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Here we report the observation of bulk superconductivity in single crystals of the two-dimensional
kagome metal KV3Sbs. Magnetic susceptibility, resistivity, and heat capacity measurements reveal
superconductivity below T, = 0.93K, and density functional theory (DFT) calculations further
characterize the normal state as a Zsa topological metal. Our results demonstrate that the recent
observation of superconductivity within the related kagome metal CsV3Sbs is likely a common
feature across the AV3Sbs (A: K, Rb, Cs) family of compounds and establish them as a rich arena
for studying the interplay between bulk superconductivity, topological surface states, and likely
electronic density wave order in an exfoliable kagome lattice.

I. INTRODUCTION

The kagome lattice broadly supports an array of elec-
tronic phenomena and ground states of interest that span
multiple fields within condensed matter physics. At the
localized limit, the geometric frustration inherent to mag-
netic kagome lattices is the impetus for much of the
historical work on these materials. Insulating kagome
lattices, for example, are of interest as potential hosts
of a quantum spin liquid state (e.g. Herbertsmithite,
ZnCu3(OH)Cly) [IH5]. At the itinerant limit, kagome
metals have also recently come into focus due to their
potential to host novel correlated and topological elec-
tronic states. Even absent magnetic ordering, the kagome
motif naturally gives rise to electronic structures with
Dirac cones, flat bands, and the potential for topolog-
ically nontrivial surface states. Between these two ex-
tremes, kagome metals are predicted to support a wide
array of instabilities, ranging from bond density wave
order [6l [7], charge fractionalization [8 [9], spin liquid
states [10], charge density waves [11] and superconduc-
tivity [6] 12].

The AV3Sbs (A: K, Rb Cs) compounds are a new
model family of quasi two-dimensional kagome metals
that were recently discovered [I3]. These materials crys-
tallize as layered materials in the P6/mmm space group,
forming layers of ideal kagome nets of V ions coordinated
by Sb. The layers are separated by alkali metal ions,
forming a highly two-dimensional, exfoliatable structure.
Figure|[l| shows the structure of KV3Sbs in top-down and
isometric views.

Since their discovery, AV3Sbs compounds have shown
an array of interesting phenomena. Single crystals
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of KV3Sbs were reported to exhibit an unusually
large, unconventional anomalous Hall effect [14]. Both
KV3Sbs and CsV3Sbs have also been investigated by
angle-resolved photoemission spectroscopy (ARPES) and
density-functional theory (DFT), demonstrating multiple
Dirac points near the Fermi level [I3HI5]. The normal
state of CsV3Sbs can be described as a nonmagnetic, Zo
topological metal [15] and topologically-protected surface
states have been identified close to the Fermi level.

One widely sought electronic instability on a two-
dimensional kagome lattice is the formation of super-
conductivity. Layered kagome metals that superconduct
are rare, and the interplay between the nontrivial band
topology and the formation of a superconducting ground
state makes this a particularly appealing space for realiz-
ing unconventional quasiparticles. In the localized elec-
tron limit, superconductivity competes with a variety of
other electronic instabilities at different fillings [I6] [I7].
In the itinerant limit, unconventional superconductivity
is also predicted to emerge via nesting-driven interac-
tions [I8]. This mechanism, analogous to theories for
doped graphene (which shares the hexagonal symmetry
of the kagome lattice) [19] 20], relies upon scattering be-
tween saddle points of a band at the M points of the
two-dimensional Brillouin zone.

CsV3Sbs was recently proposed as the first mate-
rial potentially hosting a nesting-driven superconducting
state, following the observation of bulk superconductiv-
ity below T, = 2.5K in both single crystals and pow-
ders [I5]. However, the presence of superconductivity in
the remaining compounds in the AV3Sbs class of mate-
rials, which share nearly identical electronic structures,
remains an open question. Although superconductivity
was not initially observed in KV3Sbs or RbV3Sbs above
1.8 K, the impact of sample quality (particularly with re-
gards to A-site occupancy) and of insufficiently low tem-
perature measurements remain unaddressed.
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In this work, we report the discovery of bulk supercon-
ductivity in single crystals of KV3Sbs below T, = 0.93 K.
We characterize the superconducting state using a com-
bination of low temperature susceptibility, heat capac-
ity, and electrical resistivity measurements on stoichio-
metric samples where K vacancies have been minimized.
Consistent with prior work on CsV3Sbs [I5], we also
present density-functional theory (DFT) results showing
that the normal state of KV3Sbg is also characterized as
a Zso topological metal. Our data demonstrate that Zo
topology and superconducting ground states are common
properties of the new class of AV3Sbs kagome metals.

II. METHODS
A. Synthesis

Single crystals of KV3Sbs were synthesized from K
(solid, Alfa 99.95%), V (powder, Sigma 99.9%) and Sb
(shot, Alfa 99.999%). As-received vanadium powder
was purified using EtOH and concentrated HCI to re-
move residual oxides. Powder preparation was performed
within an argon glove box with oxygen and moisture lev-
els <0.5 ppm. Single crystals of KV3Sbs were then syn-
thesized using a self-flux method using an eutectic mix-
ture of KSby and KSb [21], mixed with VSb,. Elemental
reagents were initially milled in a sealed, pre-seasoned
tungsten carbide vial to form the precursor composition,
which is approximately 50 at.% K,Sb, eutectic and ap-
proximately 50at.% VSbs. The precursor powder was
subsequently loaded into alumina crucibles and sealed
within stainless steel jackets. The samples were heated to
1000°C at 250°C/hr and soaked there for 24 h. The mix-
ture was subsequently cooled to 900°C at 100°C/hr and
then further to 400°C at 2°C/hr. Once cooled, the flux
boule is crushed, and crystals were extracted mechani-
cally. Mechanical extraction and elimination of aqueous
solvents during crystal extraction appear essential to re-
covering fully occupation of the potassium site. Crystals
are hexagonal flakes with brilliant metallic luster. Sam-
ples are routinely 1-3mm in side length and 0.1-0.5 mm
thick. Crystals are naturally exfoliatable and readily
cleave along the a-b plane, consistent with the layered
structure. Elemental composition of the crystals was as-
sessed using energy dispersive x-ray spectroscopy (EDX)
using a APREO C scanning electron microscope.

B. Susceptibility, electrical transport, and heat
capacity measurements

Magnetometry data between 300K and 2K were
collected using a Quantum Design Squid Magnetome-
ter (MPMS3) in vibrating-sample measurement mode
(VSM). Samples were mounted on a quartz paddle using
GE varnish with crystals aligned with the c-axis perpen-
dicular to the field. Alternating current (AC) magnetic

susceptibility measurements between 3.5 K and 300 mK
were performed in a 3He refrigerator using a custom sus-
ceptometer consisting a pair of astatically wound pickup
coils inside a drive coil. Samples were mounted on a sap-
phire rod with silver paint and thermally anchored to the
refrigerator via a gold wire. For the AC measurements,
the c-axis was also aligned parallel to the field, and data
were collected at a frequency of 711.4Hz. The suscep-
tometer response was calibrated against standard sam-
ples measured in a Quantum Design AC susceptometer.
Due to the orientation of the crystals, a correction for
demagnetization was applied in the quantitative analy-
sis of the superconducting volume fraction. The crystals
(hexagonal platelets) were approximated as cylindrical
volumes, though calibrations were also performed using
similarly sized samples of Ta to accurately correct for any
systematic offsets in the data.

Heat capacity and electrical resistivity measurements
were performed using a Quantum Design 14 T Dynacool
Physical Property Measurement System (PPMS) with a
3He/*He dilution refrigerator insert option. Apezion N
grease was used to ensure thermal and mechanical con-
tact with heat capacity stage. Crystals were mounted
such that the c-axis was parallel to the applied H-field.
Electrical contacts were made in a standard 4-point ge-
ometry using gold wire and silver paint. Thermal con-
tact and electrical isolation was ensured using layers of
GE varnish and cigarette paper. Samples were again
mounted such that the c-axis was parallel to the field
(flat plates mounted flush on resistivity stage). An alter-
nating current of 1.25mA and 12.2 Hz was driven in the
ab-plane.

C. Band structure calculations

In order to address potential orbital localization (par-
ticularly V d) and the van der Waals forces that play a
role in c-layer stacking in this compound, we performed
simulations using the SCAN functional [22] and D2/D3
[23, 24] dispersion corrections as well as the more stan-
dard PBE functional [25]. Calculations described in the
text employed PBE with D3 corrections as this functional
choice and gave relaxed lattice parameters with excellent
matching to the room temperature experimental values
for KV3Sbs (see Table SFig 1). Irrep assignments (see
Table SFig. 2) for the Z5 topological invariant calculation
were performed using the IRVSP program in conjunction
with VASP [26] 27].

III. EXPERIMENTAL RESULTS
A. Structure and Composition

The AV3Sbs family of kagome metals are layered, ex-
foliable materials consisting of V3Sbs slabs intercalated
by alkali metal cations. As shown in Figure (a), the



FIG. 1. Crystal structure of KV3Sbs, the prototype structure
for the AV3Sbs family of kagome metals. (a) The kagome lat-
tice of vanadium is immediately apparent from the top-down
view of the structure. Bond lengths <3A are drawn in the iso-
metric perspective to highlight the layered nature of KV3Sbs.
(b) Intuitive decomposition of the structure highlights the
kagome lattice and graphite-like (antimonene) layers.

kagome network of vanadium is immediately obvious, as
is the layered nature of the crystal structure (all bonds
<3A are shown in isometric perspective). For a concep-
tual interpretation of the V3Sbs network, we can decom-
pose the structure further into the individual sublattices.
Figure b) shows the V3Sbs slab decomposed into the
sublattices formed by the V1, Sbl, and Sb2 atomic sites.
The V1 sublattice forms the kagome lattice, and is inter-
penetrated with the Sbl sublattice. The Sb2 sublattice
encapsulates the kagome layer with a graphite-like (an-
timonene) layer of antimony. The alkali metals fill the
natural space left between the antimonene layers. We
note that the V-V bond distances are short, 2.74A | in
KV3Sbs.

While KV3Sbs is nearly identical to CsV3Sbs in struc-
ture, the alkali K layer is more easily deintercalated from
the lattice and the material has a tendency to form a
variety of sub-stoichiometric compositions. In our prior
report, as-grown crystals were slightly deintercalated (ap-
proximately Ko 9V3Sbs) [13]. We ascribe the potassium
loss to the flux removal process in that report. To high-
light the ease with which potassium is lost, we explored
a variety of postgrowth treatments (e.g. hydrothermal,
mineral acid etches, vapor transport). We estimate that
the as-grown crystals can be processed to remove approx-

imately 25-30% of the potassium. For instance, crystals
with compositions of Ky 7V3Sbs have been formed by
sealing as-grown crystals with small quantities of PtCly
and allowing the halogen to react with the potassium
at elevated temperatures. A “reverse hydrothermal”
method was also explored, by sealing crystals in glass
tubes with purified water and heating to 150°C. This
method also reduces the potassium content to Kg.7V3Sbs.
Beyond this limit however, the material begins to decom-
pose into VSbs. Even within the allowable range of dein-
tercalation, crystals of K;_,V3Sbs become progressively
more brittle as potassium removal progresses.

While the tunability of the potassium site is an in-
teresting degree of freedom when studying transport in
KV3Sbs, the focus in this paper is on stoichiometric crys-
tals with fully occupied K1 sites. The discovery of super-
conductivity in stoichiometric crystals of CsV3Sbs high-
lights the need to control the alkali-metal occupancy.
Stoichiometric crystals (~11.1 at.% K as measured by
energy dispersive spectroscopy) were produced following
the new methods outlined above with the main consider-
ation being avoiding all contact with water. Mild solvents
like isopropyl alcohol do not seem to affect the potassium
content of the crystals.

B. Normal state transport, susceptibility, and heat
capacity results

Figure[2|presents a suite of magnetization, electrical re-
sistivity, and heat capacity measurements of single crys-
tals of KV3Sbs. Panels (a-c) present data characterizing
the normal state of KV3Sby above 2 K. In all three mea-
surements, data reveal an anomaly at T* = 78K, con-
sistent with prior work [I3]. This T* feature is shared
across the AV3Sbs family, though the onset temperature
varies: 78-80K in KV3Sbs, 93K in CsV3Sbs, 110K in
RbV3Sbs.

Specifically, normal state magnetization data (Figure
a)) indicate temperature-independent Pauli paramag-
netism above T%. Below T™, there is an abrupt step-like
decrease in susceptibility, suggestive of a partial gapping
of the Fermi surface. The same T™ transition also ap-
pears as a weak inflection in resistivity data presented
in Figure [[b) and as a weak A-like anomaly in heat ca-
pacity data in Figure c). The influence of the anomaly
in both heat capacity and resistivity is weaker than in
previous single crystal studies of CsV3Sbs [15], and this
distinction is also present in prior measurements on pow-
ders [13], 15].

Recent studies of CsV3Sbs further observed the onset
of weak structural superlattice peaks below T™*, suggest-
ing that a structural transition onsets as a secondary re-
sponse to a primary electronic order parameter [15]. This
mechanism and the presence of a charge density wavelike
instability is the likely source of the T anomaly through-
out the AV3Sbs family of materials. Recently, scanning
tunneling microscopy (STM) has confirmed the presence
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FIG. 2. (a,b,c) Susceptibility, electrical resistivity, and heat capacity showing behavior of stoichiometric single crystals above
2 K. All measurements show an anomaly at 78 K, coinciding with emergence of a charge density wave. Magnetization results
indicate that KV3Sbs is a Pauli paramagnet at high temperatures. As shown previously, the weak Curie tail at low temperature
can be fit with a small concentration of impurity spins. Resistivity is low, indicating a high mobility metal. The lambda-like
anomaly in the heat capacity is shown, magnified, with a spline interpolation used to isolate the transition (d,e,f) Susceptibility,
electrical resistivity, and heat capacity measurements below 2 K highlight the onset of bulk superconductivity in KV3Sbs. A
well-defined Meissner state is observed in susceptibility, which coincides with the zero-resistivity state and a sharp heat-capacity

anomaly.
of the charge density wave in KV3Sbs.[28§]

C. Low-temperature transport, susceptibility, and
heat capacity measurements

Panels (d-f) in the bottom row of Figure [2| present
data characterizing KV3Sby single crystals below 2 K. All
probes reveal that KV3Sbs crystals are bulk supercon-
ductors with T, ~ 0.93K. Figure [2| (d) presents the real
and imaginary components of the AC magnetic suscepti-
bility showing bulk superconductivity with a well-defined
Meissner state and a superconducting volume fraction of
4dmx, ~ —1.1. We estimate the error in x, is on the or-
der of 10-15% due to the approximations used when cor-
recting for the sample’s demagnetization. The imaginary
component x” is shown in arbitrary units to highlight the
onset of the transition.

Figure [2[ (e) presents low-temperature resistivity mea-
surements similarly exhibiting a sharp superconducting

phase transition into a zero-resistivity state. The super-
conducting state is quenched quickly by the application
of a c-axis aligned magnetic field, and the zero-resistivity
condition is suppressed by pugH = 3000e. Crystals of
KV3Sbs have inherently low resistivity in the normal
state (= 0.3 p-cm at 2 K), comparable to measurements
of stoichiometric CsV3Sbs.[I5] To ensure good noise-to-
signal ratio, a relatively large (~1mA) AC current was
used. We don’t see any deleterious effect of the large cur-
rent on the superconducting temperature at this time.

Low-temperature heat capacity measurements shown
in |2] (f) also indicate a well-defined entropy anomaly at
T.. Combined with the magnetization and resistivity
measurements, stoichiometric KV3Sbs can be unambigu-
ously classified as a bulk superconductor. We note that
heat capacity measurements also indicate the presence of
a nuclear Schottky anomaly at the lowest temperatures
measured. The anomaly matches known contributions
from °'V nuclei observed in other vanadium-containing
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FIG. 3. (a) The specific heat capacity difference ACes
between the superconducting and normal states (ACes =
Cp — Cpar) for KV3Sbs. Here, v, = 22.8mJmol ' K~! and
0p = 141K have been modeled from the 3T data set. (b)
The electronic heat capacity Ces = Cpor — AT? below the
transition (and above the Schottky anomaly) vanishes expo-
nentially with temperature. Red lines show the exponential
fits to the data as described in the text.

compounds [29].

The normal state heat capacity data (T" > T¢) fits
to the form C, = v,T + AT? [27], allowing ~, =
22.8mJmol~! K2 to be determined. From A, we esti-
mate that the Debye temperature for KV3Sbs is approx-
imately p = 141 K. The overall trends are consistent
with prior high temperature C}, data published on pow-
ders [I3]. Removing the lattice contribution to the heat
capacity allows us to examine the electronic specific heat
(Ces = Cpor — AT?) in detail. Further, we can isolate
the superconducting transition (AC.s = Cpor — Cpar)
by removing the normal state specific heat collected un-
der a 3T field.

Figure |3| (a) shows the heat capacity associated with
the onset of superconductivity as AC.s/T. The lattice
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FIG. 4. DFT electronic band structure for KV3Sbs near the
Fermi level. The continuous gap (shaded) is noted, with band
indices and parity products given. Note that surface states at
the M are expected to be topologically protected, in analogy
to CSV5Sb5

component was verified from the normal state data col-
lected under a 3T field. The red curve is a fit to the em-
pirical, exponential approximation of the BCS formalism,
using the form C.,/T ~ ae®T (AC.s/T ~ ae®T —4,,).
This curve is used to help determine AC.; /7, T and T, =
0.93 K, where the dimensionless specific jump at Ty is es-
timated to be AC.s/v,T. = 1.03 and the crossover point
in AC,s occurs at 0.447,.. Both values are quite small rel-
ative to the BCS weak coupling limit ACes /v, T, ~ 1.43
and 0.67%, respectively.

From Figure |3] the data below T, vanishes exponen-
tially with temperature. Figure [3| (b) shows the exper-
imental data below T,., modeled with C.s = ae~0(Te/T)
Again, the fit value of b = 0.56 is substantially smaller
than the expectations of BCS theory (bpcs = 1.44) sug-
gesting a deviation from the traditional weak-coupling
theory with an isotropic gap. Unfortunately, interference
from the Schottky anomaly at low temperature precludes
a more exhaustive examination of the superconducting
gap and the field dependence of +, from the present C,
data.

D. 7> Evaluation

In this section, we determine whether KV3Sbs shares
the same topological classification as its isostructural
variant CsV3Sbs . Unlike many of the more heavily stud-
ied kagome lattices (e.g. FezSns,[30], B1] Mn3Ge,[32] B3]
Co3Sn2S2[34H36], etc.), AV3Sbs compounds possesses
both time-reversal and inversion symmetry. The Zs topo-
logical invariant between each pair of bands near the
Fermi level can be calculated by simply analyzing the
parity of the wave function at the TRIM (time-reversal
invariant momentum) points [37].

Figure [] shows the calculated electronic structure of
KV3Sbs. The symmetry-enforced direct gap between the
bands near Er has been highlighted. As with CsV3Sbs,
topologically nontrivial surface state crossings at the M



TRIM point (between bands 71 and 73) are expected.
The combination of topologically nontrivial surface states
near Fp, combined with the continuous direct gap allow
us to classify KV3Sbs as a Zs topological metal.

IV. DISCUSSION

The observation of superconductivity in both KV3Sbs
and CsV3Sbs suggests that the known members of the
AV3Sbs (A: K, Rb, Cs) kagome metals may all be Zsy
topological metals with superconducting ground states.
All compounds also exhibit very similar T* anomalies,
which are suggestive of appreciable electronic interac-
tions driving an accompanying charge or bond density
wave order. Based on our observations in KV3Sbs, the
emergence of superconductivity may depend strongly on
the alkali-metal site occupancy.

Long-range magnetic ordering is not observed in
KV3Sbs from previous neutron diffraction measurements
[13], and more recent muon spin resonance (4SR) mea-
surements performed on near-stoichiometric polycrys-
talline powders of KV3Sbs observe no signature of lo-
calized, electronic magnetic moments [38]. Neverthe-
less, recent reports have shown unconventional transport
phenomena in substoichiometric K;_,V3Sbs crystals at-
tributed to the presence of local, disordered magnetic
moments [I4] 39]. Direct experimental detection of the
proposed magnetic defects in K;_,V3Sbs, however, re-
mains an open challenge.

Heat capacity measurements suggest a superconduct-
ing state that deviates from the BCS expectations of
single-band, weak coupling s-wave superconductivity.
The small AC¢s/v,T. = 1.03 value potentially indi-
cates a nonuniform gap structure in momentum space,
or alternatively the possibility of a multi-band gap struc-
ture [40]. Single band d-wave superconductivity nomi-
nally has a value of AC.s/v,T. = 0.95, which is not far
from the observed value. The low temperature Schottcky
anomaly however currently precludes canonical measure-
ments of the field dependence of ~, to assess the pres-
ence of nodes within the gap structure. Future mea-
surements via low-temperature scanning tunneling mi-
croscopy or angle-resolved photoemission measurements
exploring this possibility are highly desired.

In comparison to prior results on KggoV3Sbs and
Ko.85V3Sbs crystals [13], the electrical resistivity col-
lected from stoichiometric KV3Sbs (Figure 2f(a)) shows
marked changes. Stoichiometric samples exhibit signifi-
cantly reduced resistivity values, with the residual resis-
tivity at 2K (pg) dropping nearly two orders of magni-
tude from Ko g5 (=300u-cm), K92 (=10uQ-cm), and

Ki o (1pfd-cm). At the stoichiometric limit, KV3Sbs is
an astonishingly good metal, considering the relatively
complex crystal structure.

The strong influence of stoichiometry and disorder on
the normal state electrical transport of KV3Sbs is also
reflected in the stability of its superconducting state.
The lack of superconductivity in powders of KV3Sbs re-
ported previously [13] is most reasonably attributed to
the off-stoichiometry of potassium. Concurrent studies
on potassium deficient Kg7V3Sbs crystals have shown
they are not natively superconducting, although the pos-
sibility for proximitized superconductivity remains [39].
Investigating the underlying connection between potas-
sium occupancy and superconductivity in KV3Sbs as well
as the connection between T™ and T across the AV3Sbs
family are interesting avenues for future study.

V. CONCLUSION

Our results have demonstrated the synthesis of high-
purity, stoichiometric single crystals of KV3Sbs. Stoi-
chiometric crystals exhibit bulk superconductivity with
T. = 0.93K and have a substantially reduced normal
state residual resistivity. Similar to CsV3Sbs, DFT re-
sults demonstrate that KV3Sbs can be classified as a Zo
topological metal with a number of non-trivial surface
crossings near the Fermi level. Our results suggest that
superconductivity is common across the AV3Sbs family
of quasi two-dimensional kagome metals. They further
motivate the continued exploration of AV3Sbs as mate-
rials supporting a rich interplay between superconductiv-
ity, non-trivial band topology, and potential correlation
physics.
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