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Superconductivity in the Z2 kagome metal KV3Sb5
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Here we report the observation of bulk superconductivity in single crystals of the two-dimensional kagome
metal KV3Sb5. Magnetic susceptibility, resistivity, and heat capacity measurements reveal superconductivity
below Tc = 0.93 K, and density functional theory (DFT) calculations further characterize the normal state as a
Z2 topological metal. Our results demonstrate that the recent observation of superconductivity within the related
kagome metal CsV3Sb5 is likely a common feature across the AV3Sb5 (A: K, Rb, Cs) family of compounds and
establishes 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.
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I. INTRODUCTION

The kagome lattice broadly supports an array of electronic
phenomena and ground states of interest that span multi-
ple fields within condensed matter physics. At the localized
limit, the geometric frustration inherent to magnetic 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)Cl2] [1–5]. At the itinerant
limit, kagome metals have also recently come into focus due
to their potential to host novel correlated and topological
electronic states. Even absent magnetic ordering, the kagome
motif naturally gives rise to electronic structures with Dirac
cones, flat bands, and the potential for topologically nontrivial
surface states. Between these two extremes, kagome metals
are predicted to support a wide array of instabilities, ranging
from bond density wave order [6,7], charge fractionalization
[8,9], spin liquid states [10], charge density waves [11], and
superconductivity [6,12].

The AV3Sb5 (A: K, Rb, Cs) compounds are a new model
family of quasi two-dimensional kagome metals that were re-
cently discovered [13]. These materials crystallize as layered
materials in the P6/mmm space group, forming layers of ideal
kagome nets of V ions coordinated by Sb. The layers are sepa-
rated by alkali metal ions, forming a highly two-dimensional,
exfoliable structure. Figure 1 shows the structure of KV3Sb5

in top-down and isometric views.
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Since their discovery, AV3Sb5 compounds have shown
an array of interesting phenomena. Single crystals of
KV3Sb5 were reported to exhibit an unusually large,
unconventional anomalous Hall effect [14]. Both KV3Sb5

and CsV3Sb5 have also been investigated by angle-resolved
photoemission spectroscopy (ARPES) and density-functional
theory (DFT), demonstrating multiple Dirac points near the
Fermi level [13–15]. The normal state of CsV3Sb5 can be
described as a nonmagnetic, Z2 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 superconduc-
tivity. 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 realizing unconventional
quasiparticles. In the localized electron limit, superconduc-
tivity competes with a variety of other electronic instabilities
at different fillings [16,17]. In the itinerant limit, uncon-
ventional superconductivity is also predicted to emerge via
nesting-driven interactions [18]. This mechanism, analogous
to theories for doped graphene (which shares the hexagonal
symmetry of the kagome lattice) [19,20], relies upon scatter-
ing between saddle points of a band at the M points of the
two-dimensional Brillouin zone.

CsV3Sb5 was recently proposed as the first material
potentially hosting a nesting-driven superconducting state,
following the observation of bulk superconductivity be-
low Tc = 2.5 K in both single crystals and powders [15].
However, the presence of superconductivity in the remain-
ing compounds in the AV3Sb5 class of materials, which
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share nearly identical electronic structures, remains an open
question. Although superconductivity was not initially ob-
served in KV3Sb5 or RbV3Sb5 above 1.8 K, the impact of
sample quality (particularly with regards to A-site occupancy)
and of insufficiently low temperature measurements remain
unaddressed.

In this work, we report the discovery of bulk superconduc-
tivity in single crystals of KV3Sb5 below Tc = 0.93 K. We
characterize the superconducting state using a combination
of low temperature susceptibility, heat capacity, and electrical
resistivity measurements on stoichiometric samples where K
vacancies have been minimized. Consistent with prior work
on CsV3Sb5 [15], we also present density-functional theory
(DFT) results showing that the normal state of KV3Sb5 is also
characterized as a Z2 topological metal. Our data demonstrate
that Z2 topology and superconducting ground states are com-
mon properties of the new class of AV3Sb5 kagome metals.

II. METHODS

A. Synthesis

Single crystals of KV3Sb5 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 HCl to remove residual oxides. Pow-
der preparation was performed within an argon glove box
with oxygen and moisture levels <0.5 ppm. Single crystals
of KV3Sb5 were then synthesized using a self-flux method
using an eutectic mixture of KSb2 and KSb [21], mixed with
VSb2. Elemental reagents were initially milled in a sealed,
pre-seasoned tungsten carbide vial to form the precursor com-
position, which is approximately 50 at.% KxSby eutectic and
approximately 50 at.% VSb2. The precursor powder was sub-
sequently 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 mixture 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 mechanically.

Reaction in nonpermeable steel tubes, mechanical ex-
traction, and elimination of aqueous solvents during crystal
extraction appear essential to recovering fully occupation of
the potassium site. This differentiates the crystals reported
here from earlier reports on K-deficient crystals [13]. Crystals
are hexagonal flakes with brilliant metallic luster. Samples
are routinely 1–3 mm in side length and 0.1–0.5 mm thick.
Crystals are naturally exfoliable and readily cleave along the
a-b plane, consistent with the layered structure. Elemental
composition of the crystals was assessed using energy disper-
sive x-ray spectroscopy (EDX) using a APREO C scanning
electron microscope.

B. Susceptibility, electrical transport,
and heat capacity measurements

Magnetometry data between 300 K and 2 K were collected
using a Quantum Design Squid Magnetometer (MPMS3) in
vibrating-sample measurement mode (VSM). Samples were
mounted on a quartz paddle using GE varnish with crystals
aligned with the c axis perpendicular 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 susceptometer consisting of a pair of astatically
wound pickup coils inside a drive coil. Samples were mounted
on a sapphire rod with silver paint and thermally anchored to
the refrigerator via a gold wire. For the AC measurements,
the c axis was aligned parallel to the field, and data were
collected at a frequency of 711.4 Hz. The susceptometer re-
sponse was calibrated against standard samples measured in a
Quantum Design AC susceptometer. Due to the orientation of
the crystals, a correction for demagnetization was applied in
the quantitative analysis of the superconducting volume frac-
tion. 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 / 4He di-
lution refrigerator insert option. Apezion N grease was used
to ensure thermal and mechanical contact with heat capacity
stage. Crystals were mounted such that the c axis was parallel
to the applied magnetic field. Electrical contacts were made
in a standard four-point geometry using gold wire and silver
paint. Thermal contact 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). This method
for making contact to the crystals generates a relatively high
contact resistance and amplified noise due to the low intrinsic
resistivity of the sample. To compensate, a large alternating
current of 1.25 mA and 12.2 Hz was driven in the ab plane.

C. Band structure calculations

Structure visualization was performed with the VESTA
software package [22], and the electronic structure was cal-
culated in VASP v5.4.4 [23–25] using projector-augmented
wave (PAW) potentials [26,27]. In order to address poten-
tial orbital localization (particularly 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 func-
tional [28] and D2/D3 [29,30] dispersion corrections as well
as the more standard PBE functional [31]. Calculations de-
scribed 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 KV3Sb5 (see Supplemental Material Fig. 1). Irrep
assignments (see Supplemental Material Fig. 2) for the Z2

topological invariant calculation were performed using the
IRVSP program in conjunction with VASP [32,33].

III. EXPERIMENTAL RESULTS

A. Structure and composition

The AV3Sb5 family of kagome metals are layered, ex-
foliable materials consisting of V3Sb5 slabs intercalated by
alkali metal cations. As shown in Fig. 1(a), the kagome net-
work of vanadium is immediately obvious, as is the layered
nature of the crystal structure (all bonds <3 Å are shown
in isometric perspective). For a conceptual interpretation of
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FIG. 1. Crystal structure of KV3Sb5, the prototype structure for
the AV3Sb5 family of kagome metals. (a) The kagome lattice of
vanadium is immediately apparent from the top-down view of the
structure. Bond lengths <3 Å are drawn in the isometric perspective
to highlight the layered nature of KV3Sb5. (b) Intuitive decomposi-
tion of the structure highlights the kagome lattice and graphitelike
(antimonene) layers.

the V3Sb5 network, we can decompose the structure further
into the individual sublattices. Figure 1(b) shows the V3Sb5

slab decomposed into the sublattices formed by the V1, Sb1,
and Sb2 atomic sites. The V1 sublattice forms the kagome
lattice and is interpenetrated with the Sb1 sublattice. The Sb2
sublattice encapsulates the kagome layer with a graphitelike
(antimonene) 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, 2.74 Å, in KV3Sb5.

While KV3Sb5 is nearly identical to CsV3Sb5 in struc-
ture, the alkali K layer is more easily deintercalated from
the lattice and the material has a tendency to form a vari-
ety of substoichiometric compositions. In our prior report,
as-grown crystals were slightly deintercalated (approximately
K0.9V3Sb5) [13]. We ascribe the potassium loss to the flux
removal process in that report. To highlight the ease with
which potassium is lost, we explored a variety of post-growth
treatments (e.g., hydrothermal, mineral acid etches, vapor
transport). We estimate that the as-grown crystals can be pro-
cessed to remove approximately 25–30% of the potassium.
For instance, crystals with compositions of K0.7V3Sb5 have
been formed by sealing as-grown crystals with small quan-
tities of PtCl2 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 K0.7V3Sb5. Beyond this

limit, however, the material begins to decompose into VSb2.
Even within the allowable range of deintercalation, crystals of
K1−xV3Sb5 become progressively more brittle as potassium
removal progresses.

While the tunability of the potassium site is an interesting
degree of freedom when studying transport in KV3Sb5, the
focus in this paper is on stoichiometric crystals with fully
occupied K1 sites. The discovery of superconductivity in stoi-
chiometric crystals of CsV3Sb5 highlights 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 consideration 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 crystals of
KV3Sb5. Panels (a)–(c) present data characterizing the normal
state of KV3Sb5 above 2 K. In all three measurements, data
reveal an anomaly at T ∗ = 78 K, consistent with prior work
[13]. This T ∗ feature is shared across the AV3Sb5 family,
though the onset temperature varies: 78–80 K in KV3Sb5,
93 K in CsV3Sb5, 110 K in RbV3Sb5.

Specifically, normal state magnetization data [Fig. 2(a)]
indicate temperature-independent Pauli paramagnetism above
T ∗. Below T ∗, there is an abrupt steplike decrease in suscep-
tibility, suggestive of a partial gapping of the Fermi surface.
The same T ∗ transition also appears as a weak inflection in
resistivity data presented in Fig. 2(b) and as a weak λ-like
anomaly in heat capacity data in Fig. 2(c). The influence of the
anomaly in both heat capacity and resistivity is weaker than
in previous single crystal studies of CsV3Sb5 [15], and this
distinction is also present in prior measurements on powders
[13,15].

Recent studies of CsV3Sb5 further observed the onset of
weak structural superlattice peaks below T ∗, suggesting that
a structural transition onsets as a secondary response 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 throughout the AV3Sb5 family
of materials. Recently, scanning tunneling microscopy (STM)
has confirmed the presence of the charge density wave in
KV3Sb5 [34].

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

Panels (d)–(f) in the bottom row of Fig. 2 present data
characterizing KV3Sb5 single crystals below 2 K. All probes
reveal that KV3Sb5 crystals are bulk superconductors with
Tc ≈ 0.93 K. Figure 2(d) presents the real and imaginary
components of the AC magnetic susceptibility, showing bulk
superconductivity with a well-defined Meissner state and a
superconducting volume fraction of 4πχv ≈ −1.1. We es-
timate the error in χv is on the order of 10–15% due to
the approximations used when correcting for the sample’s
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FIG. 2. (a)–(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 KV3Sb5 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 λ-like anomaly in the heat capacity is shown, magnified, with
a spline interpolation used to isolate the transition. (d)–(f) Susceptibility, electrical resistivity, and heat capacity measurements below 2 K
highlight the onset of bulk superconductivity in KV3Sb5. A well-defined Meissner state is observed in susceptibility, which coincides with the
zero-resistivity state and a sharp heat-capacity anomaly.

demagnetization. The imaginary component χ ′′ is shown in
arbitrary units to highlight the onset of the transition.

Figure 2(e) presents low-temperature resistivity measure-
ments similarly exhibiting a sharp superconducting phase
transition into a zero-resistivity state. The superconducting
state is quenched quickly by the application of a c-axis aligned
magnetic field, and the zero-resistivity condition is suppressed
by μ0H = 300 Oe. Crystals of KV3Sb5 have inherently low
resistivity in the normal state (≈0.3 μ�-cm at 2 K), com-
parable to measurements of stoichiometric CsV3Sb5 [15]. To
ensure good noise-to-signal ratio, a relatively large (∼1 mA)
AC current was used.

Low-temperature heat capacity measurements shown in
Fig. 2(f) also indicate a well-defined entropy anomaly at
Tc. Combined with the magnetization and resistivity mea-
surements, stoichiometric KV3Sb5 can be unambiguously
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 51V nuclei observed in
other vanadium-containing compounds [35].

The normal state heat capacity data (T > Tc) fits
to the form Cp = γnT + AT 3 [33], allowing γn =

22.8 mJ mol−1 K−2 to be determined. From A, we estimate
that the Debye temperature for KV3Sb5 is approximately
θD = 141 K. Both values are consistent with prior high
temperature Cp data published on powders [13]. Removing
the lattice contribution to the heat capacity allows us to
examine the electronic specific heat (Ces = Cp,0T − AT 3) in
detail. Further, we can isolate the superconducting transition
(�Ces = Cp,0T − Cp,3T ) by removing the normal state specific
heat collected under a 3 T field.

Figure 3(a) shows the heat capacity associated with the
onset of superconductivity as �Ces/T . The lattice component
was verified from the normal state data collected under a
3 T field. The red curve is a fit to the empirical, exponential
approximation of the BCS formalism, using the form Ces/T ≈
aeb/T or �Ces/T ≈ aeb/T − γn. This curve is used to help
determine �Ces/γnTc and Tc = 0.93 K, where the dimension-
less specific jump at Tc is estimated to be �Ces/γnTc = 1.03
and the crossover point in �Ces occurs at 0.44Tc. Both val-
ues are quite small relative to the BCS weak coupling limit
�Ces/γnTc ≈ 1.43 and 0.6Tc, respectively.

From Fig. 3, the data below Tc vanishes exponentially with
temperature. Figure 3(b) shows the experimental data below
Tc, modeled with Ces/γnTc = ae−b(Tc/T ). Again, the fit value
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FIG. 3. (a) The specific heat capacity difference �Ces between
the superconducting and normal states (�Ces = Cp,0T − Cp,3T ) shows
a sharp transition at Tc = 0.93 K. Here, γn = 22.8 mJ mol−1 K−1 and
θD = 141 K have been modeled from the 3 T data set. (b) The
electronic heat capacity Ces = Cp,0T − AT 3 below the transition (and
above the Schottky anomaly) vanishes exponentially with tempera-
ture. Red lines show the exponential fits to the data as described in
the text.

of b = 0.56 is substantially smaller than the expectations of
BCS theory (bBCS = 1.44) suggesting a deviation from the
traditional weak-coupling theory with an isotropic gap. Un-
fortunately, interference from the Schottky anomaly at low
temperature precludes a more exhaustive examination of the
superconducting gap and the field dependence of γn from the
present Cp data.

D. Z2 evaluation

In this section, we determine whether KV3Sb5 shares
the same topological classification as its isostructural variant

FIG. 4. DFT electronic band structure for KV3Sb5 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 CsV3Sb5.

CsV3Sb5. Unlike many of the more heavily studied kagome
lattices (e.g., Fe3Sn2 [36,37], Mn3Ge [38,39], Co3Sn2S2

[40–42], etc.), AV3Sb5 compounds possess both time-reversal
and inversion symmetry. The Z2 topological invariant be-
tween 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 [43].

Figure 4 shows the calculated electronic structure of
KV3Sb5. The symmetry-enforced direct gap between the
bands near EF has been highlighted. As with CsV3Sb5, topo-
logically nontrivial surface state crossings at the M TRIM
point (between bands 71 and 73) are expected. The com-
bination of topologically nontrivial surface states near EF ,
combined with the continuous direct gap, allow us to classify
KV3Sb5 as a Z2 topological metal.

IV. DISCUSSION

The observation of superconductivity in both KV3Sb5 and
CsV3Sb5 suggests that the known members of the AV3Sb5 (A:
K, Rb, Cs) kagome metals may all be Z2 topological met-
als with superconducting ground states. All compounds also
exhibit very similar T ∗ anomalies, which are suggestive of
appreciable electronic interactions driving an accompanying
charge or bond density wave order. Based on our observations
in KV3Sb5, the emergence of superconductivity may depend
strongly on the alkali-metal site occupancy.

Long-range magnetic ordering is not observed in KV3Sb5

from previous neutron diffraction measurements [13], and
more recent muon spin resonance (μSR) measurements
performed on near-stoichiometric polycrystalline powders
of KV3Sb5 observe no signature of localized, electronic
magnetic moments [44]. Nevertheless, recent reports have
shown unconventional transport phenomena in substoichio-
metric K1−xV3Sb5 crystals attributed to the presence of local,
disordered magnetic moments [14,45]. Direct experimental
detection of the proposed magnetic defects in K1−xV3Sb5,
however, remains an open challenge.

Heat capacity measurements suggest a superconducting
state that deviates from the BCS expectations of single-
band, weak coupling s-wave superconductivity. The small
�Ces/γnTc = 1.03 value potentially indicates a nonuniform
gap structure in momentum space or alternatively the
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possibility of a multiband gap structure [46]. Single
band d-wave superconductivity nominally has a value of
�Ces/γnTc = 0.95, which is not far from the observed value.
The low temperature Schottcky anomaly, however, currently
precludes canonical measurements of the field dependence of
γn to assess the presence of nodes within the gap structure.
Future measurements via low-temperature scanning tunneling
microscopy or angle-resolved photoemission measurements
exploring this possibility are highly desired.

In comparison to prior results on K0.92V3Sb5 and
K0.85V3Sb5 crystals [13], the electrical resistivity collected
from stoichiometric KV3Sb5 [Fig. 2(a)] shows marked
changes. Stoichiometric samples exhibit significantly reduced
resistivity values, with the residual resistivity at 2 K (ρ0)
dropping nearly two orders of magnitude from K0.85 (≈
300 μ�-cm), K0.92 (≈10 μ�-cm), and K1.0 (≈1 μ�-cm). At
the stoichiometric limit, KV3Sb5 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 KV3Sb5 is also re-
flected in the stability of its superconducting state. The
lack of superconductivity in powders of KV3Sb5 reported
previously [13] is most reasonably attributed to the off-
stoichiometry of potassium. Concurrent studies on potassium
deficient K0.7V3Sb5 crystals have shown they are not natively
superconducting, although the possibility for proximitized
superconductivity remains [45]. Investigating the underlying
connection between potassium occupancy and superconduc-
tivity in KV3Sb5 as well as the connection between T ∗ and
Tc across the AV3Sb5 family are interesting avenues for future
study.

V. CONCLUSION

Our results have demonstrated the synthesis of high-purity,
stoichiometric single crystals of KV3Sb5. Stoichiometric crys-
tals exhibit bulk superconductivity with Tc = 0.93 K and have
a substantially reduced normal state residual resistivity. Sim-
ilar to CsV3Sb5, DFT results demonstrate that KV3Sb5 can
be classified as a Z2 topological metal with a number of
nontrivial surface crossings near the Fermi level. Our results
suggest that superconductivity is common across the AV3Sb5

family of quasi two-dimensional kagome metals. They further
motivate the continued exploration of AV3Sb5 as materials
supporting a rich interplay between superconductivity, non-
trivial band topology, and potential correlation physics.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation (NSF) through Enabling Quantum Leap: Convergent
Accelerated Discovery Foundries for Quantum Materials Sci-
ence, Engineering and Information (Q-AMASE-i): Quantum
Foundry at UC Santa Barbara (DMR-1906325). The research
made use of the shared facilities of the NSF Materials Re-
search Science and Engineering Center at UC Santa Barbara
(DMR- 1720256). The UC Santa Barbara MRSEC is a mem-
ber of the Materials Research Facilities Network [47]. B.R.O.
and P.M.S. also acknowledge support from the California
NanoSystems Institute through the Elings Fellowship pro-
gram. S.M.L.T has been supported by the National Science
Foundation Graduate Research Fellowship Program under
Grant No. DGE-1650114.

[1] D. E. Freedman, T. H. Han, A. Prodi, P. Müller, Q.-Z. Huang,
Y.-S. Chen, S. M. Webb, Y. S. Lee, T. M. McQueen, and
D. G. Nocera, Site specific x-ray anomalous dispersion of
the geometrically frustrated kagome magnet, herbertsmithite,
ZnCu3(OH)6Cl2, J. Am. Chem. Soc. 132, 16185 (2010).

[2] D. Wulferding, P. Lemmens, P. Scheib, J. Röder, P. Mendels,
S. Chu, T. Han, and Y. S. Lee, Interplay of thermal and
quantum spin fluctuations in the kagome lattice compound her-
bertsmithite, Phys. Rev. B 82, 144412 (2010).

[3] T. Han, S. Chu, and Y. S. Lee, Refining the Spin Hamiltonian in
the Spin-1 2 Kagome Lattice Antiferromagnet ZnCu3(OH)6Cl2

using Single Crystals, Phys. Rev. Lett. 108, 157202 (2012).
[4] M. Fu, T. Imai, T.-H. Han, and Y. S. Lee, Evidence for a gapped

spin-liquid ground state in a kagome Heisenberg antiferromag-
net, Science 350, 655 (2015).

[5] T.-H. Han, J. S. Helton, S. Chu, D. G. Nocera, J. A. Rodriguez-
Rivera, C. Broholm, and Y. S. Lee, Fractionalized excitations
in the spin-liquid state of a kagome-lattice antiferromagnet,
Nature (London) 492, 406 (2012).

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

[7] 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).

[8] A. O’Brien, F. Pollmann, and P. Fulde, Strongly correlated
fermions on a kagome lattice, Phys. Rev. B 81, 235115 (2010).

[9] A. Rüegg and G. A. Fiete, Fractionally charged topological
point defects on the kagome lattice, Phys. Rev. B 83, 165118
(2011).

[10] S. Yan, D. A. Huse, and S. R. White, Spin-liquid ground state
of the s= 1/2 kagome Heisenberg antiferromagnet, Science 332,
1173 (2011).

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

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

[13] B. R. Ortiz, L. C. Gomes, J. R. Morey, M. Winiarski, M.
Bordelon, J. S. Mangum, I. W. H. Oswald, J. A. Rodriguez-
Rivera, J. R. Neilson, S. D. Wilson, E. Ertekin, T. M. McQueen,
and E. S. Toberer, New kagome prototype materials: Discovery
of KV3Sb5, RbV3Sb5, and CsV3Sb5, Phys. Rev. Materials 3,
094407 (2019).

[14] S.-Y. Yang, Y. Wang, B. R. Ortiz, D. Liu, J. Gayles, E.
Derunova, R. Gonzalez-Hernandez, L. Smejkal, Y. Chen, S. S.
Parkin et al., Giant, unconventional anomalous Hall effect in
the metallic frustrated magnet candidate, KV3Sb5, Sci. Adv. 6,
eabb6003 (2020).

[15] B. R. Ortiz, S. M. L. Teicher, Y. Hu, J. L. Zuo, P. M. Sarte,
E. C. Schueller, A. M. M. Abeykoon, M. J. Krogstad, S.
Rosenkranz, R. Osborn, R. Seshadri, L. Balents, J. He, and

034801-6

https://doi.org/10.1021/ja1070398
https://doi.org/10.1103/PhysRevB.82.144412
https://doi.org/10.1103/PhysRevLett.108.157202
https://doi.org/10.1126/science.aab2120
https://doi.org/10.1038/nature11659
https://doi.org/10.1103/PhysRevB.87.115135
https://doi.org/10.1103/PhysRevLett.97.147202
https://doi.org/10.1103/PhysRevB.81.235115
https://doi.org/10.1103/PhysRevB.83.165118
https://doi.org/10.1126/science.1201080
https://doi.org/10.1103/PhysRevB.80.113102
https://doi.org/10.1103/PhysRevB.79.214502
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1126/sciadv.abb6003


SUPERCONDUCTIVITY IN THE Z2 … PHYSICAL REVIEW MATERIALS 5, 034801 (2021)

S. D. Wilson, CsV3Sb5: A Z2 Topological Kagome Metal with
A Superconducting Ground State, Phys. Rev. Lett. 125, 247002
(2020).

[16] M. L. Kiesel, C. Platt, and R. Thomale, Unconventional Fermi
Surface Instabilities in the Kagome Hubbard Model, Phys. Rev.
Lett. 110, 126405 (2013).

[17] J. Wen, A. Rüegg, C.-C. J. Wang, and G. A. Fiete,
Interaction-driven topological insulators on the kagome and
the decorated honeycomb lattices, Phys. Rev. B 82, 075125
(2010).

[18] S.-L. Yu and J.-X. Li, Chiral superconducting phase and chiral
spin-density-wave phase in a Hubbard model on the kagome
lattice, Phys. Rev. B 85, 144402 (2012).

[19] R. Nandkishore and A. V. Chubukov, Interplay of supercon-
ductivity and spin-density-wave order in doped graphene, Phys.
Rev. B 86, 115426 (2012).

[20] R. Nandkishore, L. Levitov, and A. Chubukov, Chiral supercon-
ductivity from repulsive interactions in doped graphene, Nat.
Phys. 8, 158 (2012).

[21] J. Sangster and A. Pelton, The K-Sb (potassium-antimony) sys-
tem, J. Phase Equilib. 14, 510 (1993).

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

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

[24] 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).

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

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

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

[28] J. Sun, A. Ruzsinszky, and J. P. Perdew, Strongly Constrained
and Appropriately Normed Semilocal Density Functional,
Phys. Rev. Lett. 115, 036402 (2015).

[29] S. Grimme, Semiempirical GGA-type density functional con-
structed with a long-range dispersion correction, J. Comput.
Chem. 27, 1787 (2006).

[30] S. Grimme, S. Ehrlich, and L. Goerigk, Effect of the damp-
ing function in dispersion corrected density functional theory,
J. Comput. Chem. 32, 1456 (2011).

[31] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77, 3865
(1996).

[32] J. Gao, Q. Wu, C. Persson, and Z. Wang, Irvsp: To obtain irre-
ducible representations of electronic states in the vasp, Comput.
Phys. Comm. 261, 107760 (2021).

[33] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevMaterials.5.034801 for further details.

[34] Yu-Xiao Jiang, Jia-Xin Yin, M. Michael Denner, Nana Shu-
miya, Brenden R. Ortiz, Junyi He, Xiaoxiong Liu, Songtian S.
Zhang, Guoqing Chang, Ilya Belopolski et al., Discovery of
topological charge order in kagome superconductor KV3Sb5,
arXiv:2012.15709.

[35] K. Andres, Observation of nuclear specific heat in V2O3, Phys.
Rev. B 2, 3768 (1969).

[36] L. Ye, M. Kang, J. Liu, F. Von Cube, C. R. Wicker, T. Suzuki,
C. Jozwiak, A. Bostwick, E. Rotenberg, D. C. Bell et al., Mas-
sive Dirac fermions in a ferromagnetic kagome metal, Nature
(London) 555, 638 (2018).

[37] Q. Wang, Q. Yin, and H. Lei, Giant topological Hall effect of
ferromagnetic kagome metal Fe3Sn2, Chin. Phys. B 29, 017101
(2020).

[38] A. K. Nayak, J. E. Fischer, Y. Sun, B. Yan, J. Karel, A. C.
Komarek, C. Shekhar, N. Kumar, W. Schnelle, J. Kübler et al.,
Large anomalous Hall effect driven by a nonvanishing Berry
curvature in the noncolinear antiferromagnet Mn3Ge, Sci. Adv.
2, e1501870 (2016).

[39] N. Kiyohara, T. Tomita, and S. Nakatsuji, Giant Anomalous
Hall Effect in the Chiral Antiferromagnet Mn3Ge, Phys. Rev.
Appl. 5, 064009 (2016).

[40] P. Vaqueiro and G. G. Sobany, A powder neutron diffraction
study of the metallic ferromagnet Co3Sn2S2, Solid State Sci.
11, 513 (2009).

[41] G. Xu, B. Lian, P. Tang, X.-L. Qi, and S.-C. Zhang, Topological
Superconductivity on the Surface of Fe-based Superconductors,
Phys. Rev. Lett. 117, 047001 (2016).

[42] N. Morali, R. Batabyal, P. K. Nag, E. Liu, Q. Xu, Y. Sun, B.
Yan, C. Felser, N. Avraham, and H. Beidenkopf, Fermi-arc di-
versity on surface terminations of the magnetic Weyl semimetal
Co3Sn2S2, Science 365, 1286 (2019).

[43] L. Fu and C. L. Kane, Topological insulators with inversion
symmetry, Phys. Rev. B 76, 045302 (2007).

[44] E. M. Kenney, B. R. Ortiz, C. Wang, S. D. Wilson, and M. J.
Graf, Absence of local moments in the kagome metal KV3Sb5

as determined my muon spin spectroscopy, arXiv:2012.04737.
[45] Y. Wang, S. Yang, P. K. Sivakumar, B. R. Ortiz, S. M. Teicher,

H. Wu, A. K. Sirvastava, C. Garg, D. Liu, S. S. Parkin, E.
Toberer, T. McQueen, S. D. Wilson, and M. N. Ali, Proximity-
induced spin-triplet superconductivity and edge supercurrent in
the topological Kagome metal, K1−xV3Sb5, arXiv:2012.05898.

[46] D. C. Johnston, Elaboration of the α-model derived from the
bcs theory of superconductivity, Supercond. Sci. Technol. 26,
115011 (2013).

[47] www.mrfn.org.

034801-7

https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevLett.110.126405
https://doi.org/10.1103/PhysRevB.82.075125
https://doi.org/10.1103/PhysRevB.85.144402
https://doi.org/10.1103/PhysRevB.86.115426
https://doi.org/10.1038/nphys2208
https://doi.org/10.1007/BF02671972
https://doi.org/10.1107/S0021889811038970
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/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevLett.115.036402
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.cpc.2020.107760
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.5.034801
http://arxiv.org/abs/arXiv:2012.15709
https://doi.org/10.1103/PhysRevB.2.3768
https://doi.org/10.1038/nature25987
https://doi.org/10.1088/1674-1056/ab5fbc
https://doi.org/10.1126/sciadv.1501870
https://doi.org/10.1103/PhysRevApplied.5.064009
https://doi.org/10.1016/j.solidstatesciences.2008.06.017
https://doi.org/10.1103/PhysRevLett.117.047001
https://doi.org/10.1126/science.aav2334
https://doi.org/10.1103/PhysRevB.76.045302
http://arxiv.org/abs/arXiv:2012.04737
http://arxiv.org/abs/arXiv:2012.05898
https://doi.org/10.1088/0953-2048/26/11/115011
http://www.mrfn.org

