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Peak effects in the kagome superconductors CsV;Sbs and Cs(V.93Nby.¢7)3Sbs
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The effect of 3 MeV proton irradiation on the superconductivity of CsV3Sbs and Cs(V(93Nbg o7);Sbs has
been investigated by resistivity and magnetization measurements. The critical transition temperature 7. increases
from 3.2 to 4.4 K after proton irradiation for CsV;Sbs single crystals. Besides the enhanced critical current
density, we observe a broad magnetization peak in the proton-irradiated CsV;Sbs single crystals, which can be
attributed to the enhancement of vortex pinning induced by irradiation. We find the magnetization peak close to
the upper critical field H,, in Cs(V(.93Nbg7);Sbs single crystals, which should come from the softening of the
flux line lattice. The T is slightly suppressed after proton irradiation in Cs(V(93Nbg¢7);Sbs single crystals at
the present irradiation doses. The vortex phase diagrams have been constructed for the kagome superconductors
Cs(V.93Nbg 7)3Sbs and proton-irradiated CsV;Sbs based on the obtained data.

DOLI: 10.1103/PhysRevB.109.024514

I. INTRODUCTION

Coexistence and competition between superconductivity
and density wave orders are often observed in novel super-
conductors such as cuprate [1,2], iron-based [3,4], and heavy
Fermion [5,6] superconductors; this has become one of the
hottest topics in condensed matter physics in recent years.
The kagome lattice, composed of corner-sharing triangles and
hexagons, provides a versatile platform for investigating fas-
cinating quantum phenomena. Recently, kagome compounds
AV3Sbs (A =K, Rb, Cs), which possess nontrivial band
topology such as Dirac points and saddle points, were discov-
ered to exhibit some novel properties including possible chiral
charge-density wave (CDW), anomalous Hall effect (AHE),
and unconventional superconductivity [7—14]. Application of
pressure or chemical doping can suppress the CDW order, but
enhance the superconductivity. For example, the supercon-
ductivity exhibits a two-dome-like behavior under moderate
pressure, while the CDW order is monotonically suppressed
by pressure, indicating an unusual competition between the
superconductivity and the CDW order [10,15-19]. It has been
reported that Nb substitution for V in CsV3Sbs can also en-
large T. up to about 4.45 K with the suppression of CDW
transition temperature from about 92 to 58 K [20]. The hole-
doped samples, such as CsV;_,Ti,Sbs and CsVsSbs_,Sny,
were found to have two superconducting domes and a com-
pletely suppressed CDW transition [21-23].
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To investigate the superconductivity in some supercon-
ductors with competing CDW order, one effective method
is to introduce artificial defects by irradiation [24,25]. Com-
pared with chemical doping, light particle irradiation can
introduce pointlike defects and avoid changes in the charge
carrier density and Fermi surface topology [26,27]. In gen-
eral, the artificial defects introduced by irradiation suppress
the superconductivity due to the pair-breaking effect [28].
However, the enhanced T; has been observed after ion irradia-
tion in some superconductors with competing orders [29,30].
In addition, the depairing current density in these systems
is about J; ~ 107 A/cm?, which is comparable to MgB, or
Ba;_.K,Fe,As,. However, values of critical current density J,
in CsV3Sbs and Ta-doped CsV3Sbs are only about ~ 3 x 103
and 2 x 10* A/cm? at 1.8 K and self-field, respectively, which
are far less than those of MgB, or Ba;_.K,Fe;As; [31-34].
One of the possible reasons for this difference is that the
systems lack effective pinning centers. It is expected the flux
pinning potential will be enhanced after high-energy particle
irradiation.

In this paper, we investigate the changes of superconductiv-
ity in CsV3Sbs and Cs(V.93Nbg g7)3Sbs after 3 MeV proton
(H™) irradiation. We observe the enhancement of 7, from 3.2
to 4.4 K for CsV3Sbs after proton irradiation with a dose of
0.1 x 10" jons/cm?, and the T, is suppressed slowly with
further increase in irradiation dose. A broad magnetization
peak has been observed in a CsV3Sbs single crystal after
proton irradiation. For a Cs(V(93Nbyg 07)3Sbs single crystal,
there is a clear peak effect at fields close to the upper critical
field H.,, which has been attributed to the order to disorder
transition of flux line lattice [35-37]. After proton irradiation,
the 7. of Cs(V.93Nbyg 97);Sbs monotonically decreases with
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FIG. 1. Temperature dependence of normalized resistance

R(T)/R(300K) for (a) CsV3Sbs and (b) Cs(Vy.93Nbgg7)3;Sbs with 3.0 . . )

and without proton irradiation. Insets: the corresponding blowups of
superconducting transition at temperatures close to 7.

increasing irradiation dose. The mechanism of vortex pinning
and the phase diagram of the vortex for Cs(V.93Nbg 7)3Sbs
and proton-irradiated CsV3Sbs crystals are proposed based on
the obtained experimental data.

II. EXPERIMENTAL METHODS

Single  crystals of CsV3Sbs and  Nb-doped
Cs(V_«Nb,);Sbs (with x = 0.07) were grown by the
self-flux method, which has been reported elsewhere [20]. All
the proton-irradiated samples were cleaved into thin flakes
with thickness less than 15 wm. This value is smaller than
the projected range of a 3 MeV proton for the CsV;Sbs
system of ~ 57um [38]. The 3 MeV proton irradiation
experiments were conducted at NIRS-HIMAC in Chiba,
Japan. The samples are irradiated at 100 K in vacuum
less than 1 x 107> Torr. The irradiation dose of the proton
is controlled by measuring the total charge of the proton
deposited into the sample holder with a known distribution of
the beam profile. For convenience, the pristine single crystals
of CsV3Sbs and Cs(V.93Nbg¢7);Sbs are named CVS and
CVNS, and the corresponding proton irradiated samples for
both kinds of crystals with doses of 0.1 x 10'%, 0.5 x 10",
and 2.3 x 10'®ions/cm? are called CVS-1, CVS-2, and
CVS-3, and CVNS-1, CVNS-2, and CVNS-3, respectively.
The standard four-probe method was employed to measure the
resistivity. The measurements of resistivity and magnetization
are carried out on DynaCool-PPMS-9T system and SQUID
magnetometer (MPMS-XL5, Quantum Design).

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the normalized resistance
[R(T)/R(300K)] versus temperature curves for CVS and
CVNS, respectively, before and after proton irradiation. For
CVS, the CDW transition temperature (7*) is about 87 K
which is slightly lower than 95 K as reported in Ref. [11].
The value of RRR (residual resistance ratio) is about 15.4,
which is smaller than that (RRR = 84) reported in Ref. [25]
indicating that much stronger impurity scattering is present
in our CVS crystals [25]. One of the possible reasons is that
there are many more atomic-sized defects introduced during
the fabrication of crystals. After proton irradiation, the values
of R(5 K)/R(300 K) increase due to the enhanced scattering by
defects [39,40]. For CVS, the onset superconducting critical
transition temperature (7;) is about 3.2 K with a transition
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FIG. 2. Irradiation dose dependence of 7. for CVS and CVNS.

width ~0.6 K. After proton irradiation, the CDW transition
becomes weak even with a small dose of 0.1 x 10'® jons/cm?.
This phenomenon suggests that the CDW transition is sup-
pressed by the proton irradiation. In contrast to the suppressed
CDW transition, the T is enhanced after the irradiation for
CsV3Sbs. For example, the onset 7. is boosted up to about
4.4 K for CVS-1. It is well known that there is a delicate
competition between the superconductivity and CDW order
in the CsV3Sbs system. Extensive experimental studies, in-
cluding the techniques of doping and high pressure, reveal
the fact that the superconductivity is enhanced by the sup-
pression of CDW order [15,20]. One reasonable explanation
is that different parts of the Fermi surface are respectively in
charge of superconductivity and CDW order. Chemical dop-
ing, irradiation, and high pressure destabilize CDW order and
recover the Fermi surface to be utilized by superconductivity.
Recently, Roppongi ef al. investigated the effect of electron
irradiation on the properties of CsV3Sbs. They found that
both 7; and CDW transition of CsV3Sbs are suppressed after
2.5 MeV electron irradiation [25]. It is difficult to explain
their results based on the competition between superconduc-
tivity and CDW order. Furthermore, the additional scattering
of electrons due to defects created by electron irradiation
should be temperature independent. Thus it is reasonable to
observe parallel shift in p-T curves after electron irradiation.
However, the p-T curves after electron irradiation show ob-
vious temperature-dependent behavior in their samples. All
these facts are confusing and require more experiments to
verify them. In the sample studied in the present study, the
T. decreases slightly with further increase in the irradiation
doses; for example, the 7. drops down to about 4.34 and
4.30 K for the samples of CVS-2 and CVS-3, respectively,
as shown in Fig. 1(a). This behavior of T is analogous to that
of NbSe, single crystals, where the 7; is initially enhanced
from 7.2 K up to 7.5 K, followed by monotonic suppression
by successive 2.5 MeV electron irradiations [29]. In the case
of CVNS, the CDW transition is suppressed greatly. The 7
for CVNS is about 4.6 K, which is suppressed weakly to
about 4.57, 4.54, and 4.47 K for samples of CVNS-1, CVNS-
2, and CVNS-3, respectively, as shown in Fig. 1(b). Except
for the initial increase of 7. at a small dose accompanied
by the suppression of CDW in CVS-1, all the data suggest
weak dependence of T; on the dose of irradiation as shown in
Fig. 2. These results suggest that CVS and CVNS are s-wave
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FIG. 3. Temperature dependence of normalized resistivity
R(T)/R(5 K) under different magnetic fields for (a) CVS, (b) CVS-1,
(c) CVNS, and (d) CVNS-1.

superconductors, which is consistent with the results reported
in Refs. [16,22,41].

Figures 3(a)-3(d) show the temperature dependence of re-
sistance under different magnetic fields (H//c) for the CVS,
CVS-1, CVNS, and CVNS-1, respectively. It can be seen that
the critical transition temperature for CVS is very sensitive
to the applied magnetic field, and the superconductivity is
almost completely suppressed below 1.8 K at 0.5 T as shown
in Fig. 3(a). Figure 3(b) displays the temperature dependence
of normalized resistance under different fields from 0.1 to 1.5
T for CVS-1. After proton irradiation, the superconductivity
of CVS has been obviously improved, and a clear supercon-
ducting transition above 1.8 K can be observed even at a high
magnetic field of 1.2 T. The superconductivity in CVNS is
the most robust among them, and we can observe a com-
plete superconducting transition above 1.8 K even at 1.2 T
as shown in Fig. 3(c). However, the superconductivity decays
after proton irradiation and the resistance cannot get down to
zero above 1.8 K even at 1.0 T as shown in Fig. 3(d). The
temperature dependences of normalized resistance for CVS-2,
CVS-3, CVNS-2, and CVNS-3 are shown in Fig. S1 in the
Supplemental Material [42]. For all the samples, the onset and
zero resistance temperatures are suppressed with increasing
magnetic field, and the transition width stays nearly constant,
which is similar to that of low-7; conventional superconduc-
tors, “‘122” and “1144” iron-based superconductors [31,43],
but clearly different from high-T; cuprate, iron-based “1111”
and “11111” type superconductors [44—46]. We can evaluate
the values of upper critical field H., by using the criterion of
the resistance transition of 0.5R,,, where R, is the normal state
resistance just above 7. According to the Ginzburg-Landau
(GL) equation, Hy(T) = Hep(0)(1-22)/(1 + t2), where t(=
T/T.) is the reduced temperature. The evaluated values of
H.,(0) for CVS, CVNS, CVS-1, and CVNS-1 are about 0.8,
1.9, 1.6, 1.65 T, respectively, and the corresponding coher-
ence lengths £(0) are evaluated to be about 20.2, 13.5, 14.4,
and 14.1 nm, respectively, based on the formula of £(0) =
(CIDO/Zanz)l/ 2. These values are consistent with those re-
ported in Ref. [47].
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FIG. 4. The MHLs for (a) CVNS and (b) CVS-1. The inset of
(a) shows blowups of the peak effect. The corresponding J.-H curves
for (¢) CVNS and (d) CVS-1. The inset of (b) shows the magnetic
field dependence of background magnetization (Mg) after proton
irradiation for CVS-1. Below |uoH| < 0.08 T, Mp is contaminated
by the superconducting signal, and the expected value is shown by
the blue dotted line.

The magnetization hysteresis loops (MHLs) for CVNS and
CVS-1 are shown in Figs. 4(a) and 4(b), respectively. For
CVNS, the symmetric curves indicate that the bulk pinning
instead of the surface pinning dominates flux pinning in the
sample. In addition, the MHL curve for a pristine CVS mea-
sured at a temperature of 2 K shown in Fig. S2(a) [42] also
gives a very symmetric pattern. Li et al. have investigated
the MHL curves for CsV3Sbs and Ta-doped CsV3Sbs single
crystals, which show asymmetric curves [34]. These results
indicate that superconducting properties of CVS and doped
CVS sensitively depend on the details of growth conditions.
However, the widths of the MHL curves are also very small
in the present samples suggesting that vortex pinning is very
weak. As mentioned above, the current CVS single crystals
may have more point defects related to their smaller value of
RRR. In general, these defects play roles as pinning centers
and enhance the critical current density. However, we have
not observed any significant enhancement in MHL curves in
the CVS specimen. One of the possible reasons is that the
dimensions of the defects are much smaller than the coherence
length, leading to negligible pinning force to vortices. It is
interesting to observe a sharp peak effect close to H, in
CVNS as shown in the inset of Fig. 4(a). It should be pointed
out that the peak effect becomes weak after proton irradia-
tion in CVNS. For example, only a very small magnetization
peak close to H,, is observed at 2 K for CVNS after proton
irradiation at a very small dose of 0.05 x 10'®ions/cm? as
shown in Fig. S2(b) [42]. As is well known, the proton irra-
diation introduces point pinning centers, and vortices can be
pinned by them, resulting in the formation of very disordered
vortex lattice at low temperatures. Thus, it is reasonable to
observe a very weak magnetization peak on top of enhanced
irreversible magnetization after irradiation. Recently, STM
(scanning tunneling microscopy) studies have revealed that
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CsV3Sbs single crystals possess a well-arranged triangular
vortex lattice just like that observed in 2H-NbSe, [47]. Thus it
is expected to have a similar peak effect induced by softening
of the vortex lattice. However, the MHL curve obtained at 2
K shows no such peak effects, as shown in Fig. S2(a) [42].
One possible reason is that the measuring temperature ~ 2 K
is too close to T so that the peak effect shifts to low fields and
merges with the peak at the self-field. Recently, Zhang et al.
observed a similar peak effect in CsV3Sbs using the ac mutual
inductance technique down to lower temperatures [48]. The
J.’s calculated based on the Bean model for CVNS specimens
are shown in Fig. 4(c), and the corresponding peak effect can
be clearly seen in the J.-H curves at different applied fields.
The value of J. is about 0.65 x 10* A/cm? at 2 K and the
self-field, and this small J. indicates that vortex pinning in
CVNS is weak [47]. It should be pointed out that the main
assumption of the Bean model is that the superconducting
current flows with a field-independent critical current density
(Jo) in regions of a superconductor where local induction is
changed. Such current causes the field-dependent penetration
of vortices and size-dependent magnetization. The onset, Hy,,
and the peak of the peak effect, H,, are determined by the
criterion of dJ./dH = 0, which defines local minimum and
maximum in J.-H curves, as shown in the inset of Fig. 6(a).
It can be seen that both H,, and H, increase with decreasing
temperature. The width of the peak effect, which is defined by
AH = H, — H,,, slowly decreases with increasing tempera-
ture. For example, AH is ~ 0.09T (Hy, ~ 0.32T and and
Hy, ~0.41T)at2.9 K, while AH is ~ 0.04 T (Hoy ~ 0.155T
and H, ~ 0.195T) at 3.5 K. These phenomena remind us of
the similar peak effect observed in 2H-NbSe,, which has been
attributed to the order-disorder transition accompanied by the
softening of the vortex lattice [35,49]. In addition, we also
calculate the magnetic relaxation ratio based on the formula of
Q0 =dIn(AM)/dIn(dH/dt) and the typical result is shown
in Fig. S3 [42]. It can be seen that Q decreases sharply at
the region of the peak effect, supporting the idea of abrupt
softening of the vortex lattice. The self-energy of vortices per
unit length can be evaluated by E = @% Ink /4w ,uokz, where
®, is the flux quantum and « is equal to A/£. It can be seen
that the evaluated values of Ey for CVNS are comparable to
that of Nb3Sn [50]. In other words, vortices in CVNS are rigid.
As a result, vortices cannot occupy energetically favorable
positions due to large elastic moduli. However, the situation
will change when the applied magnetic field is close to H,
and the full value of the pinning force can be obtained due
to the softening of the vortex lattice, leading to a sharp peak
in the MHL and J.-H curves just before falling to zero at
He [51].

On the other hand, broad enhancements of J, at interme-
diate fields are observed in CVS-1 as shown in Fig. 4(d).
With increasing temperature, the peak moves to low fields and
the magnitude of the peak becomes small. A similar broad
peak effect is also observed in CVS-2 samples as shown in
Fig. S4 [42]. Tt should be pointed out that the peak effect
in CVS-2 is weaker than CVS-1, which can be attributed
to the damaging of superconductivity under a larger irradi-
ation dose together with the reduced 7. It should be noted
that magnetic backgrounds appear in CVS and CVNS after
proton irradiation as shown in the inset of Fig. 4(b) and

CVNS Hile

00 02 04 06 08
h=H/H,

FIG. 5. The relationship between normalized pinning force den-
sity (F,) and reduced magnetic field (%) for (a) CVNS and (b) CVS-1
single crystals.

Fig. S5 [42]. The magnetic background is evaluated according
to the formula Mg = (M™ +M™)/2, where M™(M™) is the
magnetization for increasing (decreasing) field. Whether such
magnetic background is generated right after the introduction
of defects or a combined effect of defects and their growths
after exposure to air needs to be clarified in the future. The
field dependence of J. is also calculated according to the
Bean model, and the corresponding values of J. at different
temperatures are shown in Fig. 4(d). The value of J. is about
1.2 x 10* A/cm? at 2 K and at the self-field for CVS-1, and
this value is close to that in Ta-doped CsV3Sbs single crystals
[47]. The H',, and H',, are also defined as the local minimum
and maximum in the J.-H curves with the same criterion of
dJ./dH = 0 for the CVS-1 samples. It can be seen that the
H', moves to lower magnetic fields while H',, stays nearly
constant with increasing temperature. As a result, the interval
between H',, and H', becomes less with increasing temper-
ature. For example, H/p at 2.0 and 2.9 K are ~ 0.22 and
~ 0.11T, and the corresponding H’',, is ~0.08 and ~0.07 T,
respectively. Thus the widths AH’ (= H', — H',,) decrease
from ~0.14 to ~0.04 T by increasing temperature from 2.0
to 2.9 K. The monotonic suppression of H’, with increasing
temperature is similar to that observed in cuprate and iron-
based superconductors, which suggests that all of them may
have similar mechanisms [52-55].

In order to investigate the pinning mechanism of vortices
related to the peak effect in CVNS and CVS-1, the pinning
force density is calculated based on the formula of f, =
woH x J.. Figures 5(a) and 5(b) show dependence of the
normalized pinning force density [F,(h) = f,(h)/ fpma"] on the
reduced field h = H/Hj, for CVNS and CVS-1, respectively.
The value of Hj, is obtained from the J.-H curves with the
criterion of 10 A/cmz. For CVNS, the F,(h) curves show
two peaks locating at low and high fields, respectively. The
position of the peak at low fields is very close to zero in
the present temperature range. For example, the correspond-
ing values of A for the peak are about 0.016 and 0.08 at 2
and 3.5 K, respectively, as shown in Fig. 5(a). According to
the Dew-Hughes theory, the pinning force f,(k) should be
proportional to #”(1—h)?. For bulk pinning, the values of p
and g are 0 and 2, respectively, with a peak located at & = 0.
Thus the mechanism of flux pinning at low fields is mainly
bulk pinning for CVNS. At high fields, there is another peak
close to Hc,, which is caused by the order-disorder transition
of vortices, just like that observed in NbSe,, Ba;_,K,BiOs3,
and YBa,Cu3O7_s [35-37]. At temperatures very close to
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1., for example, at 7 = 3.8 and 4.1 K, H, at higher fields
move quickly to low fields and finally merge into one peak,
as shown in Fig. 5(a). In contrast to CVNS, there is only one
maximum in the f,, (%) curves for CVS-1 as shown in Fig. 5(b).
The normalized pinning force can be approximately described
by the formula of f, = h'*(1—h)"®, which has a maximum
of pinning force at the position of & ~ 0.44. This functional
form is close to that for normal-core-pointlike pinning, f, =
h(1—h)?, with a maximum at 2 ~ 0.33. The obtained & value
in CVS-1 is very close to that in BaFe; §Cog,As; (h ~ 0.45)
[56,57], which also suggested that pinning is probably due to
weak pinning centers [56]. It should be noted that the f,-h
curves shown in Fig. 5(b) are dominated by the curves above
H,,, indicating that the scaling function is characterizing the
vortex state at high fields. One should also note that f,, does
not seem to approach zero even at 1 = 0 as shown in Fig. 5(b).
This is due to the fact that a single vortex regime, where J; is
independent of H, occurs only at very small fields (2 < 0.1)
in irradiated CVS.

It is well known that proton irradiation induces point de-
fects in superconductors, which can act as pinning centers
[58]. Thus it is reasonable that the peak effect in the CVS-1
is caused by the normal-core pinning [39]. If this scenario is
correct, it is natural to expect a similar broad peak effect in
CVNS-1. However, no peak effects are observed in CVNS-1.
If the broad peak effect is originated from the normal-core
pinning, as mentioned above, it should sensitively depend on
the type, size, and density of pinning centers. For example, it
has been observed that the level of disorder and/or defect den-
sity in RbCa,FesAs4F, has a significant effect on its second
magnetization peak and J.-H characteristics [59]. Further-
more, the fishtail effect is observed in KFe,As, intercalated
CaKFe4As, but absent in CaFe,As, intercalated ones [60].
The density and dimensions of irradiation-induced defects in
CsV3Sbs and Cs(V(.93Nbg.07)3Sbs after the proton irradiation
should be similar at the same dose. Thus it is reasonable to
deduce that the difference in the peak effect is originated from
their different defect structures. Although direct observation
of point defects generated by proton irradiation is challenging
and has not been reported for CVS, their dimensions are
believed to be smaller than typical diameters of columnar
defects of 5-8 nm created by heavy-ion irradiation. On the
other hand, the coherence lengths for CVS-1 and CVNS-1
at 2 K are about 19.5 and 19.1 nm, respectively. Thus point
pinning centers generated by proton irradiation much smaller
than the coherence length may not be effective. If point defects
in CVS-1 are mobile under the help of thermal activation, they
may agglomerate and form larger point defects with much
stronger pinning and induce the peak effect in CVS-1. In
addition, such agglomeration of point defects may be hindered
by the presence of the impurity atom of Nb in CVNS-1. Alter-
natively, the enhanced pinning after the proton irradiation in
CVS could be due to partial decomposition of the material
triggered by the creation of point defects. In this case, the
presence of Nb in CVNS may suppress such a decomposi-
tion process. Microstructural analyses using a transmission
microscope may help to clarify the nature of point defects gen-
erated by proton irradiation including their possible evolution
with time.
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FIG. 6. The vortex phase diagrams for (a) CVNS and (b) CVS-1.
Insets: illustration of the method to determine the values of H,, and
H, for CNVS and H',, and H’}, for CVS-1 samples.

In Fig. 6, we present the vortex phase diagrams for CVNS
and CVS-1. As mentioned above, H;, and H., are the ir-
reversibility field and the upper critical field, respectively.
Above the H,(7) line, both systems are in the normal state,
and between the Hj, and H, lines, the systems change into
the vortex liquid state, where vortices can move freely. For
the CVNS, the system should be in the ordered vortex solid
region below the H,, line. The vortex motion can be described
by the mechanism of collective pinning of vortices [61].
With increasing applied magnetic field and/or temperature, the
shear modulus Cgg of the vortex lattice decreases. Thus, above
the line of Hy,, vortices begin to become disordered. During
this process, vortices can be relaxed and occupy energetically
favorable pinning centers, leading to the local maximum of
pinning force at H,. However, above Hj, vortices become
much more mobile and the J; rapidly drops to zero. Based
on these analyses, a phase diagram of vortices has been drawn
for CVNS as shown in Fig. 6(a). For CVS-1, the single vortex
pinning becomes dominant below H’,,. In this region, vor-
tices are pinned by sparse strong pinning centers. It usually
shows high superconducting critical current density and large
pinning energy. With increasing magnetic fields (H'o, < H <
H',), more and more vortices are introduced and the number
of strong pinning centers becomes much less than that of vor-
tices. These additional vortices have to be pinned by weaker
pinning centers and the collective pinning starts to control
the motion of vortices. The change from strong pinning to
weak collective pinning is accompanied by rapid suppression
of J. as shown in Fig. 4(d). At higher magnetic fields, the
intervortex distance becomes small and the overlap of vortices
is significant. On one hand, vortex-vortex interaction causes
the decrease of pinning force due to the overlap of vortices.
On the other hand, the shear modulus Cgs becomes small and
the vortex lattice can easily be deformed and better adapted to
random pinning centers, which causes the increase of pinning
energy. For CVS-1, the total pinning energy increases during
the process; thus the peak effect is observed [62]. According
to the present experimental results, the vortex phase diagram
for CVS-1 is also given as shown in Fig. 6(b). Recently,
Zhang et al. constructed the vortex phase diagram of kagome
superconductor CsV3Sbs in a temperature range between
0.12 and 4 K by using the ac mutual inductance technique.
They also observed a peak effect in a broad intermediate
range of magnetic fields. The peak effect is interpreted as
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a result of crossover from strong to weak pinning, which
is consistent with the phase diagram of the present CVS-1
sample [48].

In summary, we have demonstrated that superconductivity
of CsV3Sbs single crystals can be enhanced by proton irradi-
ation. Besides the enhanced J., the T; is enhanced up to 4.4
K after proton irradiation at a dose of 0.1 x 10'¢ions/cm?. A
clear broad peak effect has been found in proton-irradiated
CsV3Sbs single crystals. We also observe a peak effect
very close to Hy, in the Cs(V93Nbg07)3Sbs crystals, which
can be attributed to the order-disorder transition of vor-
tices. Finally, the vortex phase diagrams for CsV3Sbs and

Cs(V.93Nbg 07)3Sbs with magnetic field parallel to the ¢ axis
have been constructed.
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