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We present a systematic investigation of the superconductivity in high-quality CsTi3Bis single crystals by combining
bulk property characterization and local-probe spectroscopy. Two successive superconducting transitions are observed in
this newly discovered kagome material. In the first stage, the diamagnetic response strengthens significantly from 7z ~4.9 K
to 4.6 K, followed by a broad transition below 4.6 K in the second stage. Moreover, different magnetic field dependences are
observed for the two stages, where the first stage is field-insensitive while the second stage exhibits strong field dependence.
The ultra-low magnetic field measurements indicate that the lower critical field H. (T') exhibits small anisotropy. Based on
a comparative study of the superconducting state in CsBi, and microscopic verification via scanning tunneling microscopy
(STM), our results suggest the emergence of exotic and intrinsic superconductivity in this new titanium-based kagome
superconductor, establishing it as a promising platform for further exploring the complexity of electronic states in the

kagome lattice.
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1. Introduction

The quasi-two-dimensional kagome lattice plays an im-
portant role in the study of manifold electronic features, driven
by flat band topology and frustrated geometry.l!~*l Giant
anomalous Hall effect (AHE),!!>-1 superconductivity,[7-2!]
time-reversal symmetry breaking,[>>?3! and various charge
orders'?*28 have been discovered in the vanadium-based
kagome family AV3Sbs. Recently, a new family of titanium-
based kagome metal ATizBis has been reported to show bulk
superconductivity with critical temperature (T;) ~ 4.8 K.[?%!
Both theoretical and experimental studies have confirmed
the presence of robust topological surface states in this
system. 30331 Additionally, scanning tunneling microscopy
(STM) and polarization-dependent angle-resolved photo emis-
sion spectroscopy (ARPES) have revealed the orbital-selective
electronic nematicity without the interference of charge den-
sity waves (CDW).[2%3+33] These findings highlight the rich
and novel physical properties inherent to this new titanium-
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based kagome system. Therefore, a systematic characteriza-
tion of critical parameters of the superconductivity is essential
to achieve a comprehensive understanding of the fundamental
superconducting properties in ATi3Bis.

In this work, we present systematic electrical transport
and magnetic measurements of high-quality CsTizBis single
crystals with T; ~ 4.9 K. The R(T') curves under various fields
indicate that the upper critical field Heo(T) exhibits almost
isotropic behaviors. However, the superconducting state ex-
hibits remarkable fragility, being highly susceptible to the cur-
rent. Hence, we shed more light on the non-contact magnetic
characterization technique with the aim of probing intrinsic
properties without artifacts. Two superconducting stages are
clearly demonstrated in magnetic susceptibility under zero-
field cooling (ZFC) mode, where it exhibits a rapid enhance-
ment in the magnitude of diamagnetic susceptibility in the
temperature range of 7; to 4.6 K (denoted as stage-I), followed
by a broadened transition below the characteristic temperature
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of 4.6 K (denoted as stage-II). Magnetic susceptibility mea-
surements under various fields and isothermal magnetization
curves reveal that the two stages exhibit remarkably different
field dependencies and lower critical field H.; (T') anisotropies.
Through comparative studies of the superconducting diamag-
netic response in CsBiy combined with STM measurements
where the superconducting gap demonstrates sensitivity to
perturbations, we confirm both the intrinsic nature and fragile
characteristics of superconductivity in CsTi3Bis. From these
results, we also derive the in-plane and out-of-plane coherent
lengths and penetration depths down to zero temperature. Our
findings demonstrate the existence of exotic superconductivity
in this new topological kagome metal CsTizBis.

2. Materials and methods

The CsTizBis single crystals were synthesized by self-
flux method.?! The x-ray diffraction (XRD) data were col-
lected at room temperature on a diffractometer (Rigaku Smart-
Lab, 9 kW) equipped with two Ge (220) monochromators. The
electrical transport properties were measured on a Quantum
Design PPMS system with Lakeshore M81 system. The mag-
netic property measurements were conducted down to 1.8 K
on a Quantum Design MPMS-XL1 system. This device is
characterized by high field uniformity (£0.02 Oe within 4 cm
scan), ultra-low residual magnetic field (< 0.01 Oe at the cen-

tion (~ 1077 emu). These advantages ensure the systematic
measurements of the superconducting properties under ultra-
low field down to 0.01 Oe. The dI/dV spectra were acquired
in an ultrahigh vacuum (1 x 10710 mbar), ultra-low temper-
ature STM system with vector magnetic field capability at a
base temperature of 30 mK (Unisoku 1600).

3. Results and discussion

The representative XRD pattern of CsTizBis single crys-
tal, shown in Fig. 1(a), confirms the single preferred (00/) ori-
entation. The lattice parameter c is calculated to be 9.223 A,
consistent with previous reports.?’) The high quality of the
single crystal is also identified by Laue diffraction pattern, as
shown in the inset of Fig. 1(a). The observed sharp and well-
defined diffraction spots are perfectly indexed to the space
group P6/mmm. The double-crystal x-ray rocking curve for
the (008) Bragg reflection in Fig. 1(b) demonstrates a small
crystal mosaic of 0.06° in terms of the full width of half
maximum (FWHM), indicating an excellent out-of-plane crys-
talline perfection. The x-ray ¢@-scan of the (202) plane in
Fig. 1(c) displays six successive peaks with an equal inter-
val of 60°, in accordance with the hexagonal symmetry of the
kagome lattice. Further details on the crystal-quality charac-
terization and additional experimental results are available in
our earlier publication (Ref. [29]) and its supplementary ma-
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Fig. 1. Crystallographic characterizations of the CsTi3Bis single crystal. (a) The x-ray 6—26 scan shows single preferred (001) orientation.
The right inset shows the Laue diffraction spots. (b) The x-ray rocking curve of (008) reflection shows a small FWHM of 0.06°. (c) The x-ray

@ scan of the (202) plane.

To investigate the superconductivity in CsTizBis and de-
termine the upper critical field Hy,(T), we measure the tem-
perature dependence of the in-plane resistance with differ-
ent currents under various fields. As shown in Fig. 2(a),
To™, defined as the temperature where the normal state re-
sistance begins to drop significantly, is 4.8 K. While the zero-
resistance temperature 77" exhibits pronounced current de-
pendence, suppressed from 4.4 K to 2 K as the current in-
creases from 0.1 mA to 6 mA, the variation of 7;0115“ is neg-
ligible. To systematically study the field dependence of the
in-plane resistance, we select three representative currents

(0.1 mA, 1 mA, and 3 mA), with the corresponding results
presented in Figs. 2(b)-2(d). The data reveals a pronounced
magnetoresistance effect in the normal state and the supercon-
ductivity vanishes upon 2000 Oe. Actually, the zero-resistance
behavior is absent upon a smaller magnetic field of 400 Oe
when the applied current is 0.1 mA. It is worth noting that the
R(T) curve shows an evolution from fan-shaped spreading at
low fields to parallel spreading at high fields, reflecting dis-
tinct superconducting phase responses across magnetic field
regimes, which implies the multi-gap feature for the supercon-
ductivity in CsTi3Bis.
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Fig. 2. Resistance under various currents and magnetic fields of the CsTi3Bis single crystal. (a) Temperature dependence of in-plane resistance
measured under different currents from 0.1 mA to 6 mA. The dash line indicates the same Tc"nse‘ of 4.8 K for different currents, which is
consistent with magnetization measurements. (b)—(d) Temperature dependence of in-plane resistance measured under magnetic fields along ¢

axis up to 2000 Oe, for currents of 0.1 mA, 1 mA and 3 mA, respectively.

: 3 0
® ®) o figiy e ©
400 Oe,
—0.02 —0.02} 300 Oe
200 Qe —0.1
T _0.04 12004 300
S = 50 O
£ —0.06 15 -0.06) 100¢
< <t
—0.08 —0.08 0
Hllab | _
—0.10 —-0.10 : : | ‘ S
1 2 3 4 5 S —0.3
T
(c) (d)
ot
3 Oe 04
T —02f Z -
S =
§ —0.4f 05 0c - 08
0.1 E(e
—0.6 ’g:gf S , Stage 11 of —0.6¢ ‘ ) Stage IT I, —0.6
T s 4 s I 2 3 4 5
T (K) T (K) T (K)

Fig. 3. Evolution of the superconducting transition with magnetic fields. (a), (b) Temperature dependence of magnetic susceptibility, corrected
for the demagnetization factor, under various fields for H || ¢ and H || ab up to 1000 Oe, under zero-field cooling (ZFC) mode. (c), (d) Evo-
lution of two different superconducting stages under ultra-low fields. Two superconducting stages are distinguished by different gray levels.
(e) Temperature and magnetic field dependence of superconducting shielding signal for H || ¢ in contour plots.

To further characterize the superconducting state of
CsTisBis, the magnetic susceptibility is determined by an
ultra-low-residual-field MPMS-XL system.
Figs. 3(a) and 3(b), CsTi3Bis single crystal exhibits diamag-

As shown in

netic signal below 4.9 K under 10 Oe and the critical tem-
perature is suppressed with the increasing of magnetic field,
which is the characteristic of a superconductor. However, it

is confusing that the superconducting volume fraction is far

below 100% in such a high-quality single crystal. It is worth
noting that the magnetic susceptibility collected under 10 Oe
for H || ¢, which is corrected for the demagnetization fac-
tor, is not saturated and shows negative curvature at lower
temperature. A significant enhancement of the superconduct-
ing diamagnetic signal is observed between 4.9 K and 4.6 K,
followed by a plateau-like behavior below 4.6 K. To distin-

guish between the different behaviors, the regime above the
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kink in the M(T) curve at ~ 4.6 K is denoted as stage-I, and
the regime below it as stage-II. Such a two-stage-like tran-

sition also appears in CsV3Sbs single crystals,[!”]

implying
the complex electronic environments that commonly emerge
in kagome lattice, and encourages us to systematically inves-
tigate lower magnetic field response by taking the advantage
of Quantum Design MPMS-XL1 system. The superconduct-
ing shielding enhances to over 60% under 0.01 Oe, as shown
in Fig. 3(c). The susceptibility in stage-II demonstrates a pro-
nounced dependence on magnetic field, whereas it shows neg-
ligible field response in stage-1. The extremely field depen-
dence is demonstrated in Fig. 3(e), where the shielding sig-
nal increases about 5 times when magnetic field changes from
3 Oe to 0.01 Oe. Furthermore, in stage-II, the ZFC signal
evolves from negative curvature to positive curvature as the
magnetic field decreases, exhibiting over 60% shielding sig-
nal down to ultra-low field at 1.8 K. It is worth highlighting
that the two superconducting stages are closely correlated. We
plot the absolute value of shielding signals at 1.8 K and 4.6 K
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for different samples as shown in Fig. S1, which represents
the superconducting volume fraction belonging to stage-II and
stage-1, respectively. The positive correlation implies that two
superconducting stages are strongly correlated with each other.
Such correlation is also observed on STM results which will
be discussed in the following text.

The results of isothermal magnetization M(H) with mag-
netic field along the ¢ axis and ab plane, corrected for the
demagnetization factor, are presented in Figs. 4(a) and 4(b),
respectively. The dashed line indicates the linear dependence
of M on H in the Meissner state. As mentioned above, this
system exhibits a two-stage-like transition with stage-II being
extremely sensitive to magnetic field. This implies that the in-
trinsic response belonging to stage-II is overshadowed by the
high applied field above 100 Oe. In order to obtain the critical
field in this stage, we carefully investigate the temperature de-
pendence of magnetic susceptibility under ultra-low magnetic
field. Subtracting the background signal from stage-I, the re-
sults are demonstrated in Figs. 4(c) and 4(d).
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Fig. 4. The isothermal magnetization of two superconducting transitions. The data of isothermal magnetization refer to stage-I (a), (b) and
stage-1II (c), (d), corrected for the demagnetization factor, at various temperatures from 1.8 K to 5 K with magnetic field along the ¢ axis and ab
plane, respectively. The dashed line indicates the Meissner state, guiding the eyes.

In Fig. S2, we select another sample with high super-
conducting volume fraction verified by magnetic susceptibil-
ity to explore the evolution of the upper critical field Hey (7))
with applied field. When the magnetic field is parallel to the
ab plane, the temperature dependence of resistance shows su-
perconducting transition below 4.5 K and the zero resistance
emerges at 3 K. However, this sample degradation occurs dur-
ing perpendicular field measurements, where the out-of-plane

resistance only drops significantly below 4.5 K without reach-

ing zero resistance at lower temperature. Using the criteria
of 90% of normal-state resistance to determine He (T), it ex-
hibits almost isotropy. In verification of this observation, we
present temperature dependence of magnetic susceptibility un-
der higher magnetic field up to 2400 Oe in Fig. S3. He»(T),
determined by the onset temperature of superconducting dia-
magnetic signal at each specific field, exhibits isotropic prop-
erty that agrees with the electrical transport data. Considering

the air sensitivity and low resistivity of CsTizBis single crys-
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tal, magnetic measurement is a more reliable probe for study-
ing superconducting properties, as it avoids extrinsic effects
caused by sample degradation in the process of thickness re-
duction.

Figure 5 summarizes the superconducting critical param-
eters of the single crystal CsTizBis extracted from magnetic
and electronic transport data. Temperature dependence of
the in-plane upper critical field H(T'), determined using the
90% normal-state resistance extraction standard and 50% stan-
dard, is plotted by solid triangles and solid squares, respec-
tively. The data of 90% extraction standard are fitted using the
Ginzburg-Landau (G-L) model and the zero temperature H.,
is estimated to be 1800 Oe. The deduced coherent length is
£ (0) =43 nm. The lower critical field Hc1 (T) encodes com-
prehensive details about the penetration depth, superfluid den-
sity and gap symmetry. The temperature dependences of the
obtained HS,(T) and H(T) in stage-1 are plotted by solid
circles for H || ab in red and for H || ¢ in black, which can
be well fitted by a single-band s-wave model for both orien-
tations. The fitting results exhibit typical BCS behavior with
2A /kgT =3.52 and the HS, (0) and H* (0) are estimated to be
135 Oe and 190 Oe. Accordingly, the G-L penetration depth
is obtained as A4, (0) ~ 145 nm and A, (0) ~ 87 nm. It is note-
worthy that the values of the lower critical field H(T') are
higher than those of HS,(T'), which is reproducibly observed
in our samples. The anisotropic results of H.;(T) suggest that
the in-plane effective electron mass (m,;) is larger than the
out-of-plane one (m.). As for stage-II, the temperature de-
pendence of H.i(T) cannot be described by the s-wave model
and the value is three orders of magnitude smaller than that
in stage-1. The values of lower critical field HS, (T) are higher
than those of H%(T'), which is in contrast with stage-I and the
observations in CsV3Sbs.
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Fig. 5. Temperature dependence of the upper and lower critical fields. Tem-
perature dependence of the anisotropic lower critical field He; (T') for stage-I
is marked by solid circles for H || ab in red and for H || ¢ in black. The
corresponding dotted line indicates the fitting results obtained using the tra-
ditional BCS s-wave model. Temperature dependence of the in-plane upper
critical field H, (T') is indicated by solid triangles for 90% normal-state resis-
tance extraction standard and solid squares for the 50% standard, respectively.
The dashed line represents the fitting results using the G-L model for the data
marked by solid triangles. The inset figure illustrates the temperature depen-
dence of the lower critical field for stage-II.

To verify the intrinsic properties of the two-stage super-
conductivity and the sensitivity of the superconducting state to
current and/or magnetic field, it is essential to eliminate impu-
rity effects. CsBi5 is considered a superconducting impurity in
the CsTi3Bis system.’®) We systematically characterized the
superconducting properties of CsBi; and extracted its key pa-
rameters. CsBiy crystallizes in a cubic structure with space
group F'd-3m. As shown in Fig. S4, CsBi, exhibits a sharp
superconducting transition with type-I characteristics, anal-
ogous to its structural counterpart KBi».[?” Its critical field

1381 confirming

(H.) of 152 Oe agrees with previous reports,
its isotropic type-I superconductivity. In contrast, CsTizBis
displays pronounced anisotropy in its critical fields. If the su-
perconductivity in CsTizBis were solely induced by CsBi, im-
purities, it would be difficult to reconcile how isotropic CsBij,
when incorporated as disordered impurities, could give rise
to anisotropic superconducting behavior. Combining the fact
that the shielding signal exceeding 60% confirms bulk super-
conductivity for CsTi3Bis CsBi, impurity inducing supercon-
ducting could be excluded. Our further STM characterization
of the superconducting gap reveals environment-dependent re-
sponses consistent with bulk measurements. As illustrated in
Fig. S5, initial d7/dV scans show a U-shaped superconducting
gap of 1.1 meV, which subsequently reduces to 0.2 meV upon
re-scanning the same region. After sufficient time, the gap
recovers to its original value. This demonstrates that super-
conducting state of CsTizBis exhibits environmental sensitiv-
ity not only in macroscopic transport and magnetic measure-
ments, but also at the microscopic spectroscopic level. Such
sensitivity represents an intrinsic and novel property of the su-
perconducting state.

4. Conclusion

In summary, we report the exotic superconducting prop-
erties and anisotropy of critical parameters exhibited by the
new titanium-based kagome metal CsTi3Bis. We identify two
types of superconducting diamagnetic transitions with differ-
ent magnetic field dependences by both in-plane and out-of-
plane measurements. Based on systematic magnetization anal-
yses and STM results, we hypothesize that the robust super-
conducting stage-I might induce the strongly field-dependent
superconducting stage-II via the proximity effect. In this case,
it is not surprising that the shielding signal does not reach
100% even if the system approaches absolute zero tempera-
ture. This exotic superconductivity may be attributed to in-
tertwines among different charge orders. These phenomena
may also be related to the sensitivity of the superconduct-
ing state in CsTi3Bis to compositional ratios, analogous to
FeSe,*°! which requires electronic doping; notably, a slight
iron vacancy and/or hole doping results in the absence of
superconductivity.[*“*!l Further investigations are needed to
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be done to reveal the underlying physics. These findings shed
light on the new kagome metal with complex electronic envi-
ronments in superconducting state, which can also be an assis-
tance to resolve some controversial arguments in CsV3Sbs.
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