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Charge density wave and pressure-dependent superconductivity in the kagome metal CsV;Sbs: A
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The kagome metals AV3;Sbs (A = K, Rb, and Cs) have received intensive research interest due to the
presence of charge density waves (CDWs), Z, topological surface states, and intriguing pressure-dependent
superconductivity. Using first-principles calculations, here we study the origin of the CDW order in CsV;Sbs and
its superconducting properties under pressure up to 45 GPa. We reveal that the momentum-dependent electron-
phonon coupling (EPC) effect plays an important role in the formation of the CDW order. Upon compression,
the movement of the van Hove singularity, which induces the change in the density of states at the Fermi

level, as well as the redistribution of the EPC, can explain the experimentally observed double superconducting
domes. The main contribution to the EPC is varied from in-plane vibrational modes in superconducting area I
(2-15 GPa) to out-of-plane modes in superconducting area II (15-45 GPa). Our observations clarify the origin
of the CDW order and shed some light on understanding the experimental observations of pressure-dependent

superconductivity in CsV;Sbs.
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I. INTRODUCTION

The kagome lattice, composed of two corner-sharing tri-
angles, has attracted considerable attention due to its inherent
geometrical frustration inducing many intriguing phenomena,
such as chiral physics [1-3], spin liquid states [4,5], magnetic
topological states [6,7], the anomalous Hall effect (AHE)
[8-10], superconducting states [11,12], etc. Recently, Ortiz
et al. discovered a new family of kagome metals, AV3;Sbs
(A =K, Rb, and Cs), which exhibit a structurally perfect
kagome net of vanadium [13]. The transport properties and
scanning tuning microscopy (STM) measurements revealed
that the AV3Sbs family materials undergo a charge den-
sity wave (CDW) transition with transition temperatures of
Tepw = 80, 102, and 94 K for A = K, Rb, and Cs [14-19],
respectively. When the temperature decreases to 2.5, 0.93,
and 0.92 K, CsV3Sbs, KV3Sbs, and RbV3Sbs, respectively,
enter a superconducting ground state [12,14-16,19,20]. Band
structure calculations showed that AV3Sbs metals have multi-
ple topologically nontrivial band crossings in close proximity
to the Fermi level [12,13,20], consistent with angle-resolved
photoemission spectroscopy (ARPES) measurements and ob-
servations of Shubnikov—de Haas oscillations [12,14,15]. In
addition, the concurrence of the AHE was also reported in
CsV3Sbs and KV3Sbs [17,21]. Such rich quantum phenomena
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make the AV3Sbs family the star materials to investigate the
relationship among CDW order, superconductivity, and non-
trivial electronic states, sparking intense research interest.
High pressure can effectively manipulate the crystal struc-
tures and further tune the corresponding band structures and
properties without introducing impurities. It has been widely
used to induce superconductivity and study the relationship
between superconductivity and other phenomena, such as
CDWs in TaS; [22,23] and magnetoresistance in MoTe, and
WTe, [24,25]. For the AV3Sbs family materials, the su-
perconductivity shows unique pressure-dependent characters.
Recently, two research groups studied the evolution of CDWs
and superconductivity in CsV3Sbs under high pressure via
electrical transport and magnetic susceptibility measurements
[26,27]. They reported a double-peak superconducting phase
diagram before reaching the pressure of 9 GPa. The maximum
superconducting transition temperature 7, of 8§ K was ob-
served at ~2 GPa, when the CDW is completely suppressed.
Such pressure-induced double-peak superconducting behav-
ior was also found in its isostructural compounds KV;Sbs
and RbV;Sbs [28-30]. By further increasing the pressure,
Zhang et al. observed the gradual decrease and disappearance
of the superconductivity from 0.8 to 7.5 GPa in CsV3Sbs
[31]. Then, they reported the reemergence of the supercon-
ductivity in CsV3Sbs at around 16.5 GPa, which keeps robust
up to 47.9 GPa and was attributed to a pressure-induced
Lifshitz transition [31]. Some other groups also studied the
pressure-controlled CDW order and the superconductivity
in CsV3Sbs up to 50 GPa [19,32,33]. The CDW order is
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monotonically suppressed, and the superconductivity exhibits
a pressure-dependent double-dome phase diagram. However,
the details of the electronic structure and electron-phonon
coupling (EPC) properties of the kagome lattice CsV3Sbs are
scarce from a theoretical point of view.

In this paper, we have systematically investigated the
electronic properties and the EPC of the kagome metal
CsV3Sbs via first-principles calculations. Our calculated re-
sults of phonon dispersion and phonon linewidth show that
the momentum-dependent EPC plays a significant role in the
formation of the CDW order. The electronic density of states
(DOS) at the Fermi level [N (EF)] is changed by external pres-
sure. The van Hove singularity as well as the EPC is greatly
modulated. According to our results, the pressure-dependent
evolution of the superconductivity is still within the frame-
work of the Bardeen-Cooper-Schrieffer (BCS) theory. The
vibration mode analysis shows that the main contribution to
the superconductivity is varied from in-plane phonon modes
to the out-of-plane phonon modes with increasing pressure.
The soft phonon mode, which is in tight relation with the EPC,
gradually disappears in the g, = 0.5 plane and reappears in
the g, = 0 plane. In addition, the nontrivial Z, nature remains
robust under pressure up to 45 GPa. Our observations clarify
the origin of the formation of CDW order and are conducive to
understanding the experimental observations of the pressure-
dependent superconductivity in CsV3Sbs.

II. COMPUTATIONAL DETAILS

The first-principles calculations were performed based on
density functional theory (DFT) as implemented in the QUAN-
TUM ESPRESSO package [34]. The interaction between the
electrons and ionic cores was treated by the ultrasoft pseu-
dopotentials [35]. The exchange-correlation interaction was
described by the generalized gradient approximation (GGA)
and parameterized by the Perdew-Burke-Ermnzerhof functional
[36]. In order to conduct the van der Waals correction accu-
rately, the zero-damping DFT-D3 functional was employed
in all the calculations [37]. The cutoff energies of the wave
functions and charge density were set as 60 and 600 Ry,
respectively. The Gaussian smearing method was used to
calculate the charge density with a smearing parameter of
o =0.01 Ry. All structures were fully relaxed until the
Hellmann-Feynman force acting on each atom was less than
10~° Ry/A, and the convergence criterion for self-consistent
calculations was set to be 107% Ry. The Brillouin zone (BZ)
was sampled on a 10 x 10 x 6 mesh of k points. Phonon
dispersion curves of the normal state were calculated based
on density functional perturbation theory [38], where a denser
20 x 20 x 12 k-point grid and a 5 x 5 x 3 g-point grid were
employed for the EPC calculations. The phonon-related cal-
culations were carried out without including the spin-orbit
coupling (SOC) effect, because it is less important in de-
scribing the vibrational properties [39—41]. The surface states
were calculated by the iterative Green’s function as provided
in the WANNIERTOOLS package [42,43], where a tight-binding
method based on the maximally localized Wannier function
(MLWF) was employed [44,45].

FIG. 1. (a) Crystal structure of CsV3;Sbs. The Cs, V, and Sb;
(Sb,) atoms are presented as purple, orange, and azure (steel blue)
balls, respectively. (b) The graphite net formed by Sb, atoms
(top) and the two-dimensional kagome lattice formed by V atoms
(bottom).

III. RESULTS AND DISCUSSION

A. Crystal and electronic structures at zero pressure

The V-based kagome metal CsV3Sbs was previously syn-
thesized by the self-flux method and was characterized by
x-ray diffraction [12,14]. It crystallizes in a hexagonal space
group of P6/mmm (No. 191). As shown in Fig. 1(a), the
crystal is formed by V;Sbs slabs stacking along the ¢ axis
through van der Waals interactions, while the Cs atoms insert
themselves into the adjacent slabs. The V atoms form a perfect
kagome lattice in the V-Sb slab. The Sb atoms occupy two
unequal atomic positions: Sb; and Sb,. The Sb; atoms locate
at the centers of the hexagons in the V-Sb slabs, while the Sb,
atoms form a graphite net, as displayed in Fig. 1(b). Due to
the layered nature of the CsV3Sbs structure, we use DFT-D3
to obtain accurate structural parameters; DFT-D3 has been
proven to be an effective method for the structure optimization
of the kagome metals AV3Sbs [46-49]. The fully relaxed
lattice constants a and c are 5.454 and 9.330 A, respectively,
which are comparable to previous experimental and theoret-
ical results [12,13,50]. The calculated orbital-resolved band
structure of normal-state CsV3Sbs is shown in Fig. 2(a). With-
out including the SOC, there are two bands crossing the Fermi
level. The two bands crossing the Fermi level around the I" and
A points are mainly contributed by the out-of-plane orbitals of
Sb p, (orange balls), and the bands around the M and L points
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FIG. 2. (a) Orbital-resolved band structure without SOC and
(b) and (c) Fermi surfaces of the pristine phase of CsV3Sbs. In (a),
the van Hove singularities are marked with green and yellow arrows,
and the multiple Dirac points are marked with magenta arrows.
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are dominated by the out-of-plane orbitals of V d../d,, (green
balls). These results are consistent with the previous DFT
results [14,27]. Figures 2(b) and 2(c) show the correspond-
ing Fermi surfaces, which show quasi-two-dimensional and
highly anisotropic characters. Such highly two-dimensional
character favors the formation of the CDW order through the
nesting scattering [18]. For the kagome lattice CsV3Sbs, there
are three van Hove singularities (or saddle points) located at
I' (=398 meV), M (—74meV), and L (193 meV) points, as
shown in Fig. 2(a). While the former one (the yellow arrow)
is mainly composed of the Sb p, orbitals, the latter two (the
green arrows) are mainly contributed from the out-of-plane
orbitals of V d,.. Using the optical spectroscopy method, Zhou
et al. attested that the van Hove singularity nesting is very
important in driving the CDW instability in CsV3Sbs [51]. We
also find multiple Dirac points, which are dominated by the
in-plane orbitals of V d,,/d,>_, in proximity to the Fermi
level (the purple arrows), agreeing well with one previous
DFT report [52].

After including SOC, as shown in Supplemental Fig. S1(a)
[53], a symmetry-enforced continuous direct gap near the
Fermi level as marked by the color shade creates a nontrivial
topological invariant. In Supplemental Figs. S1(b) and S1(c)
and Supplemental Table SI [53], we show the calculated
surface states and parity of the bands at the time-reversal in-
variant momentum (TRIM) points, respectively. Both of them
identify the kagome structure of CsV;Sbs as a Z, topological
metal [12].

B. Origin of CDW order under ambient pressure

The magnetization, electrical resistivity, and heat capacity
of the kagome metal CsV3Sbs exhibit a clear anomaly at 94 K
[12], suspected to be an electronic instability. It was subse-
quently confirmed as a 2 x 2 x 2 CDW transition by STM,
hard x-ray scattering, and ARPES measurements [18,54,55].
The mainstream views on the origin of the CDW formation in
two-dimensional materials are Fermi-surface nesting [56,57],
momentum-dependent EPC [58-60], and exciton condensa-
tion (electron-hole coupling) [61,62]. The CDW formation
in the kagome metal CsV3Sbs was previously understood as
the electronic instability [46], saddle-point nesting [51], and
Jahn-Teller-like instability [63], etc.

The Fermi-surface nesting is always evaluated by calcu-
lating the electron susceptibility [59,64]. Using the calculated
Fermi surface in Figs. 2(b) and 2(c), we calculate the electron
susceptibility as plotted in Supplemental Fig. S2 [53]. We find
that both positions of the maximal real and imaginary parts
(around % I'M) of the electron susceptibility deviate from
the Qcpw. This fact clearly indicates that the Fermi-surface
nesting effect cannot account for the formation of the CDW
order in CsV3Sbs. Besides, the exciton condensation espe-
cially works for some semimetals, such as TiSe, [61,62]. Thus
here we evaluate the momentum-dependent EPC effect on
the formation of the CDW order in CsV3Sbs. Our calculated
phonon dispersions of the normal-state CsV3Sbs under ambi-
ent pressure are shown in Fig. 3(a). We find two remarkably
imaginary phonon points locating at the high-symmetry points
of M and L, consistent with one previous report [46]. Both of
those points have the same in-plane projection (%a*), which
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FIG. 3. (a) Phonon dispersions and (b) total phonon linewidth
of CsV3Sbs under ambient pressure. The inset of (b) is the phonon
linewidth y of the lowest mode in the BZ.

equals to the vector of the CDW order, standing for the in-
plane part of the 2 x 2 x 2 CDW superstructure in real space.
We also evaluate the phonon linewidth y, which is directly
related to the strength of the EPC. The y is defined as

o / Ak 8ok, i. )P
= v ’ l’
20 Wqy Eij QB 8q k J
X 3(8%,— — EF)3(8k+q__j - SF), (1)

where the g4, (k, 7, j) is the EPC matrix and can be calculated
by

dVscr »

—&p
dilg,

i 1/2
Zqu(k, i, j) = <2quv> <¢i,k 1/fj,k+q>- 2
Here, i is the wave function, Vscp is the Kohn-Sham poten-
tial, 4 is atomic displacement, and £ is the phonon eigenvector.
The calculated normalized total phonon linewidth along the
high-symmetry path is shown in Fig. 3(b). We can see that
there are two peaks at the high-symmetry points of M and
L. The inset of Fig. 3(b) shows the phonon linewidth of the
lowest mode in the plane of g, = 0. The areas with the highest
value (the red areas) also locate at the M point (the vector of
the CDW), according well with the results of phonon disper-
sions. Therefore we conclude that the momentum-dependent
EPC effect is important for the formation of the CDW order
in CSV3Sb5.

C. Superconductivity under high pressure

An old but longstanding issue is the relationship be-
tween CDW order and superconductivity. The competition
[22,23,65,66] or coexistence [67,68] between CDW order
and superconductivity in transition metal dichalcogenides
(TMDs) has greatly attracted research interest. For the
kagome metal CsV3Sbs, the pressure-induced behaviors of
the CDW order and superconductivity were also widely stud-
ied in experiments [19,26,27,29,32,33]. Both the CDW order
and superconductivity were detected within 2 GPa, but it is
difficult to quantitatively obtain the ratio of the CDW super-
structure and the high-symmetry phase by both experiment
detections and theoretical calculations. Therefore we focus
on the dependence of the superconducting transition in the
kagome metal CsV3Sbs on pressure when the CDW order is
fully suppressed under 2 GPa. We want to explain why there
exist double domes in its pressure-dependent superconducting
phase diagram.
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FIG. 4. The evolutions of 7, (red line) and EPC constant A (blue
line) of CsV;Sbs as functions of pressure. The experimental values
of T, are from Ref. [33].

The superconducting transition temperature 7; is estimated
by the Allen-Dynes-modified McMillan formula [69,70]:

Wiog 1.04(1 + )
T. = exp| — .
1.2 A —u*—0.62Au*

3)

The p* is the Coulomb pseudopotential and can be generally
set as a typical value of 0.1 [71,72]. The logarithmically aver-
aged phonon frequency wy,, is defined as

2 [dw
Wiog = EXP (X / ZazF(a)) log w), 4)

where a?F () is the Eliashberg spectral function and can be
calculated by

2 (1) = — ~ oy Y
o?’F (w) = NG qu8(a) qu)hqu. (5)

Here, yqy is the phonon linewidth, which can be calculated by
Eq. (2). The total EPC constant A can be computed as follows:

2
A= b = 2f CF@) (6)
qu

@

Figure 4 shows the calculated pressure-dependent phase
diagram of the T, for CsV3Sbs. The experimental results from
Ref. [33] are also plotted for comparison. We can see that the
evolution of our calculated T, is consistent with the experi-
mental data [19,32,33]. The T, decreases from 5.68 K (2 GPa)
to the minimum of 1.97 K (15 GPa) firstly and then increases
to 3.6 K under a pressure of 45 GPa. Based on the BCS theory,
the superconductivity is strongly dependent on the EPC. We
calculate the EPC under different pressures and present them
in Fig. 4. One can see that the 7, and the EPC have almost the
same pressure-dependent trends. The A decreases from 0.71
(2 GPa) to 0.48 (15 GPa) firstly and then increases to 0.63 at
45 GPa. Therefore we can conclude that the superconductivity
of CsV3Sbs under pressure, in the double domes, still belongs
to a conventional BCS weak superconductor. It is worth noting
that a previous study also evaluated the strength of the EPC
[46]; its calculated results show that the A is only 0.25 for the

CsV3Sbs with an inverse Star of David (ISD) superstructure.
Such a difference is mainly due to the A in this paper being
approximated by only considering the breathing mode.

In order to shed light on the phase diagram of the super-
conducting temperature, in the following, we selected three
special pressure points (2, 15, and 45 GPa) to analyze the
phonon dispersions and electronic structures in detail.

The phonon dispersions of CsV3Sbs under 2, 15, and
45 GPa are shown in Figs. 5(a)-5(c), respectively. We can
see that the phonon frequencies are obviously increased with
increasing pressure. Such pressure-induced increases in the
phonon vibrations in E space (frequency space) are common
and have been observed in many systems [73,74]. Com-
pared with the phonon dispersion curves of the normal-state
CsV3Sbs under ambient pressure [see Fig. 3(a)], the imagi-
nary frequencies under 2 GPa are missing, indicating the full
suppression of its CDW order. This is consistent with recent
experimental observations [26,27]. For the phonon spectrum
of CsV3Sbs under 2 GPa, one can see that there are several
soft modes around the L point. Such modes will contribute
evidently to the EPC, according to Eq. (6). With increasing
pressure, the soft modes in the plane of g, = 0.5 (along the
A-L-H-A direction) gradually disappear, and the lowest mode
gradually creates a new soft mode at the M point, in the
plane of ¢, = 0. Further increasing the pressure to 50 GPa,
the imaginary frequencies appear at the M point (see Sup-
plemental Fig. S3 [53]). This indicates that the system is
dynamically unstable at such high pressure and will form
some new structures, such as the reemergence of a CDW
order. It should be noted that a very recent theoretical study
also predicted a possible CDW order under 35 GPa [75]. The
difference between their and our predicted critical pressures
(35 and 50 GPa) can be attributed to the difference in the com-
putational parameters. Further experimental work is definitely
needed to clarify this.

Figures 5(d)-5(f) show the atomic-vibrational-mode-
resolved phonon spectra and the phonon density of states
(PhDOS). One can see that the soft mode at the plane of
q. = 0.5 under 2 GPa is dominated by the in-plane modes
of V xy and it is gradually suppressed by pressure. Under
45 GPa, the out-of-plane vibration mode of Cs z has an ob-
vious contribution to the lowest soft phonon mode around
the M point. In addition, our calculated PhDOS shows that
the localized Cs atomic vibrations in the E space are greatly
broadened by increasing pressure. The Sb atomic vibrations
occupy a wide frequency range, which is evidently increased
from 10—180 cm™! at 2 GPa to 10—250 cm ™! at 45 GPa. The
V atoms are relatively light, and their vibrations are mainly
in the high-frequency range, which is also increased from
180—300 cm~! at 2 GPa to 250—410 cm~! at 45 GPa.

The EPC integrated over all phonon branches and dis-
tributed in the g, = 0 and 0.5 planes of the BZ is drawn in
Fig. 6. Upon compression, the redistribution of the EPC in the
BZ is evident. Under 2 GPa, the areas with large EPC locate
around the M and L points, which are mainly contributed by
M-II and M-I, respectively [see Fig. 5(a)]. The EPC at the
L points is larger than that at the M points. The large EPC
areas under 2 GPa are localized at the boundary of the BZ.
Increasing the pressure to 15 GPa, the distribution of the
EPC becomes more homogeneous but still localizes at the
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FIG. 5. Phonon dispersions weighted by the magnitude of the EPC, the mode-resolved Eliashberg spectral function a?F (w), and the
integrated strength of EPC (1) of CsV3Sbs under (a) 2, (b) 15, and (c) 45 GPa. In order to visualize this clearly, the EPC is only plotted above
10 cm™', and the EPC of the lowest mode is plotted with a scale factor (0.4) for 45 GPa. M-T represents total phonon modes. M-I indicates
the two lowest modes. M-II in (a) and M-III in (b) indicate modes 5 and 6 under 2 GPa and modes 20 to 22 under 15 GPa, respectively. M-O
represents the other modes without the front special instructions. Phonon dispersions weighted by the vibrational modes of different atoms and
the PhDOS for CsV;Sbs under (d) 2, (e) 15, and (f) 45 GPa. The gray-shaded zone indicates the total PhDOS.
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of g, = 0.5 are plotted in (d)—(f), respectively.
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arrows. Their corresponding surface states are plotted in (d)—(f).

boundary as well as at the M points. The plane with a large
value of EPC is changed from g, = 0.5 at 2 GPato ¢, = 0 at
15 GPa, which is consistent with the change in the soft phonon
modes mentioned above. Further compressing to 45 GPa,
the large EPC areas are localized near the I" and A points.
The EPC values around the I' point are obviously larger than
those around the A points. The M points still have localized
large EPC. The relatively larger EPC plane is in g, = 0.
Overall, the main distribution of the EPC changes from the
q. = 0.5 plane to the g, = 0 plane and undergoes transitions
of localization-delocalization-relocalization.

To distinguish the modes’ contribution to the superconduc-
tivity, we compare the phonon dispersions weighted by the
magnitude of EPC in Figs. 5(a)-5(c) and weighted by vibra-
tion modes of different atoms in Figs. 5(d)-5(f). We can see
that the EPC under 2 GPa is mainly contributed by the V-xy vi-
brations, especially for M-I and M-II. Compressing to 15 GPa,
the EPC is mainly derived from the in-plane mode of V-
xy-dominated M-III and the out-of-plane-vibration-dominated
M-I along I'-M-K-T". Further increasing pressure to 45 GPa,
the high-frequency modes have less contribution to the super-
conductivity, while the contribution of the lowest two phonon
modes (M-I) to the EPC reaches to 36.5%. The M-I are
dominated by the out-of-plane vibration modes. In short, we
can conclude that the main contribution to the EPC and super-
conductivity is changed from in-plane vibration modes to the
out-of-plane vibration modes with increasing pressure from 2
to 45 GPa.

The calculated band structures of CsV3Sbs under 2, 15,
and 45 GPa are shown in Figs. 7(a)-7(c). Compared with the
band structure under 2 GPa, we can see that there is one more
band crossing the Fermi level [the olive band in Fig. 7(b)].
This clearly indicates that the system has undergone a Lif-
shitz transition. Zhang et al. observed such a pressure-induced
Lifshitz transition by evaluating the c-to-a ratio, and they
proposed that the reemergence of the superconductivity can be
attributed to the Fermi-surface reconstruction caused by such

a transition [31]. Here, we can define the two-band supercon-
ductivity area, area I, and three-band superconductivity area,
area II, according to the critical pressure point of the Lifshitz
transition, as shown in Fig. 4. This definition is similar to the
experimentally reported superconducting (SC) areas SC-I and
SC-II or double domes in Refs. [19,32,33]. The multiband
superconductivity in the kagome metal CsV;Sbs was also
confirmed by scanning tunneling spectroscopy [76].
Comparing the band structure under 15 GPa with respect
to that under 2 GPa, the bandwidth of the original two bands
that crossed the Fermi level [shown by red and blue lines in
Fig. 7(b)] is evidently reduced. Such kind of pressure effect
has also been observed in 17 — TiTe, [74], where uniaxial
pressure was found to be able to increase the N(Er) and T..
However, in our case, the N(EF ) decreases from 5.5 states/eV
under 2 GPa to 3.89 states/eV under 15 GPa. This decreasing
trend of the N(EF) is also consistent with the decrease in T,
in area I (see Fig. 4). In addition, the van Hove singularities
located at the M and L points [the green arrows in Figs. 7(a)—
7(c)] move gradually away from the Fermi level. This may in-
duce the decrease in N(EFr ). As indicated by the yellow arrows
in Figs. 7(a) and 7(b), the van Hove singularity at the I" point
moves from —321 to 200 meV by increasing pressure from 2
to 15 GPa, which is mainly contributed by the Sb — p, orbitals
(see Supplemental Fig. S4(b) [53]). Further compressing to
45 GPa, the dispersion of the original two bands (shown by
red and blue lines) becomes strong again, while the olive one
is reduced significantly [see Fig. 7(c)]. The V-d,.-dominated
van Hove singularity located at the I" point is pressure induced
close to the Fermi level, accompanied with an increase in the
N(EF) [the calculated N(EF) is 4.32 states/eV at 45 GPa].
This can explain to some extent the pressure-induced enhance-
ment of the superconductivity in area II. In fact, the van Hove
singularity is very important for the superconductivity, such as
the chiral superconductivity arising in graphene when the van
Hove singularity moves to the Fermi level by doping [77-79],
and strong coupling between the van Hove singularity and
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phonon in PdTe, [80]. The pressure-induced movements of
the van Hove singularities in CsV3Sbs may be a key factor
for the modulation of N(Er) as well as 7,. Combining these
results with our EPC results, we can understand the pressure-
dependent phase diagram of the 7, and can conclude that the
superconductivity of CsV3Sbs under different pressures (at
least in the experimentally observed double superconducting
domes) is still following the framework of the BCS theory.

D. Topological properties under high pressure

The normal phase of CsV3Sbs under ambient pressure is a
Z, topological metal, which can be categorized by analyzing
the parity of the wave function at the TRIM points and ana-
lyzing the surface states [46]. In this paper, we extend such
study to high pressure. Our calculated band structures with
SOC of CsV3Sbs under different pressures show that there
are continuous band gaps across the whole BZ at the Fermi
level, which are noted by the color shades in Figs. 7(a)-7(c).
We also calculate the parity of the wave function of the bands
crossing the Fermi level, as listed in Supplemental Table SI
[53]. The results indicate that the kagome metal CsV;Sbs
keeps topologically nontrivial characters. The lowest unoccu-
pied band (band II) is always nontrivial. The highest occupied
band (band I) is nontrivial at 2 and 15 GPa. The surface states
of CsV3Sbs under 2, 15, and 45 GPa are shown in Figs. 7(d)—
7(f). We can see that the calculated surface states under 2 GPa
are very close to the previous results at zero pressure [46]. At
15 GPa, the crossed surface states at the M point are split.
Further increasing the pressure, the surface states become
more complex. The maintenance of the nontrivial Z, nature
calls for experimental examination in the future.

IV. CONCLUSIONS

In conclusion, we have systematically investigated the ori-
gin of the CDW order and the high-pressure effects on the
superconductivity in the kagome metal CsV3Sbs. Our results
show that the momentum-dependent EPC plays an important
role in the formation of the CDW order at ambient pressure.
Under high pressure, the evolutions of the EPC and N(EFr)
are highly correlated with 7, in both superconducting area I
and superconducting area II. The good agreement between
our calculated 7, and the experimental results clearly supports
the notion that the CsV3Sbs is still a weak BCS supercon-
ductor, under pressure up to 45 GPa. The main contribution
to the superconductivity is changed from the in-plane modes
to the out-of-plane modes with increasing pressure. The main
distribution of the EPC as well as the soft phonon modes is
varied from the g, = 0.5 plane in superconducting area I to the
q. = 0 plane in superconducting area II. The pressure-induced
redistribution of the EPC as well as reemergence of the soft
phonon modes may merit considering CsV3Sbs to be a proper
platform to investigate lattice instability and related phenom-
ena. Our results may shed some light on understanding the
experimental observations of the CDW order and the evolu-
tion of the superconductivity under high pressure in CsV3Sbs.
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