s e r v e d.

C.  T r a n s p o r t p r o p e r ti e s

El e ct ri c al r e si sti vit y d at a ρ x x (T , H ) w e r e c oll e ct e d a s
a f u n cti o n of t e m p e r at u r e a n d m a g n eti c fi el d f o r b ot h
Y V 6 S n 6 a n d G d V 6 S n 6 . T e m p e r at u r e d e p e n d e nt ρ x x (T , H )
m e a s u r e m e nt s at b ot h 0 T a n d 1 T a r e s h o w n f o r Y V 6 S n 6

0
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F I G. 5.  T r a n s v e r s e m a g n et o r e si st a n c e d at a c oll e ct e d f r o m

G d V 6 S n 6 ( a) a n d Y V6 S n 6 ( b). I s ot h e r m al ρ ( H) d at a e x hi bit e d

w e a k a s y m m et r y u p o n r e v e r s e d fi el d di r e cti o n d u e t o t h e c o n-

t a mi n ati o n f r o m H all si g n al. T h e m a g n et o r e si st a n c e c o m p o n e nt

w a s i s ol at e d b y a v e r a gi n g ρ x x (H ) a n d ρ x x (− H ). At hi g h fi el d s,

ρ ( H) di s pl a y s li n e a r fi el d d e p e n d e n c e i n G d V6 S n 6 w h e r e a s a

w e a k o s cill ati n g b e h a vi o r i s r e s ol v e d i n Y V 6 S n 6 .  T h e s oli d

r e d li n e i n ( a) r e p r e s e nt s a li n e a r fit t o t h e hi g h fi el d ρ ( H) of

G d V 6 S n 6 .

a n d G d V 6 S n 6 i n Fi g s. 4( a) a n d 4( b) r e s p e cti v el y. C r y s-
t al s s h o w a r e si d u al r e si sti vit y r ati o ρ x x ( 3 0 0 K)/ρ x x ( 2
K) ≈ 1 0. Y V 6 S n 6 e x hi bit s a w e a k u pt u r n b el o w ≈ 1 5 K,
w hil e G d V 6 S n 6 s h o w s a n i n fl e cti o n i n ρ x x (T ) w h e n c o ol-
i n g b el o w T m . A b o v e t h e s e l o w-t e m p e r at u r e a n o m ali e s,
ρ (T ) l a r g el y f oll o w s c o n v e nti o n al F e r mi-li q ui d ρ ∝ T 2 b e-
h a vi o r.

T h e l o w-t e m p e r at u r e r e si sti vit y d at a i n t h e p a r a m a g-
n eti c st at e w e r e fit t o t h e f o r m ρ x x (T ) = ρ ( 0) + AT 2 b e-
l o w 1 0 0 K. T h e r e s ulti n g fit s a r e s h o w n a s bl u e c u r v e s
i n Fi g s. 4( a) a n d 4( b) wit h ρ x x ( 0) = 2. 4 0( 7) µ Ω c m a n d
A = 0. 0 0 0 3 2( 1) µ Ω c m K − 2 f o r Y V6 S n 6 a n d ρ x x ( 0) = 2. 2 0( 4)
µ Ω c m a n d A = 0. 0 0 0 3 8( 1) µ Ω c m K − 2 f o r G d V6 S n 6 . At
hi g h t e m p e r at u r e, ρ x x (T ) e v ol v e s i nt o a c o n v e nti o n al, li n-
e a r f o r m.

T h e i s ot h e r m al, l o n git u di n al r e si sti vit y ρ (H ) a n d t h e
r e s ulti n g m a g n et o r e si st a n c e ( M R) at 2 K a r e pl ott e d i n
Fi g s. 5( a) a n d 5( b) f o r Y V 6 S n 6 a n d G d V 6 S n 6 r e s p e c-
ti v el y. N o n s at u r ati n g, p o siti v e M R i s o b s e r v e d i n b ot h
c o m p o u n d s u p t o 9 T. ρ (H ) s h o w s a w e a k a s y m m et r y w h e n
t h e di r e cti o n of a p pli e d fi el d i s r e v e r s e d, w hi c h a ri s e s d u e
t o t h e mi xi n g of t h e l o n git u di n al r e si st a n c e wit h a st r o n g
H all si g n al. T hi s mi xi n g i s r e m o v e d a n d t h e M R i s ol at e d
b y e x a mi ni n g t h e s y m m et ri c c o m p o n e nt vi a a v e r a gi n g t h e
ρ (H ) v al u e s o v e r t h e p o siti v e a n d n e g ati v e fi el d di r e cti o n s
[ 4 8, 4 9]. T h e e v e n c o m p o n e nt i s pl ott e d a s ρ (H ) i n Fi g s.
5( a) a n d 5( b).

At l o w fi el d s, Y V 6 S n 6 s h o w s a w e a kl y q u a d r ati c M R,
t h at e v ol v e s i nt o a q u a si-li n e a r M R i n t h e hi g h fi el d li mit.
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F I G. 6. H all eff e ct m e a s u r e m e nt s o n Y V 6 S n 6 . ( a) Fi el d d e p e n d e n c e of t h e H all r e si sti vit y ρ x y , m e a s u r e d at diff e r e nt t e m p e r at u r e s.

T o r e m o v e c o nt ri b uti o n s f r o m t h e l o n git u di n al r e si sti vit y, ρ x y i s i s ol at e d vi a ρ x y = ρ x y (H ) − ρ x y (− H ). S oli d li n e s t h r o u g h t h e d at a

s h o w fit s t o a t w o- b a n d m o d el b el o w 1 5 0 K a n d si n gl e b a n d m o d el a b o v e 2 0 0 K. ( b) T e m p e r at u r e d e p e n d e n c e of el e ct r o n-t y p e a n d

h ol e-t y p e c a r ri e r d e n siti e s, n , o bt ai n e d b y t h e fit s i n p a n el ( a). El e ct r o n a n d h ol e-t y p e c h a r g e c a r ri e r s a r e d e n ot e d b y e a n d h i n t h e

fi g u r e. ( c) T e m p e r at u r e d e p e n d e n c e of t h e c h a r g e c a r ri e r m o biliti e s, µ f o r e a c h c a r ri e r t y p e o bt ai n e d f r o m fit s t o t h e H all d at a.

W e a k o s cill ati o n s a r e d r e s s e d o n t o p of a li n e a r M R, r e-
fl e cti v e of S h u b ni k o v d e H a a s q u a nt u m o s cill ati o n s i n
t h e m a g n et ot r a n s p o rt, c o n si st e nt wit h t h e d e H a a s v a n
Al p h e n q u a nt u m o s cill ati o n s o b s e r v e d i n t h e m a g n eti z a-
ti o n d at a.  M o r e i n- d e pt h a n al y si s of t h e q u a nt u m o s-
cill ati o n s will r e q ui r e hi g h e r fi el d st r e n gt h s a n d l o w e r
t e m p e r at u r e s; h o w e v e r H all m e a s u r e m e nt s c a n b e u s e d
t o f u rt h e r c h a r a ct e ri z e t h e m o biliti e s a n d c a r ri e r c o n-
c e nt r ati o n s of t h e c o n d u cti o n b a n d s. I n c o nt r a st, m a g-
n eti c G d V 6 S n 6 s h o w s a n e g ati v e M R at l o w- fi el d s, w hi c h
r e a c h e s a mi ni m u m n e a r 1 T a s t h e s y st e m e nt e r s t h e
s at u r at e d, f e r r o m a g n eti c st at e.  U p o n i n c r e a si n g fi el d
wit hi n t h e m a g n eti c all y p ol a ri z e d st at e, t h e M R e v ol v e s
a n d s wit c h e s si g n t o b e c o m e p o siti v e a n d li n e a r at t h e
hi g h- fi el d li mit.

T o b ett e r c h a r a ct e ri z e t h e n at u r e of c o n d u cti o n i n
Y V 6 S n 6 , H all ρ H (T , H ) m e a s u r e m e nt s w e r e p e rf o r m e d.
Fi g. 6( a) s h o w s ρ H (H ) m e a s u r e d at v a ri o u s t e m p e r at u r e s
wit h t h e m a g n eti c fi el d ali g n e d p a r all el t o t h e c- a xi s. At
2 K, ρ H i s n ot li n e a r wit h fi el d at l o w t e m p e r at u r e, si g ni-
f yi n g t h e p r e s e n c e of m ulti- b a n d t r a n s p o rt. A s t h e t e m-
p e r at u r e i s i n c r e a s e d, a li n e a r, si n gl e- b a n d H all r e s p o n s e
a p p e a r s — b y 3 0 0 K t h e t r a n s p o rt c a n b e d e s c ri b e d vi a e n
eff e cti v e si n gl e- c a r ri e r m o d el.

T o p a r a m et e ri z e t h e H all d at a, ρ H i s fit wit h t w o diff e r-
e nt m o d el s at l o w ( T < 1 5 0 K) a n d hi g h ( T > 1 5 0 K) t e m-
p e r at u r e, w h e r e t w o- b a n d a n d si n gl e- b a n d fit s, r e s p e c-
ti v el y, b e st d e s c ri b e t h e d at a. Fit s a r e s h o w n a s li n e s
i n Fi g. 6( a). A b o v e 1 5 0 K, t h e ρ H d at a a r e d o mi n at e d
b y el e ct r o n-li k e c a r ri e r s w h o s e m o bilit y i n c r e a s e s q ui c kl y
u p o n c o oli n g. B el o w 1 5 0 K, h ol e-li k e c a r ri e r s c o nt ri b ut e
t o t h e m e a s u r e d H all r e s p o n s e a n d t h e m o biliti e s of e a c h
c a r ri e r t y p e b e c o m e c o m p a r a bl e at t h e l o w e st m e a s u r e d
t e m p e r at u r e, 2 K. T h e c a r ri e r d e n sit y, n , a n d m o bilit y, µ ,
o bt ai n e d f r o m t h e fit s a r e pl ott e d i n Fi g 6( b) a n d 6( c) r e-
s p e cti v el y.

D.  H e a t c a p a ci t y m e a s u r e m e n t s

T e m p e r at u r e- d e p e n d e nt h e at c a p a cit y, C p (T ), d at a
c h a r a ct e ri zi n g b ot h Y V 6 S n 6 a n d G d V 6 S n 6 w e r e c oll e ct e d
a n d a r e s u m m a ri z e d i n Fi g. 7. C p m e a s u r e m e nt s r e v e al
f e at u r e s c o n si st e nt wit h b ot h t r a n s p o rt a n d m a g n eti z a-
ti o n d at a. S p e ci fi c all y, a n o m ali e s a p p e a r i n t h e l o w t e m-
p e r at u r e C p f o r b ot h c o m p o u n d s. I n G d V6 S n 6 a s h a r p
c u s p i s o b s e r v e d at 5 K, c oi n ci di n g wit h t h e o n s et of m a g-
n eti c o r d e r b el o w T m . I n c a s e of Y V6 S n 6 , C p f oll o w s t h e
f o r m C p = γ T + β T 2 at l o w t e m p e r at u r e; h o w e v e r fit s t o
t hi s f o r m b r e a k d o w n b el o w ≈ 1 2 K. T hi s b r e a k d o w n o c-
c u r s n e a r t h e mi ni m u m i n r e si sti vit y d at a s h o w n i n Fi g.
4 ( b), s u g g e sti n g t h at t h e a p p a r e nt l o c ali z ati o n of c a r ri-
e r s i n c h a r g e t r a n s p o rt c oi n ci d e s wit h t h e d e pl eti o n of t h e
d e n sit y of st at e s s a m pl e d i n C p d at a. A b o v e t hi s b r e a k-
d o w n, a fit p a r a m et e ri zi n g t h e S o m m e rf el d c o ef fi ci e nt i n
Y V 6 S n 6 i s s h o w n i n Fi g. 7 ( b) wit h t h e eff e cti v e c o ef fi-
ci e nt p ri o r t o t h e s u p p r e s si o n i n t h e d e n sit y of st at e s b e-
i n g γ = 0. 0 6 7( 6) J m ol − 1 K − 2 .

V.  E L E C T R O N I C S T R U C T U R E

T h e el e ct r o ni c st r u ct u r e of ( Y, G d) V 6 S n 6 w a s m o d el e d
vi a d e n sit y f u n cti o n al t h e o r y c al c ul ati o n s. Y V 6 S n 6 a n d
G d V 6 S n 6 s h o w q u alit ati v el y si mil a r b a n d st r u ct u r e s i n
t h e p a r a m a g n eti c st at e a n d f o r cl a rit y, w e f o c u s o n t h e
el e ct r o ni c st r u ct u r e of G d V 6 S n 6 i n t h e p a r a m a g n eti c
p h a s e i n t h e f oll o wi n g p a r a g r a p h s.

Fi g u r e 8 s h o w s t h e o r bit all y d e c o m p o s e d el e ct r o ni c
st r u ct u r e of G d V 6 S n 6 wit h t h e o r bit al b r e a k d o w n of t h e
d e n sit y of st at e s s h o w n i n Fi g. 8 ( a). Fi g. 8 ( b) s h o w s t h e
c r y st al o r bit al H a milt o n p o p ul ati o n c u r v e s p r oj e ct e d f o r
V- V, V- S n, a n d S n- S n b o n di n g i nt e r a cti o n s, w h e r e all a r e
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F I G. 7. ( a) T e m p e r at u r e d e p e n d e nt h e at c a p a cit y, C p (T ), of

G d V 6 S n 6 a n d Y V 6 S n 6 m e a s u r e d i n z e r o- m a g n eti c fi el d. ( b)

T e m p e r at u r e d e p e n d e n c e of C p /T pl ott e d v e r s u s T 2 . T o c al c u-

l at e t h e el e ct r o ni c a n d p h o n o n c o nt ri b uti o n s, S oli d li n e s h o w s

t h e fit t o t h e f o r m C p (T ) = γ T + β T 2 a s d e s c ri b e d i n t h e t e xt.

F I G. 8.  O r bit al o ri gi n s of el e ct r o ni c st r u ct u r e. ( a) o r bit al-

p r oj e ct e d d e n sit y of st at e s s h o wi n g t h at t h e el e ct r o ni c st r u ct u r e

n e a r E F d e ri v e s p ri m a ril y f r o m t h e V d st at e s. ( b) c r y st al o r bit al

H a milt o n p o p ul ati o n c u r v e s f o r V- V, V- S n, a n d S n- S n b o n di n g.

( c) V d o r bit al d e c o m p o s e d b a n d st r u ct u r e.

F I G. 9. T o p ol o gi c al cl a s si fi c ati o n. ( a) b a n d st r u ct u r e wit h b a n d s

1 6 9 ( g r e e n), 1 7 1 ( bl u e), a n d 1 7 3 ( o r a n g e). S h a d e d r e gi o n s s h o w

(E , k ) s p a c e w h e r e t o p ol o gi c all y n o nt ri vi al st at e s a r e e x p e ct e d

t o a p p e a r ( b) vi s u ali z ati o n of t h e h e x a g o n al B rill o ui n z o n e a n d

p r oj e ct e d [ 0 0 1] s u rf a c e B rill o ui n z o n e, i d e ntif yi n g hi g h s y m m e-

t r y p oi nt s. ( c) P a rit y p r o d u ct s cl a s sif yi n g t h e Z 2 i n v a ri a nt f o r

e a c h b a n d. B a n d s 1 6 9 a n d 1 7 1 a r e c h a r a ct e ri z e d b y a st r o n g

t o p ol o gi c al i n v a ri a nt, Z 2 = 1. B a n d 1 7 3 i s t ri vi al wit h n o t o p o-

l o gi c al i n v a ri a nt s. I n a d diti o n t o t h e st r o n g i n v a ri a nt, b a n d 1 7 1

al s o s u p p o rt s a w e a k i n v a ri a nt ν 3 = 1.

s h o w n t o c o nt ri b ut e si g ni fi c a ntl y n e a r t h e F e r mi-l e v el. V-
S n a n d V- V b a n d s a r e a p p r o xi m at el y h alf- fill e d, w h e r e a s
st at e s a ri si n g f r o m t h e S n p - S n p i nt e r a cti o n a r e f ull y
fill e d. A s a r e s ult, fill e d S n p - S n p a nti b o n di n g st at e s
c o nt ri b ut e n e a r t h e F e r mi l e v el a n d li k el y pl a y a n i m p o r-
t a nt r ol e i n t h e st r u ct u r e. Fi g. 8 ( c) s h o w s t h e V- b a s e d
d - o r bit al b a n d st r u ct u r e e n d e mi c t o t h e k a g o m e l atti c e.
A p r o mi n e nt d 2

z k a g o m e fl at- b a n d c a n b e s e e n a b o v e E F ,
a n d Di r a c c o n e s a n d s a d dl e p oi nt s si mil a r t o t h o s e e x-
p e ct e d f r o m mi ni m al k a g o m e ti g ht- bi n di n g m o d el s li e at
t h e F e r mi l e v el. Gi v e n t h e l o c al k a g o m e c o o r di n ati o n i n
t hi s st r u ct u r e, it i s u n s u r p ri si n g t h at o ut- of- pl a n e d 2

z o r-
bit al st at e s fill p ri o r t o d y z + d x z a n d i n- pl a n e d x 2 − y 2 +
d x y st at e s.

Fi g u r e 9 s h o w s t h e b a n d st r u ct u r e of G d V 6 S n 6 i n t h e
p a r a m a g n eti c p h a s e al o n g si d e t h e t o p ol o gi c al cl a s si fi c a-
ti o n of t h e m et alli c st at e b a s e d o n t h e b a n d s c r o s si n g E F .
T h e b a n d st r u ct u r e a g r e e s w ell wit h A R P E S d at a m e a s u r-
i n g t h e b a n d st r u ct u r e [ 5 0]. B a n d s c r o s si n g E F a r e hi g h-



8

lighted in Fig. 9 (a) with high symmetry points labeled in
Fig. 9 (b) for reference. Due to the presence of small, but
continuous gaps between bands, the Z2 topological clas-
sification can be determined for each band using parity
products, and a strong topological invariant Z2 = 1 can be
assigned to bands 171 (blue) and 169 (green), while the
topmost band 173 (yellow) is topologically trivial. As a
result of these invariants, topological surface states are
expected in the gaps between bands 169 and 171 (green,
square-hatched) as well as between bands 171 and 173
(blue, diagonal-hatched) marked in Fig. 9 (a). Further
classification is presented in the supplemental material
accompanying this paper [50].

Exploring the possibility of topologically nontrivial sur-
face states further, Fig. 10 plots projections of pre-
dicted surface states along the [001] surface with a Gd-
terminated surface in Fig. 10 (a) and a Sn3-terminated
surface in Fig. 10 (b). Comparing the two plots, many
bright surface state bands can be identified in (b) which
are not present in the bulk. Near-Fermi level surface
bands can be seen emitting from the bulk Dirac cones on
either side of K . A pair of surface states bridge the large
local band gap at Γ, with a surface Weyl band crossing ap-
pearing at E ≈ −0.4 eV. The presence of this rich surface
state spectrum is expected from the topological invariant
calculation described in Fig 9.

VI. DISCUSSION

The nature of the metallic state endemic to the V-based
kagome net can be probed by examining the electronic
properties of the nonmagnetic YV6Sn6 compound. Using
the Sommerfeld coefficient γ, the effective quadratic coef-
ficient A of temperature dependent resistivity ρ(T), and
χ0 from susceptibility data, comparative metrics can be
established. Using these, the Sommerfeld-Wilson ratio,
ratio of Pauli susceptibility to the electronic contributions
to the heat capacity, is R = 2.23 in units of 3µ2

B/4π2K2
B and

is slightly enhanced above the nominal 1 for an uncorre-
lated metal. The Kadowaki-Woods ratio (A/γ2) [51] simi-
larly provides a slightly enhanced value of 7.1×10−2 µΩ
cm mol2 K2 J−2 for YV6Sn6. These values suggest moder-
ate correlation effects may be relevant for electron trans-
port in these compounds; however we caution that the A
and γ values are only effective parameters extracted prior
to the low-temperature upturn in resistivity and suppres-
sion in the low-temperature density of states in this sys-
tem.

Low-temperature Hall effect data show a multiband
character to the electron transport onsets upon cooling.
This behavior can be parameterized via two band fits,
and at low temperatures, both electron-like and hole-like
bands develop reasonably high mobilities nearly 6000 cm2

V−1 s−1. At 2 K, this results in the onset of weak, quan-
tum oscillations in both the magnetoresistance as well
as the magnetization. Future measurements at higher
fields and lower temperatures will be required to fully

FIG. 10. [001] surface states. (a) and (b) display the surface
Green’s function projection of pure bulk states and the states on
a Gd/Sn1 terminated surface, respectively.

map these oscillations and connect them to extremal or-
bits modeled with ab initio models of the band structure.

Characterizing similar properties in the GdV6Sn6 com-
pound is complicated by the presence of magnetic or-
der and spin correlations influencing the low-temperature
electron transport and heat capacity. The onset of ferro-
magnetic correlations is interupted by an apparent freez-
ing below Tm = 5 K with a potential second transition
apparent as an inflection at 3 K in the ZFC data. Both
features are rapidly quenched upon increasing magnetic
field. This combined with the absence of a low field hys-
teresis in the magnetization suggests that a weak non-
collinear magnetic order forms below 5 K, though future
magnetic scattering (neutron or resonant x-ray) measure-
ments are required to verify this.

Similar to the recently reported AV3Sb5 compounds
[12, 23], the band structures of both YV6Sn6 and GdV6Sn6
in the paramagnetic phase can be categorized as Z2 topo-
logical metals with surface states predicted at EF . Fur-
thermore, a clear flat band appears in the band structure
≈ 400 meV above EF , consistent with the interference



9

effects expected from a kagome-derived band. Multiple
Dirac points appear near EF at the K points as well as a
van Hove singularity (vHs) near the M-point—both arise
from the vanadium d-orbitals comprising the kagome lat-
tice. Given the potential for nesting effects along the
M-points at fillings that reach these vHs, slight carrier-
doping in these systems is an appealing next step in engi-
neering correlation effects.

VII. CONCLUSIONS

The synthesis of single crystals of two new kagome
metals GdV6Sn6 and YV6Sn6, each with a nonmagnetic
kagome sublattice, is presented, and the crystal structure
and electronic ground state were studied via x-ray diffrac-
tion, magnetization, magnetotransport and heat capac-
ity measurements. Both compounds possess an ideal
P6/mmm symmetry with perfect kagome nets of vana-
dium atoms coordinated by Sn ions and spaced into lay-
ers via interleaving triangular lattice nets of rare earth
ions. In the paramgnetic state, DFT modeling catego-
rizes these compounds as Z2 kagome metals with mul-
tiple Dirac crossings and vHs close to EF . While YV6Sn6
is nonmagnetic, GdV6Sn6 shows signatures of magnetic
order below 5 K, and magnetization data collected un-
der low fields suggest the onset of a noncollinear mag-
netic ground state. The presence of topological surface

states, Dirac points, and vHs’s near EF in the bulk band
structure combined with the ability to tune magnetic in-
teractions in these compounds via control of the R-sites
suggest they are promising platforms for unconventional
electronic states born from a model kagome network prox-
imitized with a tuneable magnetic layer.

ACKNOWLEDGMENTS

This work was supported via the UC Santa Barbara
NSF Quantum Foundry funded via the Q-AMASE-i pro-
gram under award DMR-1906325. We acknowledge the
use of the computing facilities of the Center for Scien-
tific Computing at UC Santa Barbara supported by NSF
CNS 1725797 and NSF DMR 1720256. SMLT has been
supported by the National Science Foundation Graduate
Research Fellowship Program under Grant No. DGE-
1650114. BRO and PMS acknowledge financial support
from the UC, Santa Barbara through the Elings Fellow-
ship. The work at University of Science and Technol-
ogy of China (USTC) was supported by the USTC start-
up fund and Fundamental Research Funds for the Cen-
tral Universities (WK3510000008, WK3510000012). Any
opinions, findings, and conclusions or recommendations
expressed in this material are those of the authors and do
not necessarily reflect the views of the National Science
Foundation.

[1] W.-S. Wang, Z.-Z. Li, Y.-Y. Xiang, and Q.-H. Wang, Compet-
ing electronic orders on kagome lattices at van hove filling,
Phys. Rev. B 87, 115135 (2013).

[2] S. V. Isakov, S. Wessel, R. G. Melko, K. Sengupta, and Y. B.
Kim, Hard-core bosons on the kagome lattice: Valence-
bond solids and their quantum melting, Phys. Rev. Lett. 97,
147202 (2006).

[3] H.-M. Guo and M. Franz, Topological insulator on the
kagome lattice, Phys. Rev. B 80, 113102 (2009).

[4] W.-H. Ko, P. A. Lee, and X.-G. Wen, Doped kagome system
as exotic superconductor, Phys. Rev. B 79, 214502 (2009).

[5] S.-Y. Yang, Y. Wang, B. R. Ortiz, D. Liu, J. Gayles,
E. Derunova, R. Gonzalez-Hernandez, L. Šmejkal, Y. Chen,
S. S. P. Parkin, S. D. Wilson, E. S. Toberer, T. McQueen,
and M. N. Ali, Giant, unconventional anomalous hall effect
in the metallic frustrated magnet candidate, KV3Sb5, Sci.
Adv. 6, 31 (2020).

[6] T. Kida, L. A. Fenner, A. A. Dee, I. Terasaki, M. Hagiwara,
and A. S. Wills, The giant anomalous hall effect in the ferro-
magnet Fe3Sn2 a frustrated kagome metal, J. Phys.: Con-
dens. Matter 23, 112205 (2011).

[7] E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao, S.-Y.
Yang, D. Liu, A. Liang, Q. Xu, and et al., Giant anomalous
hall effect in a ferromagnetic kagome-lattice semimetal,
Nat. Phys. 14, 1125–1131 (2018).

[8] L. A. Fenner, A. A. Dee, and A. S. Wills, Non-collinearity
and spin frustration in the itinerant kagome ferromagnet
Fe3Sn2, J. Phys.: Condens. Matter 21, 452202 (2009).

[9] R. L. Dally, J. W. Lynn, N. J. Ghimire, D. Michel,
P. Siegfried, and I. I. Mazin, Chiral properties of the zero-
field spiral state and field-induced magnetic phases of
the itinerant kagome metal YMn6Sn6, Phys. Rev. B 103,
094413 (2021).

[10] H. Tan, Y. Liu, Z. Wang, and B. Yan, Charge density waves
and electronic properties of superconducting kagome met-
als, Phys. Rev. Lett. 127, 046401 (2021).

[11] X. Feng, K. Jiang, Z. Wang, and J. Hu, Chiral flux phase
in the kagome superconductor AV3Sb5, Sci. Bull 66, 1384
(2021).

[12] B. R. Ortiz, E. Kenney, P. M. Sarte, S. M. Teicher, R. Se-
shadri, M. J. Graf, and S. D. Wilson, Superconductivity in
the Z2 kagome metal KV3Sb5, Phys. Rev. Mater. 5, 034801
(2020).

[13] W. Duan, Z. Nie, S. Luo, F. Yu, B. R. Ortiz, L. Yin, H. Su,
F. Du, A. Wang, Y. Chen, X. Lu, J. Ying, S. D. Wilson,
X. Chen, Y. Song, and H. Yuan, Nodeless superconductiv-
ity in the kagome metal CsV3Sb5, Sci. China: Phys. Mech.
Astron 64, 107462 (2021).

[14] M. Li, Q. Wang, G. Wang, Z. Yuan, W. Song, R. Lou,
Z. Liu, Y. Huang, Z. Liu, H. Lei, Z. Yin, and S. Wang, Spin-
polarized dirac cone, flat band and saddle point in kagome
magnet YMn6Sn6, Nat. Commun. 12, 3129 (2021).

[15] D. Chen, C. Le, C. Fu, H. Lin, W. Schnelle, Y. Sun, and
C. Felser, Large anomalous hall effect in the kagome ferro-
magnet LiMn6Sn6, Phys. Rev. B 103, 144410 (2021).

[16] T. Asaba, S. M. Thomas, M. Curtis, J. D. Thompson, E. D.
Bauer, and F. Ronning, Anomalous hall effect in the kagome

https://doi.org/10.1103/PhysRevB.87.115135
https://doi.org/10.1103/PhysRevLett.97.147202
https://doi.org/10.1103/PhysRevLett.97.147202
https://doi.org/10.1103/PhysRevB.80.113102
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1126/sciadv.abb6003
https://doi.org/10.1088/0953-8984/23/11/112205
https://doi.org/10.1088/0953-8984/23/11/112205
https://doi.org/10.1038/s41567-018-0234-5
https://doi.org/10.1088/0953-8984/21/45/452202
https://doi.org/10.1103/PhysRevB.103.094413
https://doi.org/10.1103/PhysRevB.103.094413
https://doi.org/10.1103/PhysRevLett.127.046401
https://doi.org/https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/https://doi.org/10.1016/j.scib.2021.04.043
https://doi.org/10.1007/s11433-021-1747-7
https://doi.org/10.1007/s11433-021-1747-7
https://doi.org/10.1038/s41467-021-23536-8
https://doi.org/10.1103/PhysRevB.103.144410


10

ferrimagnet GdMn6Sn6, Phys. Rev. B 101, 174415 (2020).
[17] J.-X. Yin, W. Ma, T. A. Cochran, X. Xu, S. S. Zhang, H.-J.

Tien, N. Shumiya, G. Cheng, K. Jiang, B. Lian, Z. Song,
G. Chang, I. Belopolski, D. Multer, M. Litskevich, Z.-J.
Cheng, X. P. Yang, B. Swidler, H. Zhou, H. Lin, T. Neupert,
Z. Wang, N. Yao, T.-R. Chang, S. Jia, and M. Zahid Hasan,
Quantum-limit chern topological magnetism in TbMn6Sn6,
Nature 583, 533 (2020).

[18] N. J. Ghimire, R. L. Dally, L. Poudel, D. C. Jones, D. Michel,
N. T. Magar, M. Bleuel, M. A. McGuire, J. S. Jiang, J. F.
Mitchell, J. W. Lynn, and I. I. Mazin, Competing magnetic
phases and fluctuation-driven scalar spin chirality in the
kagome metal YMn6Sn6, Sci. Adv. 6, 51 (2020).

[19] C. Gieck, M. Schreyer, T. F. Fässler, S. Cavet, and P. Claus,
Synthesis, crystal structure, and catalytic properties of
MgCo6Ge6, Chem. Eur. J 12, 1924 (2006).

[20] S.-y. Zhang, P. Zhao, Z.-h. Cheng, R.-w. Li, J.-r. Sun, H.-w.
Zhang, and B.-g. Shen, Magnetism and giant magnetoresis-
tance of YMn6Sn6−xGax(x = 0−1.8) compounds, Phys. Rev.
B 64, 212404 (2001).

[21] P. Schobinger-Papamantellos, J. Rodríguez-Carvajal, and
K. Buschow, Cycloid spirals and cycloid cone transition in
the HoMn6−xCrxGe6 (T, x) magnetic phase diagramm by
neutron diffraction, J. Magn. Magn. Mater. 408, 233 (2016).

[22] B. R. Ortiz, L. C. Gomes, J. R. Morey, M. Winiarski, M. Bor-
delon, J. S. Mangum, I. W. H. Oswald, J. A. Rodriguez-
Rivera, J. R. Neilson, S. D. Wilson, E. Ertekin, T. M. Mc-
Queen, and E. S. Toberer, New kagome prototype materi-
als: discovery of kv3sb5,rbv3sb5, and csv3sb5, Phys. Rev.
Materials 3, 094407 (2019).

[23] B. R. Ortiz, S. M. Teicher, Y. Hu, J. L. Zuo, P. M. Sarte, E. C.
Schueller, A. M. Abeykoon, M. J. Krogstad, S. Rosenkranz,
R. Osborn, R. Seshadri, L. Balents, J. He, and S. D. Wilson,
CsV3Sb5: a Z2 topological kagome metal with a supercon-
ducting ground state, Phys. Rev. Lett. 125, 247002 (2020).

[24] Y.-X. Jiang, J.-X. Yin, M. M. Denner, N. Shumiya, B. R. Or-
tiz, J. He, X. Liu, S. S. Zhang, G. Chang, I. Belopolski, et al.,
Discovery of topological charge order in kagome supercon-
ductor KV3Sb5, arXiv:2012.15709 (2020).

[25] G. M. Sheldrick, SHELXT – Integrated space-group and
crystal-structure determination, Acta Cryst. A 71, 3 (2015).

[26] G. Kresse and J. Hafner, Ab initio molecular-dynamics
simulation of the liquid-metal–amorphous-semiconductor
transition in germanium, Phys. Rev. B 49, 14251 (1994).

[27] G. Kresse and J. Furthmüller, Efficient iterative schemes
for ab initio total-energy calculations using a plane-wave
basis set, Phys. Rev. B 54, 11169 (1996).

[28] G. Kresse and J. Furthmüller, Efficiency of ab-initio total
energy calculations for metals and semiconductors using a
plane-wave basis set, Comput. Mater. Sci. 6, 15 (1996).

[29] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gra-
dient approximation made simple, Phys. Rev. Lett. 77, 3865
(1996).

[30] P. E. Blöchl, Projector augmented-wave method, Phys. Rev.
B 50, 17953 (1994).

[31] G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B 59,
1758 (1999).

[32] S. Peng, Y. Han, G. Pokharel, Z. Li, M. Hashimoto, D.-
H. Lu, Y. Luo, M. Guo, B. Wang, S. Cui, Z. Sun, Z.-H.
Qiao, S. D. Wilson, and J.-F. He, Intrinsic flat-bands, dirac
fermions and electron-boson coupling in kagome-lattice
metal GdV6Sn6, arXiv preprint (2021).

[33] V. I. Anisimov, F. Aryasetiawan, and A. I. Lichtenstein,
First-principles calculations of the electronic structure and
spectra of strongly correlated systems: the lda + u method,
J. Phys.: Condens. Matter 9, 767 (1997).

[34] A. A. Mostofi, J. R. Yates, G. Pizzi, Y.-S. Lee, I. Souza,
D. Vanderbilt, and N. Marzari, An updated version of wan-
nier90: A tool for obtaining maximally-localised Wannier
functions, Comput. Phys. Commun. 185, 2309 (2014).

[35] Q.-S. Wu, S.-N. Zhang, H.-F. Song, M. Troyer, and A. A.
Soluyanov, WannierTools: An open-source software pack-
age for novel topological materials, Comput. Phys. Com-
mun. 224, 405 (2018).

[36] M. P. L. Sancho, J. M. L. Sancho, J. M. L. Sancho, and J. Ru-
bio, Highly convergent schemes for the calculation of bulk
and surface Green functions, J. Phys. F 15, 851 (1985).

[37] J. Gao, Q. Wu, C. Persson, and Z. Wang, Irvsp: To obtain
irreducible representations of electronic states in the vasp,
Comput. Phys. Commun. 261, 107760 (2021).

[38] R. Dronskowski and P. E. Bloechl, Crystal orbital Hamil-
ton populations (COHP): energy-resolved visualization of
chemical bonding in solids based on density-functional cal-
culations, J. Phys. Chem. 97, 8617 (1993).

[39] V. L. Deringer, A. L. Tchougréeff, and R. Dronskowski,
Crystal orbital Hamilton population (COHP) analysis as
projected from plane-wave basis sets, J. Phys. Chem. A 115,
5461 (2011).

[40] S. Maintz, V. L. Deringer, A. L. Tchougréeff, and R. Dron-
skowski, Analytic projection from plane-wave and PAW
wavefunctions and application to chemical-bonding analy-
sis in solids, J. Comput. Chem. 34, 2557 (2013).

[41] S. Maintz, V. L. Deringer, A. L. Tchougréeff, and R. Dron-
skowski, LOBSTER: A tool to extract chemical bonding
from plane-wave based DFT, J. Comput. Chem. 37, 1030
(2016).

[42] K. Momma and F. Izumi, VESTA3 for three-dimensional
visualization of crystal, volumetric and morphology data,
J. Appl. Crystallogr. 44, 1272 (2011).

[43] A. Larsson, M. Haeberlein, S. Lidin, and U. Schwarz, Single
crystal structure refinement and high-pressure properties
of CoSn, J. Alloys Compd. 240, 79 (1996).

[44] B. Malaman, B. Roques, A. Courtois, and J. Protas, Struc-
ture cristalline du stannure de fer Fe3Sn2, Acta Cryst. B
32, 1348 (1976).

[45] Z.-Z. Lin and X. Chen, Tunable massive dirac fermions in
ferromagnetic Fe3Sn2 kagome lattice, Phys. Status Solidi
RRL 14, 1900705 (2020).

[46] S. N. Guin, P. Vir, Y. Zhang, N. Kumar, S. J. Watzman,
C. Fu, E. Liu, K. Manna, W. Schnelle, J. Gooth, C. Shekhar,
Y. Sun, and C. Felser, Zero-field nernst effect in a ferro-
magnetic kagome-lattice weyl-semimetal Co3Sn2S2, Adv.
Mater. 31, 1806622 (2019).

[47] J. D. Bocarsly, R. F. Need, R. Seshadri, and S. D. Wilson,
Magnetoentropic signatures of skyrmionic phase behavior
in fege, Phys. Rev. B 97, 100404 (2018).

[48] J. Feng, Y. Pang, D. Wu, Z. Wang, H. Weng, J. Li, X. Dai,
Z. Fang, Y. Shi, and L. Lu, Large linear magnetoresistance
in dirac semimetal Cd3As2 with fermi surfaces close to the
dirac points, Phys. Rev. B 92, 081306 (2015).

[49] A. de Visser, L. A. Ponomarenko, G. Galistu, D. T. N.
de Lang, A. M. M. Pruisken, U. Zeitler, and D. Maude,
Quantum critical behaviour of the plateau-insulator tran-
sition in the quantum hall regime, J. Phys.: Conf. Ser. 51,
379 (2006).

[50] See Supplemental Information for further details.

https://doi.org/10.1103/PhysRevB.101.174415
https://doi.org/10.1038/s41586-020-2482-7
https://doi.org/10.1126/sciadv.abe2680
https://doi.org/https://doi.org/10.1002/chem.200500411
https://doi.org/10.1103/PhysRevB.64.212404
https://doi.org/10.1103/PhysRevB.64.212404
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1103/PhysRevB.49.14251
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1088/0953-8984/9/4/002
https://doi.org/10.1016/j.cpc.2014.05.003
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1016/j.cpc.2017.09.033
https://doi.org/10.1088/0305-4608/15/4/009
https://doi.org/https://doi.org/10.1016/j.cpc.2020.107760
https://doi.org/10.1021/j100135a014
https://doi.org/10.1021/jp202489s
https://doi.org/10.1021/jp202489s
https://doi.org/10.1002/jcc.23424
https://doi.org/10.1002/jcc.24300
https://doi.org/10.1002/jcc.24300
https://doi.org/10.1107/S0021889811038970
https://doi.org/https://doi.org/10.1016/0925-8388(95)02189-2
https://doi.org/10.1107/S0567740876005323
https://doi.org/10.1107/S0567740876005323
https://doi.org/https://doi.org/10.1002/pssr.201900705
https://doi.org/https://doi.org/10.1002/pssr.201900705
https://doi.org/https://doi.org/10.1002/adma.201806622
https://doi.org/https://doi.org/10.1002/adma.201806622
https://doi.org/10.1103/PhysRevB.97.100404
https://doi.org/10.1103/PhysRevB.92.081306
https://doi.org/10.1088/1742-6596/51/1/088
https://doi.org/10.1088/1742-6596/51/1/088


11

[51] K. Kadowaki and S. Woods, Universal relationship of the
resistivity and specific heat in heavy-fermion compounds,

Solid State Commun. 58, 507 (1986).

https://doi.org/https://doi.org/10.1016/0038-1098(86)90785-4

	Study of the electronic properties of topological kagome metals YV6Sn6 and GdV6Sn6
	Abstract
	I Introduction
	II Experimental Details
	III Computational Methods
	IV Results and Discussion
	A Crystal structure
	B Magnetic properties
	C Transport properties
	D Heat capacity measurements

	V Electronic structure
	VI Discussion
	VII Conclusions
	 Acknowledgments
	 References




