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By measuring magnetizations of pristine and Ta-doped CsV3Sbs single crystals, we have car-
ried out systematic studies on the lower critical field, critical current density, and equilibrium
magnetization of this kagome system. The lower critical field has been investigated in the two
typical samples, and the temperature dependent lower critical field obtained in Ta-doped sample
can be fitted by using the model with two s-wave superconducting gaps yielding the larger gap of
2As1/ksTe = 7.9 (£1.8). This indicates a strong-coupling feature of the V-based superconductors.
The measured magnetization hysteresis loops allow us to calculate the critical current density, which
shows a very weak bulk vortex pinning. The magnetization hysteresis loops measured in these two
kinds of samples can be well described by a recently proposed generalized phenomenological model,
which leads to the determination of many fundamental parameters for these superconductors. Our
systematic results and detailed analysis conclude that this V-based kagome system has features
of strong-coupling superconductivity, relatively large Ginzburg-Landau parameter and weak vortex

coupling.

I. INTRODUCTION

Since the discovery of superconductivity in the kagome
compounds AV3Sbs (A = K, Rb, or Cs) [113], these
new materials have raised extensive interests owing to
their exotic physics besides superconductivity. Firstly,
the charge density wave (CDW) order is observed to co-
exist with the superconductivity in these materials @ﬁ],
however, the exact origin of the CDW state is still under
debate M—@] Secondly, the topological nontrivial state is
evidenced to exist in these materials @, 1d, ] A robust
zero-bias conductance peak is observed in the vortex core
on the Cs 2 x 2 surface of CsV3Sbs, and this zero-bias
peak is regarded as the possible Majorana zero mode ﬂﬁ]
Thirdly, there are some experiments supporting the argu-
ment of symmetry breaking in these materials. Below the
CDW transition temperature, an in-plane nematic elec-
tronic state is observed in CsV3Sbs by electronic trans-
port measurements ﬂﬁ, ], which is consistent with the
anisotropic intensity of the CDW order in CsV3Sbs and
its sister compound from scanning tunnelling microscope
(STM) measurements [15-18]. A natural explanation is
that the three-dimensional 2 x 2 x 2 or 2 x 2 x 4 CDW
order naturally breaks the in-plane symmetry in these
materials m, @, @] Furthermore, the symmetry in
the off-plane direction is also complex. A giant anoma-
lous Hall conductivity is observed in this family [21, [22],
and a theoretical work of the chiral flux current phase
is proposed to explain this effect ﬂﬂ] Meanwhile, an un-
conventional chiral charge order is suggested to exist in
these materials [16, 23].

Since AV3Sbs is a compound containing the 3d tran-

sition element of vanadium, the superconductivity in
this system is likely to be unconventional. Therefore,
the superconducting pairing attracts great interests in
these materials. The superconducting gap is argued to
be nodal from the thermal conductivity measurement in
CsV3Sbs [24]; however, other experimental observations
support the existence of the nodeless gap m, @] The
STM measurements reveal a superconducting gap A of
about 0.5 meV in CsV3Sbs [12,[27]. This gap value cor-
responds to the ratio 2A/kpT, of about 5 which is larger
than the 3.53 expected by the weak-coupling Bardeen-
Cooper-Schrieffer (BCS) theory [27]. Meanwhile, the
multi-gap feature is observed in CsV3Sbs based on the
STM data measured at a much lower temperature, and
the absence of in-gap states induced by non-magnetic im-
purities suggests the sign-preserving gap(s) in this mate-
rial @] The multi-gap superconductivity is also proved
by the penetration depth m, @] and lower critical field
| measurements in CsV3Sbs.

In order to increase the critical temperature T, ap-
plying pressure and chemical doping are two effective
methods. Up to now, the highest value of T, can be
enhanced to about 4.5 K in the Sn- [31] or the Nb-doped
ﬂﬁ] CsV3Sbs single crystals. In materials with coexisting
superconducting and CDW phases, the superconductiv-
ity is usually enhanced when the CDW is suppressed.
However, in CsV3Sbs, although the applied pressure or
the chemical doping can suppress the CDW state, their
influence to T, is non-monotonic. The second supercon-
ducting dome appears near the pressure M] or the
Ti- and Sn-doping level [31, [36] where the CDW phase
is completely suppressed. This fact suggests the unusual
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competition and the complex interplay between super-
conductivity and CDW in CsV3Sbs.

In this paper, we report comparative studies on the
magnetization data measured in the single crystals of
CsV3Sbs and Cs(Vi_,Ta,)3Shs with 2 ~ 0.14. We ob-
tain several superconducting parameters of the pristine
and Ta-doped samples, including the lower and upper
critical fields, the Ginzburg-Landau parameter, the pen-
etration depth, and the coherence length.

II. EXPERIMENTAL METHOD

The pristine and Ta-doped CsV3Sbs single crystals
were grown by the self-flux method [1, |. Here we
choose the Cs(V;_,Ta,)3Sbs single crystal with the el-
emental doping level of x ~ 0.14, and this is nearly the
highest doping level z,,x we can achieve. Since T, in-
creases almost monotonously with = when x < zy.x =
0.14 ﬂﬁ], the single crystal with z = 0.14 has the high-
est T, so far when compared to other samples with a
lower doping level. The magnetization measurements
were carried out in a SQUID-VSM (Quantum Design)
with the lowest temperature of 1.8 K. The frequency of
the vibration is 13.1 Hz. The magnet was degaussed be-
fore a new round of measurement for the lower critical
field (H¢p). During the measurements of H.; of undoped
and Ta-doped samples and the magnetization hystere-
sis loops (MHLs) of CsV3Sbs, since the field range is
rather narrow, each time of the magnetization measure-
ment was carried out when the target magnetic field was
set precisely. During the measurements of MHLs of the
Ta-doped sample, the magnetization measurement was
carried out while the magnetic field was sweeping. The
background signal of the MHL was measured for the sam-
ple holder without any samples in the same field vary-
ing condition, and the MHLs shown in this work are the
results after subtracting the background. The resistiv-
ity measurement was carried out by using the standard
four-probe method in a PPMS (Quantum Design) with
the lowest temperature of 1.9 K. In all measurements,
the magnetic field is applied along the ¢ axis of the single
crystal.

III. RESULTS

A. Characterization of superconducting transition

Figure [M(a) shows the temperature dependent mag-
netic susceptibility measured in Ta-doped and undoped
CsV3Sbs both in the zero-field-cooled mode under the
applied magnetic field of 5 Oe. The magnetic suscepti-
bility of CsV3Sbs shows obvious temperature dependent
behavior below the superconducting transition tempera-
ture, which may suggest that the magnetic field of 5 Oe is
enough to penetrate the sample at the edge at 1.8 K if the
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FIG. 1. (a) Temperature dependence of the magnetic sus-

ceptibility measured in undoped and Ta-doped single crys-
tals, and the measurements are both carried out in the zero-
field-cooled process. Here the demagnetization factor Nexp
is considered when we calculate the magnetic susceptibility,
and Nexp is derived from the linear fitting to the initial M-H
curve (see main text in Part [[ITD]). (b) Temperature depen-
dence of the normalized resistivity measured in the pristine
and the Ta-doped samples at temperatures from 2 K to 300
K. (¢) Temperature dependent normalized resistivity near the
superconducting transition measured in the Ta-doped sample
under different magnetic fields and in CsV3Sbs at 0 T. (d)
Temperature dependent upper critical field of the pristine and
the Ta-doped samples. The upper critical field of CsV3Sbs is
taken from the in-plane resistivity data in Ref. [13].

demagnetization factor is considered. However, the mag-
netic susceptibility of Ta-doped sample shows a plateau
with the value about —1 in the low temperature region,
indicating a perfect diamagnetism at 1.8 K and under
the same field of 5 Oe. The difference of the M-T curves
measured in two samples suggests an obvious enhance-
ment of the critical temperature T, with the Ta doping,
and the lower critical field may also be enhanced simul-
taneously. Figure[I(b) shows the temperature dependent
normalized resistivity of the two samples; both curves are
normalized by the corresponding resistivity measured at
300 K. One can also see the obvious enhancement of T
by the Ta doping. Meanwhile, the Ta doping leads to a
stronger impurity scattering in the sample and results in
a decrease of RRR = p(T = 300 K)/p(T = 6 K) from
59 in the undoped sample to 4.2 in the Ta-doped sample.
The kink feature is supposed to be associated with the
CDW transition in the temperature dependent resistivity
curve measured in CsV3Sbs. However, this feature is dis-
appeared in the resistivity curve measured in doped sam-
ple, which suggests a complete suppression of the CDW
order by the Ta doping at this doping level. The evo-
lution of the CDW state and the superconductivity by
the Ta doping can be seen in Ref. [37]. Figured(c) shows
the temperature dependence of the normalized resistivity



of the Ta-doped sample measured under different mag-
netic fields and that of the undoped sample measured at
0 T. By using the criterion of 90% of the normal-state
resistivity, the onset transition temperature T°"5¢* at 0
T is about 3.1 K for the undoped sample and 5.3 K for
the Ta-doped sample. T°"5¢t of CsV3Sbhs is similar to
values in previous reports by using the same criterion
[, 29, 29], and T°"s¢t of Ta-doped CsV3Sbs is higher
than the highest value of about 4.5 K in the Sn- [31]
or the Nb-doped HE] CsV3Sbs single crystals. We can
also determine the upper critical field (uoHc2) by using
the criterion of 90% of the normal-state resistivity, and
Fig. 0{d) shows poHc2(T) curve measured in Ta-doped
sample. In order to compare the results, we also plot
poHea(T) of CsVsSbs [13] in the same figure. One can
see that the Ta doping not only increases T, but also
raises p19He2(T) significantly.

B. Lower critical field

In the following, we focus on the magnetic field pene-
tration process in the pristine and the Ta-doped CsV3Sbs
single crystals. The sample size used in the following
magnetization measurement is 2.4 x 2.25 x 0.08 mm? for
CsVs3Sbs, and is 1.18 x 0.74 x 0.058 mm? for the Ta-
doped sample. Figure Bl shows the field dependence of
magnetization from the Meissner shielding state to the
field penetration state. In this Meissner shielding state,
the diamagnetic signal changes almost linearly with the
magnetic field in the initial part of the M-H curve, and
then the curve deviates from the linear relationship sug-
gesting that the field starts to penetrate into the sample
in the form of vortices. It should be noted that both sam-
ples are very thin; therefore, the demagnetization factor
N should be considered for the analysis of the Meiss-
ner shielding effect, and then the relationship between
M and H is —4nM = H/(1 — N). We linearly fit the
initial part of M-H curves and use the fitting results as
reference lines describing the perfect diamagnetic state.
The fitting lines for the two samples are shown as the
dashed lines in Fig. 2] and Neyp can be calculated from
the formula —47wM = H/(1 — Nexp). The values of Ny,
are 0.945 and 0.900 for undoped and Ta-doped samples,
respectively. The values of demagnetization factor Ngeo
are 0.910 and 0.858 as calculated from the sizes of the
two samples. However, if we use the model of an el-
lipsoid with three different axes, and the lengths of the
three axes are set to be equal to side lengths of the sam-
ple, the calculated values of Nge, are 0.948 and 0.906 for
undoped and Ta-doped samples, respectively. They are
very close to values of Neyp, which means that the ef-
fective shape of a very thin sample may be close to an
ellipsoid. However, it should be noted that the magneti-
zation is an output of the SQUID-VSM by fitting to the
measured magnetic response of spatially drifting sample
(assumed to be a magnetic dipole), which may have an
error when compared to the exact value if the sample is

. T . T . T .
- a -
o k&) 52K i
C 42K
-10
C 3.3K
L0 10 20 30
20 H 10 2.8K
[ 2 2.3K
r <
: 0 &K
30 F = 3
“’g C T2 Ta-doped
3 1 1 1 1 1 1 1
E 0 10 20 30 40
- T T T T I T T T T I
= 0 L(b) 12.9k
~— —2.7K
5 2.3K
L H(o§) 21K
L 10~ 1.9K
-10 H F S -{1.8K
[t 13 ]
15 M 2 Undoped ]
L N B
0 5 10
H (Oe)

FIG. 2. Magnetic field dependent magnetization measured
in (a) Ta-doped CsV3Sbs, and (b) undoped CsV3Sbs at var-
ious temperatures. The dashed lines show the linear M-H
dependencies representing the perfect diamagnetic property,
and the magnetization curves show the field penetration pro-
cess starting from the perfect diamagnetic state. The insets
show the deviation AM between the measured magnetization
curve and the dashed line in the corresponding main panel.
The dotted lines in insets are the criterions to determine H.;,
and open circles present the determined values of Hc1 without
considering the demagnetization factor.

very thin. Then, we calculate the differences between the
measured M-H curves and two dashed lines, and plot the
results in the insets of Fig.[2l The criterion of 1 or 0.25
emu/cm? are used to determine the deviation field in the
Ta-doped or undoped samples, respectively. And these
two criterions are set to be proportional to the maximum
values of —M in —M (H) curves at 1.8 K in the two sam-
ples. Finally, the exact value of lower critical field H.y
can be obtained from the deviation field by multiplying
the factor of 1/(1 — Nexp).

Temperature dependence of the obtained H,; are plot-
ted in Fig.[Blfor the Ta-doped and the undoped CsV3Sbs.
One can see that H,; is significantly enhanced by the Ta
doping. The feature of He1(T') measured in CsV3Sbs at
temperatures down to 0.4 K has been well investigated
in a previous work @] Therefore, we only analyze the
data measured in Ta-doped sample. For a single-band
superconductor, H.; or the superfluid density ps can be
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FIG. 3. Temperature dependent experimental data of H¢1 ob-
tained in the Ta-doped and the undoped CsV3Sbs (symbols).
The solid lines are the fitting results to He1(T) curve obtained
in the Ta-doped CsV3Sbs. (a) Fitting results by using a single
gap with the gap size of A; = 0.8 meV, and Ay = 0.98 meV
for a single s- or d-wave gap, respectively. (b) Fitting result
by using the model with two s-wave gaps with gap sizes of
As1 = 1.8 meV, Agz = 0.43 meV, and z1 = 0.6 (see text).

expressed as @, ],

_ HCl(T) o~ _ pS(T)

hcl(T) = Cl(o) = pS(T) = pb(o)

B < df(E,T) E
=1 + 2/0 e EQ_A(T)QdE. (1)

Here, he1(T) and ps(T') are the normalized lower critical
field and superfluid density (ps), He1(0) and ps(0) are
the lower critical field and the superfluid density in zero-
temperature limit, f(E,T) is the Fermi function, and
A(T) is the superconducting gap function. Figure Bla)
shows the best fitting results by using an s-wave or a d-
wave gap. It is obvious that both fitting results can not
describe the experimental data well. Since the undoped
CsV3Sbs is a multi-gap superconductor, we then fit the
data by using the model with two s-wave gaps. The nor-
malized superfluid density in a two-gap system can be
expressed as ps = T10s,s1 + (1 — 21)ps,s2 With x; the pro-
portion in the total normalized ps from the gap Ag; and
the normalized lower critical field can be expressed as

het = z1he1,51 + (1 — x1)he1,s2. One of the best fitting
results is shown in Fig. B(b), and one can see that the
fitting curve coincides with the experimental data very
well. Here it should be noted that the values of super-
conducting gaps have some uncertainties because there
are several free parameters in the fitting, and the two-
gap model can fit the experimental data well with fitting
parameters of Ag; = 1.8 0.4 meV, Ay = 0.43 + 0.05
meV. But the two-gap model is required to describe the
superconducting gap in the doped sample, anyhow. This
conclusion is consistent with that obtained in the un-
doped CsV3Sbs, in which two s-wave gaps are also re-
quired to fit the Hei (T') curve [30]. The two-gap model is
also suggested by other kinds of experiments in CsV3Sbs
, , |; the obtained larger gap has the value from
0.33 to 0.57 meV, while the smaller gap has the value
from 0.13 to 0.36 meV. These gap values obtained in un-
doped sample are much smaller than those obtained from
our data in the Ta-doped sample. Since T, increases from
3.1 K in the undoped sample to 5.3 K in the Ta-doped
sample, the increase of the gap size is expectable.

Here the larger superconducting gap corresponds to a
gap ratio of 2A4; /kpT, = 7.9 (£1.8), while the smaller
gap corresponds to 2A o /kpT, = 1.9 (£0.2). Tt should be
noted that the expected gap ratio is about 3.53 for a sin-
gle s-wave superconductor in the weak-coupling limit of
the BCS theory, and the value of 3.53 is just between the
larger and the smaller gap ratios obtained in Ta-doped
CsV3Sbs. Since there are multiple bands (Sb-5p, band
and V-3d branch bands) in the CsV3Sbs system, and
there are several saddle points near the Fermi energy,
the pairing function may consist complex contributions
from different scattering channels. In this case, the co-
existence of a larger and a smaller gap can be explained
in the framework of the BCS theory with two bands if
the pairing is established between them m] Since it is
not clear yet how strong the interband scattering is in
the Ta-doped sample, we can probably discuss the situ-
ation in different ways with strong and weak interband
scattering, respectively. In the case of strong interband
scattering, the larger gap can be far above the BCS theo-
retical value of 3.53 in the weak coupling limit m], espe-
cially here some saddle points with high density of states
may be involved in the pair-scattering. Under this par-
ticular circumstance, a smaller gap ratio is also antici-
pated. If the interband scattering is weak, the large gap
may be formed by the pair-scattering in some individual
bands, here most likely, the strong pairing is due to the
intraband pair-scattering of the d-orbitals, and the small
gap may be only passively formed. This case resembles
that in MgBs with a strong pairing gap in o-band and
a weak one in m-band. In any case, the large gap ratio
discovered here in Ta-doped CsV3Sbs can be understood
as a sign of strong pairing. However, we must empha-
size that in a two-gap system with some impurities, like
neutron irradiated MgBo ], the interband scattering
can exist and play as a fine-tuning factor to adjust the
two superconducting gaps and energy-dependent density
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FIG. 4. Magnetization hysteresis loops measured in (a) Ta-
doped CsV3Sbs and (b) undoped CsV3Sbs at different tem-
peratures. The field ranges are different in the two figures be-
cause the irreversible fields are different for the two samples.
MHLSs show asymmetry with respect to the axis of M = 0 for
both samples especially at low temperatures.

of states M] In this regard, the momentum-resolved
measurements of gap distributions are highly desired for
Ta-doped CsV3Sbs.

C. Magnetization hysteresis loop and critical
current density

The MHL can provide fruitful information about the
critical current density and the vortex pinning proper-
ties according to the Bean critical state model. Fig-
ure Ml shows MHLs measured in Ta-doped and undoped
CsV3Sbs at different temperatures. It should be noted
that the irreversible field is low in CsV3Sbs, and espe-
cially, the field width at half the maximum is only about 3
mT for the magnetization peak near 0 T at 1.8 K. There-
fore, during the measurements of MHLs in CsV3Sbs, the
magnetization measurements are carried out when the
magnetic field is fixed at the target value. In contrast,
because the irreversible field is much larger in the Ta-
doped sample, MHLs are measured simultaneously when

the magnetic field sweeps at a rate of 20 Oe/s. Usually,
MHLs are symmetric with respect to the axis of M =0
especially at low temperatures in superconductors with
a strong bulk vortex pinning. However, one can see in
Fig. @ that the MHLs obtained in both samples reveal
obvious asymmetry relative to the axis of M = 0. This
fact suggests a very weak bulk pinning in both samples.
In such case, the magnetization due to the bulk pinning
is comparable with the equilibrium magnetization, thus
the MHL is very asymmetric. One may argue that the
asymmetry of the MHLs were due to the measurements
with a slow field sweeping rate, thus the metastable vor-
tex state is quickly relaxed during the measurement. In
order to eliminate this concern, we also try a quick sweep-
ing rate of 100 Oe/s for the Ta-doped sample, and the
asymmetric shape of the MHL to the axis of M = 0 is
similar to that shown in Fig.@(a) although the hysteresis
width does increase in high-field region. We argue that
the asymmetry of MHLs is an intrinsic feature due to the
relatively weak bulk pinning in this family of materials.

It should be noted that a complete MHL consists of the
field-ascending and field-descending branches. Here we
define M_ or M as the magnetization at some magnetic
fields in the field-descending or field-ascending branch of
an MHL, and the hysteresis width AM can be defined
as AM = M_ — M,. Based on the Bean critical state
model HE], AM is supposed to be proportional to the
critical current density J.. As mentioned above, the vor-
tex state is relaxed in our measurements due to the slow
field sweeping rate. Therefore, we use AM to calculate
the transient current density Js instead of the intrinsic
critical current density J. @], and Js should be lower
than J.. Then, the Bean critical state model @] is used
to calculate Jg, i.e., Jg = 20AM/[a(1l — a/3b)]. In the
calculation, the unit of AM is emu/cm?, and a and b are
the width and length of the sample with the unit of cm.
Figures [Bl(a) and BIb) show the field dependence of the
calculated Jg in the semilogarithmic plot. As can be seen,
the magnitude of Jy is very small in both samples, and
the value decreases rapidly with the increase of the field
in both samples. All these indicate a very weak bulk vor-
tex pinning in the two samples. Having a close look, one
finds that Jg of the Ta-doped and the undoped CsV3Shs
shown in Figs. 5(a) and 5(b) decreases in different slopes
with the increase of the applied magnetic field in the
high-field region. However, it should be noted that the
typical size of the Ta-doped single crystal is much smaller
than that of the undoped sample. For instance, the vol-
ume of the CsV3Sbs sample used in the magnetization
measurement is one order of magnitude larger than that
of the Ta-doped sample. Therefore, the discernible mag-
netization is much larger in the undoped sample. The
decrease of Js in Fig. Bla) may correspond to the larger
Js part (Js > 102 A/cm?) in Fig. B(b). Figures[Elc) and
Bl(d) show the field dependent Jg in the log-log plot. One
can see that a power-law relationship of Js o< (uoH) * is
satisfied in the low-field region. This power-law decaying
behavior suggests the existence of dense pinning centers
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FIG. 5. (a,b) Semilogarithmic plots and (c,d) log-log plots of field dependent Js measured in Ta-doped and undoped CsV3Sbhs.
The solid lines in (c,d) are fitting results by using the formula of Js o (oH)™#. (e) Temperature dependent exponent p derived
from fittings in (c,d). (f) Temperature dependence of Js(0 T) obtained from (a) and (b), respectively. Empty symbols represent
zero-resistance temperatures at 0 T derived from Fig. [[{d), and the corresponding current density J.(0 T) is very close to 0

A/cm? in resistive measurements.

with very weak pinning strength in the sample, and it
can be explained by the collective pinning model as the
consequence of the field dependent vortex lattice rigidity
. Figure Bl(e) shows the temperature dependence
of the exponent 1 obtained from fittings. One can see
that p is in the range of 0.93-1.04 for the undoped sam-
ple, and that is 0.75-0.85 for the Ta-doped sample. Since
the field interval is much smaller for MHL measurements
in the undoped sample than that in the Ta-doped sample,
the field range is different when shown in the logarithmic
coordinate. That may be the reason for different values
and different temperature dependent behaviors of the ex-
ponent.

In Fig. Blf), we plot the temperature dependent J; at
0 T. It should be noted that the vortex relaxation is rela-
tively weak when the magnetic field is low @], and then
the difference of AM at different field sweeping rates is
much smaller at 0 T than those at other finite fields (see
Ref. [51] for example). Therefore, Js is closer to J. at
0 T than at other finite fields. We also plot the zero-
resistance temperatures corresponding to the J. ~ 0 in
Fig. BXf), because the current density is extremely low
(about several A/cm?) for resistive measurements. The
discontinuous evolution from Js(7T') from magnetization
measurements to J, from resistive measurement may be
due to the relaxation of the vortex motion in the mea-
surements of MHLs. At 1.8 K, J5(0 T) are 1.94 x 104

[54] and cuprates

A/em? and 3.1 x 103 A/cm? for Ta-doped and undoped
CsV3Sbs, respectively. Although Js(0 T) is greatly en-
hanced in the Ta-doped sample, the practical value is
still much lower than that of many other unconventional
superconductors such as iron-based superconductors @7
@] whose critical current densities are
normally in a range of 10°-107 A/cm? under the same
reduced temperature of T'/T,.. The relatively low Js sug-
gests again the very weak pinning in these materials.

D. MHLs fitted by a generalized phenomenological
model

Recently, a generalized phenomenological model is de-
veloped to describe the magnetic field penetration and
MHLs in a type-1I superconductor @], and this model
can fit MHLs obtained in Nb and Bag ¢Kg.4FesAsy very
well. In the fitting process, the equilibrium and the non-
equilibrium magnetization components are considered
separately. Here the equilibrium part is the average of the
magnetization in the field-ascending and field-descending
processes of MHLs, i.e., Mequ = (M4 + M_)/2; while the
non-equilibrium part is the magnetization difference be-
tween the field-ascending and field-descending processes,
ie., Mpin = (My — M_)/2. In this model [56], when the
width of the sample is much larger than the penetration
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FIG. 6. (a),(c) Magnetization hysteresis loops (open circles)
measured in (a) Ta-doped and (c) undoped CsV3Sbs at 1.8
K. (b),(d) Equilibrium and non-equilibrium components of
the total magnetization in (b) Ta-doped and (d) undoped
CsV3Sbs. The solid curves in the figures show the fitting
results by using the phenomenological model @]

depth A, Mcqu is due to the surface screening current
within the depth of A\, while the non-equilibrium mag-
netization My, comes from the bulk pinning with the
depth from A to the inner. At an external magnetic field
H > H_, these two kinds of magnetization with the unit
of emu/cm?® can be expressed as [56]

HCl(HC2 - H) Hcl “
A7(1 = N) Mgy = ————= =/ ; 2
ﬂ—( ) q HC2 o Hcl H ( )
Mpin = Je(0T) b Heo — | Hol Ho " (3)
pin T e 20 H. He +|H|)

Here Ho = 4m(1 — N)Mequ + H is the field at the depth
of A\, and the units of all fields are Oe in equations above.
In the fitting, the magnetization is modified by the de-
magnetization factor N in order to satisfy the bound-
ary condition of field-penetrating process. J.(0 T) is the
zero-field critical current density and b is the half-width
of the sample; the corresponding units of them are A /cm?
and cm, respectively. « and ( are dimensionless fitting
parameters which reflect field decaying rates of the mag-
netization in the equilibrium and non-equilibrium pro-
cesses. If other parameters are fixed, the MHL will be
more asymmetric when « is smaller.

Figures[6(b) and Bd) show the calculated equilibrium
and non-equilibrium components of the MHLs measured
at 1.8 K. Usually the non-equilibrium component should
be much larger than the equilibrium one @], however,
one can see that these two components have the similar
magnitudes in Ta-doped and undoped CsV3Sbs. This
again suggests a very weak bulk pinning in these ma-
terials. Since He.o > H.; in Ta-doped and undoped

CsV3Sbs, they are obviously type-II superconductors,
and then we can try the newly proposed model to fit
MHLs obtained in these material. The fitting results are
shown in Figs.Bl(b) andBld) as solid curves, and one can
see that they can describe the experimental data very
well. With the obtained fitting results of the field de-
pendent Mg and Myin, we can derive MHL in the re-
gion |H| > H¢. The MHL in the narrow field region of
|H| < H¢; can be calculated by the integral of field dis-
tribution in a specific penetration stage ﬂ%] The general
fitting result to the MHLs are shown in Figs. 6(a) and
6(c) as solid curves, and they are consistent with the ex-
perimental data. The fitting parameters are H.; = 10 Oe
(N not considered), poHee = 2.3 T, J.(0 T) = 2 x 104
A/em?, a = 0.28, and 3 = 0.61 for Ta-doped CsV3Sbs;
and H.;y = 5 Oe (N not considered), ugHe.e = 0.18 T,
J(0T)=3x10® A/em?, a = 0.52, and 3 = 1.0 for un-
doped CsV3Sbs. The values of critical fields are similar to
those obtained from the other measurements mentioned
above, which verifies the validity of our model.

E. Determination of superconducting parameters

The determination of fundamental parameters such as
critical fields and the Ginzburg-Landau parameter are
very important for new superconductors. We obtained
the values of H.; and H. from the magnetic penetra-
tion and resistive measurements in Parts [IT Al and [IT D],
thus the Ginzburg-Landau parameter s can be calculated
from the formula of H.;/H.2 = In x/2k? according to the
Ginzburg-Landau theory. In addition, the penetration
depth A, and the coherence length &,;, can be deduced,
ie., Hep = ®glnk/4m)? for A, and Hep = ®o /272 for €.
Here @ is the magnetic flux quantum. We can also cal-
culate the depairing current density based on the formula
of Jg = @0/3\/§7ru0§)\2. Table [ lists the superconduct-
ing parameters obtained in this work, and all parameters
are the values at the temperature of 1.8 K. Here values of
noHeo at 1.8 K are obtained from linear extrapolations
of poHeo(T) curves in Fig. [[d). And other correlated
parameters are derived from these values. The value
of the penetration depth determined here in CsV3Sbs is
consistent with that obtained from the measurement us-
ing a technique based on tunneling diode oscillator HE]
These fundamental superconducting parameters help us
to have an in-depth understanding on superconductivity
in V-based superconductors. The large value of x con-
firms that the Ta-doped and undoped CsV3Sbs samples
are typical type-II superconductors. With Ta doping, the
critical current density and critical fields increase simul-
taneously with an increase of T.. Meanwhile, the pene-
tration depth and the coherence length decrease with the
Ta doping. The possible reason may be the completely
suppression of the CDW phase, and the superconductiv-
ity is enhanced.



TABLE I. Superconducting parameters of Ta-doped and undoped CsV3Sbs at 1.8 K.

JI0T) (A/em?) [JI°(0 T) (A/em?)[HIT (Oe) [poHly (T)] K [Aay (nm)[€ap (nm)

Cs(Vo.s6Tao.14)3Sbs (Tc = 5.3 K) 7.2 x 107

1.9 x 107 312 2.2 8.7

106.8 12.2

9.1 x 10°

CsV3Sbs (1w = 3.1 K)

3.1 x 10° 84 0.3 5.5

182.7 33.1

IV. DISCUSSION

Through the fittings to the H.;(T) data of the two sys-
tems, we find that the superconducting gap is strongly
enhanced by Ta doping. From the resistivity and mag-
netization data, we find that the CDW transition in the
doped sample is completely suppressed. This clearly in-
dicates a competition between superconductivity and the
CDW order. The ratio of 2A4 /kgT. = 7.9 (£1.8) for the
Ta-doped sample puts the system to the class of strong-
coupling superconductors.

From the magnetization measurements, we find that
the critical current density is very low in Ta-doped and
undoped CsV3Sbs, i.e., in the order of 10% to 10* A /cm?
at 1.8 K under the self-field. There are two possible rea-
sons for the weak pinning effect: a relatively low super-
fluid density, or a low density of impurities which act as
the pinning centers. However, we argue that a very low
superfluid density is unlikely in this family of materials.
Based on the London expression for the superfluid den-
sity ns = m*/upA?e?, we can obtain the value in use of
A, here m™ is the effective electron mass, g is the perme-
ability of vacuum, and e is the electric charge. The esti-
mated ns ~ 1.1 x 102! cm ™2 for CsV3Sby if we take the
effective mass m* = 1.3mg from theoretical calculation
ﬂﬁ] The value of the superfluid density is smaller than
the charge carrier density of 1.6 x 10?2 cm ™3 obtained
from other experiments E], however, such value is not
small enough to support a diluted superfluid density in
this family of materials. Therefore, it seems probable
that the very low critical current density is due to the
very weak bulk vortex pinning. Based on the collective
pinning theory @], the critical current density J. has a

relation with Jg as J. ~ Jg ( ginni/eg)Q/g, where fpin is

the individual pinning force, n; is the impurity density,
and ¢ is the energy scale of the vortex interaction. Here
values of Jg are about 7x 107 and 9x 10° A /em? at 1.8 K
for Ta~-doped and undoped CsV3Sbs, respectively. These
values are comparable to 6 x 10” A/cm? in bulk MgBs
sample @, ] or 4 x 10" A/cm? in BagcKo.4FeaAsy
ﬂ6__1|, @] at the similar temperature. As a result, the ma-
jor reason for the low critical current density is due to
the very small value of (fZ,ni/ 6(2))2/3, perhaps mainly
because of the small value of impurity density n;. This is
evidenced by the well-arranged triangular vortex lattice
observed in STM measurements ﬂﬁ] By comparison,
such triangular vortex lattice has also been observed in
2H-NbSe, [63], while J, is only about 2 x 10° A/cm?
obtained in the pure single crystal at 2 K @]

As mentioned above in Part [ITC] in superconduc-
tors with strong bulk pinning, MHLs are usually sym-

metric to the axis of M = 0. However, the MHLs ob-
tained in the Ta-doped and undoped CsV3Sbs are very
asymmetric. The symmetric magnetization component
to M = 0 in MHLs or the non-equilibrium component
My is positively associated with the bulk vortex pin-
ning strength. In our analysis, the comparable ampli-
tudes of the non-equilibrium and equilibrium components
suggest the weak bulk pinning in this family of materi-
als. However, it should be noted that the MHLs become
more symmetric at higher temperatures in both samples
based on the data shown in Fig.[dl This is very different
from the situation in BaggKg 4FesAss, that MHLs be-
come more asymmetric at higher temperature ﬂ@] With
the increase of temperature, the bulk pining and the sur-
face barrier are both weakened. However, in this fam-
ily of V-based superconductors, the weakening effect to
the bulk pinning due to the temperature increase seems
to be smaller than that to the surface barrier, and the
extremely weak bulk pinning may cause a temperature
insensitive behavior of the bulk pinning effect in these
materials. It is expected that the bulk pinning will be
enhanced if more impurities or defects are induced in the
samples.

V. CONCLUSION

In conclusion, we have carried out extensive stud-
ies on magnetizations of the high-quality single crystals
of Cs(Vo.s6Tap.14)3Sbs and CsV3Sby. Being similar to
CsV3Sbs, the Ta-doped sample is also a multiband su-
perconductor with the larger gap ratio of 2A4; /kpT. =
7.9 (£1.8) and the smaller gap ratio of 2Ag/kgT. =
1.9 (£0.2) according to the fitting to the temperature
dependent lower critical field. This indicates a strong
coupling feature of the superconductivity. Some impor-
tant superconducting parameters are obtained for this
family of materials. It is found that the critical current
density is extremely low in these materials because of the
very weak bulk vortex pinning. Our results provide fruit-
ful information of superconductivity and vortex pinning
in the Ta-doped and undoped CsV3Sbs.
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