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Structural instability and charge modulations in the kagome superconductor AV;Sbs
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Recently, both charge density wave (CDW) and superconductivity have been observed in the kagome com-
pounds AV;Sbs. However, the nature of the CDW that results in many novel charge modulations is still under
hot debate. Based on the first-principles calculations, we discover two kinds of CDW states in AV3Sbs, namely,
the trimerized-hexamerized 2x2 phase and the dimerized 4x1 phase. Our phonon spectrum and electronic
Lindhard function calculations reveal that the most intensive structural instability in AV;Sbs originates from
a combined in-plane vibration mode of V atoms through the electron-phonon coupling, rather than the Fermi
surface nesting effect. More importantly, a metastable 4x1 phase with the V-V dimer pattern and twofold
symmetric bow-tie-shaped charge modulation is revealed in CsV;Sbs. Further analyses demonstrate that both
the in-plane phonon instability and ¢ direction interaction play important roles during the 4 x 1 phase formation,
which provides key understanding for the mechanism of the 4x1 CDW and relative novel phenomena in

CSV3Sb5.
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I. INTRODUCTION

Kagome materials are a unique platform to study topolog-
ical physics [1], flat bands [2], geometrical spin frustration
[3], and their interactions. In the beginning, large band gap
kagome magnets were widely studied as a promising quan-
tum spin liquid system [4-8]. Encouraged by the quantum
anomalous Hall (QAH) effect initially proposed for the ferro-
magnetic kagome material Cs,LiMn3F;, [1], the topological
physics [9-11], electronic correlated flat bands [2,12], and
quantum transport induced by the nontrivial Berry curvature
[13,14] in kagome metals have attracted increasing inter-
est. Additionally, the interplay between electronic correlation,
magnetic frustration, and topology usually gives rise to a
variety of intriguing quantum phenomena [15], including the
fractional QAH effect [16], topological phase transition [17],
spin or charge density waves (SDWs or CDWs) [18,19], and
superconductivity [20-22]. Recently, a new family of quasi-
two-dimensional (quasi-2D) kagome metals AV3Sbs (A = K,
Rb, Cs) was synthesized [23] and was reported to host topo-
logical bands [24], unconventional superconductivity [25,26],
Van Hove singularities (VHSs), and CDW [27-31], which
provides a natural platform to study the interplay among these
quantum states.

The pristine AV3Sbs compounds share the same layered
structure satisfying space group P6/mmm (No. 191), where A
atoms at the 1a (0, 0, 0) site form the triangle lattice, V atoms
atthe 3g (%, 0, %) site form a kagome layer, Sb1 atoms at 15 (0,

0, %) occupy the center of the V hexagon, and Sb2 atoms at 4h
(%, %, z) form two honeycomb layers. These materials undergo
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a CDW transition while cooling down to about 80-100 K
[25,27,28] and enter the superconducting phase with T, =
0.9-2.5 K [25,26,32]. For the CDW phase, a 2x2 or 2x2x2
superlattice with trimerization and hexamerization of V atoms
(referred to as a T&H phase) was discovered in KV;Sbs [27]
and CsV3Sbs [29,33]. An additional 4x1 CDW phase was
further observed by scanning tunneling microscopy (STM)
experiments in CsV3Sbs when the samples were cooled down
to 50 K [34-37]. Some theoretical and experimental works
suggested that the CDW might originate from the electron cor-
relation [19,38—47]. Some x-ray scattering and angle-resolved
photoemission spectroscopy (ARPES) experiments suggested
that it is mainly induced by the Fermi surface (FS) nesting
of the VHS at the M points [48]. One calculation study at-
tributed the driving force of CDWs to the Jahn-Teller effect
[49]. Very recently, more and more calculations, ARPES, and
neutron scattering experiments have proposed that the 2x2
CDW phase in AV3Sbs is driven by the phonon instability
through the electron-phonon coupling (EPC) [50-59]. For the
4x1 CDW, Zhao et al. proposed that it may be associated
with the bulk electronic nematicity [36,37], while Li et al.
attributed it to the surface instability and electron correlation
[60]. Therefore, the nature of the CDW and its relation to the
electronic structures, EPC, electron correlation, and supercon-
ductivity remain under hot debate for AV3Sbs.

In this paper, we construct a variety of supercells to study
the structural instability and charge modulation in AV3Sbs
based on the first-principles calculations. Our calculations
reveal that the most stable structure in AV3Sbs is the 2x2
T&H phase. Further phonon spectrum and Lindhard function
calculations demonstrate that such CDW instability is mainly
driven by a combined in-plane vibration mode of V atoms,
rather than the FS nesting effect. Such a vibration gives rise

©2022 American Physical Society
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FIG. 1. The top view of V atom movements. (a)—(g) are the 2x 2 supercells satistying (a) and (b) D¢, (T&H and SD, respectively), (¢) Cgp,
(d) D34, (€) D3y, (f) Csp, and (g) Cs,, while (h) and (i) are the 4x 1 Dimer phase and 2x 1 Dimer phase, respectively. The blue arrows represent
the pure in-plane movements, and the green (cyan) arrows represent the in-plane movements accompanied by a slight upward (downward)

shift along the ¢ direction.

to a negative phonon mode at the M point, which can be
hardened after the trimerization and hexamerization of V
atoms in the T&H phase. More importantly, a metastable 4 x 1
phase with a V-V dimer pattern is also discovered in CsV3Sbs
and originates from a combined effect of the negative A,(M)
phonon mode locking and the ¢ direction interaction. A
twofold symmetric bow-tie-shaped charge modulation is
reported in the 4x1 phase, which can well explain the
electronic nematicity [37] and twofold resistivity anisotropy
in CsV3Sbs [35]. These results shed light on the understanding
of the 4 x 1 phase and relative novel phenomena in CsV3Sbs.

II. CALCULATION METHODS

Our first-principles calculations are carried out using
the Vienna Ab-initio Simulation Package (VASP) [61-63].
The generalized gradient approximation of the Perdew-
Burke-Ernzerhof type is adopted for the exchange-correlation
potential [64]. The cutoff energy for the wave function ex-
pansion is set to 500 eV, and a 16x16x9 k mesh is used
to sample the first Brillouin zone. The experimental lattice
parameters a = 5.48 A, ¢ = 8.958 A (KV3Sbs) and a = 5.44
A, ¢c=933 A (CsV3Sbs) are used [29], and all structures
are optimized until the force on each atom is less than 0.01
eVv/ A. The unfolded band structures of CsV3Sbs are obtained
from the Wannier functions using WANNIER90 [65] and the
WANNIERTOOLS package [66].

III. RESULTS AND DISCUSSION

Considering that many experimental results indicate the
time-reversal symmetry breaking in AV3Sbs [24,27,67-71],
we study the magnetic instability by calculating many mag-
netic configurations. However, the energies always return to
the nonmagnetic (NM) state (see more details in Fig. 5 and
Table III in the Appendix), indicating the absence of mag-
netism at the density functional theory level. These results
are consistent with recent experiments [23,72], implying that
the time-reversal symmetry breaking effect may come from
many-body effects, including the exotic CDW instability.

According to the above calculations, we will study the
structural instability of AV3Sbs based on just the NM calcu-
lations for different supercells and structural distortions. First,
let us focus on the structural instability of KV3Sbs. For this
purpose, we construct a 2 x 2 supercell from the pristine phase
and lower its symmetry by adjusting the coordinates of V
atoms. As a result, the seven structural configurations shown
in Figs. 1(a)-1(g) are obtained. We notice that the T&H phase
in Fig. 1(a) and Star of David (SD) phase in Fig. 1(b) both
satisfy the point group D, and Figs. 1(c)—1(g) satisfy the Cey,
D34, D3y, C3p, and Cs, point groups, respectively. To find the
most stable structure, all of the above superlattices and the
pristine structure of KV3Sbs are optimized. The calculated
energies are listed in Table I. It demonstrates that the T&H
phase with the shrunk trimers and hexamers of the V atoms is
the most stable one, which agrees well with previous exper-
iments and calculations [27,29]. Further analysis shows that,
after the optimization, the V atoms in many other structures
tend to the same movements as that in the T&H phase. These
results indicate that the trimerization and hexamerization of V
atoms play important roles in stabilizing the crystal structure
in AV3 Sb5

Very similar results and conclusions are obtained for the
2x2 superlattice of CsV3Sbs (see more details in Table IV
in the Appendix). Therefore, we just select the T&H phase

TABLE 1. The energy of KV;Sbs for different structures.

Structure Energy (eV/f.u.)
Pristine —50.511
T&H —50.519
SD —-50.514
Cen, —50.518
D5y —-50.514
Dy, —50.518
Cs —-50.514
Csy —-50.514
4 x 1 Dimer —50.513
2 x 1 Dimer —50.513
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TABLE II. The energy of CsV3Sbs for different structures.

Structure Energy (eV/fu.)
Pristine —50.571
Structure Energy (eV/fu.)

2x2) (2 x 2x2)
T&H —50.586 —50.586
Cen —50.585 —50.585
Dsy —50.575 —50.575
G, —50.575 —50.575
Structure Energy (eV/f.u.)
4x1 Dimer —50.5741
2x 1 Dimer —50.5727

and Cgp,, D34, and G, types of structures as representatives
and list their results in Table II. Furthermore, starting from the
2x2 structures, we also construct the corresponding 2 x2x2
structural configurations by modulating the V atoms along the
¢ direction. The calculated energies of the optimized 2x2x 2
structures are the same as those of the corresponding 2x2
structures, as shown in Table II. Therefore, we conclude that
the primary driven force for the 2x2 or 2x2x2 CDW in
AV3Sbs mainly comes from the in-plane instability.

More importantly, a metastable 4x 1 phase, accompanied
by the V-V in-plane dimer movements and slight ¢ direction
shifts, as shown in Fig. 1(h), is also discovered for the bulk and
film calculations of CsV3Sbs, which corresponds to the recent
experimental observations very well [34-36]. As shown in II,
the energy of such a 4x 1 supercell is 3 meV/f.u. lower than
that of the pristine phase and 12 meV/f.u. higher than that
of the T&H phase. Moreover, the 2x1 supercell with pure
in-plane V atom movements shown in Fig. 1(i) is constructed
and optimized. The calculated energy of the 2x 1 phase with
pure in-plane V-V dimers is 1.4 meV/f.u. higher than that in
the 4 x 1 phase with tiny c¢ direction shifts. In addition, we also
perform the calculations for the 4x 1 phase and 2x 1 phase in
KV;Sbs, although they have not been reported in the experi-
ment. The calculated results as listed in Table I demonstrate
that both the 4x1 phase and 2x1 phase in KV3Sbs are 2.0
meV /f.u. lower than its pristine structure. These results reveal
that, besides the in-plane V-V dimer instability, some tiny
¢ direction interaction, which is absent in KV3Sbs, plays a
crucial role during the 4 x 1 phase formation in CsV3Sbs.

To check whether the CDW instability originates from the
FS nesting and the Peierls instability as pointed out by the
recent x-ray scattering and ARPES experiments [48,73], we
calculate the FSs of the pristine KV3Sbs and plot the top view
in Fig. 2(a). The FSs of KV3Sbs have quasi-2D characteristics
with a columnar FS around the I" center, while other tripris-
matic FSs surround the K point. As a result, the FSs do not
show any overlap when shifting them by the vector b, /2 or
by /2, and only a weak FS nesting effect can be induced by
shifting two small vectors, ¢ and ¢>, as shown in Fig. 2(a).
The Lindhard response function xo(q) is straightforward ev-
idence of the FS nesting instability [74]. The real part x'(g)

Energy (meV)

FIG. 2. (a) The top view of the FSs of KV;Sbs along the (001)
direction. Two red arrows represent two small nesting vectors, ¢
and 4. (b) Normalized 2D Lindhard response function xo(g) in the
b1-b; plane. (¢) The phonon spectrum of pristine CsV3Sbs. (d) The
A, vibration modes of V atoms at three M points, where the gray
circles represent the V atoms, and the blue, green, and red arrows
represent the vibration at the M, (w, 0, 0), M, (0, m, 0), and M3
(r, , 0) points, respectively. The black arrows denote the combined
vibrations for each V atom.

and imaginary part x”(g) of the Lindhard response function
Xo(q) are solved as follows [38]:

, fle) — flerrq)

= —_ - 1

X' @) ; po— M

Jim x"(q.)/0 = 8(er — €r)d(erag — ). (2)
k

We calculate the 2D renormalized xo(g) of KV3Sbs and plot it
in Fig. 2(b). Obviously, no peaks of x((g) appear at the nesting
vectors b /2 and by /2 that correspond to the 2x2 supercell.
Figure 2(b) just exhibits some weak peaks at small ¢, i.e., §)
and ¢ in Fig. 2(a). These results strongly demonstrate that the
CDW instability in AV3Sbs is not from the FS nesting effect.

Next, we focus our attention on the phonon spectrum of
AV3Sbs and display the results for CsV3Sbs to study the
structural instability induced by EPC. The calculated phonon
spectrum of pristine CsV3Sbs is plotted in Fig. 2(c). As re-
ported in Ref. [48], no phonon anomaly appears at the I" point.
However, an optical softening phonon with A, representation
is observed at the M (7, 0, 0) point in Fig. 2(c), which corre-
sponds to the vibration of V atoms along the (010) direction
as illustrated by the blue arrows in Fig. 2(d). Furthermore,
the A, modes at the other two M points, i.e., M»(0, 7, 0)
and M3(m, , 0), give rise to the vibration of V atoms along
the (100) and (110) directions, respectively. Combining the
A, modes at the three M points, the total vibration modes
are consistent with movements of V atoms in the T&H or
SD phase. To strengthen such a softening mode, one natural
manner is to shorten the distance between V atoms, which
occurs in the T&H phase [see the black arrows in Fig. 2(d)].
Thus, our results demonstrate that the EPC plays a crucial role
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FIG. 3. (a) The projected band structures of pristine CsV;Sbs.
(b) and (c) The unfolded band structures of the 2x2 T&H phase
and 4 x 1 Dimer phase, respectively. The blue and dark green arrows
indicate VHS points and Dirac points, respectively. (d) The DOS of
CsV;3Sbs in the pristine phase (red), 2x2 T&H phase (blue), and 4 x 1
Dimer phase (green).

in the formation of the 2 x2 or 2x2x2 CDW phase in AV3Sbs,
which is very consistent with a very recent neutron scattering
experiment [52].

For the metastable 4x 1 phase, only the negative A, mode
at the M, (s, 0, 0) point should be folded into the I" point,
which could give rise to a V-V dimer similar to those shown
in Figs. 1(h) and 1(i) by locking the corresponding vibra-
tions. Such a physical picture agrees well with the finding in
Ref. [37] that the 4x 1 phase is related to the bulk electronic
nematicity. However, we should point out that the A (M)
mode locking can lead to only the 2x1 phase without ¢
direction shifts, as shown in Fig. 1(i), rather than the 4x1
phase shown in Fig. 1(h). These results indicate that both the ¢
direction interaction and in-plane dimer instability originating
from the Ag(M;) mode play crucial roles in stabilizing the
4x1 phase, which is consistent with our energy comparison
between the 2x 1 and 4 x 1 phases.

In the following, we discuss the changes in the electronic
properties between different structural phases. In Fig. 3(a),
we plot the projected band structure of pristine CsV3Sbs.
Consistent with a previous report [23], there are many VHS
points and Dirac points close to the Fermi level, resulting in
a relatively high density of states (DOS) at the Fermi level
[Ne, = 8.92 state/(eV f.u.)]. After the 2x2 reconstruction,
most of the VHS points and Dirac points are gapped, as
shown in Fig. 3(b), which leads to a DOS transformation
from the Fermi level to the higher or lower energy. We notice
that nonzero Berry curvature is usually associated with the
gapped Dirac points [75], which may be the reason for the
observed anomalous Hall effect [24,68]. In the metastable
4x1 Dimer phase, only the spectral weight contributed by
the VHS points at the M point is weakened, while the Dirac
points are marginally affected, as shown in Fig. 3(c). So weak

(@

FIG. 4. (a) and (b) The differential charge density distribution in
the V kagome layer of CsV3Sbs in the 2x2 T&H phase and 4x 1
Dimer phase, respectively.

DOS suppression is observed. We summarize the change in
the DOS in Fig. 3(d), which demonstrates that the 2x2 and
4x 1 reconstructions lead to different DOS suppressions at the
Fermi level and give rise to Ng, = 2.84 state/(eV f.u.) for the
2x2 T&H phase and Ng, = 6.93 state/(eV f.u.) for the 4x1
Dimer phase.

Finally, we calculate the differential charge density dis-
tribution of the 2x2 T&H and 4x1 Dimer CsV3Sbs, i.e.,
the real-space charge difference between the CDW phase and
pristine phase, which reveals the real-space charge modulation
directly and can be compared with the STM observations
qualitatively. The differential charge density distribution in
the V kagome layer is plotted in Fig. 4. In the 2x2 T&H
phase, the bonds of V trimers (2.57 A) and hexamers (2.68 A)
are shorter than those of the pristine kagome lattice (2.72 A).
Particularly, Fig. 4(a) illustrates that the charge density in the
V trimers is higher than that in the V hexamers, indicating a
stronger charge assembling effect in the trimer, which agrees
well with previous experimental and theoretical results [30].
On the other hand, the charge density modulation in the 4x 1

5 e
ook ' o soPugePy
1.9 09 g

FIG. 5. (a) The crystal structure of AV3;Sbs with the FM configu-
ration. (b) Top view along the hexagonal ¢ axis to show the V kagome
layer with the 120°-AFM configuration. The red arrows represent the
magnetic moment direction of V atoms.
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TABLE III. The energy of pristine KV;Sbs for different mag-
netic configurations. The magnetic moment (MagMom) with/
without spin-orbit coupling (SOC) are listed.

Without SOC With SOC
Energy MagMom Energy MagMom
State (eV) () (eV) ()
NM —50.511 0.00 —50.837 0.00
FM —50.511 0.00 —50.837 0.00
120°-AFM —50.511 0.00 —50.837 0.00

Dimer phase is quite different from that in the 2x2 T&H
phase. As illustrated in Fig. 4(b), the V atoms in the 4x1
Dimer phase tend to form the V-V dimers along the (010)
direction with a bond length of 2.62 A. These results indicate
that competition between dimerization and trimerization may
exist in CsV3Sbs. More importantly, a twofold-symmetric
bow-tie-shaped charge accumulation emerges, as shown in
Fig. 4(b). Such charge modulation may be responsible for
the twofold resistivity anisotropy in CsV3Sbs [35]. Last, we
would like to note that the charge modulation in the 4 x 1 phase
is somewhat weaker than that in the 2x2 T&H phase, which
is consistent with the analysis of their electronic structures in
Fig. 3.

IV. SUMMARY

In summary, our results indicate that both the 2x2 and
4x1 CDWs originate from the phonon instability instead of
the FS nesting effect. The most stable 2x2 T&H phase can
be obtained by locking the combined in-plane vibration of V
atoms to eliminate all negative A, phonon modes at three M
points. This conclusion agrees well with many of the latest
experimental observations [29,30,70]. More importantly, a
metastable 4x 1 phase with a V-V dimer and bow-tie-shaped
charge modulation is discovered in CsV3Sbs. Our calcula-
tions demonstrated that, besides the in-plane dimer instability
induced by the A, mode at the M; (7, 0, 0) point, the ¢
direction interaction plays a crucial role in stabilizing the
4x1 phase rather than the 2x 1 phase. These results provide
key understanding of the mechanism of the 4x1 phase and
relative novel phenomena in CsV3Sbs, such as the electronic
nematicity [37] and twofold resistivity anisotropy [35].

TABLE IV. The energy of CsV;Sbs for different structures.

Structure Energy (eV/f.u.)
Pristine —50.571
Structure Energy (eV/f.u.)

(2x2) (2x2x2)
T&H —50.586 —50.586
SD —50.575 —50.575
Cen —50.585 —50.585
D3y —50.575 —50.575
Dy, —50.585 —50.585
Cy, —50.575 —50.575
Csy —50.575 —50.575
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APPENDIX

Considering that much experimental evidence of time-
reversal symmetry (TRS) breaking has been reported for
AV;3Sbs [24,27,67-71], we carry out a series of calculations
for the ferromagnetic (FM) configuration [Fig. 5(a)] and
in-plane antiferromagnetic configuration with a 120° angle
(120°-AFM) [Fig. 5(b)] to study their magnetic instability.
Since the results for KV3Sbs and CsV3Sbs are the same, we
just list the calculated results for KV3Sbs in Table III, which
demonstrates that the FM and AFM configurations always
return to the nonmagnetic (NM) state and their energies are
the same as that of the NM state. These results are consistent
with recent experiments [23,72], which reported that KV3Sbs
is a paramagnetic material. Our results imply that these TRS
breaking effects may come from the charge density wave tran-
sition or the correlation effect. In Table IV, we calculate the
energy of seven structural configurations as well as 2x2x2
supercell for CsV3Sbs. These results are similar to KV3Sbs.
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