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The recently discovered titanium-based kagome metal ATisBis (A = Cs, Rb) provides a new platform to
explore novel quantum phenomena. In this work, the transport properties of ATizBis (A = Cs, Rb) are system-
atically investigated under high pressure. Although ATi3Bis (A = Cs, Rb) shows no evidence of superconductivity

at ambient pressure, the pressure-induced double-dome superconductivity is observed in both compounds, resem-
bling the superconducting phase diagram of AVsSbs (A = Cs, Rb, and K) under pressure. High-pressure X-ray

diffraction measurements exclude the pressure-induced structural phase transition. A slope change in the c/a
ratio was found between 12.4 and 14.9 GPa, indicating the occurrence of lattice distortion. The distinct changes

in the electronic band structure revealed by first-principles calculations further explain the emergence of super-

conductivity in the two domes. These findings suggest that pressure can effectively tune the electronic properties

of ATisBis, providing new insights into the rich physics of kagome metals.

DOTI: 10.1088,/0256-307X/42/7/070713

The kagome lattice, a two-dimensional network with
corner-sharing triangles, stimulates a wide variety of in-
vestigations into correlated electronic phenomena and non-
trivial topological states. [ With this special geometry, the
kagome lattice naturally possesses unique electronic struc-
tures including flat bands, Dirac points, and van Hove
singularities (VHSs), which give rise to a series of novel
quantum phenomena, such as quantum spin liquid, 2:3]

[7,8

fractional quantum Hall states, [4-6] density waves, I and

unconventional superconductivity. [o-11]

Among kagome materials, the vanadium-based super-
conductor AV3Sbs (A = Cs, Rb and K) has aroused
tremendous interest. >4 In AV3Sbs, the VHSs at the
M point are located close to the Fermi level and in-
duce charge-density-wave (CDW) order with a transi-
tion temperature of Tepw ~ 78-103K.!'> 8 However,

it still remains unclear whether the CDW order orig-

fThese authors contributed equally to this work.

CSTR: 32039.14.0256-307X.42.7.070713

inates from Fermi surface nesting or electron—phonon
coupling. (17,19-25] Additionally, AV3Sbs exhibits a super-
conducting transition with 7. ~ 0.9-2.5 K.[1271418 Up-
til now, the nature of pairing symmetry is still under
hot debate. 3% The intertwined superconductivity and
charge order display a complicated phase diagram un-
der pressure. *>™4 Degpite extensive studies focused on
AV3Sbs, the underlying mechanism of these novel quan-
tum phenomena remains elusive. [18,45,46]

The titanium-based kagome metal ATisBis (A =
Cs, Rb), which is isostructural with AV3Sbs, has been
synthesized more recently. (4749} Non-trivial Z topolog-
ical band structures, including flat bands, Dirac nodal
lines, and possible topological surface states, were re-
vealed by angular-resolved photoemission spectroscopy
(ARPES) measurements and density functional the-
ory (DFT) calculations. " Compared with AV3Sbs,
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the phonon dispersion of ATi3Bis is free of imaginary
frequencies, [53:55] and the VHSs at the M point are pushed
far above the Fermi level, in line with the absence of CDW

-5 . . . ..
51-53,561 Orbital-selective electronic nematicity was

order.
evidenced by angular-dependent magnetoresistance, scan-
ning tunneling microscopy (STM), and polarization-
dependent ARPES measurements. [**54571 Although sig-
natures of superconductivity in ATisBis were claimed

954 metallic behavior with no ob-

by Yang et al., [+
vious anomaly down to 2K was reported by other
groups. (182256 By carrier doping or applying pressure, the
position of these unique electronic structures can be tuned

50 51.5 . . .
(59,5158 which may give rise to

over a large energy range,
some exotic physical properties, such as superconductivity.
In this sense, with the absence of the CDW order, ATisBi5
serves as a promising reference material to AVsSbs to un-
derstand the novel phenomena and electronic properties in
the kagome lattice.

Applying pressure is a clean and effective method to
tune the electronic and structural properties of quantum
materials without introducing impurities. In this study, we
present high-pressure resistance measurements on ATisBi5
(A = Cs, Rb) to investigate the evolution of its elec-
tronic properties. Despite ATi3Bis showing no evidence of
superconductivity at ambient pressure, pressure-induced
double-dome superconductivity is observed in both com-
pounds. The first superconducting dome of CsTisBis
starts at ~ 2 GPa, accompanied by the appearance of a
new Fermi pocket that enhances the density of states near
the Fermi level, according to our first-principles calcu-
lations. The superconducting transition temperature 7Tt
Then,
the superconductivity is gradually suppressed by pressure
and disappears at ~13 GPa. However, with further com-

reaches its first maximum of 1.10K at ~ 6 GPa.

pression, the superconductivity re-emerges with a second
maximum of 0.84 K at ~ 15GPa, then finally vanishes
at ~ 36 GPa, showing a typical double-dome phase dia-
gram. The reappearance of superconductivity is accompa-
nied by the pressure-induced lattice distortion and changes
in band structure. Similar double-dome superconductiv-
ity is also observed in compressed RbTizBis. Compared
to CsTisBis, the two superconducting domes of RbTisBis
span a narrower regime in the phase diagram, similar to
the situation in AV3Sbs.
applying pressure can effectively tune the electronic band

Our results demonstrate that

structure of ATi3Bis, which may have a significant impact
on the interplay between superconducting and nematic or-
der in this novel kagome material.

Single crystals of ATi3Bis (A = Cs, Rb) were grown by
the self-flux method. *®! Since ATizBis single crystals are
sensitive to air, all samples were prepared under an argon
atmosphere to avoid degradation. For each measurement,
we used a fresh piece of ATi3Bis single crystal and peeled
off the surface with Scotch tape to ensure purity. The X-
ray diffraction (XRD) measurement was performed using
an X-ray diffractometer (D8 Advance, Bruker) with Cu
Ka radiation (wavelength A\ = 1.5418 A). The resistance
and specific heat measurements under ambient pressure

were performed using a physical property measurement
system (PPMS, Quantum Design), with a very short ex-
posure time to air (several minutes).

High pressure was generated by a diamond anvil cell
(DAC) made from Be—Cu alloy. The diamond culet was
400 um in diameter. A mixture of epoxy and fine cubic
boron nitride powder was used to cover the Be-Cu gasket.
A 150 pm sample chamber was drilled at the center of the
pre-indented pit, in which a piece of ATi3Bis single crys-
tal was loaded (under an argon atmosphere) with NaCl
powder surrounding it as a pressure transmitting medium.
Platinum foils with a thickness of 4 um were used as elec-
trodes. The pressure inside the DAC was determined by
the ruby fluorescence method at room temperature each
time before and after the measurement. °"] High-pressure
resistance was measured in a 3He cryostat with the van
der Pauw method.

High-pressure XRD experiments were performed on
a CsTisBis powder sample at room temperature at the
BL15U1 beamline of the Shanghai Synchrotron Radia-
tion Facility (wavelength A = 0.6199 A). A symmetrical
DAC with 300 um culets was used to generate pressure.
A 100 um sample chamber was drilled from a stainless-
steel gasket, and Daphne 7373 oil was used as the pressure
transmitting medium. Pressure was also calibrated by the
ruby fluorescence method. 591 The XRD images were inte-
grated using the Dioptas software. ) The diffraction pat-
terns were analyzed with Le Bail refinement by the GSAS-
II software. [*!]

The first-principles calculations were carried out with
DFT implemented in the Vienna ab initio simulation
package (VASP). [62.63] The exchange-correlation func-
tional was treated by the generalized gradient approxima-
tion and parameterized by the Perdew—Burke-Ernzerhof
functional. ® The DFT-D3 method of Grimme with a
zero-damping function 95] wwas adopted to correct the influ-
ence from van der Waals interactions and the spin—orbit
coupling was taken into account in all the calculations.
The plane wave cutoff was set to 550 eV. The Monkhorst-
Pack k-point mesh of 13 x 13 x 7 was employed for the
unit cell. The convergence tolerance was 10~% eV for total
energy and all forces were converged to be < 0.005eVA™L.

As plotted in Fig. 1(a), ATi3Bis shows a layered hexag-
onal structure (P6/mmm, No. 191)."¥) The Ti-Bi and
Each
Ti-Bi layer contains a kagome net of titanium atoms,

A layers are alternately stacked along the ¢ axis.

with bismuth positioned within the hexagons and both
The XRD patterns of
the largest natural surface for ATi3Bis single crystals are

above and below the triangles.

shown in Fig. 1(b). Only (00!) Bragg peaks are observed,
indicating that it is the ab plane. The lattice constant
¢ is determined to be 9.263 A for CsTisBis and 9.144 A
for RbTisBis, respectively. Typical resistivity curves of
ATizBis at ambient pressure are plotted in Fig. 1(c), show-
ing metallic behavior without a superconducting transi-
tion down to 1.8 K. The absence of superconductivity is
also verified by the specific heat data, which can be well
fitted by C, = ¥T + AT® with the Sommerfeld coefficient
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Fig. 1. (a) Side and top views of the crystal structure of ATi3Bis (A = Cs, Rb). The titanium atoms form a perfect
kagome net with bismuth atoms in the hexagons. The A, Ti, and Bi atoms are represented as green, blue, and violet
balls. (b) XRD patterns of the largest natural surface for CsTi3Bis (blue curve) and RbTizBis (red curve) single
crystals. (c) Temperature dependence of resistivity for CsTizBis and RbTizBi5 single crystals at ambient pressure.
(d) Low-temperature specific heat of CsTizBis and RbTizBis single crystals. The solid lines show the fitting of the

data below 6 K to Cp = 4T + AT3.

v = 6.1mJ-mol~".K~2 for CsTizBis and 19.2mJ-mol~*-
K2 for RbTi3Bi5 [Fig. 1(d)]. However, tiny superconduct-
ing transitions with onset temperatures of 4.8 K and 4.2 K
are observed in the magnetic susceptibility of CsTizBis and
RDbTisBis single crystals, respectively (data not shown).
Their superconducting volume fractions are estimated to
be less than 0.01% at 2K under a magnetic field of 10
Oe.
tions come from tiny impurities of superconducting CsBis
(T. = 4.65K) and RbBiy (T. = 4.21K).[% Therefore,

ATisBis (A = Cs, Rb) itself is a nonsuperconducting
[48,52,56]

It is very likely that the superconducting transi-

kagome metal, consistent with previous reports.

Figures2(a) and 2(b) present the low-temperature re-
All
the data are normalized at 3K and vertically shifted for

sistance of CsTi3Bis ranging from 0.9 to 36.5 GPa.

clarity. The transition temperature 7. is defined as the
temperature at which the resistance drops to 90% of its
normal-state value. At 0.9 GPa, no superconducting tran-
sition is observed in CsTizBis down to 0.3 K, which further
confirms the absence of superconductivity at ambient pres-
sure. By applying pressure, superconductivity emerges,
and T, is gradually enhanced to 1.10K at 6.2 GPa. As
pressure increases, Tc shifts to lower temperatures and can-
not be detected at 12.7 GPa, showing the first supercon-
ducting dome. Apart from the low-temperature supercon-
ducting transitions, no anomalies are observed in the resis-
tance curves up to 10 K, and the observed T¢ values differ
significantly from those of elemental Bi under pressure, (67
thereby ruling out the possibility that the superconductiv-

ity originates from Bi impurity. With further compression,
the superconducting transition reappears and T, increases
to a second maximum of 0.84 K at 15.3 GPa. Then T,
decreases again, and the superconducting transition com-
pletely vanishes at 36.5 GPa, exhibiting the second super-
conducting dome.

To confirm the pressure-induced resistance drop is re-
lated to a superconducting transition, various magnetic
fields were applied on CsTisBis at 15.3 GPa, as shown
in Fig.2(c).
monotonically suppressed with increasing magnetic fields

It can be seen that the resistance drop is

and completely vanishes in 0.3 T. This result demonstrates
that the resistance drop under pressure is indeed a su-
perconducting transition. The temperature dependence of
the upper critical field poHce at 15.3 GPa is summarized
in the inset of Fig.2(c). The data can be well fitted by
the empirical Ginzburg-Landau (GL) formula poHe2 (T') =
poHe2 (0)[1 — (T/Te)?]/[1 + (T/Te)?]. The poHe2(0) is de-
termined to be 0.13T at 15.3 GPa, much lower than the
Pauli paramagnetic limit poHp(0) = 1.847. ~ 1.55T, in-
dicating the absence of Pauli pair breaking.

Similar to CsTizBis, the normalized low-temperature
resistance of RbTisBis with different pressures ranging
from 1.5 to 37.1GPa is plotted in Figs.2(d) and 2(e),
which also exhibits double-dome superconductivity. The
absence of any anomalies above the superconducting tran-
sition excludes the possibility that the observed behavior is
influenced by Bi impurity.®7 At 1.5 GPa, no supercon-
ducting transition is observed in RbTi3Bis down to 0.3 K.
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Fig. 2. (a) and (b) Temperature dependence of normalized resistance for CsTi3zBis under various pressures up to
36.5GPa. (d) and (e) Temperature dependence of normalized resistance for RbTi3gBis under various pressures up
to 37.1 GPa. All the data are normalized and vertically shifted for clarity. (c¢) and (f) Temperature dependence of
resistance for CsTizgBis and RbTizBis under different magnetic fields at 15.3 GPa and 8.2 GPa, respectively. The
magnetic field gradually suppresses the superconducting transition. The insets show the temperature dependence
of the upper critical field poHc2. The red lines are the fittings of the data to the Ginzburg—Landau formula.

As pressure increases, superconductivity appears and the
T. reaches its first maximum of 0.94 K at 3.3 GPa, then re-
duces to 0.61 K at 6.8 GPa, showing the first superconduct-
ing dome. With further compression, 7. rises to a second
maximum of 0.89 K at 13.8 GPa and completely vanishes
at 27.0 GPa, revealing the second superconducting dome.
The magnetic fields are applied to RbTizBis at 8.2 GPa,
as shown in Fig. 2(f). The resistance drop is completely
suppressed at 0.3 T. The uoHc2(T') can also be well fitted
by the GL formula, giving poHc2(0) = 0.16 T at 8.2 GPa,
which is significantly lower than the Pauli paramagnetic
limit poHp(0) = 1.847c ~ 1.21T.

Based on the above high-pressure resistance measure-
ments of ATi3Bis (A = Cs, Rb), the temperature-pressure
(T—p) phase diagram is summarized in Fig. 3. Two super-
conducting domes can be clearly seen for both compounds,
with SC-I under lower pressures and SC-II under higher
pressures, similar to the phase diagram of AVsSbs.[®]
Compared to RbTisBis, the
CsTisBis spans a broader pressure range with a higher

superconductivity in

1.5 T T T
o CsTi;Bi,; T)%
e RbTi;Bi; T1°%
)
1.0F ¢ 4
o
—~ | L N\
é g . 0\9\
&~ P o °° | EN
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Fig. 3. Temperature-pressure phase diagram of CsTisBis
and RbTizBis. Two superconducting domes can be clearly
seen for both compounds, with the SC-I phase under lower
pressures and the SC-II phase under higher pressures.

maximum 7¢, which is consistent with our expectation.
Since alkali metals with smaller ionic radii provide addi-
tional chemical pressure, (37391 RbTisBis experiences the
re-emergence of superconductivity at lower pressures com-
pared to CsTizBis. Different from the robust supercon-
ductivity in CsVsSbs, which persists up to 150 GPa, "]
the superconductivity in CsTizBis completely disappears
at 36.5 GPa, which may result from the weakened electron—
phonon coupling suggested by theoretical calculations. [58]

To identify the origin of the pressure-induced double-
dome superconductivity in CsTizBis, we performed syn-
chrotron XRD measurements to check the structural sta-
bility under high pressure. As depicted in Fig.4(a), the
XRD profile at 1.5 GPa can be well reproduced by space
group P6/mmm, consistent with the space group at am-
bient pressure. The black asterisks mark the external sig-
nals from different phases of Bi flux, which is unavoidably
introduced by the synthesis process.[*®] As pressure in-
creases up to 33.1 GPa, all diffraction peaks of CsTizBis
shift toward higher angles continuously without any ev-
ident anomaly, indicating that the crystallographic sym-
metry is well preserved within the pressure range. There-
fore, the re-emergence of superconductivity in CsTizBis
cannot be attributed to the pressure-induced structural
phase transition. The cell volume V, lattice parameters a
and ¢, and c¢/a ratio are obtained from Le Bail refinement
and shown in Figs.4(b)-4(d). The cell volume gradually
reduces with increasing pressures and fits well with the
Birch-Murnaghan equation of state,[%® yielding the bulk
modulus By = 58.2 GPa, its first-order derivative By = 3.7
and the zero-pressure volume Vo = 262 A3. In compari-
son with CSV3Sb57[34’37] the bulk modulus of CsTi3Bis5 is
much larger, indicating a stiffer lattice. With increasing
pressure, the lattice parameters a and ¢ both decrease. A
distinct slope change in the ¢/a ratio is observed between
12.4 and 14.9 GPa, coinciding with the re-emergence of
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Fig. 4. (a) XRD patterns of CsTi3Bis under high pressure up to 33.1 GPa with an incident wavelength A = 0.6199 A.
The patterns for each pressure are normalized to the highest peak intensity after background subtraction. The black
asterisks mark the peaks of Bi. (b) The derived cell volume as a function of pressure for CsTigBis. The black dashed
line is a fitting curve by the Birch—-Murnaghan equation of state with the derived bulk modulus By = 58.2 GPa. (c)
Pressure dependence of the lattice parameters a and ¢ for CsTi3Bis. (d) Pressure dependence of the c¢/a ratio for
CsTizBis. The two dashed lines mark the change of slope.

superconductivity.  This result suggests that the re-
emergent superconductivity may be related to the lattice
distortion. It is noteworthy that these pressure-induced
lattice changes are reversible, as the diffraction peaks shift
back to their initial positions when the pressure is re-
leased. This result demonstrates that the kagome lattice
of CsTi3Bis is robust in the whole studied pressure range
at room temperature, as observed in CsV3Sbs. %%

To reveal the relation between the lattice distortion
and the re-emergent superconductivity, we calculate the
band structures of CsTizBis under various pressures, as
shown in Figs.5(a)-5(d). At 0GPa, the flat band, two
saddle points at the M point and a Dirac point at the K
point, which are characterized as the typical features of
the kagome lattice, can be clearly seen in Fig. 5(a), consis-
tent with previous reports. (50,581 With increasing pressure,
thep orbital of Bi along the I'-A path gradually shifts up-
wards. At 1.5 GPa, where the superconducting transition
starts to emerge in transport measurements, the p orbital
of Bi at the high symmetry point A quickly approaches
the Fermi level, creating a small Fermi pocket at the A
point and enhancing the density of states near Er. This
distinctive change in the band structure explains the emer-
gence of superconductivity in the SC-I regime. As pressure
further increases to 14.9 GPa, where the re-emergent su-
perconductivity in CsTi3Bis reaches its maximum 7T¢, the
VHS related to the minimum point along the I'-K and
I'-A directions passes by the Fermi level, leading to the
second maximum of T, seen in CsTi3Bis. The VHS effec-
tively increases the density of states in the vicinity of the

Fermi level, which is beneficial for superconductivity. ¢!

Therefore, the change in band structure contributes to the
emergence of superconductivity in the SC-II phase as well.

The pressure-induced single superconducting dome
has been extensively reported in unconventional
superconductors. [70-73] comparison, the presence of two
distinct superconducting domes is a relatively uncommon
phenomenon. The first superconducting dome is normally
associated with the suppression of some ordered phases,
arising from quantum fluctuations, while the underlying
mechanisms of the second superconducting dome have
not been fully understood. Typically, the second dome
is accompanied by changes in spin configuration, band
structure, or structural phase transition. For instance,
in the heavy fermion superconductor CeCusz(Sii—,Gey)2,
the low-pressure superconducting dome occurs around
the antiferromagnetic quantum critical point, suggesting
magnetically mediated pairing, while the high-pressure
superconducting dome straddles a weak first-order vol-
ume collapse and is believed to be associated with the
valence fluctuation of Ce ions.™ " In the case of iron
chalcogenides A Fes_ySes [A = K, (Rb, TI)], after the
first maximum 7Tt of 32K at 1 GPa, the second supercon-
ducting dome then appears above 11.5 GPa with another
maximum 7. of 48K.[™ This is due to the change of
Fermi surface topology originating from the structural
phase transition. ™ For the vanadium-based kagome su-
perconductor CsV3Sbs, the origin of the SC-I phase is
strongly related to the CDW instability, and the SC-II
phase is attributed to the pressure-induced Lifshitz tran-

sition and dimensional crossover. [29:37:40:41,43]
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Fig. 5. The projected electronic band structures and partial density of states of Bi p,/,, and p. orbitals of CsTizBis5

at (a) 0, (b) 1.5, (c) 14.9, and (d) 20.6 GPa, respectively.

Unlike CsV3Sbs, the SC-I phase of CsTizBis does
not show CDW order but instead nematic order, identi-
fied by the STM measurements. °” Such intra- and inter-
orbital bond nematic orders can arise from the extended
Coulomb interaction, which have been studied in connec-
tion to the nematic phase of FeSe.[’%* In this context,
the first superconducting dome observed in CsTi3Bis may
relate to the instability of the nematic order under pres-
sure. The competition between nematicity and supercon-
ductivity may also explain why the theoretically predicted
superconductivity is not observed at ambient pressure. [°®]
Applying pressure hinders the nematicity but changes the
band structure, resulting in the emergence of superconduc-
tivity. Further investigations, like nuclear magnetic reso-
nance or other experimental techniques, are highly desired
to study the nematic phase transition under high pressure.

The double-dome phase diagram and slope change in
the c¢/a ratio of CsTizBis are quite similar to that of
CsV3Sbs, suggesting these two kagome systems may share
the same origin of the re-emergent superconductivity. The
emergence of the second superconducting dome under high
pressure in CsV3Sbs is found to be inherently linked to
the interlayer Sb2-Sb2 (Sb atoms that are located out of
the kagome plane) interactions. [B7] As pressure increases,
the distance between Sb2 atoms along the ¢ axis is com-
pressed and c/a exhibits a crossover at Tc minimum. [34,37]
The Sb2 atoms form bonds, and the quasi two-dimensional
(2D) structure of CsV3Sbs is gradually tuned to a three-
dimensional (3D) form."” As a result, the p., orbital of
Sb2 gradually passes through the Fermi level, resulting in
the enhancement of the density of states and consequently
the increase of T%.*" Similar to CsV3Sbs, pressure effec-
tively changes the interlayer distance in CsTizBis, lead-
ing to a change in the slope of the ¢/a ratio at T. min-
imum. The quasi-2D structure in the isostructural com-
pound CsTisBis evolves to a 3D form, and the enhance-

ment of interlayer coupling dramatically tunes the band
structure topology of CsTizBis. The resulting increase in
density of states, driven by the VHS at the I" point near
the Fermi level, leads to the emergence of superconductiv-
ity in the SC-II regime.

In summary, we investigate the transport properties
of kagome metal ATizBis (A = Cs, Rb) under pressures
up to 40 GPa. Although ATi3Bis displays metallic behav-
ior at ambient pressure, superconductivity is induced by
pressure, and T¢ displays remarkable double domes in the
phase diagram. Such double-dome superconductivity un-
der pressure is very similar to that in AV3Sbs (A = Cs,
Rb, and K). It is noted that the first superconducting dome
accompanies the appearance of a new Fermi pocket, and
the second one is related to the change of band structure
caused by dimensional crossover under high pressure.
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