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CsV;3Sbs is a newly discovered Z, topological kagome metal showing the coexistence of a charge-
density-wave (CDW)-like order at 7% = 94 K and superconductivity (SC) at T, = 2.5 K at ambient
pressure. Here, we study the interplay between CDW and SC in CsV;Sbs via measurements of resistivity,
dc and ac magnetic susceptibility under various pressures up to 6.6 GPa. We find that the CDW transition
decreases with pressure and experience a subtle modification at P,; = 0.6-0.9 GPa before it vanishes
completely at P, ~ 2 GPa. Correspondingly, T'.(P) displays an unusual M-shaped double dome with two
maxima around P, and P,,, respectively, leading to a tripled enhancement of 7' to about 8 K at 2 GPa. The
obtained temperature-pressure phase diagram resembles those of unconventional superconductors,
illustrating an intimated competition between CDW-like order and SC. The competition is found to be
particularly strong for the intermediate pressure range P, < P < P, as evidenced by the broad
superconducting transition and reduced superconducting volume fraction. The modification of CDW
order around P_.; has been discussed based on the band structure calculations. This work not only
demonstrates the potential to raise 7. of the V-based kagome superconductors, but also offers more insights
into the rich physics related to the electron correlations in this novel family of topological kagome metals.
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The newly discovered kagome metals AV;Sbs (A = K,
Rb, Cs) have aroused tremendous research interest as a
novel platform to study the interplay between nontrivial
band topology, superconductivity (SC), and charge-
density-wave (CDW) order [1-4]. At ambient conditions,
these materials crystallize into a layered structure with
hexagonal symmetry (space group P6/mmm), inset of
Fig. 1(a), consisting of A layer and V-Sb slab stacked
alternatively along the ¢ axis [1]. The most prominent
feature of this structure is the presence of quasi-2D ideal
kagome layers of V ions coordinated by Sb. These com-
pounds are metallic and enter a superconducting ground
state below T, = 0.93, 0.92, and 2.5 K for A = K, Rb, and
Cs [2-4], respectively. Recent measurements of thermal
conductivity on CsV;Sbs single crystals at ultralow temper-
atures evidenced a finite residual linear term, pointing to an
unconventional nodal SC [5]. In addition, proximity-
induced spin-triplet SC and edge supercurrent were
reported in the Nb/K;_,V5Sbs devices [6]. In the normal
state, their transport and magnetic properties exhibit a clear
anomaly at 7" = 78, 104, and 94 K, respectively, due to the
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FIG. 1. Variation with pressure of the CDW-like transition.
Temperature dependences of (a) resistivity p(7) and (b) its
derivative dp/dT for the CsV;Sbs sample No. 1 measured in
PCC under various pressures up to 2.2 GPa. Inset of (a) shows the
crystal structure of CsV;Sbs. The transition temperature of CDW-
like order, T*, are marked by the arrows in the figures. The curves
in (a),(b) have been shifted vertically for clarity.
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formation of CDW-like order as revealed by the x-ray
diffraction and scanning tunning microscopy measure-
ments [2-4,7]. The charge order in KV;Sbs has been
found to display a chiral anisotropy [7], which can lead to a
giant anomalous Hall effect in the absence of magnetic
order or local moments [8,9]. It was also argued as a strong
precursor of unconventional SC [7]. Moreover, angle-
resolved photoemission spectroscopy measurements and
density-functional-theory calculations have characterized
their normal state as a Z, topological metal with multiple
Dirac nodal points near the Fermi level [1,4], consistent
with the observations of Shubnikov-de Haas quantum
oscillations and small Fermi surfaces (FSs) with low
effective mass in RbV;Sbs [3].

At present, the topologically related phenomena and SC
have been actively studied in these AV;Sbs compounds
[10-35], but the possible rich physics related to the electron
correlation, especially the relationship between the inter-
twined electronic orders [36,37], has been barely revealed.
In this regard, it is interesting to unveil the correlation
between the CDW-like order and SC commonly observed
in these AV;Sbs materials. Here, we have chosen to study
CsV;3Sbs with the highest 7. among this series of com-
pounds by applying a high-pressure approach, which has
been widely used in disentangling the competing electronic
orders of strongly correlated metals [38]. Through detailed
measurements of resistivity, dc and ac magnetic suscep-
tibility under various pressures, we successfully uncover an
M-shaped double superconducting dome associated with
the modification of the CDW-like order and the subsequ-
ent suppression under pressure. Interestingly, the 7. of
CsV;Sbs is almost triply enhanced to about 8 K at 2 GPa,
which should inspire more interest to further raise 7. of
these V-based kagome superconductors. By revealing the
coexistence and competition of SC with the CDW order in
the temperature-pressure phase diagram of CsV3Sbs, our
results provide more insights into the rich correlation-
related physics pertinent to this novel family of kagome
metals.

Single crystals of CsV;Sbs were grown with the self-flux
method [3]. Temperature dependences of resistivity, p(7),
for two samples (No. 1, No. 2) and ac magnetic suscep-
tibility, y/(7T), for sample No. 3 were measured simulta-
neously with a piston cylinder cell (PCC) under various
pressures up to 2.2 GPa [39]. Daphne 7373 was used as the
pressure transmitting medium (PTM). The pressure in PCC
was determined from the superconducting transition of Pb
according to the equation: P(GPa) = (T —T.)/0.365,
where Ty = 7.20 K is the 7, of Pb at ambient pressure.
We also measured p(7') on sample No. 4 up to 6.6 GPa with
cubic anvil cell (CAC) [40], in which glycerol was
employed as PTM. dc magnetization measurements on
sample No. 5 up to 0.87 GPa were performed with a
miniature BeCu PCC fitted into the commercial Magnetic
Property Measurement System (Quantum Design). Details

about the crystal growth, structure, chemical composi-
tion, and high-pressure measurements are given in the
Supplemental Material (SM) [41].

Figures 1(a) and 1(b) show the p(T) and its derivative
dp/dT of sample No. 1 under various pressures up to
2.2 GPa. These data illustrate clearly how the CDW-like
order evolve with pressure. At 0 GPa, the CDW transition at
T* ~ 94 K is manifested as a kinklike anomaly in p(7) and
a corresponding peak in dp/dT. With increasing pressure,
T* moves to lower temperatures and reaches about 15 K at
1.86 GPa, above which it cannot be discerned in p(T),
implying a complete suppression of the CDW-like order by
pressure. It is noteworthy that the kinklike feature in p(7') at
T* is diminished at 0.6-0.9 GPa and changes at higher
pressures to a humplike anomaly, Fig. 1(a), which is similar
with that of KV;Sbs at ambient pressure [13]. This is a
typical character of CDW formation associated with the gap
opening over part of the FSs [50-52]. Accordingly, the
anomaly in dp/dT changes from a peak for P < 0.6 GPa
through an intermediate crossover region to a dip for
P > 0.9 GPa as shown in Fig. 1(b). These observations
are confirmed in sample No. 2 as shown in Fig. S3 of SM.
These results indicate that the CDW-like order undergoes a
subtle modification and might evolve into a distinct CDW
state at P > 0.9 GPa. Such a change in the normal state has
a profound impact on the superconducting transition as
shown below.

Figure 2(a) displays an enlarged view of the above p(T')
data below 10 K, highlighting a complex, nonmonotonic
variation with pressure of the superconducting transition.
The T2 is determined from the cross point of two straight
lines above and below the transition, while 7% is defined
as zero-resistance temperature. The p(7) at 0 GPa shows a
relatively sharp superconducting transition with 79" ~
3.5 Kand 7% = 2.8 K, consistent with the previous result
[4,5]. With increasing pressure, 72" and T%™ are raised
up to about 5 and 4.3 K at 0.37 GPa, and to about 6.8 and
5 K at 0.61 GPa, respectively. At 0.61 GPa, there exists a
small step before reaching zero resistivity, indicating the
presence of two superconducting phases. Such a feature
evolves into a quite broad transition at 0.9 GPa with
T ~72 K and T%™ ~ 3 K. When applying pressure
to 1.2 GPa, the normal-state resistivity is reduced, and the
broad-shoulder feature is weakened by reducing 79" to
5.7 K while leaving 72 at 2.8 K. But the transition width
AT, ~ 3 Kis still large. Interestingly, 7. is shifted again to
higher temperatures upon further increasing pressure; i.e.,
79"t and T%™ at 1.86 GPa reaches about 8 and 6 K,
respectively. In the pressure range of 1.2-1.86 GPa, AT . ~
2-3 K remains large due to either a broad onset or a long
tail upon approaching zero.

When the CDW-like order just vanishes at ~2 GPa, the
superconducting transition becomes very sharp with a
AT, ~0.3 K. As seen in Fig. 2(a), To™ and T%™ are
7.96 and 7.63 K for 2.03 GPa, and 7.68 and 7.43 K for
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FIG. 2. Variation with pressure of the superconducting tran-
sition in (a),(b) resistivity and (c),(d) magnetic susceptibility. The
resistivity p(7') data in (a) and (b) are measured for sample No. 1
up to 2.2 GPa with PCC and for sample No. 4 up to 6.6 GPa with
CAC, respectively. The dc magnetization in (c) was recorded in
MPMS on sample No. 5 with a miniature PCC, while the ac
magnetic susceptibility in (d) was measured on sample No. 3 with
the mutual induction method in PCC.

2.19 GPa, respectively. It seems that 7. will decrease at
higher pressures, which is further tracked by measuring
p(T) on sample No. 4 with CAC. As seen in Fig. 2(b), the
p(T) at 1.9 GPain CAC resembles that of 1.86 GPa in PCC,
showing a relatively sharp onset but a long tail with 79" ~
7.8 K and T2 ~ 6.5 K. For P > 2.5 GPa, the supercon-
ducting transition becomes very sharp with AT, =~ 0.3 K
and shifts to lower temperatures monotonically. 79" and
77 are reduced to 2.82 and 2.58 K at 6.6 GPa.

Since T.(P) exhibits a complex variation with pressure
and the AT, is quite large in the intermediate pressure
range 0.6-1.9 GPa where the CDW order coexists, it is
essential to further characterize the superconducting tran-
sition via magnetic measurements. Figure 2(c) shows the dc
magnetization M(T) of sample No. 5 up to 0.87 GPa
measured upon warming up under H = 5 Oe after zero-
field-cooled from room temperature. The diamagnetic
signal appears at T = 2.5 K for 0 GPa, in agreement
with the p(T) data, and it moves quickly to ~6.5 K at
0.71 GPa. For P < 0.7 GPa, the bulk nature of SC is
confirmed by the large diamagnetic response in M(T'). For
P > 0.7 GPa, the diamagnetic responses appear at high
temperatures of 67 K, but the transition is very broad and
its magnitude is also lowered. This suggests that the
superconducting volume fraction is reduced, consistent
with the broad transition in p(7') at similar pressures as
shown in Fig. 2(a).

The ac susceptibility y/(7) of sample No. 3 up to
2.2 GPa, Fig. 2(d), show one-to-one correspondence to
the p(T) shown in Fig. 2(a), including the two-step feature
of the superconducting transition at 0.61 and 0.9 GPa, the
reduction of 7. from 0.6 to 1.2 GPa followed by a
resurgence of 7. up to 1.86 GPa with a relatively broad
transition, and a sharp transition at P > 2 GPa. The abrupt

drop of »/(T) around 7 K is due to the superconducting
transition of Pb, which decreases with pressure. By
comparing the diamagnetic signals of Pb and CsV;Sbs
with known volume, the superconducting shielding volume
fraction of CsV;Sbs can be estimated and is found to be
relatively small, ~30%-50%, for 0.6 < P <1.86 GPa
when the CDW order coexists, while a nearly 100% bulk
SC is realized at 2 GPa when the CDW order vanishes
completely. These results thus provide direct evidence for
the microscopic coexistence and competition between
CDW and SC [53].

Based on the above comprehensive high-pressure char-
acterizations, we construct the 7-P phase diagram of
CsV;Sbs, Figs. 3(a) and 3(b), which depicts explicitly
the evolutions and correlations of 7* and T, as a function of
pressure. As can be seen, T*(P) decreases monotoni-
cally with pressure and vanishes completely around
P., ~2 GPa, while T.(P) displays an M-shaped double
dome character with two maxima around P, =
0.6-0.9 GPa and P,,, respectively. The highest 7. ~ 8 K
is achieved around P, and it is nearly three times higher
than that at ambient pressure. This observation immediately
calls attention to further raise the 7. of these V-based
kagome superconductors. It is noted that samples No. 1 and
No. 2 display nearly identical behaviors of 7*(P), T.(P),
and AT .(P) even though they show different levels of
intrinsic disorder, as indicated by the different values of
residual resistivity ratio, i.e., RRR = p(280 K)/p(5 K) =
43 for No. 1 and 22 for No. 2, respectively. These results
indicate that the intrinsic disorders within a certain range
for our studied samples play a marginal role for the above
observations under pressure.

The major finding of the present work is the observation
of an M-shaped double superconducting dome, which does
not arise from the sample inhomogeneity (see SM for
detailed characterizations), but has an intimated correlation
with the high-temperature CDW-like order. As pointed out
above, the p(7) anomaly around T* displays a subtle
change from a kinklike rapid reduction at P < 0.6 GPato a
humplike weak upturn at P > 0.9 GPa through an inter-
mediate crossover region. Accordingly, the anomaly in
dp/dT around T* changes from a peak to a dip, Fig. 1(b).
To illustrate such a change, the symbols of 7* and the area
below in Fig. 3(a) are color coded in terms of the sign of
A(dp/dT) at T* as defined in Fig. 1(b), which shows a
clear sign reversal around P.;. As mentioned above, the
weak upturn of p(T') upon cooling across 7* at P.; < P <
P, is a typical character for the formation of CDW-like
state that opens a gap over part of FSs. But the CDW order
at P, < P < P,, should be distinct from that at ambient
pressure given the different responses of p(T) at T*. This
new CDW order shows a stronger tendency to compete
with SC [53,54], featured by broad superconducting
transitions and reduced superconducting volume fraction
at P,y < P < P.,. As a result, the suppression of CDW
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FIG. 3. Temperature-pressure phase diagram of CsV;Sbs.

Pressure dependences of (a) the CDW-like transition temperature
T*, (b) the superconducting transition temperatures 70t 7210,
T4, and TM determined from the resistivity and magnetic
measurements on several samples, (c) the superconducting
transition width AT, and (d) the zero-temperature upper critical
field poH.,(0) obtained from the empirical Ginzburg-Landau
(GL) fitting.

order by pressure leads to an initial enhancement of 7., but
the modification of the CDW order around P, with a
stronger competition with SC produces the first extremum
of T, shown in Fig. 3(b).

The continuous suppression of CDW order by pressure
results in the resurgence of SC at higher pressures, giving
rise to a second extremum of 7', around P ., when the CDW
order just vanishes. The observed maximal 7. in the
vicinity of P, followed by a subsequent monotonic
reduction of 7, at higher pressures resembles those of
many unconventional superconducting systems character-
ized by the presence of quantum criticality [38,55-60]. To
examine such a possibility, we probe the evolution of the
electronic states by evaluating the upper critical field,
uoH .o, of the superconducting state as detailed in
Figs. S5-S7 of SM. The extracted zero-temperature
uoH 2(0) based on the Ginzburg-Landau fitting are plotted

in Fig. 3(d) as a function of pressure. Interestingly, the
uoH (0) displays two pronounced peaks around P.; and
P.,, respectively. The corresponding pyH ., (0) values are
larger than 3 T, about one order of magnitude higher than
that at ambient pressure. Similar double-peak features are
also observed in the pressure dependence of the initial slope
of ugH(T), i.e., —dH,/dT|r_, which is proportional to
the effective mass of charge carriers [42]. The divergence
behaviors of —dH ,/dT|;_around P, signal the dramatic
enhancement of effective mass, which has been regarded as
a hallmark of quantum criticality [43]. The presence of
quantum criticality around P, is conceivable due to
complete suppression of the CDW order, in line with many
unconventional  superconductors [61-66]. However,
whether there is a buried quantum critical point (QCP)
around P,; deserves further investigations.

To unveil the nature of the subtle change of CDW order
around P, we carried out density-functional-theory cal-
culations on CsV;Sbs under pressure. The computational
details are given in the SM. From the electronic structure
without pressure shown in Fig. 4(a) and previous reports
[1,4], the CsV3Sbs is a quasi-2D metal with multiple
cylinder FSs. The FS around the I" point is mainly coming
from the in-plane Sb p, orbital and the FSs around the M
point are coming from the V d orbitals. The CDW phase is
widely believed from the scattering between M point van
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FIG. 4. (a) Band structure of CsV3;Sbs without external
pressure. The orbital characters of bands are represented by
different colors and the projected weights are represented by the
sizes. (b) Normalized lattice constants as a function of pressure
for CsV;3Sbs. The optimized lattice constants of RbV;Sbs and
KV;Sbs without pressure are represented by green squares and
purple triangles and the corresponding “‘chemical pressures” are
calculated by linear extrapolation. Band structure of CsV;Sbs
under external pressure of (c¢) 1 GPa and (d) 2 GPa.
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Hove (VH) singularity. As adding pressure to the system,
the ¢ axis is compressed much faster than the a axis, as
shown in Fig. 4(b). So the electronic structure becomes
more dispersive in the ¢ axis at higher pressures. Since the
ion radius rcg > rgy, > rg, the ion substitution is equivalent
to changing pressure as indicated in Fig. 4(b). Because of
its quasi-2D nature, it is highly possible that the correlation
interaction between the layers in CsV;Sbs force the CDW
order from VH singularity to develop a nonvanishing order
wave vector along the ¢ axis. When the dispersion along the
¢ axis increases under pressure so as to weaken the nesting
scattering effect, the vanishing of this out-of-plane wave
vector along the ¢ axis takes place and gives rise to the first
SC dome around P_. This additional CDW transition also
explains the change of dp/dT anomaly around 7* found in
Fig. 1. For KV;Sbs, the electronic structure is more
dispersive in the ¢ direction, which may explain the single
superconducting dome under pressure and the smaller
critical pressure [13].

Finally, we would like to comment briefly that the
distinct superconducting dome behaviors and pyH ., values
observed in this work and those in Ref. [5] employing
diamond anvil cell (DAC) should be mainly attributed to
the different high-pressure techniques. Here, the employed
PCC and CAC with liquid PTM can maintain a relatively
good hydrostatic pressure condition, making it possible to
track the evolution of the CDW order from resistivity and
thus allowing us to establish a comprehensive 7-P phase
diagram shown in Fig. 3. However, the pressure capacity of
CAC is not high enough to access the second super-
conducting phase (SC-II) above 15 GPa reported in
Ref. [5]. In contrast, the sample in DAC filled with solid
or even no PTM is expected to experience a severe pressure
inhomogeneity. As such, the superconducting transition is
broad and the CDW order cannot be detected from the
resistance measurements, resulting in a different phase
diagram. Nonetheless, the large pressure capacity of DAC
enabled the discovery of the SC-II phase above 15 GPa [5].

In summary, we performed a comprehensive high-
pressure study on the newly discovered Z, topological
kagome metal CsV;Sbs, which shows the coexistence of
CDWe-like order and SC at ambient pressure. Our results
uncover a hitherto unknown pressure-induced modification
of the CDW order around P_.; =~ 0.6 — 0.9 GPa before it is
completely suppressed around P., =~ 2 GPa. Accordingly,
T.(P) exhibits an M-shaped double superconducting dome
with two maxima located at P, and P,,, respectively, thus
revealing an intimated interplay between CDW and SC.
The T, of CsV3Sbs is almost triply enhanced to 8 K at
2 GPa, implying that the 7, of these V-based kagome
superconductors has room to go higher. In addition, the
double-peak character is also observed in puoH.,(0), and
characteristics of quantum criticality are also indicated. The
determined 7-P phase diagram with a quantum criticality
around P, resembles those of many unconventional

superconductors, thus providing more ingredients related
with the strong electron correlations into the rich physics of
this novel family of topological kagome metals. Several
open issues, such as the nature of the CDW-like order at
P. <P <P, and the plausible buried QCP around P,
still need to be addressed in future studies.
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