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SPECIAL TOPIC — Superconductivity in vanadium-based kagome materials
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The kagome metals AV3Sbs (A = K, Rb, Cs) under ambient pressure exhibit an unusual charge order, from which
superconductivity emerges. In this work, by applying hydrostatic pressure using a liquid pressure medium and carrying
out electrical resistance measurements for RbV3Sbs, we find that the charge order becomes suppressed under a modest
pressure p. (1.4 GPa< p. < 1.6 GPa), while the superconducting transition temperature 7; is maximized. 7; is then
gradually weakened with further increase of pressure and reaches a minimum around 14.3 GPa, before exhibiting another
maximum around 22.8 GPa, signifying the presence of a second superconducting dome. Distinct normal state resistance
anomalies are found to be associated with the second superconducting dome, similar to KV3Sbs. Our findings point to
qualitatively similar temperature—pressure phase diagrams in KV3Sbs and RbV3Sbs, and suggest a close link between the
second superconducting dome and the high-pressure resistance anomalies.

Keywords: kagome superconductor, temperature—pressure phase diagram, superconducting dome, hydrostatic

pressure
PACS: 74.25.Dw, 74.62.Fj, 74.25.F—

1. Introduction

The kagome metals AV3Sbs (A = K, Rb, Cs)!!* have
drawn significant interest recently, with focus on (1) supercon-
ductivity with topological surfaces states,/?! which raises the
prospects of realizing topological superconductivity and Ma-
jorana zero modes;>®! (2) a large anomalous Hall effect in the
absence of local moments, !’ which possibly results from a
charge order that breaks time-reversal symmetry;[!%-131 (3) the
nature of the superconducting pairing, with evidence for node-
less superconducting gaps,!'*'% as well as indications for

171 and (4) the sensitivity of su-

18-26]

nematic superconductivity;
perconductivity and charge order to pressure-tuning,|
likely related to the presence of competing instabilities on the
kagome lattice.[?-31]

With the application of pressure, the charge order be-
comes quickly suppressed and superconductivity is enhanced,
forming a superconducting dome with maximal 7; near the
pressure at which the charge order disappears.!'8-24261 While
this superconducting dome can be understood to result from
the competition between superconductivity and charge or-
der, a second superconducting dome is found in AV3Sbs

18,21-24

at higher pressures,! I whose origin remains unclear.

Factors that may be relevant for the formation of the sec-
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ond superconducting dome include a pressure-induced Lif-
shitz transition,!??! magnetism suppressing superconductivity
in the region between the two superconducting domes, 3!
reconstruction of the Sb bands due to the formation of in-
terlayer Sb—Sb bonds,*¥ and a distinct high-pressure phase
revealed through resistivity anomalies.”>!) While two-dome
superconductivity is found in all AV3Sbs materials via re-

(241 studies of the corresponding nor-

sistivity measurements,
mal state from which superconductivity emerges has been
limited.[21:22] In particular, it remains unclear whether re-
sistivity anomalies associated with the second superconduct-
ing dome in KV3Sbs!?!l are also present in RbV3Sbs and
CsV3Sbs.

In addition, single crystal diffraction revealed a highly
anisotropic compression under hydrostatic pressure, with the
c lattice parameter reducing significantly more than the in-
plane lattice parameters,>3! which suggests hydrostaticity of
measurements under pressure may strongly affect experimen-
tal results and the determined phase diagrams. Therefore, to
compare results on the AV3Sbs series obtained using differ-
ent experimental techniques, it is important to reproduce the
corresponding experimental hydrostaticity.

In this
temperature—pressure phase diagram of RbV3Sbs via mea-

work, we systematically investigated the
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surements of electrical resistance, applying pressure using a
liquid pressure medium. It is found that the superconducting
transition temperature 7; in RbV3Sbs increases from 0.9 K
under ambient pressure to about 4.5 K at 1.2 GPa, with the
charge order disappearing above p., which occurs between
1.4 GPa and 1.6 GPa. T is then gradually suppressed with
increasing pressure and reaches a minimum of about 0.4 K
around 14.3 GPa. With further increase of pressure, another
T: maximum of about 1.2 K is observed around 22.8 GPa, in-
dicating the presence of a second superconducting dome. For
pressures = 22.8 GPa, T, in the second superconducting dome
is suppressed with increasing pressure, and distinct features
are detected in the normal state resistance, possibly related to
a high-pressure phase. These behaviors are similar to pres-
surized KV3Sbs, ! suggesting that they are common in the
AV3Sbs series under high pressure, and are closely related to
the suppression of superconductivity in the second dome.

2. Experimental details

Single crystals of RbV3Sbs were grown using a self-flux
method.!"?! Electrical resistance measurements under pres-
sure were carried out using a diamond anvil cell (DAC), with
silicon oil as the pressure medium, which allows for better hy-
drostaticity compared to solid pressure media. Single crys-
tals of RbV3Sbs were polished and cut into square pieces, and
then loaded into a Be—Cu diamond anvil cell with a 400-pum-
diameter culet. The ruby fluorescence method was used to
determine the values of pressure inside the DAC at room tem-
perature, before and after the measurements. All electrical re-
sistance measurements from room temperature down to 0.3 K
were performed in a Teslatron-PT system with an Oxford *He

insert. For measurements with an applied magnetic field, the
field was applied along the c-axis.

3. Results

The measured electrical resistance R(T) for sample #1
with pressures from 0.9 GPa up to 34.2 GPa is shown in
Figs. 1(a)-1(d), with the corresponding dR/dT curves shown
in Figs. 1(e)-1(g). Examining the behavior of R(T') in the nor-
mal state, clear anomalies associated with the charge ordering
temperature Tco can be seen up to 1.4 GPa, with Tco decreas-
ing with increasing pressure [Fig. 1(a)]. The values of Tco
can be determined from the anomaly in the dR/dT curves, as
shown in Fig. 1(e), which becomes indiscernible at 1.6 GPa.
These results suggest that the charge order disappears at a crit-
ical pressure p. between 1.4 GPa and 1.6 GPa. p. in RbV3Sbs
is larger than that in KV3Sbs (= 0.5 GPa),?!1 consistent with
the idea that larger alkaline metal ions exert negative chemi-
cal pressure, although it should be noted that additional effects
may also be at play, as suggested by the complex evolution of
T, with pressure in CsV3Sbs and RbV3Sbs for p < p,.[19:20-26]

In the pressure range from 2.6 GPa to 8.9 GPa, R(T) in
the normal state is largely unchanged with increasing pres-
sure [Fig. 1(b)]. In contrast, in the pressure range from
11.5 GPa to 27.8 GPa, the values of R(T) increase with in-
creasing pressure, with the increase particularly prominent for
p = 22.8 GPa [Fig. 1(c)]. This difference between the results
in Figs. 1(b) and 1(c) is largely due to the residual resistance
Ry, which is the value of R(T) just before the onset of super-
conductivity. On the other hand, the variation of R(T") with
temperature, which can be captured by R = R(300 K) — Ry,
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Fig. 1. (a)—(d) Electrical resistance R(T) of RbV3Sbs sample #1 in various pressure ranges. (e)—(g) The corresponding dR/dT curves, shifted
vertically for clarity. Tco is the onset temperature of the charge order, and 7 corresponds to a minimum in dR/dT.
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stays nearly unchanged from 2.6 GPa to 22.8 GPa, but starts to
decrease dramatically when p 2> 22.8 GPa. Clear anomalies in
dR/dT, with a minimum at T* ~ 220 K [Figs. 1(f) and 1(b)],
are detected for p 2 11.5 GPa. It should be noted that since
dR/dT exhibits multiple anomalies around T*, with possible
additional features above room temperature, 7* should be con-
sidered as a characteristic temperature rather than a transition
temperature.

For even higher pressures of 30.0 GPa and 34.2 GPa,
the normal state R(T') becomes qualitatively different: com-
pared to lower pressure values, R is much smaller, Ry be-
comes much larger [Fig. 1(d)], and a subtle upturn in R(T') is
observed for T < 20 K. In addition, the dR/dT anomaly as-
sociated with T* becomes more dominant for p 2 30.0 GPa,
due to the dramatic decrease of SR (and thus the magnitude
of dR/dT) at these pressures. These behaviors are similar
to KV3Sbs at high pressures,?!! and can be collectively at-
tributed to the formation of a high-pressure phase.

Since the high-pressure phase exhibits a small R and
a large Ry, the observation that SR begins to drop while Ry
begins to increase for p 2 22.8 GPa suggests that the high-
pressure phase onsets around 22.8 GPa. On the other hand,
signatures of T* already appear for 11.5 GPa, a significantly
lower pressure compared to that when dR begins to drop and
Ro begins to increase, suggesting that is not unique to the
high-pressure phase. More work is needed to definitively pin
down the phase boundary of the high-pressure phase in the

temperature—pressure phase diagram and elucidate the origin
of the resistance anomalies around 7*.

Figure 2 zooms into low temperatures to examine the evo-
lution of superconductivity in RbV3Sbs sample #1, as a func-
tion of the applied pressure. For pressures from 0.9 GPa to
2.6 GPa [Fig. 2(a)], T¢ is bunched around 4 K, significantly
higher than 7. < 1 K under ambient pressure.l*l A promi-
nent feature is that the superconducting transition is signifi-
cantly broader for 0.9 GPa, compared to those from 1.2 GPa
to 2.6 GPa, which suggests that a broad superconducting tran-
sition is correlated with the presence of a strong charge or-
der. It should be noted that while signatures of the charge
order are also detected for 1.2 GPa and 1.4 GPa, the corre-
sponding dip in dR/dT is significantly weakened compared
to that at 0.9 GPa, which indicates that the magnitude of the
charge order parameter becomes significantly reduced. A sim-
ilar sharpening of the superconducting transition with weak-
ening of the charge order upon applying pressure is also ob-
served in KV3Sbs, >l suggesting that it is a common feature
of the AV3Sbs series.

One possible origin for this behavior is that d7;/dp is
much larger in the presence of a strong charge order, com-
pared to that when the charge order is significantly weakened
or suppressed. If there is a distribution of internal stress Ap in
the sample (and assume that it does not change too much with
applied pressure), then the superconducting transition width
AT, = %Ap would be large when d7;/dp is large.
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Fig. 2. Zoomed-in electrical resistance R(T') of RbV3Sbs sample #1 under various pressures to show the evolution of superconductivity with pressure.
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Alternatively, domain boundaries of a period-2 charge
order could exhibit enhanced filamentary superconductivity,
leading to a broad superconducting transition in R(T'). Such a
picture was invoked to account for enhanced superconductiv-
ity seen in the period-2 charge order phase of Ba;_,Sr,NiyAs,
while such an effect was absent for the period-3 charge order

1341 Given the charge order

phase in the same material series.
in AV3Sbs is period-2 in the ab-plane,!”! such a mechanism
may also contribute to its broadened superconducting transi-
tion under ambient and low pressures, where the charge order
is substantial.

In the pressure range from 3.6 GPa to 11.5 GPa
[Fig. 2(b)],
sure, which in combination with results in Fig. 2(a), evi-

T. gradually reduces with increasing pres-

dences a superconducting dome with maximal 7; around p.
Such a behavior was previously reported for the AV3Sbs
materials, 1821241 and likely results from a competition be-
tween charge order and superconductivity, without a promi-
nent role of quantum criticality.?!]

Upon further increasing pressure, 7 further drops for
12.9 GPa and 15.5 GPa, but becomes enhanced again at
22.8 GPa [Fig. 2(c)]. This suggests the presence of a minimum
in T; between 12.9 GPa and 22.8 GPa, and signifies the appear-
ance of a second superconducting dome. For pressures in the
range from 26.4 GPa to 34.2 GPa [Fig. 2(d)], T; decreases with
increasing pressure, indicating that the maximal T; of the sec-
ond superconducting dome appears at p < 26.4 GPa. More-
over, the superconducting transition becomes sharpened for
30.0 GPa and 34.2 GPa, possibly related to the high-pressure
phase, with clear signatures in the normal state. It is interesting
to note that the suppression of superconductivity in RbV3Sbs
is less significant compared to that in KV3Sbs, as the high-
pressure phase appears. Compared to superconducting tran-
sitions for p < 2.6 GPa, those for p > 3.6 GPa are generally
broader and less smooth, possibly related to a larger distribu-
tion of stress or pressure-induced defects in the crystal.

To clarify the evolution of 7. near the boundary of the
two superconducting domes, we measured R(7') near T; for

RbV3Sbs sample #2, with results shown in Fig. 3. Upon in-
creasing pressure from 1.8 GPa up to 14.3 GPa [Fig. 3(a)],
T. monotonically decreases with increasing pressure, with the
value of 7, (determined through the midpoint of the super-
conducting transition) reaching a minimum of about 0.4 K
at 14.3 GPa. With further increase of pressure, 7. becomes
slightly enhanced at 15.1 GPa, and furthers increases with in-
creasing pressure up to 21.6 GPa [Fig. 3]. Upon further in-
crease of pressure, 7. again reduces with increasing pressure
[Fig. 3]. These measurements on sample #2 are consistent with
those for sample #1 [Fig. 2] in establishing the presence of
two superconducting domes, and further clarifies that the min-
imum in 7; between the two domes occurs around 14.3 GPa.

To probe the superconducting state under various pres-
sures, we chose three representative pressures and measured
the resistance for sample #1 under an applied magnetic field
along the c-axis, with results shown in Fig. 4. The three pres-
sures correspond to states with coexisting charge order and su-
perconductivity [0.9 GPa, Fig. 4(a)], without charge order and
inside the first superconducting dome [2.6 GPa, Fig. 4(b)], and
inside the second superconducting dome [27.8 GPa, Fig. 4(¢c)].
As can be seen, superconductivity is gradually suppressed with
applied field in all cases, which allows us to extract the upper
critical field poHco (T') for various pressures.

The upper critical fields uoHc(T) are determined
as when R(T) drops to Ryp/2, and are summarized in
Fig. 4(d). poH(T) could be fit with the Werthamer—Helfand—
Hohenberg (WHH) model®3! for the three pressures, with fits
shown as dashed lines in Fig. 4(d). Previously, it was shown
in KV3Sbs that a much larger poHe (T = 0) (for field along
the c-axis) is observed for the second superconducting dome,
even when the T; is lower compared to the first superconduct-
ing dome.?!! For RbV3Sbs, the values of T.?/uoHe (T = 0)
are respectively found to be 13.3, 15.2 and 1.9 (K*/T), for
0.9 GPa, 2.6 GPa and 27.8 GPa. The significantly smaller ratio
at 27.8 GPa points to toH (T = 0) also becoming enhanced
relative to T; in the second superconducting dome, similar to
KV3Sbs.
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Fig. 3. Electrical resistance R(T) of RbV3Sbs sample #2 near the superconducting transition under various pressures, showing the evolution of

superconductivity with pressure.
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27.8 GPa. Fits to the WHH model are shown as dashed lines.

The phase diagram obtained from electrical resistance
measurements under pressure is shown in Fig. 5(a). T; is de-
termined as when R(T") drops to Ry/2, T* from a minimum in
dR/dT [Fig. 1(g)], and Tco from the dipin dR/dT [Fig. 1(e)].
In KV3Sbs, it was shown that the decrease of T, above p. is
much more gradual, compared to the enhancement of 7. below
De, resulting in the first superconducting dome being highly
asymmetric.[>!! In the case of RbV3Sbs, it can be seen that the
same qualitative behavior is observed.

Various regimes in the phase diagram can be identified
through the presence of a resistivity anomaly at 7* [Fig. 5(a)]
and signatures in 6R and Ry [Fig. 5(b)]. The anomaly in
dR/dT associated with T* first appears at 11.5 GPa, just be-
fore superconductivity crossovers from the first dome into the
second. Ry increases slowly with increasing pressure up to
~ 22.8 GPa, above which it increases at a much faster rate up
to ~ 30 GPa, and finally plateaus for p 2> 30 GPa. SR exhibits
a gradual decrease with increasing pressure up to 1.4 GPa
(= pc), then evolves slowly up to ~ 22.8 GPa, before dropping
precipitously for p 2 22.8 GPa. Since T in the second super-
conducting dome begins to decrease with increasing pressure
for p 2 22.8 GPa, a large Ry and a small SR, which are signa-
tures of a possible high-pressure phase, appear to be correlated
with suppression of T; in the second superconducting dome.
A similar large drop of SR and an increase in Ry are also ob-
served in KV3Sbs, and are also associated with the suppres-
sion of T, in the second superconducting dome. >}
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Fig. 5. (a) The temperature—pressure phase diagram of RbV3Sbs. Two su-
perconducting regions (SC1 and SC2) and a charge-ordered phase (CO) are
identified. Points under ambient pressure are from Ref. [3]. Tco is the onset
temperature of the charge order, 7; is the superconducting transition tem-
perature, and 7™ is a characteristic temperature associated with a minimum
in dR/dT. The errors bars for Tco are determined from the half width at
half minimum of the dip in dR/dT. The errors bars for T, characterize the
width of the superconducting transition, with values corresponding to 20%
and 80% of Ry, where Ry is the resistance just before the onset of super-
conductivity. In cases where R(T') does not drop to 20% of Ry at the lowest
measured temperature, R(7T') is extrapolated to obtain an estimate. (b) Pres-
sure dependence of the residual resistance Ry and the electrical resistance
change R = R(300 K) — Ry. Ry for sample #2 is divided by 2, and plotted
together with Ry for sample #1. SR was only measured for sample #1. The
solid lines are guides-to-the-eyes.
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4. Discussion and conclusion

Our observation of two-dome superconductivity is sim-

1821241 and suggests that

ilar to previous works on AV3$b5,[
such a feature is qualitatively robust, both with regard to varia-
tions of the alkaline metal and experimental hydrostaticity. On
the other hand, the additional modulation of T; for p < p. in
CsV3Sbs and RbV3Sbs[19:20:26] is not observed in KV3Sbs.[21]
While the present data on RbV3Sbs suggests a single peak in
T around p., the density of probed pressures is insufficient to
distinguish whether additional subtle modulations of 7. exist
for p < pc.1?%!

Despite the qualitative agreement on the presence of two-
dome superconductivity in the literature, directly comparing
phase diagrams for RbV3Sbs from this work and Ref. [24]
[Fig. 6(a)], and for KV3Sbs from Refs. [21,24] [Fig. 6(b)], re-
veals clear differences. The differences likely originate from
hydrostaticity of the experiments, which either used silicon
oil as a liquid pressure medium (solid symbols, this work and
Ref. [21]), or cubic boron nitride as a solid pressure medium
(open symbols, Ref. [24]), with the former typically associ-
ated with better hydrostatcity. As can be seen, in the phase di-
agrams of both RbV3Sbs and KV3Sbs obtained using a liquid
pressure medium, a larger pressure is required to suppress the
first superconducting dome (and induce the onset of the sec-
ond dome), compared to experiments using a solid pressure
medium. On the other hand, superconductivity in the second
dome appears more easily suppressed using a liquid medium,
while it is more persistent when using a solid medium. While
the origin for these systematic differences remains unclear, a
key factor is the strongly anisotropic compression revealed un-
der pressure, with the c-axis lattice parameter reduced by a
staggering ~ 20% under 20 GPa in CsV3Sbs.[*3] Since typi-
cal studies on layered materials in a DAC apply force along
the c-axis, nonideal hydrostaticity could lead to larger-than-
nominal compressive pressure on the ab-plane. This may con-
tribute to the smaller nominal pressures in experiments using
a solid pressure medium, which are needed to access, for ex-
ample, the dip in T; between the two superconducting domes.
These observations point to the importance of hydrostaticity
for experimentally determined phase diagrams, which should
be taken into consideration when comparing experimental re-
sults on AV3Sbs obtained under high-pressures.

Comparing the present results on RbV3Sbs with previ-
ous work on KV3Sbs!>!l [solid symbols in Figs. 6(a) and
6(b)], it can be seen a higher suppress of the first supercon-
ducting dome in RbV3Sbs, consistent with the notion that a
larger atomic radius corresponds to negative chemical pres-
sure.
transport (Ry and OR), which can be attributed to a high-
pressure phase, are seen under pressures associated with the

More importantly, clear changes in the normal state

suppression of 7 in the second superconducting dome, for
both RbV3Sbs and KV3Sbs.[?!] With increasing pressure, the
dR/dT anomaly near T* first appears at the edge of the first
superconducting dome, and persists across the second super-

(2] also associ-

conducting dome. Previous work on KV3Sbs
ated the resistance anomalies around 7* with the high-pressure
phase and the suppression of 7; in the second superconducting
dome. Examination of the published data reveals that these
anomalies in KV3Sbs also extend to lower pressures, suggest-
ing that they are not unique to the high-pressure phase, similar

to the present results on RbV3Sbs.
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Fig. 6. (a) Comparison between superconducting phase diagrams of

RbV3Sbs from this work and Ref. [24]. The maroon symbols are from
RbV3Sbs sample #1, and the green symbols are from sample #2.
(b) Comparison between superconducting phase diagrams of KV3Sbs from
Refs. [21,24]. T in this work and Ref. [21] is defined as when the resistance
(resistivity) drops to Ro/2 (po/2), whereas it is determined from 0.9p) in
Ref. [24]. The dashed lines are guides-to-the-eyes.

It is interesting to note that for pressures associ-
ated with the second superconducting dome in CsV3Sbs,
Raman spectroscopy detected distinct signatures in the
phonon spectrum,??! and first-principles calculations found
a structural instability3?! and a reconstruction of the Fermi

[33] suggesting that the normal state from which super-

surface,
conductivity emerges in the second dome of CsV3Sbs is dis-
tinct from that at lower pressures, similar to the present find-
ings for RbV3Sbs. Further work is needed to understand the
nature of high-pressure phases in AV3Sbs, as well as clarify
how they are related to the second superconducting dome.

In conclusion, we have systematically studied the elec-
trical resistance of RbV3Sbs by applying hydrostatic pressure
via a liquid pressure medium, revealing the presence of two su-
perconducting domes and distinct features in the normal state
transport associated with the second dome, similar to KV3Sbs.
In both systems, the shape of the first superconducting dome is
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highly asymmetric, with maximal 7; near the border of the am-
bient pressure charge order. With increasing pressure, anoma-
lies in dR/dT near T* ~ 220 K appear at the edge of the first
superconducting dome and persist across the second dome.
The suppression of superconductivity in the second supercon-
ducting dome is associated with significant changes in the nor-
mal state transport, which can be attributed to a high-pressure
phase. The commonality of a second superconducting dome
at high pressures and behaviors in the normal state resistance
for both RbV3Sbs and KV3Sbs suggests a link between these
phenomena.
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