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Inspired by the discovery and fascinating properties of kagome metals AV3Sb5 (A= K, Rb, Cs), we investigate
the superconductivity and topological properties of the AV3Sb5-prototype kagome materials CsM3Te5 (M=Ti,
Zr, Hf) using first-principles calculations. The calculated results of formation energy and phonon dispersion
indicate that this family of kagome materials are stable and may be synthesized in experiments. By analytically
solving the Allen-Dynes-modified McMillan formula, the superconducting critical temperatures for CsTi3Te5,
CsZr3Te5, and CsHf3Te5 are predicted as 8.02, 5.47, and 3.51 K, respectively. The electron-phonon couplings are
dominated by the coupling between the in-plane atomic vibrational modes and the in-plane electronic orbitals. In
addition, the CsZr3Te5 and CsHf3Te5 can be categorized as Z2 topological metals according to the calculations
of topological invariant and surface states. Such coexistence of superconductivity and nontrivial topological
properties in CsZr3Te5 and CsHf3Te5 are beneficial to study the interaction between superconductivity and
nontrivial band character.
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I. INTRODUCTION

The kagome lattice with inherent geometrical frustration
offers an ideal platform to study intriguing phenomena, such
as magnetic topological states [1–4], spin liquid states [5,6],
anomalous Hall effect [7–9], superconductivity [10–13], chi-
ral physics [14–16], etc. In momentum space, the typical
tight-binding calculations of the kagome lattice manifest that
its band structure coexists with a flat band over the Brillouin
zone (BZ), a Dirac-type band crossing at K point and a van
Hove point at the M point [2,16,17], which have been partially
identified by the angle resolved photoemission spectroscopy
(ARPES) measurements [17–20] and the scanning tunnel-
ing microscopy experiments [21,22]. Therefore, theoretically
predicting and experimentally synthesizing new kagome ma-
terials, and further exploring their unconventional physical
properties are important in both condensed-matter physics and
material physics.

Recently, a new family of V-based kagome metals AV3Sb5

(A=K, Rb, Cs) have been synthesized with a quasi-two-
dimensional characteristics [23]. Decreasing the temperature,
AV3Sb5 family materials undergo charge density wave
(CDW) transitions in range of 80 to 102 K [24–30]. The CDW
order was, subsequently, turned out to exhibit a kind of un-
conventional chiral feature [15,26,31]. By further decreasing
the temperature, the systems will enter in a superconduct-
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ing ground state. The superconducting transition temperatures
Tc were reported to be 0.93, 0.92, and 2.5 K for KV3Sb5,
RbV3Sb5, CsV3Sb5 [11,24–26,30], respectively. Under low
pressure, monotonical suppression of the CDW order was de-
tected, whereas the superconductivity exhibits a reemergence
character in CsV3Sb5 [32]. Under higher pressure, the super-
conducting transition temperature shows double-dome-liked
pressure-dependent behaviors [13,30,33,34]. The effects of
strain [35], doping [36], and dimensional reducing [37,38]
on the CDW and superconductivity have also been investi-
gated. Besides, theoretical calculations have predicted that
the AV3Sb5 family kagome materials exhibit nontrivial band
crossing around the Fermi level [11,23,25], which was sub-
sequently confirmed by the ARPES and Shubnikov–de Haas
oscillation experiments [11,24,27,39].

If the superconductivity materials could coexist with a
nontrivial band structure, they can be regarded as promising
candidates for realizing topological superconductors. There
will be some novel quantum phases in topological super-
conductors, such as the Majorana zero mode [40–42], which
can be used in quantum information processing [43]. For
the CsV3Sb5, the Majorana bound states (MBSs) have been
successfully detected [29], providing the first glimpse into
Majorana modes in AV3Sb5 family materials. Through inves-
tigating the pairing symmetry theoretically, Ding et al. found
that the MBSs in the vortex core should only appear with the
chiral p-wave pairing [44]. Such rich quantum phenomena in
the AV3Sb5 family spark intense research interest on kagome
materials.

To explore more kagome compounds with the coexistence
of superconductivity and nontrivial band structure, we predict
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FIG. 1. (a) Side and (b) top views of the crystal structure of CsM3Te5. The purple, red, and turquoise balls indicate the Cs, transition-metal
Ti/Zr/Hf, and Te atoms, respectively. (c) Bulk BZ and the high-symmetry path used in band-structure calculations. The project (001) and
(100) surfaces are also plotted.

some AV3Sb5-type materials and then check their stability
and investigate their electronic structures, superconductivity,
and topological properties using first-principles calculations.
Among all our tested systems, the CsM3Te5 (M=Ti, Zr, Hf)
exhibit good stability and properties. The calculated results of
formation energy are significantly larger than that of CsV3Sb5,
indicating that these compounds are stable and can be easily
synthesized in experiments. The phonon dispersions results
indicate that there is no potential CDW transition in these
systems. The superconductivity is estimated based on the
Allen-Dynes-modified McMillan formula [45,46] with super-
conducting transition temperatures of 8.02, 5.47, and 3.51 K
for CsTi3Te5, CsZr3Te5, and CsHf3Te5, respectively, which
are higher than those of the AV3Sb5 family materials. Similar
to AV3Sb5, the CsZr3Te5 and CsHf3Te5 are also predicted as
Z2-topological metals by calculating the topological invariant
and surface states. The coexistence of superconductivity and
nontrivial topological properties in CsZr3Te5 and CsHf3Te5

supply guidance for further theoretical and experimental
works to seek novel topological nature in superconducting
materials, especially in materials with the AV3Sb5-prototype
structure.

II. COMPUTATIONAL DETAILS

Our first-principles calculations were preformed in the den-
sity functional theory (DFT) level via the QUANTUM ESPRESSO

package [47]. The ultrasoft pseudopotentials were used to
treat the interaction between the electrons and the ionic cores
[48] where the exchange-correlation interaction was described
by the generalized gradient approximation and parametrized
by the Perdew-Burke-Ernzerhof functional [49]. The zero
damping DFT-D3 functional was employed to consider the
van der Waals (vdW) correction [50], which was proved
to be accurate in the isostructural AV3Sb5 family materials
[51–53]. The cutoff energy of wave functions and charge
density were set as 60 and 600 Ry, respectively. To calcu-
late the charge density, the Gaussian smearing method was
used with a smearing parameter of σ = 0.01 Ry. The con-
vergence criterion for self-consistent calculations was set as
10−6 Ry. The BZ was sampled on a 16 × 16 × 12 mesh of
k points for structural optimization, and all structures were
fully relaxed until the force acting on each atom is less than
10−5 Ry/Å.

Phonon dispersion curves were calculated based on the
density functional perturbation theory [54] where a denser
20 × 20 × 12 k-point grid and a 5 × 5 × 3 q-point grid were
employed for the electron-phonon coupling (EPC) calcu-
lations. The phonon-related calculations were carried out
without including the spin-orbit coupling (SOC) effect due
to it is less important in describing the vibrational and super-
conductivity properties [55,56]. The iterative Green’s function
was used to calculate the surface states as implemented in
the WANNIERTOOLS package [57,58] where the tight-binding
method was employed with the maximally localized Wannier
function [59,60].

III. RESULTS AND DISCUSSION

The CsM3Te5 family materials are constructed by partly
atoms substituting of prototype structure AV3Sb5 where the
V atoms are replaced by the transition metals M (M= Ti,
Zr, Hf) and the Sb atoms are replaced by Te atoms. Such
atom substitution is a normal method used in synthesizing
new material. For example, the CsAg5Te3 was reported as
a thermoelectric material with ultralow thermal conductivity
[61]. Through elemental substituting, the CsCu5S3 [62] and
CsCu5Se3 [63] were successfully prepared with the same
structure. As shown in Fig. 1, the CsM3Te5 systems crystallize
in a hexagonal space group of P6/mmm (No. 191). One can
see that the M3Te5 slabs stack along the c axis through vdW
interactions, whereas the Cs atoms insert into the adjacent
M3Te5 slabs. The transition-metals Ti/Zr/Hf atoms form the
kagome structure. The fully optimized parameters are listed
in Table I. It can be seen that the lattice parameter along the
c direction increases with the increase in the atomic number,
and the CsZr3Te5 has the largest in-plane lattice parameters

TABLE I. Crystal parameters (in angstroms) and the formation
energy (in eV) of CsM3Te5 and CsV3Sb5.

a c Eformation

CsTi3Te5 6.057 8.456 −1.299
CsZr3Te5 6.362 8.572 −1.433
CsHf3Te5 6.282 8.651 −1.340
CsV3Sb5 5.454 9.330 −0.410

214527-2



SUPERCONDUCTIVITY AND TOPOLOGICAL PROPERTIES … PHYSICAL REVIEW B 106, 214527 (2022)

FIG. 2. Phonon dispersions weighted by different atomic vibrational modes of (a) CsTi3Te5, (b) CsZr3Te5 and (c) CsHf3Te5. The right
panels of (a)–(c) are the total (gray-shaded zone) and vibrational mode-resolved (colored lines) phonon density of states (PhDOS). Phonon
dispersions weighted by the magnitude of the EPC, the Eliashberg spectral function α2F (ω), and the integrated strength of EPC λ(ω) for
(d) CsTi3Te5, (e) CsZr3Te5, and (f) CsHf3Te5 are also presented.

of a. Our calculated parameters are slightly smaller than those
reported in one recent DFT work [64] where the vdW corre-
lations were ignored.

To evaluate the thermal stability of CsM3Te5, we calculate
the formation energy by

Eformation = ECsM3Te5 − ECs − 3EM − 5ETe

9
. (1)

Here, ECsM3Te5 is the total energy of CsM3Te5, and ECs, EM,
and ETe are the energies of the stable elemental Cs, transi-
tion metals, and Te, respectively. The calculated results are
listed in Table I. One can see that all of them have negative
formation energies, indicating their thermal stability. For com-
parison, we also calculate the formation energy of the kagome
metal CsV3Sb5, which has been synthesized experimentally.
As clearly indicated in Table I, the formation energies of the
predicted CsM3Te5 are evidently lower than that of CsV3Sb5.
To further prove the stability, we perform a structure search
of Cs-M-Te (M=Ti, Zr, Hf) systems in the Supplemental

Material [65] (also see references [66–73] therein), where
only one Cs is considered, the ratio of the transition-metal M
atoms are in range of 2 to 3 and the ratios of Te atoms are in the
range of 2–5. The calculated results of convex hull diagrams
are drawn in Fig. S1 of the Supplemental Material [65]. All
of the results indicate that the most stable structure with a
stoichiometric ratio of “135” is the structure in the space
group of P6/mmm. Thus, we can expect that the kagome ma-
terials CsM3Te5 should be synthesized under suitable external
conditions.

Figure 2 shows the phonon dispersion curves of CsM3Te5.
We can see that there is no imaginary phonon mode for
these three compounds, indicating that they are dynamically
stable. In the low-frequency region, the vibration modes of
Cs atoms form two flat phonon bands, accompanying with
two sharp peaks in the PhDOS. The midfrequency region is
mainly dominated by the vibration modes of Te atoms with
some contributions from the transition-metal atoms. There is
an optic phonon gap of 44.6 cm−1 for CsTi3Te5. Such a gap
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decreases with the increase in the weight of the transition
metals and disappears in CsHf3Te5. For the high-frequency
region, the phonon originates mainly from the transition-metal
atoms. The out-of-plane vibration modes of the transition met-
als form a very flat band. Such a phonon flat band character
was also found in the isostructural CsV3Sb5 [52], which may
induce more interesting phenomena. As mentioned above,
the kagome metal AV3Sb5 family materials show the coex-
istence of CDW, superconductivity, and nontrivial topological
properties. It has been proved that the calculation of phonon
dispersion is an effective method to evaluate the CDW insta-
bility [74,75]. For our studied CsM3Te5, there is no imaginary
in their phonon dispersions, indicating that these materials
will not undergo the CDW transition [76]. Therefore, we will
focus on the superconductivity and topological properties in
them.

The superconductivity of CsM3Te5 are estimated by the
EPC calculations. The superconducting transition temperature
Tc is calculated based on the Allen-Dynes-modified McMillan
formula [45,46],

Tc = ωlog

1.2
exp

(
− 1.04(1 + λ)

λ − μ∗ − 0.62λμ∗

)
, (2)

where the μ∗ is the effective Coulomb pseudopotential and
can be set as a typical value of 0.1 [52,77]. The integrated
EPC constant can be evaluated by

λ(ω)=2
∫

α2F (ω)

ω
dω. (3)

Here, the Eliashberg spectral function α2F (ω) is calculated
according to the following formula:

α2F (ω) = 1

2πN (EF )

∑
qυ

δ(ω − ωqυ )
γqυ

h̄ωqυ

, (4)

where ωqv are phonon frequencies, γqv is the phonon linewidth
as described by

γqv = 2πωqv

∑
i j

∫
d3k


BZ
|gqv (k, i, j)|2

× δ(εq,i − εF )δ(εk+q, j − εF ). (5)

Here, gqv (k, i, j) is the matrix of the EPC, and εq,i is the
electronic energy. The calculated Eliashberg spectral and the
integrated strength of the EPC are plotted in Figs. 2(d)–2(f).
As shown, the integrated strength of the EPC below 100
cm−1 reaches 78.1%, 78.3%, and 81.8% of the total EPCs for
CsTi3Te5, CsZr3Te5, and CsHf3Te5, respectively. Although
the distributions of α2F (ω) are non-negligible at the high-
frequency region (above 100 cm−1), their contribution to the
EPC is limited. Such phenomena can be easily understood
by Eq. (3). The calculated total λ’s are 1.07, 0.88, and 0.75
for CsTi3Te5, CsZr3Te5, and CsHf3Te5, respectively. Thus,
CsTi3Te5 can be regarded as a medium-coupling conventional
superconductor, whereas CsZr3Te5 and CsHf3Te5 are weak
conventional superconductors.

The ωlog in Eq. (2) is the logarithmically averaged charac-
teristic phonon frequency, which is defined as

ωlog = exp

(
2

λ

∫
dω

ω
α2F (ω) log ω

)
. (6)

TABLE II. Calculated electronic DOS at the Fermi level N (EF )
(in states/eV), strength of EPC (λ), ωlog, and superconducting tran-
sition temperature (Tc in K) for CsM3Te5.

N (EF ) λ ωlog Tc

CsTi3Te5 2.85 1.07 103.63 8.02
CsZr3Te5 2.34 0.88 97.77 5.47
CsHf3Te5 2.18 0.75 93.04 3.51

Taking λ and ωlog into Eq. (2), one can obtain the super-
conducting transition temperature. The calculated Tc as well
as superconducting parameters of λ and ωlog are listed in
Table II. For these three compounds, λ, ωlog, and Tc have
the same trend: decreasing with the increase in the atomic
number. CsTi3Te5 has the largest λ as well as the largest
superconducting transition temperature Tc of 8.02 K, which is
three times larger than those of the AV3Sb5 family materials
[30,32–34]. In one recent DFT work, the Tc of CsZr3Te5 was
predicted as 1.27 K [78]. Such large differences between their
results and ours may need further experiments to verify.

The phonon dispersions weighted by the magnitude of EPC
are drawn in Figs. 2(d)–2(f). To obtain the modes’ contribu-
tion to the superconductivity of these three compounds, we
compare the phonon dispersions weighted by vibration modes
of different atoms in Figs. 2(a)–2(c) with the distribution and
strength of the EPC. For CsTi3Te5, the softened modes around
the K and H points show obvious EPC, which is dominated
by the in-plane vibration modes of Ti xy. When it comes to
CsZr3Te5 and CsHf3Te5, the EPC becomes more homoge-
neous, and the vibration modes of Te atoms have more and
more contributions to the EPC, especially the in-plane one.
These results are also consistent with the flat phonon bands
and peaks of α2F (ω) for frequency below 100 cm−1. The
delocalization of the EPC with increasing atomic number is
similar to the case of kagome metal CsV3Sb5 under pressure
[52].

After confirming the superconductivity in our studied sys-
tems, we now want to investigate their electronic structures
and topological states. The band structures without consider-
ing the SOC effect are shown in Figs. 3(a)–3(c). As expected,
the Dirac-like band crossing points for these three kagome
compounds locate at the K and H points. For CsTi3Te5, the
Dirac point at the H point is just on the Fermi level, whereas
the one at the K point is −160 meV below the Fermi level.
Besides, the lower half band of the Dirac point does not cross
the Fermi level. As shown by the green lines in Figs. 3(b)
and 3(c), the lower bands of the Dirac point for CsZr3Te5 and
CsHf3Te5 do cross the Fermi level. This means that the disper-
sions of the Fermi-level crossed bands are enhanced with the
increase in the atomic number. The movement of Dirac-like
band crossing points may be attributed to the change in the
Fermi energy. At M and L points, the van Hove singularities
are detected. Comparing with CsV3Sb5, the van Hove singu-
larities in CsM3Te5 are farther from the Fermi level. This kind
of Dirac-like band crossing points and van Hove singularities
are consistent with the traditional kagome materials [2,16,17].

The calculated DOS are shown in Figs. 3(d)–3(f). One can
see that the d electrons of the transition metals and the p
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FIG. 3. Band structures without the SOC effect of (a) CsTi3Te5, (b) CsZr3Te5, and (c) CsHf3Te5. The colored lines indicate the bands
crossing the Fermi level. The Dirac points and the van Hove singularities are illustrated by the light-blue circles and the purple arrows,
respectively. (d) The top panel is the total DOS and the atom-resolved DOSs. The middle and bottom panels are the orbital-resolved DOSs of
Ti and Te, respectively. (e) and (f) The same as (d) but for CsZr3Te5 and CsHf3Te5, respectively.

electrons of Te atoms contribute almost equally to the total
DOS at the Fermi energy. The contribution of Cs atoms is
negligible. The calculated DOS at the Fermi energy N (EF )
are listed in Table II. We can see that the N (EF ) exhibits
the same trend as those of λ, ωlog, and Tc, decreasing with the
increasing atomic number. Based on the original form of the
BCS theory [79,80], we can conclude the change in N (EF ) is
an important factor to the modulation of Tc. A similar relation
between N (EF ) and Tc has also been found in our previous
study of Zr [81] and two-dimensional metal hexaborides [82].
To obtain accurate orbital distribution, the orbital-resolved
DOS are calculated and are presented in Figs. 3(d)–3(f).
Comparing to the out-of-plane orbitals dxz/dyz, the in-plane
orbitals dxy/dx2−y2 and the dz2 orbitals of the transition-metal
atoms contribute dominantly around the Fermi level. For Te
atoms, the in-plane orbitals px/py also have larger contribu-
tions than the pz orbital. Recalling the modes’ contribution to
the superconductivity mentioned above, we can attribute the
superconductivity in these three kagome materials to the cou-
pling between in-plane atomic vibration modes and in-plane
electronic orbitals.

By analyzing the parity of the wave function at the time-
reversal invariant momentum (TRIM) points and the surface
states, the kagome material CsV3Sb5 was reported as the
Z2-topological metal [51]. Here, we also investigate the topo-
logical properties with including the SOC effect. Figure 4
shows the band structures of CsM3Te5 with SOC. One can
see that the van Hove singularities are robust existing at the M
and L points for CsTi3Te5 and CsHf3Te5. But for CsZr3Te5,
the van Hove singularity at the M point moves to the �-K
direction. Besides, after including SOC, two continuous band

gaps are formed across the whole BZ at the Fermi level.
For CsTi3Te5, the Dirac-like band crossing points are gapped
about 12 meV. With increasing the mass of transition metals,
the gaps at K and H points are enhanced to 24 (38) and 80
(146) meV for CsZr3Te5 (CsHf3Te5), respectively. Similar to
the kagome metal CsV3Sb5 [51], the CsM3Te5 family ma-
terials persist both inversion and time-reversal symmetries.
Given the continuous band gaps across the whole BZ, we
can calculate the Z2 indices of each bands around the Fermi
level via analyzing the parity of the wave function at the
eight TRIM points [51,83]. The calculated results are listed in
Table III. These results indicate that CsZr3Te5 and CsHf3Te5

are topological nontrivial, whereas CsTi3Te5 is topological
trivial. For those two nontrivial materials, we further calculate
their surface states on the (001) surface (see Fig. 5), which is
the easy cleavage surface with the vdW interactions. One can
see obviously that surface states of the (001) plane are 0.7 eV
below the Fermi level, which is consistent with a recent report
for CsZr3Te5 [78]. Such surface states can be raised closer
to the Fermi level by charge doping or high pressure and
further detected by the ARPES measurements. We also plot
the surface states on the (100) plane as shown in Figs. 5(b) and
5(d). For CsZr3Te5, one can see that the surface states along
the �̄′-K̄ ′ direction are 50 meV below the Fermi level, which
start from the gap at the K point. Along the K̄ ′-X̄ direction,
the surface states are splitted. When it comes to the case of
CsHf3Te5, the surface along �̄′-K̄ ′ are melted into the bulk
bands, but it still can be tracked from the �̄′ point. Comparing
to the CsZr3Te5, the surface states along the K̄ ′-X̄ direction
are not splitted. These complicated surface states may in-
duce more interesting phenomena in their transport properties.
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FIG. 4. Band structures with the SOC effect of (a) CsTi3Te5, (b) CsZr3Te5, and (c) CsHf3Te5. The colored lines indicate the bands crossing
the Fermi level. The light-blue circles and the purple arrows indicate the gapped Dirac positions and the van Hove singularities, respectively.
The colored shadows illustrate the continuous band gaps in the whole BZ.

Similar to the case of CsV3Sb5 and Au2Pb [11,84], the charac-
ters of topological nontrivial surface states and the continuous
band gaps with considering the SOC effect make us easy to
define the CsZr3Te5 and CsHf3Te5 as Z2 topological metals.

FIG. 5. Surface states in (a) (001) and (b) (100) planes for
CsZr3Te5. (c) and (d) The same as (a) and (b) but for CsHf3Te5.

Materials with the coexistence of superconductivity and
nontrivial band structure are promising candidates for realiz-
ing and investigating the topological superconductivity. There
is an apparent disadvantage for realizing superconductivity
in materials with nontrivial band structures. Normally, the
DOS near the Fermi level in topological semimetals is too
low to achieve a high superconducting transition temper-
ature. In experiments, the superconductivity is induced by
doping the topological insulators, such as Cu- or Nb-doped
Bi2Se3 [85,86], Sn1−xInxTe [87], etc. Compared to these
doped compounds, CsZr3Te5 and CsHf3Te5 show intrinsic
superconductivity and nontrivial topological superconductiv-
ity, which may be useful for designing novel topological
superconductors.

IV. CONCLUSIONS

In conclusion, we systematically investigated the super-
conductivity and topological properties of the predicted three
kagome materials CsM3Te5. The results of formation energy
and phonon dispersion confirm their stability. According to
the BCS theory, we predicted that they are medium (weak)
EPC superconductors. Interestingly, the superconducting crit-
ical temperatures of these materials are obviously larger than
those of the AV3Sb5 systems. The EPC is mainly contributed
by the in-plane atomic vibrations of Te and the in-plane elec-
tronic orbitals of M-dxy/dx2−y2 and Te px/py. Increasing the
atomic number of M from Ti to Hf, the N (EF ), λ, ωlog, and

TABLE III. Parity of the wave function at TRIMs and the Z2 indices of CsM3Te5.

Parity Product of parity

Band index � 3M A 3L � 3M A 3L Z2

CsTi3Te5 I + − − + − + + − 0
II − + + − + + + + 0
III − + + − − + + − 0

CsZr3Te5 I + − + + − − − − 0
II − + − − + − + + 1
III − − + − − + + − 0

CsHf3Te5 I + − + + − + − − 1
II − + − − + + + + 0
III − − + − − − + − 1
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Tc show decreasing trends. In their phonon spectra, there are
many flat bands, which are responsible for the sharp peaks in
the PhDOS and α2F (ω). At K and H points, many phonon
Dirac points can be found. Without considering the SOC ef-
fect, the band structures show several Dirac-like band crossing
points near the Fermi level. After including the SOC, the Dirac
points are gapped, and two continuous band gaps are formed
in crossing the Fermi level. The surface states on the (001)
surface in the valence bands and the topological nontrivial
nature clearly indicates that CsZr3Te5 and CsHf3Te5 are Z2-
topological metals. The coexistence of superconductivity and

nontrivial band structures demonstrate that these two materi-
als are promising platforms for exploring the relation between
superconductivity and topological states in kagome materials.
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