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Recently discovered alongside its sister compounds KV3Sb5 and RbV3Sb5, CsV3Sb5 crystallizes with
an ideal kagome network of vanadium and antimonene layers separated by alkali metal ions. This work
presents the electronic properties of CsV3Sb5, demonstrating bulk superconductivity in single crystals with
a Tc ¼ 2.5 K. The normal state electronic structure is studied via angle-resolved photoemission
spectroscopy and density-functional theory, which categorize CsV3Sb5 as a Z2 topological metal.
Multiple protected Dirac crossings are predicted in close proximity to the Fermi level (EF), and signatures
of normal state correlation effects are also suggested by a high-temperature charge density wavelike
instability. The implications for the formation of unconventional superconductivity in this material are
discussed.
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Kagome metals are a rich frontier for the stabilization of
novel correlated and topological electronic states.
Depending on the degree of electron filling within the
kagome lattice, a wide array of instabilities are possible,
ranging from bond density wave order [1,2], charge
fractionalization [3,4], spin liquid states [5], charge density
waves [6], and superconductivity [1,7]. Additionally, the
kagome structural motif imparts the possibility of topo-
logically nontrivial electronic structures, where the coex-
istence of Dirac cones and flatbands promoting strong
correlation effects may engender correlated topological
states. For instance, the presence of magnetic order
[8–10] in kagome compounds has been noted to stabilize
novel quantum anomalous Hall behaviors, and electron-
electron interactions in certain scenarios are proposed to
drive the formation of topological insulating phases [11].
One widely sought electronic instability on a two-dimen-

sional kagome lattice is the formation of a superconducting
ground state. Layered kagome metals that superconduct are
rare, and the interplay between the nontrivial topology
accessible via their electronic band structures and the
formation of an intrinsic superconducting state makes this
a particularly appealing space for realizing exotic ground
states and quasiparticles. Unconventional superconductivity
is predicted to emerge via nesting-driven interactions in
heavily doped kagome lattices [12]. This mechanism, first
pointed out in theories for doped graphene (which shares the

hexagonal symmetry of the kagome lattice) [13,14], relies
upon scattering between saddle points of a band at the M
points of the 2D Brillouin zone, which are relevant when the
system possesses a nearly hexagonal Fermi surface proxi-
mate to a topological transition. Superconductivity poten-
tially competes with a variety of other electronic instabilities
at different fillings [11,15]. Realizing superconductivity in a
two-dimensional kagome material that avoids these com-
peting instabilities remains an open challenge.
Recently, a new family of layered kagome metals that

crystallize in the AV3Sb5 structure (A ¼ K, Rb, Cs) was
reported [16]. These materials crystallize into the P6=mmm
space group, with a kagome network of vanadium cations
coordinated by octahedra of Sb. The compounds are
layered, with the kagome sheets separated by layers of
the A-site alkali metal ions (Fig. 1). Compounds across the
series are high-mobility, two-dimensional metals with
signatures of correlation effects and potential electronically
driven symmetry breaking. Recent studies have further
shown that one variant, KV3Sb5, is a Dirac semimetal with
an extraordinarily large anomalous Hall effect in the
absence of long-range magnetic order [17]. Remarkably
little, however, remains known about this new class of
kagome metals, particularly with regards to their capacity
for hosting correlated topological states.
Here we identify that CsV3Sb5, the heaviest member of

the new kagome compounds, is aZ2 topological metal with
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a superconducting ground state. Angle-resolved photo-
emission spectroscopy (ARPES) measurements combined
with density-functional theory (DFT) calculations reveal
the presence of multiple Dirac points near the Fermi level
and predict topologically protected surfaces states only
0.05 eVabove the Fermi level at theM points. Furthermore,
both ARPES and DFT observe hexagonal Fermi surfaces,
consistent with close proximity of saddle points at M.
Magnetization, heat capacity, and electrical resistivity
measurements reveal the onset of superconductivity at
Tc ¼ 2.5 K and further identify a higher-temperature T� ¼
94 K transition suggestive of charge density wave order.
Our work establishes CsV3Sb5 as a novel exfoliable,
kagome metal with a superconducting ground state and
protected Dirac crossings close to EF.
Single crystals of CsV3Sb5 were synthesized via a self-

flux growth method [18]. Magnetization measurements
were performed using a Quantum Design superconducting
quantum interference device magnetometer (MPMS3) in
vibrating-sample measurement mode, and resistivity and
heat capacity measurements were performed using a
Quantum Design Dynacool physical properties measure-
ment system. ARPES measurements were obtained at the
Stanford Synchrotron Radiation Lightsource (SSRL, beam
line 5-2), a division of the SLAC National Accelerator
Laboratory, using 120 eV photons with an energy reso-
lution better than 20 meV. Temperature-dependent x-ray
diffraction data were collected at Brookhaven National
Laboratory (beam line 28-ID-1) and at the Advanced
Photon Source at Argonne National Laboratory (sector
6-ID-D). Rietveld refinements of temperature-dependent
diffraction were performed using TOPAS Academic V6 [34].
Structure visualization was performed with the VESTA

software package [19], and the electronic structure of
CsV3Sb5 was calculated in VASP v5.4.4 [35–37] using
projector-augmented wave potentials [38,39] with details
described in Supplemental Material [18].

For an intuitive understanding of the CsV3Sb5 structure,
we first consider the constituent sublattices. The hallmark
two-dimensional kagome network is formed by the V1
sublattice and is interpenetrated by a simple hexagonal net
of Sb1 antimony. All interatomic distances within the
kagome layer are equal (2.75 Å), as required by the high
symmetry of the V1 (Wyckoff 3g) and Sb1 (Wyckoff 1b)
sites. The Sb2 sublattice creates graphitelike layers of Sb
(antimonene) that encapsulate the kagome sheets. The Cs1
sublattice naturally fills the space between the graphitelike
sheets, and the nearest Cs-Sb distance is nearly 4 Å.
Bulk electronic properties of CsV3Sb5 were studied

via electron transport, magnetization, and heat capacity
measurements. Figures 2(a)–2(c) show characterization
data collected across a broad range of temperatures.
Magnetization data collected under μ0H ¼ 1 T are plotted
as susceptibility χ ¼ ðM=HÞ in Fig. 2(a) and show a high-
temperature response (T > 100 K) consistent with Pauli
paramagnetism. As a rough estimate, DFT calculations
of the density of states at the Fermi level gðEFÞ ≈
10 eV−1 cell−1 estimate χ ≈ 200 × 10−6 emuOe−1mol−1,
which agrees reasonably well with the experimental data.
At temperatures below 94 K, a sharp drop in the

magnetization data denotes the onset of a phase transition,
noted as T�. This transition also appears as an inflection
point in the resistivity data shown in Fig. 2(b), where
temperature-dependent resistivity data with current flowing
both in the kagome planes (ρab) and between the planes
(ρc) are plotted. The out-of-plane resistivity is nearly 600
times larger than in plane, emphasizing the two-dimen-
sional nature of the Fermi surface. Heat capacity data
plotted in Fig. 2(c) also illustrate a strong entropy anomaly
at T� ¼ 94 K. The integrated entropy released through the
T� transition is approximatelyΔS ¼ 1.6 Jmol−1K−1 and is
naively too small to account for collective spin freezing of
free V moments. Instead, it likely arises from freezing
within the charge sector [11], suggesting a potential charge
or bond density wave anomaly that will be discussed later
in this Letter.
Figures 2(d)–2(f) show the onset of superconductivity in

magnetization, resistivity, and heat capacity, respectively.
In all cases, the onset of superconductivity occurs at
approximately Tc ¼ 2.5 K. Magnetization data reveal bulk
superconductivity and a well-defined Meissner state, and
heat capacity measurements show a sharp entropy anomaly
at the superconducting transition, although, due to a limited
temperature regime, we are unable to fully characterize the
gapped behavior far below Tc. The slight offset in the onset
of Tc in electrical resistivity [Fig. 2(e)] measurements is
due to the high probe currents (8 mA) used in the dc
measurement. Reduced currents show Tc return to nominal
values, although the data quality suffers significantly due to
the low resistivity of CsV3Sb5 single crystals.
Having determined that CsV3Sb5 is a bulk kagome

superconductor with a transition temperature Tc ¼ 2.5 K,

FIG. 1. CsV3Sb5 is a layered compound with a structurally
perfect kagome network of vanadium. There are two distinct Sb
sites in the structure: (1) a simple hexagonal net woven into the
kagome layer and (2) graphitelike layers of antimony (antimo-
nene) above and below the kagome layer. All bonds ≤ 3.2 Å have
been drawn in the isometric perspective.
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we next examine the normal state metal via a combination
of ARPES measurements and DFT modeling. Figure 3(a)
shows both ARPES and DFT modeling data with the
hexagonal Brillouin zone superimposed on the E ¼ 0 eV
constant energy contour and high-symmetry points K, M,
and Γ labeled. Data collected with differing photon
energies did not reveal any appreciable dispersion along
kz, consistent with a quasi-2D band structure. ARPES data
were collected at 50, 80, 100, and 120 K, and no resolvable
changes were observed in the band structure when tran-
sitioning through the T� transition. The DFT model shows
remarkable agreement with the ARPES data, recovering
all experimental observed crossings below the Fermi level.
Figure 3(b) shows both the measured and calculated
electronic structure hosts multiple Dirac points at finite
binding energies.
While inaccessible in the present ARPES data, the DFT

model further reveals multiple topological band features
slightly above the Fermi energy. The M̄ point is of par-
ticular interest, asM is a time-reversal invariant momentum
(TRIM) point. Figure 4 shows the results of a tight-binding

calculation of surface states in CsV3Sb5, where bright spots
slightly above the Fermi energy indicate surface states.
Unlike many heavily studied kagome lattices [e.g.,

ZnCu3ðOHÞ6Cl2 [40–42], Fe3Sn2 [9,43], Mn3Ge [44,45],
and Co3Sn2S2 [10,46,47]], CsV3Sb5 does not exhibit
resolvable magnetic order. Given that CsV3Sb5 possesses
both time-reversal and inversion symmetry as well as a
continuous, symmetry-enforced, direct gap at every k point,
one can calculate theZ2 topological invariant between each
pair of bands near the Fermi level by simply analyzing the
parity of the wave function at the TRIM points [48]. This
analysis reveals a number of topologically nontrivial cross-
ings between adjacent bands in the region �1 eV from the
Fermi level. For clarity, we will focus on the surface states
crossing at the M̄ point here with further analysis presented
in Supplemental Material [18]. Figure 4(b) presents a
close-up of the calculated surface states near the M̄ point.
The surface states at the M̄ point manifest approximately
0.05 eVabove the Fermi energy. The apparent anisotropy in
the calculated surface state dispersions (M̄-K̄ versus M̄-Γ̄)
derives from the direct “gap” moving up or down in energy

FIG. 2. (a),(c),(e) Full temperature ranges for the magnetization, electrical resistivity, and heat capacity, respectively, shown for single
crystals of CsV3Sb5. All measurements indicate the presence of an anomaly T� at 94 K, suspected to be an electronic instability (e.g.,
charge ordering). The inset in (a) shows line cuts through x-ray diffraction data below and above T�. Dashed lines denote the appearance
of half-integer reflections. (b),(d),(f) Field-dependent measurements at low temperatures, showing the onset of superconductivity in
magnetization, resistivity, and heat capacity, respectively. The Tc for CsV3Sb5 is approximately 2.5 K, with a slight suppression in
resistivity due to high probe currents.
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depending on direction away from the M̄ point. This is not
uncommon among topological metals [49–51].
Topologically nontrivial surface states close to EF and

the continuous direct gap throughout the Brillouin zone
allow the identification of the normal state as a Z2

topological metal [52,53]. The T� transition in this com-
pound also suggests that electronic interactions are appre-
ciable in this material. This transition is accompanied by a
subtle change in the derivative of the lattice parameters, cell
volume, and associated crystallographic parameters upon
crossing T� [18]. Single-crystal x-ray diffraction further
shows the formation of a weak superlattice of charge
scattering at half-integer reflections [an example shown
in the inset in Fig. 2(a)] [18].
The presence of a weak, structural superlattice is

suggestive of a secondary structural response to a primary
electronic order parameter such as a charge or bond density
wave instability. Theoretical studies of partially filled
kagome lattices predict a wide array of electronic order
parameters [11]. The metallic nature of CsV3Sb5 and its
high degree of covalency makes formal charge assignment
imprecise; however, in the ionic limit, the kagome lattice of
V sites would possess one electron per triangle (1=6

filling). Charge density wave (CDW) order with a (π, 0)
in-plane wave vector consistent with our single-crystal
x-ray diffraction data is predicted in spinful models and
spinless fermion models of interacting electrons in a
partially filled kagome lattice [11].
Nesting across a two-dimensional Fermi surface with an

underlying hexagonal motif is also thought to promote the
formation of a superconducting state [14]. Competing
density wave instabilities may also arise, and, in the present
case, scattering along the (π, 0) wave vector would connect
an enhanced density of states at saddle points near the
Fermi energy at the M points in CsV3Sb5’s band structure.
To our knowledge, this is the first material example hosting
the band structure, Fermi energy, and ground state requisite
for this theoretical mechanism. Given the CDW-like
instability observed at T� in this compound, interactions
along this wave vector are likely enhanced and may
promote a competition between CDWand superconducting
instabilities. Although a structural superlattice exists,
ARPES data do not resolve spectral broadening of the
Fermi surface across the nested M points, consistent with
the long-range, weak nature of the high-temperature
density wave order. Unconventional superconductivity with
chiral d-wave pairing may emerge in this scenario [1,13].
Superconductivity manifest within an electronically two-

dimensional kagome lattice is rare unto itself. While other
materials with kagome networks embedded within their
lattice structures are known to superconduct (e.g., in certain

FIG. 3. Experimental ARPES data and comparison with DFT
calculations. (a) A selection of constant energy maps at 80 K are
compared with DFT calculations, showing excellent agreement.
The hexagonal Brillouin zone is superimposed on the E ¼ 0 eV
data. (b) ARPES and DFT data tracing from M-K-Γ-K-M reveal
multiple Dirac points throughout the dispersion. Surface states
can be observed in the DFT data at the M point, slightly
above EF.

FIG. 4. (a) Calculated band structure of CsV3Sb5 along high-
symmetry directions across the Brillouin zone. A continuous
direct gap (shaded) is noted and high-symmetry points in the BZ
are labeled. (b) Tight-binding model of CsV3Sb5 showing
topologically protected surface states that manifest at the time-
reversal invariant momentum M̄ point.
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silicides and borides [54,55]), all of these examples are
inherently three-dimensional both structurally and elec-
tronically. CsV3Sb5 seemingly opens a unique opportunity
for mapping to models of nesting-driven instabilities
emergent within a two-dimensional kagome metal.
Isostructural variants KV3Sb5 and RbV3Sb5 host similar
T� transitions at 80 and 104 K, respectively, likely
indicative of a similar high-temperature density wave order
[16]; however, superconductivity has been observed only in
CsV3Sb5 to date. Understanding the interplay between the
potentially competing T� order parameter and the forma-
tion of superconductivity across the AV3Sb5 family is an
interesting topic for future study.
The Z2 topological band structure of CsV3Sb5 may also

be of interest for stabilizing the formation of Majorana
modes within the vortex cores of a natively proximitized,
superconducting surface state. Materials hosting both
topologically nontrivial surface states and a native super-
conducting ground state are uncommon, with relatively few
promising candidates identified in FeSeð1−xÞTex [56–60],
doped Bi2Se3 [61–65], and Snð1−xÞInxTe [66–68]. With
relatively light electron doping (such as Ba substitution),
CsV3Sb5 can likely be driven into a regime where such a
proximitized topological surface state could be tested.
In summary, our results demonstrate that kagome metals

can serve as a rich arena for exploring the interplay between
correlated electron effects and superconductivity within a
topologically nontrivial band structure. Our results dem-
onstrate bulk superconductivity with Tc ¼ 2.5 K in single
crystals of CsV3Sb5 and classify its normal state as a Z2

topological metal with multiple topologically nontrivial
band crossings in close proximity to the Fermi level. An
anomalous CDW-like transition in the normal state sug-
gests strong correlation effects and an electronic instability
that weakly couples to the lattice. Future studies exploring
the relation between this instability and the potential
emergence of nesting-driven, unconventional superconduc-
tivity on the kagome lattice is motivated by our present
results.
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