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Pressure-induced double superconducting domes and charge instability in the kagome metal KV;Sbs
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The kagome metal KV;Sbs hosts charge order, topologically nontrivial Dirac band crossings, and a super-
conducting ground state with unconventional characteristics, providing an ideal platform to investigate the
interplay between different electronic states on the kagome lattice. Here we study the evolution of charge
order and superconductivity in KV;Sbs under hydrostatic pressure using electrical resistivity measurements.
With the application of pressure, the superconducting transition temperature 7. = 0.9 K under ambient pressure
quickly increases to 3.1 K at p = 0.4 GPa, as charge order progressively weakens. Upon further increasing
pressure, signatures of charge order disappear at p.; ~ 0.5 GPa and 7. is gradually suppressed, forming a
superconducting dome that terminates at p & 10 GPa. Beyond p & 10 GPa, a second superconducting dome
emerges with maximum 7; ~ 1.0 K at p., =~ 22 GPa, which becomes fully suppressed at p ~ 28 GPa. The
suppression of superconductivity for the second superconducting dome is associated with the appearance of a
unique high-pressure phase, possibly a distinct charge order.
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The kagome lattice provides a rich setting to realize exotic
states of matter, including quantum spin liquids [1-3], topo-
logically nontrivial electronic structures [4—6], and collective
electronic orders [7-11]. Recently, discovery of the two-
dimensional kagome metal series AV3Sbs (A = K, Rb, Cs)
[12-15] sparked immense interest, as they exhibit topological
band structures, sizable correlation effects, charge order, and
superconductivity. This series further exhibits a giant anoma-
lous Hall effect in the absence of magnetism [13,16,17], which
is proposed to result from an unconventional charge order with
chiral character [18,19]. While the superconducting pairing
symmetry remains unclear, multiple superconducting domes
were revealed under applied pressure in CsV3Sbs [20,21],
which may result from distinct and possibly unconventional
superconducting states. These results make AV3;Sbs an ideal
platform to investigate the relationship between charge order
and superconductivity on the kagome lattice.

The interplay between charge order and superconductivity
may come in different forms, shown schematically in Fig. 1.
Since charge order and superconductivity compete for the
same electronic density of states at the Fermi level, the su-
perconducting transition temperature 7, is typically enhanced
as charge order is suppressed and evolves more gradually
beyond the full suppression of charge order, as depicted in
Fig. 1(a) [22-24]. Alternatively, quantum critical fluctuations

“These authors contributed equally to this work.
Tyusong_phys@zju.edu.cn
thqyuan@zju.edu.cn

2469-9950/2021/103(22)/L.220504(5)

1.220504-1

associated with charge order may play a dominant role, with a
superconducting dome emerging around the quantum critical
point, accompanied by a fan of non-Fermi-liquid behav-
ior [Fig. 1(b)], similar to unconventional superconductivity
around magnetic or nematic quantum critical points [25-28].
Although signatures for such an interplay have been suggested
[29-31], it remains far from being well established. As most
studies on the interplay between superconductivity and charge
order focused on conventional superconductors, it becomes
important to examine the corresponding behaviors in sys-
tems with unconventional characteristics, such as the AV3Sbs
series. In addition, as the AV3Sbs series exhibits multiple
Fermi surfaces [13], it may be susceptible to pressure-induced
changes in the electronic structure and electron-phonon in-
teractions, which may promote electronic instabilities distinct
from the ambient pressure charge order, allowing for a more
nuanced interplay between different order parameters.

In this work we study the temperature-pressure phase dia-
gram of KV;3Sbs single crystals through electrical transport
measurements. We find T, increases from 0.9 to 3.1 K at
0.4 GPa, with the low-pressure charge order (LPCO) becom-
ing indiscernible above p.; & 0.5 GPa. T. is then gradually
suppressed with increasing pressure and terminates at p ~
10 GPa, forming a highly asymmetric superconducting dome.
A second superconducting dome appears at higher pressures,
reaching a maximum T; =~ 1.0 K at p, =~ 22 GPa. Upon
further increase of pressure, a high-pressure phase (HPP)
distinct from the LPCO appears, evidenced by a hysteretic
anomaly in resistivity. Concomitant with appearance of the
HPP, superconductivity is suppressed with increasing pressure
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FIG. 1. Schematic phase diagrams of the interplay between
charge order and superconductivity, (a) where the two orders com-
pete and (b) when quantum fluctuations associated with charge order
are dominant, leading to a fan of non-Fermi-liquid behavior. The or-
ange shaded region corresponds to charge order (CO), and the purple
shaded region corresponds to superconductivity (SC). In the normal
state without charge order, the system may exhibit Fermi-liquid (FL)
or non-Fermi-liquid (NFL) behavior.

and disappears above p ~ 28 GPa. Our observations sug-
gest a nontrivial evolution of the electronic structure and the
electron-phonon interaction under pressure, with qualitatively
different intrinsic resistivity up to room temperature corre-
lated with distinct ground states. These findings highlight the
AV;3Sbs series as a host for tuning between distinct electronic
instabilities and indicate the interplay of superconductivity
with the LPCO and the HPP to be mainly driven by their com-
petition, with quantum critical fluctuations playing a minimal
role.

Single crystals of KV3Sbs were grown using a self-flux
method, with physical properties under ambient pressure
reported previously [14]. While K deficiencies may be uti-
lized to achieve unusual transport behaviors [32], they also
significantly increase residual resistivity and suppress super-
conductivity [12]. Therefore detailed characterizations were
performed to ensure that our samples exhibit minimal K
deficiencies [33]. Electrical resistivity measurements under
pressure were carried out using a piston-cylinder cell (PCC)
and a diamond anvil cell (DAC), with Daphne oil 7373 or
silicon oil as the pressure medium to ensure hydrostaticity of
our measurements [33].

Measurements of the electrical resistivity p(7') with pres-
sures up to 2.3 GPa are shown in Fig. 2(a), with the
corresponding dp/dT curves shown in Fig. 2(d). A clear
anomaly associated with the appearance of the LPCO below
Tco can be seen at 0.1 GPa, and as pressure is increased up
to 0.4 GPa, the anomaly clearly moves to lower temperatures
before becoming indiscernible at 0.5 GPa. These results im-
ply that charge order associated with Tgo disappears rapidly
upon pressure tuning. It should be noted that the resistivity
anomaly associated with T¢q is weaker in KV3Sbs compared
to CsV3Sbs, and it further weakens upon the application of
pressure. As the strength of the resistivity anomaly reflects the
size of the underlying electronic order parameter, this suggests
that in addition to the suppression of T, the magnitude of the
LPCO is also reduced under pressure in KV3Sbs.

The electrical resistivities p(7') in the pressure range 4.9—
21.5 GPa are shown in Fig. 2(b), with the corresponding
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FIG. 2. In-plane resistivity p(7) of KV3Sbs under pressures
from (a) 0.1-2.3 GPa, (b) 4.9-21.5 GPa, and (c) 23.6-27.9 GPa.
The corresponding d p(T')/dT are respectively shown in (d), (e), and
(f). Data in (a) are measured in a piston-cylinder cell, and data in
(b) and (c) are measured in a diamond anvil cell. Aside from the one
p(T) curve at 27.9 GPa which is measured upon warming, all data
are taken upon cooling. The inset in (c) zooms into the temperature
region with hysteretic resistivity at 27.9 GPa.

dp/dT curves shown in Fig. 2(e). In combination with results
in Fig. 2(d), it can be seen that dp/dT does not exhibit
clear anomalies from 0.5 to 19 GPa, suggesting no detectable
electronic orders that compete with superconductivity in this
pressure range. p(T') for pressures from 23.6 to 27.9 GPa are
shown in Fig. 2(c), with the corresponding dp/dT curves
shown in Fig. 2(f). For these pressures a clear dip is ob-
served in dp/dT, which moves to higher temperatures with
increasing pressure. Furthermore, the corresponding anomaly
in p(T') exhibits a clear hysteresis upon cooling and warming
[inset of Fig. 2(c)], indicating the anomaly to be associated
with a HPP appearing via a first-order phase transition. The
HPP’s hysteretic nature, significantly higher onset tempera-
ture 7%, and the increase of 7* with increasing pressure all
indicate the HPP to be distinct from the LPCO. Moreover,
p(T) in the pressure regime with the HPP is qualitatively
different from those in Figs. 2(a) and 2(b), exhibiting a much
reduced §p = p(300 K) — po (po being the resistivity just
above the onset of superconductivity). A similar anomaly in
dp/dT is also observed at 21.5 GPa in Fig. 2(e), pointing to
the appearance of the HPP already at 21.5 GPa. However, the
anomaly is much less prominent at this pressure, and p(7")
exhibits a larger 8p, different from behaviors in Fig. 2(c).
This suggests that appearance of the HPP is first-order-like
upon tuning by pressure, with the HPP partially stabilized
over the sample volume at 21.5 GPa. We note that py appears
anomalously large at high pressures, which could be related to
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FIG. 3. In-plane resistivity p(7') of KV;Sbs under pressures
from (a) 0.1-9.2 GPa, (b) 10.3-19 GPa, and (c) 21.5-27.9 GPa,
zoomed in for 7' < 4 K. Low-temperature resistivity p(7") under
various c-axis magnetic fields for (d) 4.9 GPa and (e) 21.5 GPa. (f)
The upper critical field of KV;Sbs as a function of temperature under
4.9 and 21.5 GPa. Fits to the WHH model are shown as dashed lines.

structural defects of the sample, possibly caused by structural
distortions associated with the HPP and the increased suscep-
tibility to sample fracturing under high pressures.

Figures 3(a)-3(c) zoom in to p(T) for T < 4 K, focusing
on the evolution of superconductivity upon pressure tuning.
As can be seen, T, increases with increasing pressure up to
0.4 GPa, decreases slowly at higher pressures, and becomes
strongly suppressed at 9.2 GPa [Fig. 3(a)], forming a highly
asymmetric superconducting dome with maximal 7. near
the border of the LPCO. Upon further increase of pressure,
T is first enhanced with increasing pressure from 10.3 to
19 GPa [Fig. 3(b)] and then decreases from 21.5 to 27.9 GPa
[Fig. 3(c)], forming a second superconducting dome.

To probe the superconducting state associated with the
two superconducting domes, we measured resistivity under an
applied magnetic field along the ¢ axis at 4.9 and 21.5 GPa,
respectively, shown in Figs. 3(d) and 3(e). The upper critical
fields poHq(T) are determined as when po(7T) drops to pg/2,
and are summarized in Fig. 3(f). noH(T') could be fit with
the Werthamer-Helfand-Hohenberg (WHH) model [34] for
both pressures, with fits shown in Fig. 3(f). As can be seen,
although 7; =~ 1.5 K at 4.9 GPa is higher than T, ~ 1.0 K at
21.5 GPa, superconductivity is suppressed much more quickly
under an applied field at 4.9 GPa, pointing to a significant
pressure tuning of the superconducting state not captured by
T... This point is also highlighted by a nontrivial evolution of
the upper critical field around the LPCO [33].

The phase diagram obtained from electrical resistivity
measurements under pressure is shown in Fig. 4(a), with T
determined from when p(7") drops to po/2, Tco from the
dp(T)/dT dip in Fig. 2(d), and T* from the dp/dT dip in
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FIG. 4. (a) The temperature-pressure phase diagram of KV;Sbs.
Two superconducting regions (SC1 and SC2), the low-pressure
charge order (LPCO), and the high-pressure phase (HPP) can be
identified in the figure. The inset zooms into the low-pressure region,
highlighting the interplay between superconductivity and the LPCO.
(b) Pressure dependence of the electrical resistivity change §p =
p(300 K) — po. The solid line is a guide to the eye. Full symbols
correspond to points obtained using a PCC, and empty symbols
correspond to points obtained using a DAC. For measurements using
a DAC, two samples were studied [33] and are presented using
different symbols.

Fig. 2(f). In cases where superconductivity onsets but does
not drop to po/2 at the lowest measured temperature, o(7)
is extrapolated to obtain an estimate of 7. The phase dia-
gram reveals that while T; is enhanced from 0.9 K under
ambient pressure to 3.1 K at p.; = 0.5 GPa (4.4 K/GPa),
the decrease above p.; is much more gradual, with the su-
perconducting dome terminating at p ~ 10 GPa (= —0.30
K/GPa). Such an asymmetric superconducting dome is empir-
ically different from the case of superconductivity emerging
near a quantum critical point. Combined with the persistence
of Fermi-liquid behavior up to at least 17 GPa [33], our
results suggest that competition between superconductivity
and the LPCO is mainly responsible for the maximum in 7;
at the border of the LPCO. A similar mechanism may also
account for the 7. maxima at p,, ~ 22 GPa, given the HPP
appears in a clear first-order fashion. Therefore, despite the
unusual temperature-pressure phase diagram with the HPP
and unconventional features associated with the LPCO, the
interplay between superconductivity with both the LPCO and
the HPP seem to be dominated by a competition mechanism
[Fig. 1(a)], in contrast to a scenario involving quantum criti-
cality [Fig. 1(b)].

On the other hand, the strong suppression of superconduc-
tivity at p =~ 10 GPa likely involves a significant modification
to the electronic structure or electron-phonon interactions,
leading to a clear kink in the pressure evolution of §p, shown
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in Fig. 4(b). Since §p results from electron-electron and
electron-phonon scattering and is insensitive to impurity or
crystal defects, the kink in § p at p & 10 GPa may result from a
Lifshitz transition [35,36] or a nonmonotonic evolution of the
electron-phonon interactions, which in turn naturally accounts
for distinct characters of the LPCO and the HPP stabilized on
the two sides of p ~ 10 GPa. Moreover, §p reduces sharply
near p.,, where the HPP is stabilized, consistent with the HPP
being a novel state distinct from the LPCO, and supports its
first-order appearance with increasing pressure.

Insensitivity of the HPP to applied magnetic field [33], its
clear signature in resistivity, and the presence of thermal hys-
teresis suggests the HPP may correspond to a charge-ordered
state or an altered structural phase. In either case, pressure
tuning of the electronic structure and electron-phonon in-
teractions should play a pivotal role in stabilizing the HPP
under pressure, whose exact nature needs to be clarified by
further experiments. The observation of the second super-
conducting dome having maximal 7. around p., ~ 22 GPa,
where the HPP appears, suggests a possible role of the HPP
in formation of the second superconducting dome. However,
the origin of the second superconductivity dome, whether it
exhibits a distinct pairing symmetry relative to the first dome,
and exact relationship to the HPP, need to be addressed in
future works. It is interesting to note that a similar second
superconducting dome is also observed in CsV3Sbs under
pressure [20,36], although superconductivity remains robust
up to 100 GPa, compared to KV3Sbs in which supercon-
ductivity is suppressed around 28 GPa. The origin of such
a significant difference between the two systems calls for
further studies, with focus on whether a HPP can be stabilized
in CsV3Sbs under pressure and the role of hydrostaticity in
determining the temperature-pressure phase diagram.

The temperature-pressure phase diagram we uncover in
KV;Sbs contains two distinct superconducting domes, both
with optimal superconductivity near the border of a competing
electronic order. Such a behavior is highly unconventional,
reminiscent of the heavy fermion superconductor CeCu,Si,
[26], where one superconducting dome is associated with a
magnetic quantum critical point and the other with a first-
order valence instability. In contrast, the first superconducting
dome in KV3Sbs is associated with an highly unusual charge
order and the second with a new high-pressure phase that

is possibly a distinct charge order. Furthermore, compared
to the evolution of superconductivity near the border of the
LPCO in KV3Sb;, CsV3Sbs exhibits an additional super-
conducting dome well inside the LPCO regime [21]. These
rich behaviors in AV3Sbs suggest the presence of multiple
electronic instabilities proximate in energy, with the balance
between them determined sensitively by the electronic struc-
ture, electron-phonon interactions, and dimensionality (c/a =
1.633 in KV;3Sbs and 1.694 in CsV3Sbs), highlighting the
kagome lattice as an ideal platform for both realizing and
manipulating novel states of quantum matter.

In conclusion, we studied the temperature-pressure phase
diagram of the kagome metal KV;Sbs under hydrostatic pres-
sure and observed two superconducting domes, with the first
exhibiting a competition between superconductivity and the
low-pressure charge order and the second associated with a
unique high-pressure phase. Our findings suggest pressure
significant modifies the electronic structure and electron-
phonon interactions, leading to the nuanced evolution of
physical properties and phases under pressure. Despite the
nontrivial evolution of superconductivity with pressure, the
interplay between charge order and superconductivity is most
likely dominated by their competition. Our results evidence
two superconducting domes and distinct electronic orders sta-
bilized in the kagome metal KV;3Sbs, setting the stage for
exploring superconductivity on the kagome lattice in the pres-
ence of distinct collective electronic orders and constraining
models that capture charge order and superconductivity in the
AV;3Sbs series.
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