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Vortices and bound states offer an effective means of comprehending the electronic properties of super-
conductors. Recently, surface-dependent vortex core states have been observed in the newly discovered
kagome superconductors CsV3Sb5. Although the spatial distribution of the sharp zero energy conductance
peak appears similar to Majorana bound states arising from the superconducting Dirac surface states, its
origin remains elusive. In this study, we present observations of tunable vortex bound states (VBSs) in
two chemically-doped kagome superconductors Cs(V1�xTrx)3Sb5 (Tr = Ta or Ti), using low-temperature
scanning tunneling microscopy/spectroscopy. The CsV3Sb5-derived kagome superconductors exhibit
full-gap-pairing superconductivity accompanied by the absence of long-range charge orders, in contrast
to pristine CsV3Sb5. Zero-energy conductance maps demonstrate a field-driven continuous reorientation
transition of the vortex lattice, suggesting multiband superconductivity. The Ta-doped CsV3Sb5 displays
the conventional cross-shaped spatial evolution of Caroli-de Gennes-Matricon bound states, while the Ti-
doped CsV3Sb5 exhibits a sharp, non-split zero-bias conductance peak (ZBCP) that persists over a long dis-
tance across the vortex. The spatial evolution of the non-split ZBCP is robust against surface effects and
external magnetic field but is related to the doping concentrations. Our study reveals the tunable VBSs in
multiband chemically-doped CsV3Sb5 system and offers fresh insights into previously reported Y-shaped
ZBCP in a non-quantum-limit condition at the surface of kagome superconductor.

� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Abrikosov vortices, which are topological defects of supercon-
ducting order in type-II superconductors, are considered to be exo-
tic quantum objects [1–3]. The vanishing of superconducting order
inside the vortex leads to the emergence of in-gap bound states
within their core [4]. Understanding the quantum structure of
these vortex bound states (VBSs) provides an effective way to com-
prehend the electronic properties of superconductors, such as the
symmetry of superconducting order [5–7] and the topology of elec-
tronic states [8]. For instance, as a conventional s-wave supercon-
ductor, vortex cores contain Caroli-de Gennes-Matricon (CdGM)
states that are spin degenerate and form a quasi-continuum with
energy level El=±lD2/EF (l = 1/2, 3/2, 5/2, . . .) [4,9]. However,
the quantum structure of VBSs differs with changes in the symme-
try of superconducting order. Wang-MacDonald vortex cores have
been predicted [10] and observed [11] in a d-wave superconductor.
Additionally, Majorana zero mode (MZM), a charge-neutral fer-
mion with non-Abelian statistics [12,13], has been predicted to
exist in the vortex core of chiral px + ipy superconductor [5,6] or
systems that combine topological surface states (TSSs) and super-
conductivity [14,15]. Abrikosov vortex can also form an ordered
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vortex lattice due to the inter-vortex repulsion [16]. The morphol-
ogy of the vortex lattice inherits the symmetry of the underlying
electronic structure [17,18] and reflects the details of the pairing
mechanism [19]. Therefore, the vortex lattice and VBSs play crucial
roles in exploring the properties of superconductivity.

Recently, there has been a surge of interest in the newly-
discovered kagome superconductor AV3Sb5 (A = K, Rb, Cs), due to
its coexistence of Z2 topology [20], electron nematic order [21–
23], unusual symmetry-breaking [24–26] and time reversal sym-
metry breaking [27,28] charge orders. In addition to its competing
charge orders, the superconducting phase in AV3Sb5 system is
equally intriguing. For instance, researchers have observed an
unconventional V-shaped superconducting gap [24], an anisotropic
critical field [29], the signature of multi-band superconductivity
[30], and surface-dependent VBSs [31]. Furthermore, two super-
conducting domes have been reported in the pressured [32–34]
and chemical-doped [35,36] phase diagrams. Understanding the
nature of superconductivity and its interplay with intertwined
electronic orders represents a major frontier in this emerging
research field.

In this study, we utilized low-temperature scanning tunneling
microscopy/spectroscopy (STM/S) to investigate Ti- and Ta-doped
kagome superconductors CsV3Sb5, where we observed two distinct
full-gap-pairing superconductivities and tunable VBSs insides
Abrisokov vortices. In contrast to the multiple charge orders and
V-shaped pairing gap observed in pristine CsV3Sb5, both Ti- and
Ta-doped CsV3Sb5 displayed uniform U-shaped superconducting
gap pairing without long-range charge orders. Increasing the out-
of-plane magnetic field led to the reorientation of the vortex lattice
with different rotatory angles for Ti- and Ta-doped samples. Addi-
tionally, in the vortex of Ta-doped sample, we observed the emer-
gence of ordinary CdGM states featuring X-type spatial evolution,
while a sharp zero-bias conductance peak (ZBCP) was observed
in the vortex cores of Ti-doped CsV3Sb5, featuring Y-type spatial
evolution that persisted non-split over a long distance. The ZBCP
with Y-type spatial evolution exists in each vortex which was
robust against surface effects and external magnetic fields up to
0.16 T. The decay distance of ZBCP decreased as Ti doping concen-
trations increased from x = 0.05 to x = 0.09.
2. Materials and methods

2.1. Single crystal growth of the doped CsV3Sb5 samples

Single crystals of Ti-doped and pristine CsV3Sb5 single crystals
were grown from Cs liquid (purity 99.98%), V powder (purity
99.9%), Ti shot (purity > 99.9%) and Sb shot (purity 99.999%) via
a modified self-flux method [37]. Single crystals of Ta-doped CsV3-
Sb5 were grown by the self-flux method [38].
2.2. Scanning tunneling microscopy/spectroscopy

The samples used in the STM/S experiments are cleaved at low
temperature (13 K) and immediately transferred to an STM cham-
ber. Experiments were performed in an ultrahigh vacuum
(1 � 10�10 mbar) ultra-low temperature STM system equipped
with 11 T magnetic field. All the scanning parameters (setpoint
voltage and current) of the STM topographic images are listed in
the figure captions. The base temperature in the low-
temperature STS is 420 mK and the electronic temperature is 620
mK, calibrated using a standard superconductor, Nb crystal. Unless
otherwise noted, the dI/dV spectra were acquired by a standard
lock-in amplifier at a modulation frequency of 973.1 Hz. Non-
superconducting tungsten tips were fabricated via electrochemical
etching and calibrated on a clean Au(111) surface prepared by
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repeated cycles of sputtering with argon ions and annealing at
500 �C.

2.3. Density-functional theory (DFT) calculations

Calculations are performed within the DFT as implemented in
VASP package [39]. The generalized-gradient-approximation as
parametrized by Perdew-Burke-Ernzerhof [40] for the exchange-
correlation interaction between electrons is employed in all calcu-
lations. Zero damping DFT-D3 vdW correction [41] is also
employed in all calculations while spin-orbital coupling is not
included. The supercell method is used to calculate the formation
energy. The supercells with Ti substitutions are fully relaxed until
the remaining forces on the atoms are less than 0.005 eV/Å. The k-
meshes of 6 � 6 � 3 and 3 � 3 � 4 are used to sample the Brillouin
zones of the 2 � 2 � 2 and 3 � 3 � 1 supercell of CsV3Sb5, respec-
tively. A cutoff energy of 300 eV for the plane-wave basis set is
used.
3. Results and discussion

3.1. Doping-induced suppression of charge density wave (CDW) and
emergence of U-shape superconducting gap of Ti-doped and Ta-doped
CsV3Sb5

Ti-doped and Ta-doped CsV3Sb5 both retain the hexagonal sym-
metry (space group P6/mmm) of the parent CsV3Sb5 structure, with
Ti/Ta replacing some of the V atoms in the V-Sb kagome layers
(Fig. 1a). The STM topography of the Sb surface reveals randomly
distributed dark spots for the Ti-doped samples (upper panel of
Fig. 1b) but bright spots for Ta-doped samples (lower panel of
Fig. 1b). We attribute these additional spots in the STM image of
the Sb surface to the chemical dopants in the underlying V-Sb
kagome layer. The higher topographic intensity of Ta compared
to Ti dopants in the STM image may be attributed to a distinct
charge transfer effect.

The Sb surfaces of Cs(V1�xTix)3Sb5 (x = 0.05) and Cs(V1�xTax)3Sb5
(x = 0.14) both exhibit the absence of long-range bi-directional 2a0
and unidirectional 4a0 charge orders (Fig. 1c, d and Fig. S1a, b
online), which are present in pristine CsV3Sb5 [24,26]. In addition,
distinct from the V-shaped gap pairing in pristine compounds
(Fig. S2b online), both Ti- and Ta-doped samples display U-
shaped gap pairing in the dI/dV linecuts (Fig. 1e, f). The U-shaped
gaps in Ti- and Ta-doped CsV3Sb5 might arise from the shift of
van Hove singularities induced by the chemical doping [35,42].
The half peak-to-peak value of the gap is about 0.60 meV for Cs
(V1�xTix)3Sb5 (x = 0.05) (Tc = 3.5 K [35]) and 0.77 meV for Cs(V1�x-
Tax)3Sb5 (x = 0.14) (Tc = 5.5 K [42]).

3.2. The reorientation of vortex lattice in Ti-doped and Ta-doped
CsV3Sb5

To further investigate the superconducting nature, we employ
external magnetic fields perpendicular to the sample surfaces
(Bz) to map the Abrikosov vortices of CsV3Sb5-derived kagome
superconductors. At Bz < Hc2, achieved by zero-field cooling, rela-
tively ordered hexagonal vortex lattice is observed in the zero-
energy dI/dV maps of both Ti-doped (Fig. 2a–c)) and Ta-doped
samples (Fig. 2f–h), indicating weak vortex pinning effects. As Bz
increases from 0 to 0.3 T, the lattice constants of the vortices
decrease with the magnitude of the field, as expected in type-II
superconductors [43]. The density of vortex flux, dependent on
Bz, yields a single magnetic flux quantum of about 1.99 � 10�15

Wb for the Ti-doped sample (Fig. 2d) and about 2.02 � 10�15 Wb
for the Ta-doped sample (Fig. 2i).



Fig. 1. (Color online) Doping-induced suppression of CDW and emergence of U-shape superconducting gap of Ti-doped and Ta-doped CsV3Sb5. (a) Schematic of atomic
structure of doped CsV3Sb5 crystal with Cs atoms. The Ti or Ta atoms (red) replace the V atoms (blue) in kagome lattice. (b) Atomically-resolved STM images showing the Sb
surface of Ti-doped (upper panel) and Ta-doped (lower panel) CsV3Sb5, respectively, showing that the lower density of state around Ti dopants but higher intensity of DOS
around Ta dopants (sample bias: V = �100 mV; setpoint: I = 2 nA). (c) dI/dV (�50 mV, r) and corresponding Fourier transform dI/dV (�50 mV, q) of the Sb surface Cs
(V1�xTix)3Sb5 (x = 0.05) obtained at 4.2 K, showing the absence of long-range CDWs (V = �50 mV, I = 1 nA, modulation voltage: Vmod = 5 mV). (d) dI/dV (�50 mV, r) and dI/dV
(�50 mV, q) of the Sb surface Cs(V1�xTax)3Sb5 (x = 0.14) obtained at 4.2 K, showing the absence of long-range CDWs as well (V = �50 mV, I = 1 nA, Vmod = 5 mV). (e) The dI/dV
linecut along the purple arrow in (c), showing the uniform superconducting gap over the region (V = �1 mV, I = 1 nA, Vmod = 0.1 mV). (f) The dI/dV linecut along the purple
arrow in (d), showing the uniform superconducting gap over the region (V = �1 mV, I = 1 nA, Vmod = 0.1 mV). The spectra in (e, f) are vertically shifted for clarity, and the
horizontal dash lines highlight the positions of zero density of states for each curve.
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In addition to the density of vortices, we observe a rotation of
the vortex lattice orientation with increasing Bz (Fig. 2a–c, f–h).
The angle a is defined as the angle between the nearest inter-
vortex direction B and the crystalline axis direction b. The nearest
inter-vortex distance L is measured through the three nearest
inter-vortex directions. Consequently, the Bz-dependent values of
a and L (Fig. 2e, j) reveal vortex lattice orientation transitions,
which occur differently in Ti- and Ta-doped samples. For the Ti-
doped sample, the vortex lattice is aligned with the atomic lattice
(a = 0�) at low Bz (from 0.05 to 0.15 T). As the Bz increase to 0.17 T,
the orientation of vortex lattice undergoes a continuous change,
gradually approaching a stable phase with a = 30� (Fig. 2e). In con-
trast, for the Ta-doped sample, the vortex lattice orientation begins
with a = 15� at low Bz and gradually increases to a stable phase
with a = 30� at around 0.12 T (Fig. 2j).

The orientation of the superconducting vortex lattice is primar-
ily influenced by inter-vortex repulsion, vortex pinning, and ther-
mal fluctuations [16,44,45]. In the case of chemically-doped
CsV3Sb5, where the vortex lattice is ordered hexagonally, inter-
vortex repulsion dominates. The orientation of the vortex lattice
is affected by Fermi surface anisotropy and gap anisotropy as sug-
gested by the non-local corrections of London model [46]. For a
hexagonal lattice, it is expected that the vortex lattice aligns itself
with the mirror planes of the hexagonal point group, resulting in
a = 0� or 30� [16,46]. However, in a multiband superconductor like
MgB2 [17,47], increasing magnetic field could first suppress the
small superconducting gap and then leave the superconducting
current of vortex dominated by the Cooper pairs with larger
gap size. The vortex lattice therefore may change its orientation
similar to the case of MgB2 [17,47]. Hence, the observed
rotation of the vortex lattice indicates the presence of multiband
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superconductivity in both doped samples, which is consistent
with the multiband superconductivity of pristine CsV3Sb5 [30].
The different angles of orientation transitions suggest the distinct
superconducting order parameters in multiband Ti-doped and
Ta-doped CsV3Sb5.

3.3. Distinct spatial evolution of VBSs of Ti-doped and Ta-doped
CsV3Sb5

To gain a better understanding of the distinct superconductivity
in the Ti-doped and Ta-doped samples, we investigated the VBSs
inside the Abrikosov vortices. Due to the U-shaped gap pairing
and nearly-zero conductance at the Fermi level, the spatial evolu-
tion of VBSs in the vortex of doped samples is clearer than that of
pristine CsV3Sb5 with V-shaped gap pairing [31]. To compare the
VBSs of two doped samples and avoid possible surface effect, we
first focus on surface regions with dilute Cs adatoms (Fig. S3
online). At Bz = 0.08 T, the size of the vortex core in the Ti-doped
sample (Fig. 3a) is larger than that in the Ta-doped sample
(Fig. 3d), indicating a longer coherent length of superconductivity
in the former one (Fig. S4 online). The dI/dV line-cut across the vor-
tex core along distinct directions shows isotropic features in both
samples (see Figs. S5 and S6 online). Notably, in the Ti-doped sam-
ple, a sharp ZBCP emerges at the vortex core (Fig. 3b). Crossing the
vortex, the ZBCP remains robust and non-split along a relatively-
long distance (Fig. 3b, c), which displays an exotic Y-type spatial
evolution feature. However, in the Ta-doped sample, the ZBCP only
exists in the vortex center (Fig. 3e, f) and split right off as it moved
away from the vortex center, displaying a typical X-type spatial
evolution. To better identify the energy positions of the in-gap
states, we plotted the negative second derivative of dI/dV (�d3I/



Fig. 2. (Color online) The reorientation of vortex lattice in Ti-doped and Ta-doped CsV3Sb5. (a�c) Zero-energy dI/dV maps (500 nm � 500 nm) obtained at the same region of
Ti-doped sample at 0.07, 0.16 and 0.23 T, respectively, showing isotropic-shaped vortices and quasi-hexagonal vortex lattice (V = �1 mV, I = 500 pA, Vmod = 0.1 mV). The
crystal lattice is marked by green arrows with directional vector a and b, and vortex lattice cell is highlighted by the orange rhombuses with directional vectors A and B. (d)
The magnetic field dependence of vortex density in Ti-doped CsV3Sb5. Red dotted line denotes the linear fitting of experimental data, giving the single magnetic flux quantum
of 1.99 � 10�15 Wb. (e) Bz-dependent vortex lattice orientation angle a and inter-vortex lattice L, showing a vortex lattice orientation transition with 30� rotation. (f�h) Zero-
energy dI/dV maps (500 nm � 500 nm) obtained at the same region of Ta-doped sample at 0.07, 0.12, and 0.24 T, respectively, showing isotropic-shaped vortices and quasi-
hexagonal vortex lattice. (V = �1 mV, I = 500 pA, Vmod = 0.1 mV). The crystal lattice is marked by green arrows with directional vector a and b, and vortex lattice cell is
highlighted by the orange rhombuses with directional vectors A and B. (i) The magnetic field dependence of vortex density in Ta-doped CsV3Sb5. Blue dotted line denotes the
linear fitting of experimental data, giving the single magnetic flux quantum of 2.02 � 10�15 Wb. (j) Bz-dependent a and L, showing a vortex lattice orientation transition with
15� rotation.
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dV3) curves, which clearly show the Y-type VBSs spatial evolution
for Ti-doped sample and X-type evolution for Ta-doped sample
(right panel of Fig. 3c, f and Fig. S7 online). It is noteworthy that
for less Ta doping content (x = 0.08), the VBSs still evolve as trivial
X-type (Fig. S8d online), while for a higher Ti concentration
(x = 0.09), the VBSs maintain the Y-type spatial evolution
(Fig. S9b, c online).

The ZBCP spatial evolution is robust against magnetic field and
surface regions (Supplementary materials text I and Figs. S10�S13
online), demonstrating that the distinct evolution of VBSs origi-
nates from the exotic bulk superconducting order parameter rather
than previously reported surface-dependent results in pristine
compound [31].
3.4. Tunable superconductivity and VBSs in various chemically-doped
CsV3Sb5 and the possible origin of the distinct VBSs

To summarize the results for various chemically doped samples,
we present the �d3I /dV3 spectra (dI/dV spectra can be found in
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Fig. S14a online) obtained at the vortex core center in Cs(V1�xTax)3-
Sb5 (x = 0.14, 0.08), pristine CsV3Sb5 and Cs(V1�xTix)3Sb5 (x = 0.05,
0.09) at a magnetic field of 0.08 T (Fig. 4a). Interestingly, the ZBCPs
are strong and sharp for Ti-doped samples, but weak and broad for
Ta-doped and pristine samples (Fig. 4b). Additionally, the ZBCP of
x = 0.05 is sharper than that of x = 0.09 for Ti-doped samples.
The full width of the half maximum (FWHM) of the ZBCP crossing
the vortex can be extracted from the dI/dV spectra across the vor-
tex core by Gauss fitting (Fig. S14b online). We define the spatial
length of ZBCP before splitting to be the non-splitting decay length
(l), representing the length over which the FWHM in Gauss fitting
remains continuous without dramatic change. The FWHMs mea-
sured at Cs(V1�xTix)3Sb5 (x = 0.05) are small (�0.36 meV) within
a long non-splitting decay length (l � 30 nm). In Cs(V1�xTix)3Sb5

(x = 0.09), the FWHMs are comparable to x = 0.05 but with a shorter
decay length (l � 20 nm). In contrast, the measured FWHMs in
pristine and Ta-doped CsV3Sb5 are large and can only be main-
tained over a short distance (l < 5 nm). Cs(V1�xTix)3Sb5 (x = 0.05)
has the longest decay distance for the ZBCP, while Cs(V1�xTax)3Sb5
(x = 0.14) has the shortest one.



Fig. 3. (Color online) Distinct spatial evolution of VBSs of Ti-doped and Ta-doped CsV3Sb5. (a) dI/dV map at 0 meV showing a field-induced vortex at Sb surface of Ti-doped
sample under a magnetic field of 0.08 T perpendicular to the surface (V = � 10 mV, I = 1 nA, Vmod = 0.1 mV). (b) The dI/dV spectra along the yellow arrow across the vortex in
(a), showing a relatively-sharp zero-bias peak in the vortex core (V = � 10 mV, I = 1 nA, Vmod = 0.1 mV). (c) Line-cut intensity plot and corresponding second-derivative plot of
(b), showing Y-type spatial evolution of the VBSs. (d) dI/dV map at 0 meV showing a field-induced vortex at Sb surface of Ta-doped sample under a magnetic field of 0.08 T
perpendicular to the surface (V = � 10 mV, I = 0.1 nA, Vmod = 0.1 mV). (e) The dI/dV spectra along the yellow arrow across the vortex in (d), showing a relatively-broad zero-
bias peak in the vortex core (V = � 10 mV, I = 1 nA, Vmod = 0.1 mV). (f) Line-cut intensity plot and corresponding second-derivative plot of (e), showing X-type spatial evolution
of the in-gap bound states inside vortex.
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Fig. 4c illustrates a schematic superconducting phase diagram
of chemically-doped CsV3Sb5 based on transport results [35] and
observations from this study. In the non-doped or diluted-doped
range, the material is in the multiband superconducting-I phase
(SC-I) with an unconventional superconducting V-shaped gap. This
phase coexists with long-range unidirectional 4a0 and bidirectional
2a0 CDWs, and the vortices at Sb surfaces host trivial CdGM states
with a short decay length of ZBCP. Both Ta- and Ti-doped CsV3Sb5
exhibit a U-shaped pairing gap that is concurrent with short-range
stripe order at the surface (Fig. S15 online). However, the differ-
ence in vortex lattice orientation transition and spatial evolution
of VBSs distinguishes the two superconducting phases. For Ti dop-
ing, the material is in the multiband superconducting-II phase (SC-
II) with a U-shape pairing gap. The vortex lattice undergoes a 30�
orientation transition, and the vortices at both Cs and Sb surfaces
host non-trivial VBSs with unconventional Y-type spatial evolu-
tion. In contrast, for Ta doping, the material is in the multiband
superconducting-III phase (SC-III), exhibiting a size-enhanced U-
shaped gap. The vortex lattice undergoes 15� orientation transi-
tion, and the ZBCPs in the vortex core of both Cs and Sb surfaces
are weak and broad, behaving as a conventional X-type spatial
evolution.

The emergence of a non-split ZBCP over long distances in the Ti-
doped CsV3Sb5 system suggests the presence of exotic physics. For
a trivial vortex that dose not reach the quantum limit, the evolu-
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tion of the VBSs has the relation [48] of EVBSðrÞ � @El
@l kFr, which cor-

responds to an X-type evolution. Therefore, the trivial nature of the
vortex core in Ta-doped CsV3Sb5 is supported by the X-type spatial
evolution of CdGM states. However, for a Y-type spatial evolution,
there are various possibilities. It is commonly understood that a
non-split ZBCP is a clear indication of the existence of zero-
energy modes. In a nodeless superconductor, a vortex with zero-
energy bound state typically requires an additional p phase to shift

the 1
2

D2

EF
of CdGM states to zero energy [5,9], or a special anisotropic

Fermi surface [49]. Based on the similar Fermi surface structure
between Ta- and Ti-doped CsV3Sb5 (Fig. S16c online) and the iso-
tropy of the vortex (Figs. S5 and S6 online), the special anisotropic
Fermi surface case can be excluded. Therefore, the Y-type spatial
evolution of VBSs may indicate a topological vortex based on the
Fu-Kane model [50] or the chiral superconductor [5,51,52]. There
are various studies that have theoretically and experimentally
attributed the non-split Y-type evolution to the MZM [8,50,53].
Thus, the first possible explanation for the Y-type VBSs evolution
is the existence of MZM, considering the TSSs picture of the Fu-
Kane model [14]. In pristine CsV3Sb5, several TSSs are predicted
to lie above Fermi level, and Y-type VBSs evolution has been
observed on the Cs surface due to the possible electron doping
effect of TSSs [31]. However, it has been demonstrated that Ti sub-
stitution simply introduces a hole doping effect [35], which will
push the predicted TSSs that originally sit above the Fermi surface



Fig. 4. (Color online) Tunable superconductivity and VBSs in various chemically-doped CsV3Sb5 and the possible origin of the distinct VBSs. (a) �d3I/dV3 linecut across vortex
core of Cs(V1�xTax)3Sb5 (x = 0.14, 0.08), pristine CsV3Sb5 and Cs(V1�xTix)3Sb5 (x = 0.05, 0.09) at a magnetic field of 0.08 T, respectively, showing the tunable VBSs in various
chemically-doped CsV3Sb5. (b) Stack plot of the normalized dI/dV spectra at vortex core of distinct doped sample, showing that the zero-bias peak for the 0.05-Ti doped
sample is the sharpest. (c) Phase diagram for the Ti-doped and Ta-doped sample. Three distinct superconducting phases are identified. The undoped sample exhibits V-shaped
superconducting gap pairing and X-type spatial evolution of VBSs (I-phase) and the Ta doped sample shows U-shaped superconducting gap pairing and X-type spatial
evolution of VBSs (III-phase). In contrast, the Ti doped sample presents U-shaped gap pairing and Y-type spatial evolution of VBSs (II-phase).
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further away. Therefore, the scenario for the MZM based on the Fu-
Kane model may be excluded. Another possible scenario for topo-
logical vortices with chiral order parameters also lacks strong
evidence.

We discuss another possible origin of the spatial evolution of
VBSs beyond MZM scenario. Our model is founded on an isotropic
Fermi surface and s-wave pairing, and we solve the Eilenberger
equation to obtain the VBSs (Fig. S17 online). We have determined
that the zero-energy peak’s characteristic length is proportional to
n ¼ vF=D0, where vF is the Fermi velocity and D0 is the size of the
superconducting gap. By utilizing the experimentally extracted
D0 and assuming Fermi velocity vTi

F ¼ 2:5vTa
F , we have qualitatively

reproduced the Y-type evolution of Ti-doped sample (Fig. S17a
online) and the X-type evolution of Ta-doped sample (Fig. S17b
online). The crucial point to consider is why vF of Ti-doped sample
is much greater than that of Ta-doped sample. To address this
issue, we have calculated vF (Fig. S16 online) for both the Ti-
doped and Ta-doped samples (kz = p in Fig. S17 and kz = 0 in
Fig. S16c online). The overall vF has not undergone significant
alterations, with both the vF of Sb pz orbital (central red circle orbi-
tal in Fig. S17c, d online) at around 600 km/s and the vF of V d orbi-
tal at around 300 km/s (Fig. S17c, d online). Consequently, one
plausible explanation is that the dissimilar orbital weighs in super-
conducting pairing could lead to the significant difference in vF

between the Ta- and Ti-doped samples. More experimental evi-
dence on the orbital selected Cooper pairing and origin of non-
split zero-bias vortex core states in the chemically-doped CsV3Sb5
are required in future work.
890
4. Conclusion

In conclusion, we observed tunable VBSs in two families of mut-
liband CsV3Sb5-derived kagome superconductors. The VBSs show
X-type VBSs spatial evolution in Ta-doped CsV3Sb5 while non-
split Y-type VBSs spatial evolution in Ti-doped ones. The Y-type
VBSs evolution was previously believed to be the signature of
MZM in a non-quantum-limit condition. We discuss an alternative
explanation based on the possible orbital difference between these
two CsV3Sb5-derived kagome superconductors. Our results provide
a brand-new insight into the community of exploring MZMs not in
a quantum-limit system. Additionally, MZMs could potentially be
emergent in CsV3Sb5-derived kagome system upon electron doping
to push TSSs closing Fermi level, which will be an attractive project
for future research.
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