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Here, we report the tunning study of superconductivity and charge density wave in CsV3Sbs through the V
kagome net doping. Combining electrical transport and magnetic susceptibility measurements, we reveal the
opposite effect of Ta and Mo doping. Ta doping promotes the superconductivity but suppresses charge density
wave, which may be explained by the lift of van Hove singularity towards Er. On the contrary, Mo doping
suppresses the superconductivity quickly and leads to a continuous increase of charge density wave temperature
up to 100.7 K. Our result suggests that electron doping can also effectively tune charge density wave state in

CSV}Sbs.
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Owing to the corner-sharing triangle structure, the kagome
lattice offers an ideal playground to study many quantum phe-
nomena, such as frustrated magnetism [1,2], topological state
[3-8], density wave [9], and unconventional superconductiv-
ity [9—-12]. These phenomena mainly arise from the intrinsic
flat bands, Dirac cones, and van Hove singularities across the
Brillouin zone and deeply depend on the band filling.

Recently, the newly discovered kagome metals AV3;Sbs
(KV3Sbs, RbV3Sbs, CsV3Sbs) have drawn much interest due
to the coexistence of superconductivity (SC), charge density
wave (CDW), and nontrivial topological state [13—16]. The
AV3Sbs show a layered structure of V-Sb sheets with the
V atoms forming a kagome lattice, the alkali metal ion A
was intercalated between the layers. Among them, CsV3Sbs
shows the highest superconducting transition temperature. For
CsV;3Sbs, transport studies showed a superconducting tran-
sition temperature of about 2.7 K and charge density wave
state at 94 K. Even though no magnetic order or local moment
was detected by neutron scattering [15], a giant anomalous
Hall effect [17] was observed in transport study and time-
reversal symmetry-breaking signals below CDW order were
observed by muon spin spectroscopy measurement [18], im-
plying a hidden flux phase exists and may be connected
with the CDW order [18,19]. Nuclear magnetic resonance
and magnetic penetration depth measurements manifest node-
less superconductivity [20,21], while ultralow-temperature
thermal conductivity measurements suggest nodal supercon-
ductivity [22]. Scanning tunneling microscopy/spectroscopy
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observed the Majorana zero-energy mode excitation [23],
pair density wave state [24], and nematic state [25], resem-
bling unconventional superconductivity in CsV3Sbs. Pressure
experiments showed a suppressed CDW transition and a
double-domelike SC behavior, indicating an unusual com-
petition between CDW and SC [26-29]. Recent studies
on oxidized thin flakes of CsV3Sbs or CsTi,V3_,Sbs and
CsV3Sbs_,Sny—doped samples revealed that hole doping en-
hances superconducting temperature (7;) while it suppresses
the CDW order [30-32], which was believed to be caused by
the shift of van Hove singularities (VHS) towards Er [33].

In this work, the doping effect of CsV3Sbs was studied by
partial Ta or Mo substitution of V atoms in the kagome net.
Electrical transport measurements show an obvious decrease
of CDW transition temperature Tcpw from 93.5 to 66.7 K
when V was replaced by Ta atoms partially, accompanied
with a slight increase of superconducting temperature 7. This
is similar to some tunning results in CsV3Sbs, such as the
exfoliation experiment [30] and Nb-doping results [34]. On
the contrary, in the Mo-doping samples CsMo, V3_,Sbs, the
CDW transition temperature Tcpw was increased from 93.5
to 100.7 K when the doping content x increased to 0.105,
and the superconducting temperature was quickly suppressed
to below 50 mK. This is a report of increased CDW tran-
sition temperature in this kagome superconductor through
doping.

Several batches of CsA, V3_,Sbs (A = Ta, Mo) single crys-
tal were synthesized via a flux method. Starting materials
with a stochiometric molar ratio (Cs:A + V:Sb) of 1:3:15
were mixed in an alumina crucible and then sealed in a
quartz tube. The mixture was slowly heated to 1273 K and
kept at this temperature for 24 h. Then, the quartz was
slowly cooled to 1073 K at a rate of 2 K/h before it was
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FIG. 1. Structure characterization and stoichiometric ratio of the CsA,V;_,Sbs (A = Ta, Mo) single crystals. (a) Typical XRD patterns
of undoped CVS and several CsA,V;_,Sbs (A = Ta, Mo) single crystals. (b) EDS and mappings of Cs977¢13) Tao.1089) V2.91023) Sbs.007(45)-

(c) EDS and mappings of CSL001(17) M00A092<11) V2.832(15) Sb5A076(23)~

centrifuged at a speed of 3000 r/min. After that, millimeter-
sized platelike crystals were obtained. Phase purity and crystal
quality were examined by x-ray diffraction (XRD) collected
using a PANalytical Empyrean S3 with Cu—Ka1 radiation
at room temperature. The chemical composition contents
and the composition mappings were checked by a Zeiss
cross-beam 550L system equipped with Oxford spectroscopy.
Electrical transport measurements were performed on a Quan-
tum Design Physical Property Measurement System (PPMS
DynaCool), DC magnetic susceptibility was measured by a
Quantum Design Magnetic Property Measurement System
(MPMS3).

The characterization of CsA,V3_,Sbs (A = Ta, Mo) single
crystals is shown in Fig. 1. Here, we took some doping con-
tents as examples; in Fig. 1(a), six batches of XRD patterns of
CsV;3Sbs and CsA, V3_,Sbs (A = Ta, Mo) single crystals were
displayed. All the XRD patterns show the same reflection,
which can be indexed by the (00/) patterns of P6/mmm. The
undoped CsV3Sbs single crystal and the two highest dop-
ing content of CsTa,V3;_,Sbs and CsMo, V3_,Sbs were later
ground into powders to get the full patterns to calculate the
lattice parameters. The doping content and homogeneity of
the doped samples were checked by energy-dispersive spec-
trometer (EDS). For each sample, we took at least 4-5 sites
in different areas to get the average chemical compositions.
Here, for the lowest Mo-doping sample, the doping content
is too small to get an accurate value from the EDS data. So,
we carried out the inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) measurement and the doping
composition was determined to be Moy oo7(1) from the ICP re-
sults. More details are available in the Supplemental Material
[35]. The Ta peaks and Mo peaks were observed in all the
CsTa, V3_,Sbs and CsMo, V3_,Sbs samples. In the periodic
table, Ta and V belongs to the same main group, while Mo
sits near the V site, which are all far away from the Cs and Sb

positions. The similar physical and chemical properties sug-
gest the possibility of Ta and Mo substitution at the V sites
in the kagome lattice, which were confirmed by our EDS
results. As shown in Fig. 1(b) and Fig. 1(c), the doping con-
tent of two typical Ta- and Mo-doped single crystals were
determined to be Csg.977(13) Tao.108(9) V2.910(23) Sbs.007(45) and
Cs1.001(17) M0g.092(11) V2.832(15) Sbs.076(23), respectively; more
details are available in the Supplemental Material [35]. The
EDS mappings shown below indicate the doping content of
Ta/Mo atoms were uniformly distributed in the single crystal.
In our paper, all the doping contents were using the real-
content x from EDS results instead of the nominal ones.
Temperature-dependent resistivity of CsA,V3_,Sbs (A =
Ta, Mo) single crystals were measured with the temperature
ranging from 2 to 300 K. As shown in Fig. 2(a), all the
CsTa, V;_,Sbs single crystals with the highest doping-content
x reaching to 0.134 show superconducting transition below
3.5 K. Also, the anomaly below 94 K indicating the CDW
transition was clearly observed in all the Ta-doped samples
and the anomaly was gradually moved to lower temperature
as the doping-content x increases. To precisely determine the
CDW transition temperature Tcpw, the derivative of resistiv-
ity curves is displayed in Fig. 2(b). Interestingly, the CDW
behavior was transformed from a kinklike resistivity anomaly
to a humplike resistivity anomaly upon doping, resulting in a
change of peak with maximum value to valley with minimum
value in the derived resistivity curves, just like the case in
the high-pressure study [26,28]. So, here the maximum val-
ues and minimum values were used to determine the CDW
transition temperature for the kinklike anomaly and hump-
like anomaly, respectively. Tcpw of undoped CsV3Sbs was
determined to be 93.5 K, which is a little lower than the
early studies of 94 K. As the Ta-doping content increases,
the Tepw decreases monotonically to 66.7 K for Tag 13410
sample. Meanwhile, a slight enhancement of superconduc-
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FIG. 2. Electrical transport measurements of the CsA,V;_,Sbs (A = Ta, Mo) single crystals. (a) Temperature-dependent resistivity of
CsTa, V;_,Sbs single crystals measured from 2 to 300 K. (b) The derivative of (a) from 50 to 100 K. Magenta arrows indicate the CDW
transition temperature Tcpw. (¢) Zoomed-in resistivity curves of CsTa,V;_,Sbs around the superconducting transition. (d) Temperature-
dependent resistivity of CsMo, V3_,Sbs single crystals measured from 2 to 300 K. (e) The derivative of (d) from 70 to 120 K. Magenta arrows
indicate the CDW transition temperature Tepw. (f) Zoomed-in resistivity curves of CsMo, V;_,Sbs around the superconducting transition.

tivity was observed; the superconducting temperature of zero
resistivity To(sero) Was increased from 2.78 K for CsV3Sbs to
3.23 K for Tag 13410y sample. On the contrary, the supercon-
ducting transition temperature decreased rapidly when a small
amount of Mo atoms were doped in the CsMo, V3_,Sbs single
crystals. As shown in Fig. 2(d), when the doping-content x
reaches to 0.059, no zero resistivity was observed above 2
K. To further define the superconducting transition tempera-
ture in high doping contents, ultralow-temperature electrical
transport studies down to 50 mK were measured using the
Dynacool equipped dilution refrigerator. The superconducting
temperature with zero resistivity of Moy os9¢7y sample was
reduced to 1.3 K. Furthermore, for higher doping contents,
a decreased onset superconducting temperature was observed
and no zero resistivity was reached down to 50 mK, together
with an increased superconducting transition width. All these
evidenced the negative effect of superconductivity upon Mo
doping. The CDW transition temperature obtained from the

derived resistivity curves in Fig. 2(e) gradually increases with
the increasing of Mo doping content, and reaches to about
100.7 K with the highest doping content of 0.105. This is a
report that doping can enhance CDW transition temperature
in this kagome superconductor.

To further confirm the evolution of superconductivity and
charge density wave, temperature-dependent magnetic sus-
ceptibility was measured with the applied field parallel to
the ab plane. The superconducting transition temperature and
CDW transition temperature were measured under a magnetic
field of 10 Oe and 1 T, respectively. As shown in Fig. 3(a), the
MT curves of several batches of CsTa, V3_,Sbs single crystals
show a slightly increased superconducting transition temper-
ature from 2.55 K for CsV3Sbs to 3.15 K for the Tag 110(s)
sample, and then the diamagnetic temperature decreased to
3.1 K for the Tag 134(10) sample. The change of CDW transition
can be identified through the inflection point in MT curves
shown in Fig. 3(b), which were all measured in zero-field
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FIG. 3. Magnetic measurements of the CsA,V;_,Sbs (A = Ta, Mo) single crystals. (a) Temperature-dependent magnetic susceptibility of
CsTa,V;_,Sbs single crystals measured with the applied field of 10 Oe; both zero-field cooling (ZFC) and field-cooling (FC) curves were
presented. (b) ZFC curves of CsTa,V;_,Sbs single crystals measured with the applied field of 1 T. (c) The derivative of (b) from 30 to 120
K. Magenta arrows indicate the CDW transition temperature Tepw. (d) Temperature-dependent magnetic susceptibility of CsMo, V;_,Sbs
single crystals measured with the applied field of 10 Oe; both ZFC and FC curves were presented. (e) ZFC curves of CsMo, V;_,Sbs single
crystals measured with the applied field of 1 T. (f) The derivative of (e) from 60 to 130 K. Magenta arrows indicate the CDW transition

temperature Tepw.

cooling mode with the applied field of 1 T. The derivative of
magnetic susceptibility shown in Fig. 3(c) shows a decreased
CDW transition temperature upon Ta doping; the Tcpw de-
fined by the peak of derivative curves decreases from 92 K for
CsV3Sbs to 66 K for the Tag 134(10y sample.

While for the Mo-doping samples, the superconductiv-
ity was suppressed quickly. Here, we also measured the
magnetic susceptibility for some typical Mo-doped sam-
ples, together with an undoped CsV3Sbs single crystal. As
shown in Fig. 3(d), upon doping, 7. decreases gradually from
2.55 to 2.45 K for the Moggo90y sample. Moreover, two
CsMo, V3_,Sbs samples (x = 0.08, 0.105) show no supercon-
ducting diamagnetic signal above 1.8 K. The inflection point
of x—T curves in Fig. 3(e) and peak of dx/dT curves in
Fig. 3(f) confirmed the enhanced CDW transition tempera-
ture. The observed Tcpw here determined by the magnetic
susceptibility seems to be a little lower than that in transport
measurements.

Figure 4 summarizes the effects of Ta and Mo doping on
both the superconductivity and CDW orders from the trans-
port measurements. Here, the T¢(zero) and Tomigy were defined
as the temperature where the drop of resistivity reaches 0
and 50% of the normal resistivity at 5 K, respectively. Ta
doping results in a continuously decreased CDW temperature
and slightly increased superconducting transition tempera-
ture. Similar to the Nb-doping effect [34], the CDW and

superconductivity coexist in the whole doping range. This is
different from the CsTi, V3_,Sbs and CsV3Sbs_,Sn, systems
and the high-pressure experiments [26,31,32], which show a
fully suppressed CDW state and two dome supercondvvucting
regions, while for the Mo-doping phase diagram, the zero-
resistivity superconducting temperature was fully suppressed
when the doping content reached to 0.08, accompanied with
the CDW transition temperature Tcpw increased to 97 K.
Moreover Tcpw was enhanced to 100.7 K when the Mo
doping-content x reaches to 0.105. We attempted to grow
higher doping samples but failed; the residual resistivity ratio
(RRR) of the highest doping content in our experiment is
about 5, which is higher or comparable to other doping reports
[31,32]. The opposite evolution of charge density wave and
superconductivity in both the Ta- and Mo-doping experiments
reveals the competition between these two quantum states in
CSV3Sb5.

Early studies suggest the V-based kagome net plays an
important role in the fertile quantum states of CsV3Sbs.
Hole doping lifts the van Hove singularity (VHS) up to the
Fermi level and results in an increase in density of states
(DOS) at Eg, which was considered to be responsible for
the enhanced superconductivity [30,32,33]. For the Nb-doped
samples [34], the enlarged lattice parameter a results in a lift
of VHS near the M points and breaks the multiband behavior,
which turns to an increased DOS at Ex and a reduced nesting
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FIG. 4. Phase diagram of the CsA,V;_,Sbs (A = Ta, Mo) single crystals; all the data were based on the electrical transport measure-
ments. (a) Evolution of CDW and superconductivity upon Ta doping; lower plot presents the change of RRR. (b) Evolution of CDW and
superconductivity upon Mo doping; lower plot presents the change of RRR.

effect at the Fermi surface. This explains why Nb doping
increases the superconducting temperature and reduces the
CDW temperature. In our experiment, the lattice parameters
of the Tag 134(10) sample and Moy 105(4) sample were estimated
through powder XRD patterns. Ta doping results in a similar
structural change of Nb-doped samples; the lattice parame-
ter a increases to 5.5075 A and ¢ remains almost the same
(9.3078 A) for the Tag 13410y sample. So, we suppose the
scenario of doping-induced enhancement of DOS at Er and
reduction of Fermi-surface nesting effect is suitable in our
Ta-doping results. Doping or pressure induced the emergence
or enhancement of superconductivity and the suppression
of CDW order were also reported in some transition-metal
dichalcogenides [36—42].

Now we turn to the Mo-doping results. Mo ionic diameter
(0.65A) is sizable compared to Ta ionic diameter (0.64 A),
which are all larger than the substituted V ionic diameter
(0.59 A). This results in an enlarged lattice parameter of both
a and c. For the Moy 10s54) sample, the lattice parameter was
calculated to be 5.5051 and 9.3339 A for a and ¢, respec-
tively, both larger than the CsV3Sbs sample (a = 5.4945 A,
¢ =9.3101 A). The uniaxial strain and pressure results sug-

gest that the c—axis lattice parameter is the dominant structure
parameter that controls the tunning of CDW and superconduc-
tivity [43]. In the strain study, the Tcpw was finally increased
to 97.5 K when the applied compressive strain introduced
an enlarged ¢ of about 0.35%. In our CsMoyg 105 V2.895 Sbs
sample, the estimated (¢ — cg)/co was about 0.25%, which
was smaller than the largest compressive uniaxial strain (about
0.35%). On the other hand, the Tcpw in the Moy 105¢4) sample
was 100.7 K, larger than that in the terminal compressive
uniaxial strain (97.5 K). So, the enhancement of 7cpw in our
Mo-doping samples cannot only be explained by the increased
c—lattice parameter. Moreover, unlike the Nb and Ta doping,
Mo doping introduces electrons; the introduced electron car-
riers may play a positive role in the enhanced CDW order.
Whether the increased c—lattice parameter and introduced
electron carriers contribute to the enhancement of CDW order
and suppression of superconductivity can be further studied
by ion intercalation or ionic liquid-gating experiments.

In summary, we have studied the evolution of charge
density wave and superconductivity in the fantastic kagome
superconductor CsV3Sbs through Ta and Mo doping. CDW
temperature was suppressed with the increasing doping
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content of Ta, together with a slight increase of supercon-
ducting temperature. On the contrary, Mo doping results in a
continuous increase of CDW temperature and reduction of su-
perconductivity. The Tepw in Moy 054) sample was increased
to 100.7 K, which shows that doping can enhance Tcpw in
CsV3Sbs. We hope the competing evolution and different sce-
nario revealed in our work can provide a platform to study the
fundamental physics of diverse quantum states in the kagome
superconductors.
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