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ABSTRACT

This work presents a detailed study of the electronic structure, phonon dispersion, Z, invariant calculation, and Fermi surface of the newly
discovered kagome superconductor CsV3Sbs, using density functional theory. The phonon dispersion in the pristine state reveals two neg-
ative modes at the M and L points of the Brillouin zone, indicating lattice instability. CsV3Sbs transitions into a structurally stable 2 x 2x 1
charge density wave (CDW) phase, confirmed by positive phonon modes. The electronic band structure shows several Dirac points near the
Fermi level, with a narrow gap opening due to spin-orbit coupling (SOC), although the effect of SOC on other bands is minimal. In the
pristine phase, this material exhibits a quasi-2D cylindrical Fermi surface, which undergoes reconstruction in the CDW phase. We calculated
quantum oscillation frequencies using Onsager’s relation, finding good agreement with experimental results in the CDW phase. To explore
the topological properties of CsV3Sbs, we computed the Z, invariant in both pristine and CDW phases, resulting in a value of (vo; v1v2v3)
= (1; 000), suggesting the strong topological nature of this material. Our detailed analysis of phonon dispersion, electronic bands, Fermi
surface mapping, and Z, invariant provides insights into the topological properties, CDW order, and unconventional superconductivity in
AV3Sbs (A =K, Rb, and Cs).

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0232167
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. INTRODUCTION

In recent years, kagome metals have garnered significant
research interest due to their distinctive quantum characteristics
owing to the unique lattice structure that resembles a Japanese bam-
boo basket. The kagome lattice is composed of a two-dimensional
network of corner-sharing triangles and hexagons. A series of lay-
ered kagome metals AV3Sbs (A = K, Rb, and Cs) are found with
various intriguing complex properties such as charge density wave
(CDW) order, superconductivity (SC), Fermi crossing, band topol-
ogy with anomalous Hall effect (AHE), flatbands across the Bril-
louin zone, and van Hove singularities (VHSs)."® These properties

originate from the inherent characteristics of the kagome lattice:
spin frustration, flatbands, Dirac cones, and VHSs at various loca-
tions. So far, the series of AV3Sbs is being synthesized, modeled,
and characterized by a number of theoretical’”'* and experimen-
tal groups.”* * Our literature survey on Kagome materials indicates
that at 80-100 K, CDW arises from hexagonal AV3Sbs (A = K,
Rb, and Cs) compounds with stacked vanadium kagome layers.
The CDW phases of AV3Sbs are found to exhibit superconduct-
ing behavior with transition temperature (T,) = 0.9-2.5 K%' With
the application of pressure on AV3Sbs, two superconducting domes
have appeared with enhanced T, and no sign of a structural phase

transition.”” * In addition to the translational symmetry break-
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ing in the CDW phase, the rotation and time-reversal symmetry
breaking also appeared on cooling down toward T.”” ** CDW was
recently found in the bilayer kagome metal ScVsSng, in which the
V atoms form kagome bilayers,””*’ and also in the kagome metal
FeGe, which develops antiferromagnetic (AFM) order and results in
an improvement of the ordered moment.”””" CDW in the kagome
metal FeGe offers additional flexibility for studying the interaction
between magnetism and CDW. Despite their exceptional similarity,
it has been found that the electronic structure of the Cs compound
is very different from the K and Rb materials in AV3Sbs.””

In most studies, the majority of research on the kagome mate-
rials is focused on the SC and its relationship to CDW. However, we
have observed the limited reports on the topology, Z, invariant, and
Fermi-surface calculations. In the series of AV3Sbs (A = K, Rb, and
Cs), we are particularly interested in CsV3Sbs due to its topologically
non-trivial band structure with many Dirac-like bands crossing near
the Fermi level, the highest superconducting T, and the non-zero
topological invariant Z,, suggesting a strong candidate for further
topological investigation,””*""

There are various assumptions on the origin of the CDW
state in the AV3Sbs series. Some report that CDW state is induced
by the Peierls instability related to the Fermi surface nesting
and phonon softening,””’* while other main views on the ori-
gin of CDW state formation in the AV3Sbs series are exciton
condensation,””* momentum-dependent EPC,”"" saddle-point
nesting,’! and Jahn-Teller-like instability.’> However, solid knowl-
edge of the lattice and electronic properties of the CDW state is still
missing to understand the superconductivity and topology, which
calls for future studies. In this study, we have presented first prin-
ciples electronic calculations on the pristine and CDW states of
CsV3Sbs, providing a thorough understanding of the experimental
work. We report that the CDW transition is related to breathing-
phonon modes of the kagome lattice and mediated by the Fermi
surface instability. To confirm the topologically non-trivial band
structure, we report Wannier centers on CsV3Sbs for pristine and
CDW phases, which have been presented for the first time to our
knowledge.

Il. COMPUTATIONAL DETAILS AND NUMERICAL
SOFTWARE

Two computational codes, such as WIEN2k** and FPLO (full-
potential local-orbital)**** has been used for the electronic struc-
ture, Z, invariant, and Fermi surface calculations, as reported
recently.” "’ Vienna Ab Initio Simulation Package (VASP) has been
used for phonon dispersion calculation by using the finite displace-
ment method (FDM).*” We constructed a 3 x3x 2 (162 atoms)
and 2 x2x 2 (288 atoms) supercell for pristine and Inverse Star of
David (ISD) structures, respectively, to obtain the phonon disper-
sion curves using the phonopy package.”’ The phonon dispersion
curves are obtained by solving the following equation:

4 2 ar
> DY @)Yy = wqvs)s M
[

where the indices 7,7’ represent the atoms, a, 3 are the Cartesian
coordinates, q is a wave vector, j is a band index, D(q) represents the
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dynamical matrix, w signifies the corresponding phonon frequency,
and y is the polarization vector.

All the codes are based on the full-potential linearized aug-
mented plane wave method within a framework of density func-
tional theory (DFT). All electrons were treated within the standard
generalized gradient approximation (PBE-GGA) using the parame-
terization of Perdew, Burke, and Ernzerhof (PBE-96).”' The outer-
most electron configurations taken for the calculations are 55°5p°6s*
for Cs, 35*3p°3d°4s” for V, and 4d'°55*5p> for Sb, respectively. The
electronic bands derived from Cs-5p, V-3d, and Sb-5p are fitted to
a tight-binding Hamiltonian as in Fig. 4(a) by using the maximally
projected Wannier functions method as implemented in FPLO code
to obtain Hamiltonian data (see Fig. 3 in the supplementary material
for the ISD phase). The Wannier fitting was done using the pyfplo*
module of the FPLO package. The Hamiltonian data were used in the
Fermi surface and Z, invariant calculations. The four-component
Dirac equation was solved for full-relativistic calculations. The first
Brillouin zone was integrated within a Bloch corrected linear tetra-
hedron method using a 12 x 12 x 12 k-point mesh for the pristine
and an 18x18 x16 k-point mesh for the CDW state. The self-
consistent calculations were carried out with a spin-orbit coupling
(SOC). We have considered a 2 x 2 x 1 superlattice for CDW phase
calculation due to the presence of weak interlayer interaction. The
Fermi surfaces were generated using 5000 k-points, which produces
a dense k-point mesh of 28 x 28 x 26. From our DFT calculation,
CsV3Sbs is found to be stable with the lowest energy in a non-
magnetic state and exhibit metallic behavior, consistent with the
experimental report.””

lll. RESULTS AND DISCUSSION

The crystal structure of CsV3Sbs with the mixture of trian-
gle and layered hexagonal lattices forms the intermetallic kagome
networks,”*”” as shown in Figs. 1(a) and 1(b). In the 2D kagome
net of V atoms of CsV3Sbs, Sb is intercalated by the triangular lat-
tices and Cs atoms at the corner of the cube, forming the layered
hexagonal-prismatic symmetry with the space group P6/mmm (191)
as shown in Figs. 1(a)-1(c). The kagome net of vanadium is inter-
woven with a simple hexagonal net made up of Sb1 sites. From a
space-filling point of view, the Sbl atoms fill up the natural gap
created in the kagome plane. Structural optimization of the lattice
parameters and atomic positions on the experimentally obtained "’
structure was performed until the forces on each atom were less than
0.14 meV/A. Optimized lattice parameters opted for the calculation
area=b=543 A, c=921A, and T = 120°. The variation of @ and ¢
with the application of pressure for both the pristine and ISD phases
is presented in Table I in the supplementary material.

A. Phonon dispersion

The phonon dispersion relations of the pristine and CDW
states of CsV3Sbs at ambient pressure have been calculated from the
ab initio FDM method and shown in Figs. 1(d)-1(g). In Fig. 1(d),
we have found two negative energies of the soft acoustic phonon
modes (two imaginary phonon frequencies) at the first Brillouin
zone around M and L points. This finding is consistent with the
previous reports " and indicates a strong instability. Such insta-
bility plays an important role in driving the CDW transition. The
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FIG. 1. (a) A unit cell of CsV3Sbs. (b) Top view of CsV3Sbs layer showing kagome layer of V atoms. Atoms represented by cyan, red, and blue denote Cs, V, and Sb,
respectively. (c) Brillouin zone of the space group P6/mmm (191) and the main symmetry directions. (d) Phonon dispersions band structure and (e) density of states of the
pristine phase of CsV3Sbs at 0 GPa. Imaginary (negative) phonon frequency in (d) corresponds to the breathing mode of the kagome lattice. Such breathing instability is
related to CDW distortions. Breathing out and breathing in lead to two different structures in the CDW phase. (f) Phonon dispersions band structure and (g) density of states
of 2 x 2 x 2 ISD state of CsV3Sbs at 0 GPa. (h) Phonon dispersions band structure and (i) density of states of 2 x 2 x 2 pristine state of CsV3Sbs at 4 GPa. (j) Phonon
dispersions band structure and (k) density of states of 2 x 2 x 2 ISD state of CsV3Sbs at 2 GPa.

structural instabilities led by these soft modes, the Star of David
(SoD) and tri-hexagonal (TrH) [also named the inverse Star of David
(ISD)] structure configurations, are proposed to be the likely can-
didates for CDW structures. In Fig. 1(d), the L-point soft mode
suggests the presence of a 2 x 2 x 2 reconstruction, whereas the M-
point soft mode is associated with a breathing phonon of V atoms in
the kagome lattice. Both the symmetry points have the same in-plane

projection, which is equivalent to the vector of the CDW order.
Moving to a 2 x 2 supercell ISD structure, the imaginary frequen-
cies disappear in the phonon band spectra, as shown in Fig. 1(f).
The ISD structure forms by an inverse deformation when V1 (V2)
atoms move away (toward) the center, which is comparable to the
well-known CDW effect in 1T Ta$,.°° Breathing in and out leads
to two distinct structures, and breathing deformation reduces the
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total energy; hence, the ISD structure achieves a dynamically stable
structure.

For the confirmation of its stability in the ground state, we also
checked the ground state energies of SD and ISD structures. On
comparing the ground state energies, we found that, in the 2 x 2 x 2
CDW, the SD phase has higher energy in its ground state and relaxes
to the ISD structure spontaneously. A recent study on the stability
of CDW surfaces using a slab model has also shown that the ISD
phase is more stable with the Cs termination.”” Therefore, the ISD
structure is energetically favored over the SD.

We have also studied the pressure effect on phonon disper-
sion for low range pressure up to 6 GPa for both the pristine
and CDW phases. Phonon dispersion for both states for 1-6 GPa
has been presented in the supplementary material (Figs. 1 and 2
in the supplementary material). For the pristine phase, the imag-
inary phonon modes at M and L points gradually decrease up to
3 GPa, and they completely vanish at and above 4 GPa (Fig. 1 in
the supplementary material). It shows complete suppression of the
CDW phase with increasing pressure, which agrees with the earlier
experimental report.”® In the case of the CDW state, interestingly
imaginary phonon modes appear at 2 GPa, and they vanish at and
above 3 GPa (Fig. 2 in the supplementary material). The imaginary
phonon at 2 GPa is supposed to be due to the structural distortion,
which mainly consists of the movement of V atoms in the ab plane.
Some studies propose electronic correlations at ambient pressure
and CDW fluctuations around 2 GPa to be the main driving force
behind the formation of Cooper pairs.' >’ This imaginary phonon
mode in the CDW phase also predicts the suppression of the CDW
phase at 2 GPa, which needs further experimental examination.

B. Crystal, electronic structure, and Fermi surface

The CDW state is found to be three dimensional (3D) and mod-
ulated along the c-axis. This modulation, which is still in debate,
is either 2 x 2 x 2 or 2 x 2 x 4 for the AV3Sbs series, with 2 x 2 x 2
reported for KV3Sbs, and both 2 x 2 x 2 and 2 x 2 x 4 reported for
CsV38bs.”**"%* The 2 x 2 x 2 CDW has a similar electronic struc-
ture as the 2 x 2 x 1 one because of the weak interlayer interaction.”
For simplicity of analysis and computational capacity, we focus only
on the in-plane distortion, 2 x 2 x 1 superlattice (i.e., 2 x 2) CDW
phase in the following discussions.

The total and partial density of states (DOS) (see Fig. 3 in
the supplementary material) and orbital-resolved band structure of
CsV3Sbs for pristine and CDW phases within GGA + SOC are
shown in Fig. 2. The major contribution to the total DOS around
Er is mainly from V-3d and Sb-5p orbitals. Here, the Fermi sur-
face lies within the vanadium d-orbital. The DOS exhibits a local
minimum near Ef, an indication of a semi-metal. The calculated
orbital-resolved band structure of normal-state CsV3Sbs shows that
there are two bands (bands 67 and 68) crossing the Er. The two
bands that cross the Er around the I and A points are primarily
provided by the out-of-plane orbitals of Sb-pz, and the bands near
the M and L points are dominated by the out-of-plane orbitals of
V-d./dy.. In addition, we detect several Dirac points close to the
Er that are dominated by the in-plane orbitals of V-dy, / da_p

[Fig. 2(b)], agreeing well with the previous DFT report.”® Aside
from a set of dispersive bands around I and A, the majority of band
crossings are caused by Dirac-like features at H, K, L, and even

pubs.aip.org/aip/apq

at H-A. A fascinating aspect of the band diagram can be found if
we look at the features at the K and H points. These are not iso-
lated Dirac cones; when we look at the dispersion along K-H, it
has been found that the features are linked together, developing a
conical valley. The strength of the related interlayer coupling influ-
ences the bulk band structure. In CsV3Sbs, the interlayer coupling
is found to be weak, resulting in a quasi two-dimensional (2D)
band structure. In the band structure, four VHS points formed by
vanadium 3d orbitals around the M point near the Er are identi-
fied, which are in agreement with earlier work.">?>?2% Three of
them are near the Er, and another is just below the Er around M
point. VHSs, with their large density of states, bring about a sig-
nificant decrease in the local Coulomb interaction and also play
an important role in the different Fermi surface instabilities, which
are supported by the angle-resolved photoemission spectroscopy
(ARPES) experiment.ﬁlhj

A comparison of band structure in the pristine and charge den-
sity wave (CDW) states is shown in Figs. 2(c) and 2(f), respectively.
The general characteristics of bands in the CDW state, which has
a large number of bands due to supercell structure, are unchanged
for those that are contributed from Sb-orbitals near I' points. Dirac
cones at K and H points of BZ below Er remain unbroken in both
states [Figs. 2(c) and 2(f)], which are consistent with the earlier
report.” The bands near BZ, which are contributed by V orbitals,
have been changed in the CDW state and with the application of
SOC, which can be seen at M and L symmetry points. It is due to
2 x2x 1 distortion on the V kagome lattice and the effect of SOC
in 3d orbitals. These characters can be rationalized by the fact that
bands close to the Er are mostly contributed by V. It has been found
from the calculation that SOC affects some of the Sb-p bands, and
it also opens a small gap at the Dirac point near K [Fig. 2(c)], but it
does not alter the location of the VHS points, which are in agreement
with previous work.®* Here, we investigate that both the pristine and
CDW states have a topologically non-trivial band structure with a
non-zero Z, topological invariant for the band near Er (see detail
in Sec. I1I). From DFT calculations, the topological invariant Z; for
CsV3Sbs is found to be (vo; v1v2v3) = (15 000). This suggests a 7-Berry
phase accumulated along the cyclotron orbit, which is consistent
with the cylindrical-shaped Fermi surface as in Fig. 3.

The Fermi surface (FS) of the CsV3Sbs kagome compound for
pristine and ISD phases from the relevant band structures has been
presented in Fig. 3. Both electron and hole-like sheets have been
found in the topology, which has an important contribution while
identifying the sign of the Hall coefficient of a material.*> In the
pristine state, a cylinder-like FS is centered around the I'-point (or
along the I'-A path) for band 67 contributed by Sb-Pz states, sug-
gesting a 2D nature of the electronic properties. A big and complex
electron/hole-like hexagonal sheet (FSs) contributed by V-d states
centered around the I'-point is also obtained. A much smaller FSs
hole-like and electron-like FS sheet appears along the I'-M path and
near K-points, respectively, that are contributed by V-d states for
band 68.

On the other hand, the 2 x 2 ISD CDW distortion modifies the
FSs. The Fermi surface becomes reconstructed by the CDW pattern.
The bands near the BZ boundary at M and K are strongly modi-
fied, including the large hexagonal FS and small FSs. Different from
V-d driven FSs, the cylinder-like FSs from Sb-Pz are marginally
affected by the CDW deformation, as shown in Fig. 3. Because the
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FIG. 2. DFT calculated (a) orbital resolved electronic band structure of the pristine phase, (b) electronic band structure of pristine phase CsV3Sbs with and without SOC, (c)
orbital resolved electronic band structure of 2 x 2 x 1 CDW phase, and (d) electronic band structure of 2 x 2 x 1 CDW phase.
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breathing distortion mainly involves the V kagome lattice, the CDW
and electron lattice interactions are band selective. Our results
regarding the electronic band structure and the Fermi surface are
in good agreement with the earlier report.””

In Fig. 4, we present a comparison between the experimental
and calculated angular dependences of the Fermi surface (FS) area
for CsV3Sbs. The experimental data are adapted from Ref. 8. The
Onsager relationship® was used to convert the theoretical Fermi
surface cross-sectional areas into oscillatory frequencies for com-
parison with the experimental values. As seen from the graph, the
theoretically calculated frequencies are in good agreement with the
experimental data.

C. Z, Invariant calculation

The topological behavior of the materials is called strong or
weak based on four Z, topological invariants (vo; viv2v3), which
is proposed by Fu-Kane.”” ® If vy = 1, and other indices (vivavs)
are equal to zero, the material is classified as strong topological
material; if vo = 0 and any of the indices (viv2v3) is equal to one,
it is weak topological material. In the former case, the time reversal
symmetry (TRS)-protected surface states are present on all facets,
while in the latter case, such surface states are present only on cer-
tain facets. The bands that change the Z,-invariant from trivial to
non-trivial or vice versa we call topologically active bands, whereas
the ones that do not change Z, are called topologically in-active
bands. Formally topological activity can be calculated separately for
all (even crossing) bands. The change in topological nature, how-
ever, only manifests itself in a warped or real gap above the last
active band. For the pristine and ISD structure model of CsV3Sbs,

Z, invariants were calculated through Fu-Kane indices.’® This com-
putation was carried out directly from the PW92 band structure,
resorting to an approximate Wannier representation. DFT calcu-
lations were done with FPLO code using the GGA in the PW92
parameterization. The self-consistent calculations were carried out
with spin-orbit coupling (SOC) included. The band structure of the
pristine and CDW phases also displays non-trivial band inversion. "
For both cases, we calculated the Z, topological invariants and
found that both pristine and CDW phases have (vo; viv2v3) = (1;
000), which is consistent with previous reports.”*” Hence, the com-
pound CsV3Sbs is categorized as being rich with strong topological
behavior, providing clear evidence of non-trivial topological band
structures.

We confirmed the automatized calculation of these invariants
by visual inspection of the Wannier centers as shown in Fig. 5(b).
These Wannier centers on CsV3Sbs for pristine and CDW phases
have been presented for the first time to our knowledge. A clean
straight reference line can be drawn for 6 Fig. 5(b), which only
crosses this center and hence crosses an odd number of Wannier
centers, which results in Z, = 1. This and the fact that we can visu-
ally connect the Wannier center curves in a reasonably smooth way
convince us that the topological indices are 1; (000). For trivial cases,
there will be a region around 6 where the reference line passes with-
out crossing or even a number of curves cross in Wannier center
curves. Hence, we get 0; (000).

The Wannier centers and reference line for homo 67 for the
pristine phase of CsV3Sbs are presented in Fig. 5(b) (see Fig. 5 in the
supplementary material for the ISD phase). Here, Wannier centers
where the last suffix indicates in which plane we are. zo is a (1/2 1/2
0) plane through the origin in primitive reciprocal basis, while x1, y1,
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FIG. 5. (a) Wannier model bands (red/green) fitted from fplo. (b) Wannier centers and reference line for homo 67. The x1, y1, and z1 planes have zero Z; invariant, while
plane z0 is non-trivial. (c) Non-trivial Z, invariant Wannier center curve representation in the plane spanned by the TRIM.

and z; denote (0 1/2 1/2), (1/2 0 1/2), and (0 1/2 1/2) planes through
(1/200), (01/2 0), and (0 0 1/2).

It can be clearly seen that the x1, y1, and z; planes have a region
(6 = 0.5 or else) where a reference line can pass without any centers
crossing in Fig. 5(b), which indicates trivial nature, while in the zo-
plane, an odd number of curves cross any reference line [see Fig. 5(c)
for reference], which indicates plane zy is non-trivial. We also con-
firm this by the algorithm that we use, which has been set as the
reference line is printed with blue weights if the number of cen-
ters crossed so far is even and in red weights if the number is odd.
If the last data point is odd, the invariant is non-trivial. A version
of this algorithm’’ is linked directly into FPLO. In the end, we call
the invariant odd if a majority of these gap-following curves indicate
oddness, as shown in Fig. 5.

IV. SUMMARY

By means of density functional calculations, we studied the
pressure effect of low range pressure on phonon dispersion for
both the pristine and CDW phases of CsV3Sbs. We found that
the calculated phonon dispersion relations on the pristine state of
CsV3Sbs at ambient pressure show two negative energies of the
soft acoustic phonon modes at the first Brillouin zone around M
and L points, consistent with the previous reports. This structural
instability is the cause of the 2 x 2 reconstruction and CDW phase.
Interestingly, imaginary phonons appear in the CDW phase at 2 GPa
due to structural distortion, which suggests the suppression of the
CDW phase. We have also carried out DFT calculations for elec-
tronic structures and Fermi surfaces. A strong 2D characteristic is

seen, which has a cylinder-shaped Fermi surface centered near T
and a large hexagonal Fermi surface in its vicinity in the pristine
phase. Our DFT calculations confirmed that the Fermi surface of
CsV3Sbs reconstructs in the CDW phase. From Fu-Kane indices
and a version of the algorithm linked directly into FPLO, we cal-
culated Z; invariants for both states of CsV3Sbs. For both cases,
we calculated the Z, topological invariants and found that both
pristine and CDW phases have (vo; vivav3) = (1; 000), which is
consistent with previous reports. We also confirmed the non-trivial
topological band structures by presenting with Wannier center
curves. The detailed Fermi surface and Z, invariant information for
CsV3Sbs and the corresponding DFT calculations reported here will
be essential to comprehending the superconductivity, charge density
wave, and topological phase in CsV3Sbs and other AV3Sbs family
members.

SUPPLEMENTARY MATERIAL

The supplementary material contains information about the
thermodynamical stability via phonon dispersion calculation, band
structure and density of states of pristine and 2 x 2 x 2 ISD states of
CsV3Sbs at different pressures (3-6 GPa) as shown in Figs. 1 and 2.

Figure 3 presents the quality of Wannier fitting with the DFT
band 2 x 2 x 2 ISD state of CsV3Sbs.

The non-trivial Z, invariant Wannier center curve for the
2 x 2 x 218D structure of CsV3Sbs is shown in Fig. 4. Table I shows
the calculated lattice parameters along with the experimental
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results for pristine and ISD CsV3Sbs in P6/mmm (191)
symmetry.
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