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To understand the alkali-metal-dependent material properties of recently discovered AV3Sb5 (A
= K, Rb, and Cs), we conducted a detailed electronic structure analysis based on first-principles
density functional theory calculations. Contrary to the case of A = K and Rb, the energetic
positions of the low-lying Van Hove singularities are reversed in CsV3Sb5, and the characteristic
higher-order Van Hove point gets closer to the Fermi level. We found that this notable difference can
be attributed to the chemical effect, apart from structural differences. Due to their different orbital
compositions, Van Hove points show qualitatively different responses to the structure changes. A
previously unnoticed highest lying point can be lowered, locating close to or even below the other
ones in response to a reasonable range of bi- and uni-axial strain. Our results can be useful in better
understanding the material-dependent features reported in this family and in realizing experimental
control of exotic quantum phases.

I. INTRODUCTION

Recently discovered superconducting kagome metals
AV3Sb5 (A = K, Rb, and Cs) have attracted wide at-
tention because they host multiple quantum phases in-
tertwined with each other, including charge density wave
(CDW), superconductivity, and nematic order [1–11].
The CDW instability is commonly observed in the tem-
perature range below TCDW ∼ 78–102K. Below TCDW,
other types of unconventional breakings of time-reversal
[12–17] and rotational symmetry [5–7, 18–21] have been
reported as well. The superconducting phase is stabilized
at TSC ∼ 1–3K [1, 3].
While these features are common to these metals with

some degree of quantitative differences, distinctive fea-
tures or material dependence have also been clearly ob-
served. For example, scanning tunneling microscopy
(STM) studies have reported a 4 × 1 charge order in
CsV3Sb5 [4, 8, 22] and RbV3Sb5 [13, 23, 24], whereas
it is not observed in KV3Sb5 [5, 8, 12]. The CDW modu-
lation pattern along the c-axis direction varies depending
on the type of alkali metal. To the best of our knowledge,
the additional 4c0 modulation has only been reported in
CsV3Sb5 [25–29]. Discrepancies were also noted between
recent nuclear quadrupole resonance (NQR) [30, 31] and
angle-resolved photoemission spectroscopy (ARPES) ex-
periments [32–35]. The superconducting phase diagram
as a function of doping appears to be different as well:
A ‘second dome’ above 35% Sn doping was reported for
A = Cs [33, 36], whereas KV3Sb5 and RbV3Sb5 seem
to exhibit a single-dome superconductivity [33, 36, 37].
A qualitative difference in superconducting gap symme-
try was also noticed. Guguchia et al. [38] recently re-
ported that KV3Sb5 and RbV3Sb5 undergo the nodal-
to-nodeless gap transition as a function of pressure, but
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this was not observed for A = Cs [39–41]. In the pres-
sure phase diagram, TSC approaches zero below 20–28.8
GPa for KV3Sb5 and RbV3Sb5 [42]. According to Yu et
al. [43], on the other hand, the second superconducting
dome for CsV3Sb5 persists up to a hydrostatic pressure
of 150 GPa.

For a clearer understanding of this intriguing kagome
metal family, it is therefore important to have detailed
material-specific information as well as further experi-
mental clarification of the controversial issues. Here,
we note the principal roles of the Van Hove singular-
ity (VHS) on which many previous theoretical and ex-
perimental studies focused [44–53]. As an important in-
trinsic characteristic of the kagome lattice band, VHS is
considered to be the main source of the wide variety of
cascading instabilities observed in this system. At least
there are three VHSs have been identified in the vicin-
ity of the Fermi level (EF ) [54–56]. Apparently, several
different phases can emerge out of VHSs in combination
with electronic correlation [44–48, 51–53]. Furthermore,
a detailed electronic structure analysis has revealed the
intriguing nature of VHSs, such as the unexpectedly im-
portant role of the out-of-plane Sb-p state and the differ-
ent energy sequences depending on A [54, 56–59]. Still,
this is far from being a clear understanding of the mate-
rial’s specific characters.

In this paper, we perform first-principles electronic
structure calculations based on density functional theory
(DFT) together with a tight-binding analysis. In partic-
ular, we focus on the different VHS structures in three
different materials of A = K, Rb, and Cs. The ener-
getic position and the orbital character of the four VHSs
are examined in a comparative manner. The inverted se-
quence of two low-lying VHSs (one of which is known to
have a high-order nature and can possibly enhance the
rotational symmetry-broken charge order [49, 50, 52]) is
found only in CsV3Sb5. This notable difference is at-
tributed solely to chemistry rather than the structural
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difference. Because of the different orbital compositions,
the four VHSs show qualitatively different responses to
uni- and bi-axial strain. The highest-lying VHS (named
VHS4), which was not previously noticed, can be lowered
enough to be comparable with other VHSs. Our results
provide useful information to help understand the in-
triguing A-cation dependence observed in this family and
to explore the possible control of their quantum phases.

II. COMPUTATIONAL DETAILS

We carried out first-principles DFT calculations us-
ing projector augmented-wave (PAW) method [60] in
the Vienna ab initio simulation package (VASP) [61–
63]. We used the generalized gradient approximation
(GGA) as parameterized by Perdew, Burke, and Ernz-
erhof (PBE) for the exchange-correlation functional [64]
and ‘Grimme’s DFT-D3’ method in the zero-damping
variant [65] for the van der Waals correction. Both lat-
tice parameters and internal coordinates were optimized
until the residual forces became less than 1 meV/Å. For
further electronic analysis, we also used the OpenMX
[66, 67] package. For OpenMX pseudo-atomic basis or-
bitals, we employed s2p2d1 for K and Rb, s2p2d1f1 for
Cs, s3p2d2 for V, and s2p1d2f1 for Sb. The atomic
cutoff radii for the alkali atoms of K, Rb, and Cs were
10.0, 11.0, and 12.0 Bohr, respectively. The radii for
V and Sb were chosen to be 6.0, and 7.0 Bohr, respec-
tively. The 12×12×6 k-point mesh and the 400 Ry en-
ergy cutoff were used. We used our ‘DFTforge’ [68] code
to analyze the detailed electronic structure further. The
charge analysis was conducted with the Löwdin trans-
formation [69]. Tight-binding analysis was performed
by constructing maximally localized Wannier functions
using the Wannier90 interfaced with OpenMX [70, 71].
In addition, the calculation results were double-checked
using the ‘HSE(Heyd-Scuseria-Ernzerhof)-06’ exchange-
correlation functional [72]. For this calculation, 6 × 6 × 4
Γ-centered k-points and the energy cutoff of 500 eV were
used. The energy criterion was set to 10−7eV. As GGA
gives rise to the better agreement with ARPES data, we
present it as our main result.

III. RESULTS AND DISCUSSION

The crystal structure of AV3Sb5 belongs to the
P6/mmm space group (No. 191). As shown in Fig. 1, a
V3Sb

in layer contains a V-kagome net with Sbin (in-plane
Sb atoms) occupying the vacant center positions of the V
hexagons. Sbout (out-of-plane Sb), forming a honeycomb
lattice, is located above and below V3Sb

in. Alkali metals
are interposed between V3Sb5 layers so that the inter-
layer distance depends on the size of A. Our geometry
optimization gives rise to a = b = 5.423Å and c = 8.886Å
for K, a = b = 5.437Å and c = 9.056Å for Rb, and a =
b = 5.453Å and c = 9.308Å for Cs. These values are in

(a)

(b) (c)
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FIG. 1. (a) Top view of kagome metal AV3Sb5 (A = K, Rb,
and Cs). The yellow, red, gray, and black spheres represent
A, V, Sbout, and Sbin atoms, respectively. The connecting red
line shows the V-kagome lattice. (b) Three-dimensional view
of the AV3Sb5 crystal structure. The magenta- and cyan-
colored arrows indicate the local x- and z-axes, respectively.
(c) The local structure of the VSb6 octahedron where six Sb
atoms (Sbout and Sbin) surround a V atom. The magenta-
and cyan-colored arrows show the same local axes.

good agreement with experiments [1] as well as previous
calculations [54–56].

A. Electronic structure

The important common features of the three alkali
metal variants in terms of their electronic structure
include the electron-like Fermi pocket at Γ, multiple
VHSs at M, and Dirac crossing at K point, which has
been scrutinized in a previous first-principles calculation
and angle-resolved photoemission spectroscopy (ARPES)
[49, 50, 54–56, 73, 74]; see Figs. 2(a–c). Of particular in-
terest among them are the VHSs, as they are deemed to
be responsible for the multiple ordered phases cascading
with lowering temperature [44–48]. For convenience, we
took CsV3Sb5 as a reference and indexed the four VHSs
in the increasing order of their energy; VHS1, VHS2,
VHS3, and VHS4 (see Fig. 2(c)). As shown in Figs. 2(a–
c), VHS1 and VHS2 are commonly located below EF ,
whereas VHS3 and VHS4 are above. In the literature,
the highest-lying VHS4 has been on the periphery of at-
tention, as it is located far away from EF .
To analyze the orbital characters of the VHSs, we chose

a local axis coordinate considering the geometry of the
VSb6 octahedron [56]; see Fig. 1(c). Each orbital com-
ponent is represented by different colors in Fig. 2. VHS1
and VHS2 are composed mainly of V-dxz/yz and V-dxy,
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FIG. 2. (a–g) The orbital-projected band structures of (a) and (d) KV3Sb5, (b) and (e) RbV3Sb5, and (c) and (f) CsV3Sb5.
The shaded region around M in (a)–(c) is highlighted (d)–(f). The Fermi level is set to zero. The dark orange, purple, green,
blue, and red colors represent the orbital characters of Sb-p, V-d3z2-r2 , V-dx2-y2 , V-dxz/yz, and V-dxy, sequentially. The orbital
projection was performed based on the local coordinates for all three kagome metals as shown in Fig. 1(c). The arrows indicate
the location of four Van Hove singularities at M point. The labeling of each VHS follows the energetic sequence in CsV3Sb5.

respectively, with their weights more than 60% for all
three cases of K, Rb, and Cs (see Table I). The contribu-
tion from Sbout-p at VHS1 and VHS2 is relatively small;
less than 5%. For VHS3 and VHS4, on the other hand,
the Sbout-p contribution is sizable, as partly discussed in
a previous study of A = Cs [56]. For A = Cs, the Sbout-
p portion is about 30% at VHS3 and VHS4. For A =
K (Rb), it is 26% (28%) and 23% (30%) at VHS3 and
VHS4, respectively.

Another important point is the relative position of
VHS1 and VHS2 depending on A. Let us first note that,
in A = K and Rb (Figs. 2(a) and (b)), VHS2 is lower in
energy than VHS1, whereas their positions are reversed
in CsV3Sb5. This was noted by Labollita and Botana
[54]. In fact, VHS2 gradually moves upward from −132
meV for K to −108 and −62 meV for Rb and Cs. On the
contrary, VHS1 shows a decreasing trend; EVHS1 = −90,
−104, and −126 meV for K, Rb, and Cs, respectively. In
KV3Sb5 and RbV3Sb5, EVHS2 is lower than EVHS1, and
as a result, VHS1 is located closer to EF , which is not
the case for Cs.

It is noted that the ‘higher-order’ nature of VHS2 has
been highlighted in previous studies [49, 50, 56, 75, 76].
The faster divergence of its density of states and the
weaker Fermi surface nesting were presumed to be im-
portant for, e.g., nematic charge order and nodal super-
conductivity [52, 77–79]. Thus, the closer location in
CsV3Sb5 to the Fermi energy can possibly be related to

the observed difference in characteristics from those of
KV3Sb5 and RbV3Sb5.

B. Chemical effect

To elucidate the underlying origin of this intriguing
material dependence of VHSs, it is important to exam-
ine the effects coming from chemistry and structure. Fig-
ure 3 summarizes the calculated results of VHS positions
with the fixed atomic structures. Figures 3(a–c) corre-
spond to the structures optimized with A = K, Rb, and
Cs, respectively. In each structure, we performed three
different calculations, with the insertion of A = K, Rb,
and Cs. It was noted that VHS1 moves downward in its
energy as the alkali ion gets heavier (with the fixed ge-
ometry; see blue lines), whereas VHS2 goes upward (red
lines). In the case of A = K structure (Fig. 3(a)), for
instance, VHS1 was found at −90, −110, and −145 meV
with A-site substitution of K, Rb, and Cs, respectively.
VHS2 was at −132, −119, and −78 meV for K, Rb, and
Cs, respectively. This feature is commonly observed in
all three structural cases, as presented in Figs. 3(b) and
(c). Interestingly, with A = Cs, the relative positions
of VHS1 and VHS2 were always found to be reversed;
namely, EVHS1 < EVHS2 regardless of the structure. It
is, therefore, solely attributed to the ‘chemical effect’ of
the alkali metals on the energetics of the VHSs [80].
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(a) (b) (c)

FIG. 3. (a-c) The calculated VHS positions in the fixed crystal
structures. The optimized (a) KV3Sb5, (b) RbV3Sb5, and
(c) CsV3Sb5 structures were used with different A element
substitutions. The Fermi level is set to zero for all cases. The
blue, red, brown, and orange colors represent VHS1, VHS2,
VHS3, and VHS4, sequentially.

This finding was partly supported by our tight-binding
analysis. Our parameterization based on maximally lo-
calized Wannier functions gives rise to the A-site s-orbital
on-site energies of −1.325, −1.209, and −1.003 eV, re-
spectively, for KV3Sb5, RbV3Sb5, and CsV3Sb5. This is
consistent with the increasing trend observed for VHS2,
which has the non-negligible portion of A-s contribution
(see Table I). The same was also true for VHS3 and A-p
whose on-site energies were found to be 0.301, 0.537, and
0.758 eV for A = K, Rb, and Cs, respectively. Although
the chemical effect of A cation cannot wholly be captured
by two tight-binding parameters, and the real band dis-
persion is quite complicated near EF , it provides useful
information.

Given that VHS(s) in the vicinity of EF is the key
to inducing multiple quantum phases in this family [52,
77–79], the characteristic features of CsV3Sb5 distinctive
from KV3Sb5 and RbV3Sb5 can possibly be related to its
VHS energetics. It is also noteworthy that VHS2 is the
only one presumed to be higher-order in nature [49, 50].
A detailed and systematic further study focusing on this
relation could be a useful future direction.

C. Structural effect

The structure effect on the VHS positions can also be
seen in Figs. 3(a–c). Let us consider the case ofA=K, for
example. The energy location of VHS2 becomes higher
in the optimized structure with a heavier alkali-metal;
EVHS2 = −132, −120, and −106 meV in the optimized
structure of KV3Sb5, RbV3Sb5, and CsV3Sb5, respec-
tively. The increasing feature is also observed in VHS1.
On the other hand, the behavior of VHS3 and VHS4 is
the opposite; namely, their energies get lower in the ge-
ometry optimized with heavier alkali atoms. The down-
ward shifting of VHS4 is significantly greater, and indeed,

(a) (b) (c)

(d) (e) (f)

FIG. 4. (a–c) The energetic positions of four VHSs in AV3Sb5

(A = K, Rb, and Cs) in response to compressive (negative
sign) and tensile (positive sign) strain up to ±3% along c-
axis. (d–f) The calculated positions of the VHSs under biaxial
compressive and tensile strains along the a-b axis. The blue,
red, brown, and dark orange colors represent VHS1, VHS2,
VHS3, and VHS4, respectively. The Fermi energy is set to be
zero.

the Sbout-p portion is greatest in VHS4. For detailed
quantitative information on the orbital components in
each VHS, see Table I. Further analysis based on maxi-
mally localized Wannier functions also showed that the
tight-binding hopping parameter between V-dx2-y2 and
Sbout-p exhibits sizable dependence on the correspond-
ing structural change.

D. Tuning the energy levels of VHSs by strain

The above result motivated us to investigate the pos-
sible use of strain to control the VHS positions. Fig-
ures 4(a–c) show the calculated VHSs in response to the
c-lattice parameter change. While this uniaxial strain
effect is relatively weak for VHS1 and VHS2, VHS3
and VHS4 were significantly affected, and both gradu-
ally shifted down toward EF as the c lattice parameter
increased. While this result is consistent with a previ-
ous study by Consiglio et al. [55], our analysis provides
additional information and insight, especially for VHS4.
Taking KV3Sb5 as an example, VHS4 is located at +288
meV at zero strain, and it decreases to ∼ +244 meV at
+3% tensile strain (see Fig. 4(a)). On the other hand,
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TABLE I. The calculated orbital portions of the four VHSs in AV3Sb5 (A = K, Rb, and Cs). The orbital projections were
performed with atomic radii of RV = 6.0, RSb = 7.0, RK = 10.0, RRb = 11.0, and RCs = 12.0 Bohr. The other orbital portions
not shown here are approximately 30–35%.

Unit (%)
A-s V-dxy V-dx2−y2 Sbin-p

VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4
KV3Sb5 0.00 3.21 0.00 0.00 0.00 64.72 0.00 0.00 0.00 0.00 1.31 31.88 0.00 0.00 4.96 0.00
RbV3Sb5 0.00 2.84 0.00 0.00 0.00 64.49 0.00 0.00 0.00 0.00 0.77 32.82 0.00 0.00 5.45 0.00
CsV3Sb5 0.00 2.50 0.00 0.00 0.00 64.05 0.00 0.00 0.00 0.00 0.26 34.62 0.00 0.00 6.19 0.00

Unit (%)
A-p V-dxz/yz V-d3z2−r2 Sbout-p

VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4 VHS1 VHS2 VHS3 VHS4
KV3Sb5 0.00 0.00 1.13 0.00 74.80 0.01 30.22 0.00 0.00 0.92 0.00 0.00 5.07 3.77 26.69 30.46
RbV3Sb5 0.00 0.00 1.09 0.00 74.77 0.01 29.31 0.00 0.00 1.23 0.00 0.00 4.89 4.25 27.99 30.77
CsV3Sb5 0.00 0.00 1.82 0.00 74.59 0.01 28.17 0.00 0.00 1.95 0.00 0.00 4.89 5.42 28.94 29.64

VHS1 and VHS2 are originally located at −90 meV and
−132 meV, respectively, and they move to −101 meV
and −132 meV at +3% strain. Once again, this no-
tably different response between the two lower (VHS1
and VHS2) and higher energy VHSs (VHS3 and VHS4)
is attributed to the different orbital characters involved
in their formation; see Table I. Further control may be
feasible by employing biaxial strain. Figs. 4(d–f) shows
that a qualitatively different response in VHS positions
can be obtained with biaxial strain. From compressive
to tensile strain (along the a and b-axis), VHS1, VHS2,
and VHS3 moved toward the higher energy, whereas the
VHS4 position got lower, just as in the uniaxial case. The
response of VHS3 is so sizable that its relative position to
VHS4 is eventually reversed under a large tensile strain
limit in RbV3Sb5 and CsV3Sb5; see Figs. 4(e) and (f).

IV. CONCLUSIONS

In summary, we investigated the alkali-metal-
dependent electronic structure of AV3Sb5 (A = K, Rb,
and Cs) to understand the previously reported intrigu-
ing material dependence. Our calculation results show

that the energetic positions of low-lying Van Hove sin-
gularities in CsV3Sb5 are distinctive from those of A =
K and Rb, and the characteristic higher-order Van Hove
point is located closer to EF . Detailed electronic analy-
ses revealed that this notable difference can be attributed
to chemical effects apart from structures. Additionally,
the different orbital compositions lead the four VHSs to
exhibit qualitatively different responses to strain. In par-
ticular, the highest-lying VHS4 can be lowered enough to
be comparable with other VHSs. This distinct response
of VHS4 to strain demonstrates the useful potential for
strain engineering of these materials. Our findings pro-
vide valuable insights into understanding the A-cation
dependence observed in experiments and shed new light
on understanding recent experiments and approaches to
controlling the intertwined quantum phases in this ma-
terial family.

V. ACKNOWLEDGEMENTS

We thank Sergey Savrasov for the useful discussion.
This work was supported by the National Research Foun-
dation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIT) (Grant Nos. 2021R1A2C1009303 and
RS-2023-00253716).

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

[2] B. R. Ortiz, S. M. L. Teicher, Y. Hu, J. L. Zuo, P. M.
Sarte, E. C. Schueller, A. M. M. Abeykoon, M. J.
Krogstad, S. Rosenkranz, R. Osborn, R. Seshadri, L. Ba-
lents, J. He, and S. D. Wilson, CsV3Sb5: A Z2 topolog-
ical kagome metal with a superconducting ground state,
Phys. Rev. Lett. 125, 247002 (2020).

[3] B. R. Ortiz, P. M. Sarte, E. M. Kenney, M. J. Graf,
S. M. L. Teicher, R. Seshadri, and S. D. Wilson, Super-
conductivity in the Z2 kagome metal KV3Sb5, Phys. Rev.
Mater. 5, 034801 (2021).

[4] H. Zhao, H. Li, B. R. Ortiz, S. M. L. Teicher, T. Park,
M. Ye, Z. Wang, L. Balents, S. D. Wilson, and
I. Zeljkovic, Cascade of correlated electron states in
the kagome superconductor CsV3Sb5, Nature 599, 216
(2021).

[5] H. Li, H. Zhao, B. R. Ortiz, T. Park, M. Ye, L. Ba-
lents, Z. Wang, S. D. Wilson, and I. Zeljkovic, Rotation
symmetry breaking in the normal state of a kagome su-
perconductor KV3Sb5, Nat. Phys. 18, 265 (2022).

[6] L. Nie, K. Sun, W. Ma, D. Song, L. Zheng, Z. Liang,
P. Wu, F. Yu, J. Li, M. Shan, D. Zhao, S. Li, B. Kang,
Z. Wu, Y. Zhou, K. Liu, Z. Xiang, J. Ying, Z. Wang,
T. Wu, and X. Chen, Charge-density-wave-driven elec-
tronic nematicity in a kagome superconductor, Nature
604, 59 (2022).

[7] Y. Xu, Z. Ni, Y. Liu, B. R. Ortiz, Q. Deng, S. D. Wil-
son, B. Yan, L. Balents, and L. Wu, Three-state nematic-

https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1103/PhysRevLett.125.247002
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1103/PhysRevMaterials.5.034801
https://doi.org/10.1038/s41586-021-03946-w
https://doi.org/10.1038/s41586-021-03946-w
https://doi.org/10.1038/s41567-021-01479-7
https://doi.org/10.1038/s41586-022-04493-8
https://doi.org/10.1038/s41586-022-04493-8


6

ity and magneto-optical Kerr effect in the charge density
waves in kagome superconductors, Nat. Phys. 18, 1470
(2022).

[8] H. Li, H. Zhao, B. R. Ortiz, Y. Oey, Z. Wang, S. D.
Wilson, and I. Zeljkovic, Unidirectional coherent quasi-
particles in the high-temperature rotational symmetry
broken phase of AV3Sb5 kagome superconductors, Nat.
Phys. 19, 637 (2023).

[9] Y. Zhong, S. Li, H. Liu, Y. Dong, K. Aido, Y. Arai,
H. Li, W. Zhang, Y. Shi, Z. Wang, S. Shin, H. N.
Lee, H. Miao, T. Kondo, and K. Okazaki, Testing
electron–phonon coupling for the superconductivity in
kagome metal CsV3Sb5, Nat. Commun. 14, 1945 (2023).

[10] Y. Zhong, J. Liu, X. Wu, Z. Guguchia, J.-X. Yin,
A. Mine, Y. Li, S. Najafzadeh, D. Das, C. Mielke,
R. Khasanov, H. Luetkens, T. Suzuki, K. Liu, X. Han,
T. Kondo, J. Hu, S. Shin, Z. Wang, X. Shi, Y. Yao,
and K. Okazaki, Nodeless electron pairing in CsV3Sb5-
derived kagome superconductors, Nature 617, 488
(2023).

[11] Y. Luo, Y. Han, J. Liu, H. Chen, Z. Huang, L. Huai,
H. Li, B. Wang, J. Shen, S. Ding, Z. Li, S. Peng, Z. Wei,
Y. Miao, X. Sun, Z. Ou, Z. Xiang, M. Hashimoto, D. Lu,
Y. Yao, H. Yang, X. Chen, H.-J. Gao, Z. Qiao, Z. Wang,
and J. He, A unique van Hove singularity in kagome
superconductor CsV3−xTaxSb5 with enhanced supercon-
ductivity, Nat. Commun. 14, 3819 (2023).

[12] Y.-X. Jiang, J.-X. Yin, M. M. Denner, N. Shumiya, B. R.
Ortiz, G. Xu, Z. Guguchia, J. He, M. S. Hossain, X. Liu,
J. Ruff, L. Kautzsch, S. S. Zhang, G. Chang, I. Belopol-
ski, Q. Zhang, T. A. Cochran, D. Multer, M. Litskevich,
Z.-J. Cheng, X. P. Yang, Z. Wang, R. Thomale, T. Ne-
upert, S. D. Wilson, and M. Z. Hasan, Unconventional
chiral charge order in kagome superconductor KV3Sb5,
Nat. Mater. 20, 1353 (2021).

[13] N. Shumiya, M. S. Hossain, J.-X. Yin, Y.-X. Jiang,
B. R. Ortiz, H. Liu, Y. Shi, Q. Yin, H. Lei, S. S.
Zhang, G. Chang, Q. Zhang, T. A. Cochran, D. Multer,
M. Litskevich, Z.-J. Cheng, X. P. Yang, Z. Guguchia,
S. D. Wilson, and M. Z. Hasan, Intrinsic nature of chi-
ral charge order in the kagome superconductor RbV3Sb5,
Phys. Rev. B 104, 035131 (2021).

[14] Z. Wang, Y.-X. Jiang, J.-X. Yin, Y. Li, G.-Y. Wang,
H.-L. Huang, S. Shao, J. Liu, P. Zhu, N. Shumiya, M. S.
Hossain, H. Liu, Y. Shi, J. Duan, X. Li, G. Chang, P. Dai,
Z. Ye, G. Xu, Y. Wang, H. Zheng, J. Jia, M. Z. Hasan,
and Y. Yao, Electronic nature of chiral charge order in
the kagome superconductor CsV3Sb5, Phys. Rev. B 104,
075148 (2021).

[15] C. Mielke, D. Das, J.-X. Yin, H. Liu, R. Gupta, Y.-
X. Jiang, M. Medarde, X. Wu, H. C. Lei, J. Chang,
P. Dai, Q. Si, H. Miao, R. Thomale, T. Neupert,
Y. Shi, R. Khasanov, M. Z. Hasan, H. Luetkens, and
Z. Guguchia, Time-reversal symmetry-breaking charge
order in a kagome superconductor, Nature 602, 245
(2022).

[16] R. Khasanov, D. Das, R. Gupta, C. Mielke, M. Elender,
Q. Yin, Z. Tu, C. Gong, H. Lei, E. T. Ritz, R. M. Fer-
nandes, T. Birol, Z. Guguchia, and H. Luetkens, Time-
reversal symmetry broken by charge order in CsV3Sb5,
Phys. Rev. Res. 4, 023244 (2022).

[17] C. Guo, C. Putzke, S. Konyzheva, X. Huang,
M. Gutierrez-Amigo, I. Errea, D. Chen, M. G. Vergniory,
C. Felser, M. H. Fischer, T. Neupert, and P. J. W. Moll,

Switchable chiral transport in charge-ordered kagome
metal CsV3Sb5, Nature 611, 461 (2022).

[18] Y. Sur, K.-T. Kim, S. Kim, and K. H. Kim, Opti-
mized superconductivity in the vicinity of a nematic
quantum critical point in the kagome superconductor
Cs(V1−xTix)3Sb5, Nat. Commun. 14, 3899 (2023).

[19] P. Wu, Y. Tu, Z. Wang, S. Yu, H. Li, W. Ma, Z. Liang,
Y. Zhang, X. Zhang, Z. Li, Y. Yang, Z. Qiao, J. Ying,
T. Wu, L. Shan, Z. Xiang, Z. Wang, and X. Chen, Unidi-
rectional electron–phonon coupling in the nematic state
of a kagome superconductor, Nat. Phys. 19, 1143 (2023).

[20] T. Asaba, A. Onishi, Y. Kageyama, T. Kiyosue, K. Oht-
suka, S. Suetsugu, Y. Kohsaka, T. Gaggl, Y. Kasahara,
H. Murayama, K. Hashimoto, R. Tazai, H. Kontani, B. R.
Ortiz, S. D. Wilson, Q. Li, H.-H. Wen, T. Shibauchi, and
Y. Matsuda, Evidence for an odd-parity nematic phase
above the charge-density-wave transition in a kagome
metal, Nat. Phys. 20, 40 (2024).

[21] G. He, L. Peis, E. F. Cuddy, Z. Zhao, D. Li, Y. Zhang,
R. Stumberger, B. Moritz, H. Yang, H. Gao, T. P. De-
vereaux, and R. Hackl, Anharmonic strong-coupling ef-
fects at the origin of the charge density wave in CsV3Sb5,
Nat. Commun. 15, 1895 (2024).

[22] H. Li, D. Oh, M. Kang, H. Zhao, B. R. Ortiz, Y. Oey,
S. Fang, Z. Ren, C. Jozwiak, A. Bostwick, E. Rotenberg,
J. G. Checkelsky, Z. Wang, S. D. Wilson, R. Comin, and
I. Zeljkovic, Small fermi pockets intertwined with charge
stripes and pair density wave order in a kagome super-
conductor, Phys. Rev. X 13, 031030 (2023).

[23] J. Yu, Z. Xu, K. Xiao, Y. Yuan, Q. Yin, Z. Hu,
C. Gong, Y. Guo, Z. Tu, P. Tang, H. Lei, Q.-K. Xue, and
W. Li, Evolution of Electronic Structure in Pristine and
Rb-Reconstructed Surfaces of Kagome Metal RbV3Sb5,
Nano Lett. 22, 918 (2022).

[24] Y.-X. Meng, C.-L. Xue, L.-G. Dou, W.-M. Zhao, Q.-W.
Wang, Y.-J. Xu, X. Liu, W. Xia, Y. Guo, and S.-C. Li,
Manipulating charge density wave state in kagome com-
pound RbV3Sb5, Chin. Phys. B 32, 096801 (2023).

[25] B. R. Ortiz, S. M. L. Teicher, L. Kautzsch, P. M. Sarte,
N. Ratcliff, J. Harter, J. P. C. Ruff, R. Seshadri, and
S. D. Wilson, Fermi surface mapping and the nature of
charge-density-wave order in the kagome superconductor
CsV3Sb5, Phys. Rev. X 11, 041030 (2021).

[26] Q. Stahl, D. Chen, T. Ritschel, C. Shekhar, E. Sadrollahi,
M. C. Rahn, O. Ivashko, M. v. Zimmermann, C. Felser,
and J. Geck, Temperature-driven reorganization of elec-
tronic order in CsV3Sb5, Phys. Rev. B 105, 195136
(2022).

[27] L. Kautzsch, B. R. Ortiz, K. Mallayya, J. Plumb,
G. Pokharel, J. P. C. Ruff, Z. Islam, E.-A. Kim, R. Se-
shadri, and S. D. Wilson, Structural evolution of the
kagome superconductors AV3Sb5 (A = K, Rb, and Cs)
through charge density wave order, Phys. Rev. Mater. 7,
024806 (2023).

[28] Q. Xiao, Y. Lin, Q. Li, X. Zheng, S. Francoual, C. Plueck-
thun, W. Xia, Q. Qiu, S. Zhang, Y. Guo, J. Feng, and
Y. Peng, Coexistence of multiple stacking charge density
waves in kagome superconductor CsV3Sb5, Phys. Rev.
Res. 5, L012032 (2023).

[29] J. Deng, R. Zhang, Y. Xie, X. Wu, and Z. Wang, Two el-
ementary band representation model, fermi surface nest-
ing, and surface topological superconductivity in AV3Sb5

(A = K, Rb, Cs), Phys. Rev. B 108, 115123 (2023).

https://doi.org/10.1038/s41567-022-01805-7
https://doi.org/10.1038/s41567-022-01805-7
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41567-022-01932-1
https://doi.org/10.1038/s41467-023-37605-7
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41586-023-05907-x
https://doi.org/10.1038/s41467-023-39500-7
https://doi.org/10.1038/s41563-021-01034-y
https://doi.org/10.1103/PhysRevB.104.035131
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1103/PhysRevB.104.075148
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1038/s41586-021-04327-z
https://doi.org/10.1103/PhysRevResearch.4.023244
https://doi.org/10.1038/s41586-022-05127-9
https://doi.org/10.1038/s41467-023-39495-1
https://doi.org/10.1038/s41567-023-02031-5
https://doi.org/10.1038/s41567-023-02272-4
https://doi.org/10.1038/s41467-024-45865-0
https://doi.org/10.1103/PhysRevX.13.031030
https://doi.org/10.1021/acs.nanolett.1c03535
https://doi.org/10.1088/1674-1056/acd8b1
https://doi.org/10.1103/PhysRevX.11.041030
https://doi.org/10.1103/PhysRevB.105.195136
https://doi.org/10.1103/PhysRevB.105.195136
https://doi.org/10.1103/PhysRevMaterials.7.024806
https://doi.org/10.1103/PhysRevMaterials.7.024806
https://doi.org/10.1103/PhysRevResearch.5.L012032
https://doi.org/10.1103/PhysRevResearch.5.L012032
https://doi.org/10.1103/PhysRevB.108.115123


7

[30] C. Mu, Q. Yin, Z. Tu, C. Gong, P. Zheng, H. Lei,
Z. Li, and J. Luo, Tri-hexagonal charge order in kagome
metal CsV3Sb5 revealed by 121Sb nuclear quadrupole res-
onance, Chin. Phys. B 31, 017105 (2022).
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