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Abstract

Owing to the unique double-FeAs-layered structure between neighboring insulating layers, the
12442-type Fe-based superconductors are expected to host rich vortex phenomena in the mixed
state. Here, we report a systematic investigation on the influences of quenching treatment and
cobalt-doping on the magnetic vortex dynamics of KCa,(Fe_,Co,)4AssF, (x =0, 0.1) single
crystals via electrical transport measurements. It is found that the slopes of the upper critical
field near T, duoH/dT|r, along both directions (H L ¢ and H || ¢), are doubled by the
cobalt-doping with x = 0.1. The activation energy is acquired by analyzing the Arrhenius plots,
which shows a H~* dependence with a change in the exponent « at around 3 T, indicating the
evolution of the dominant pinning mechanisms in different field regions. Importantly, the
quenching treatment obviously enhances the magnitude of activation energy and critical current
density J., which can be suppressed by the introduction of cobalt-doping. Possible mechanisms
for such evolutions of these important parameters are discussed. Our results emphasize the
important role of quenching treatment in enhancing the activation energy and critical current
density in 12442 system.
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1. Introduction

Fe-based superconductors (FeSCs) [1-4] are regarded as the
second family of high-temperature superconductors, which
share similar features to the cuprate superconductors. It is
known that the crystal structure can have fundamental influ-
ences on the electronic structure and physical performance of
the unconventional superconducting (SC) systems [5]. With
the SC critical temperature 7, of 28-37K, the 12442-type
AB,Fe As,Cy (A = K, Rb, and Cs; B = Ca, Nd, Sm, Gd,
Tb, and Ho; and C = F and O) compounds [6-9] reveal
the unique double-FeAs-layered structure. The physical prop-
erties of this system have been investigated intensively in
recent years [10-21]. Among them, an important aspect is
about the vortex dynamics. In our previous studies, a very
steep slope of the upper critical field near 7, and a strong
pauli-paramagnetic effect in KCa,Fe,As4F, have been repor-
ted [10, 11]. The second magnetization peak were revealed
both in the RbCa;Fe AssF, and KCa;FesAssF, systems by
the magnetization measurements [22-24]. Recent scanning
tunneling microscopy measurements have revealed the Friedel
oscillations of vortex bound states and a new type of vor-
tex pattern with bamboo-like chains in confined canals in
the KCa;FesAssF, compound [25, 26]. In addition, we have
observed a significant suppression of the activation energy for
the flux flow in the ultra-thin sample of KCa,FesAssF, [12].
The correlation between the activation energy and the SC
anisotropy in FeSCs was also uncovered [27].

Between the upper critical field and irreversible field in the
H-T phase diagram, vortices are in the liquid state [28]. In this
region, a thermally activated flux-flow (TAFF) behavior was
frequently observed [22, 29-33], in terms of a linear relation
between Inp and 1/T. Here p is the resistivity of the super-
conductor in the vortex-liquid state. Thus the activation ener-
gies Uy could be extracted from Arrhenius plots (Inp vs. 1/7).
In addition, by investigating the evolution of U, with mag-
netic field, important information concerning the dimension-
ality of the vortex state and the type of the pinning centers
could be obtained [22]. Typically the nature of vortex pinning
in layered superconductors is susceptible to the inner defects,
which can be affected by chemical doping and/or growing pro-
cess. Currently there is still a lack of investigations concern-
ing the influences of these factors on the vortex behaviors of
12442-type superconductors.

In this paper, we conducted the electrical transport meas-
urements on high-quality KCay(Fe;_Coy)sAssF, ( x = 0,
0.1) single crystals grown under different conditions. It is
found that the slope of the upper critical field H., near Tt
and the anisotropy of H., are both enhanced by the doping
of cobalt. The activation energies shows a H~“ dependence.
The exponent « reveals different values in the low and high
field regions, indicating that the change of defect types that
play a dominant role in pinning the vortices. Moreover, the
quenching treatment and the introduction of cobalt-doping are
found to have obvious influences on the magnitude of activa-
tion energy and critical current density.

2. Experimental details

High quality KCa;(Fe;_,Co,)4As4F>(x =0, 0.1) single crys-
tals were grown using KAs as the self-flux. The detailed syn-
thesis conditions and the characterizations of the samples can
be seen in our previous reports [10, 18]. Notably, two different
procedures were adopted in the cooling process. For the non-
quenched samples, after the high-temperature solid-state reac-
tion, the stainless steel tube containing reactants was cooled
down slowly to room temperature. While for the quenched
ones, the samples were removed from furnace to be cooled
down rapidly to room temperature after a slowly cooling pro-
cess from 980 °C to 900 °C. The introduction of cobalt dopant
was achieved by partially replacing the reagent Fe, As with
Co,As. The doping levels used in this work are the nominal
values.

The structures of the obtained samples were evaluated
using a DX-2700 type x-ray diffractometer. The electrical
resistance was measured using a four-probe technique on a
physical property measurement system (Quantum Design).
The electrical current was applied within the ab-plane of the
samples. The direction of the current is always perpendicu-
lar to that of the magnetic field. The applied current density
is about 4 A pm~2 during the resistivity measurements. The
magnetization measurements were carried out on the magnetic
property measurement system (Quantum Design, MPMS 3).
In the present study, we measured a series of samples obtained
under different growth conditions. In order to provide a clear
impression, we summarized the information of these samples
in table 1.

3. Results

3.1. Characterization

The x-ray diffraction patterns are shown in the inset of figure 1.
Only sharp peaks along (00 2/) direction can be seen, indic-
ating a high c-axis orientation of the crystals. Notably, the
introduction of Co-dopant did not cause the appearance of
impurities or precipitates. Moreover, the diffraction peaks of
the sample with x = 0.1 are shifted to higher angles as com-
pared with the undoped one, suggesting the shrinkage of crys-
tal lattice along the c-axis. A quantitative analysis shows that
the c-axis lattice constant is reduced by about 0.44%. This
tendency is consistent with that reported in the polycrys-
talline samples of Co-doped KCa,FesAs4F, [34], which is
also very similar to that reported in the Co-doped CaFeAsF
system [35].

Temperature dependence of resistivity for two samples with
x =0and 0.1 is shown in figure 1. It is found that the quench-
ing treatment has no significant influence on the SC transition
of the samples. Thus, only the data of the quenched samples
are shown here. By the introduction of Co-doping with x
= 0.1, the SC transition temperature 7, is suppressed from
33.84+0.5 K to 24.440.4 K. Here the values of T, are determ-
ined using the criteria of 90%p,,, where p,, is the normal-state



Supercond. Sci. Technol. 36 (2023) 095008

Y Liu et al

Table 1. Summary of the information of the samples measured in the present study.

Name X Growth mode n(He) n(Uy) n(J¢)
UnD-Non-n 0 Non-quenched — 1 2
UnD-Qu-n 0 Quenched 0 1,2 3
CoD-Qu-n 0.1 Quenched 0 1,2,3 4
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Figure 1. Temperature dependence of resistivity of the I
KCay(Fe;_,Cox)sAssF2 (x =0, 0.1) single crystals under zero c 06 _E 6 -
magnetic field. Both samples are quenched ones. The inset shows \Q o
the XRD patterns of the two samples. Q [T, 41 —A—x=0, Hilc ]
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resistivity near the SC transition. The deviation of T, val- 0.2+ or L X.=0'.1 ’ "._”/a.]b L]
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Such a decrease of 7, induced by Co-doping is consistent with 0ok T-T, (K) i
the results based on the polycrystalline samples [34]. It is a 5 : 1'2 . 1'5 : 1I8 : 2'1 : 2'4 : o7
common feature of unconventional superconductors that T¢
is closely dependent on carrier concentration. We noted that T (K)

the undoped KCa,FesAsyF; is self-hole-doped with a doping
level of 0.25. Thus the introduction of Co-doping with x =
0.1 pushes the total hole content to 0.15. The accompanying
decrease of T, implies that co-doping pushes the system away
from the optimal doping position, although the exact point of
optimal doping is still unknown.

Another distinct feature is the different evolution tenden-
cies of the resistivity with temperature in the normal state
between the two samples, which results in an intersection
point at around 41 K. Meanwhile, the residual resistivity ratio,
RRR = p3o0k/ pn» is reduced from 5.5 to 2.4 by the Co-doping
with x = 0.1. We note that this tendency is also consistent with
that observed in the polycrystalline samples [34].

3.2. Upper critical field

To study the influence of co-doping on the upper critical field,
we performed the measurements on temperature dependence
of electrical transport with the magnetic field along two dif-
ferent orientations: H || ¢ and H || ab. As the upper critical

Figure 2. (a), (b) Normalized resistivity for the sample with x = 0.1
as a function of temperature under the magnetic field up to 9T with
H || ¢ and H || ab, respectively. The inset of (b) shows the
comparison of the upper critical fields Hc, as a function of T-T¢
between two samples with x = 0 and 0.1.

field of the undoped sample has been studied in our previ-
ous work [10], here we only display the resistivity data of
the sample with x = 0.1. As shown in figures 2(a) and (b),
the SC transition point shifts to lower temperature with the
increase of the magnetic field for both orientations. In addi-
tion, such a shift is much more quickly when the magnetic field
is applied along the c axis, revealing a significant anisotropic
characteristic.

Using the criteria of 90%p,, the values of upper critical
H., are extracted. In order to have an intuitive comparison
with the undoped sample, the obtained H,, is drawn as a func-
tion of T-T,, as shown in figure 2(c). It can be seen that, in
both orientations, the data of the sample with x = 0.1 always
reveals a steeper increasing tendency in the vicinity of T,
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Table 2. Summary of the detailed parameters about 7. and upper critical fields for the two samples with different doping levels.

Sample T (K) poHY 1 (TK™) poHY o (TK™) r Gi (x1072)
UnD-Qu-0? 333 —50.9 —6.4 8.0 2.8
CoD-Qu-0 25.0 —122.8 —13.3 9.2 3.3
2 The data of this sample are cited from our previous work [10].
1.0-(a) UnD-Non-1 1.0} (b) UnD-Qu-1 1.0} (c) CoD-Qu-1
08f — 08} — ! 0.8
F—y Ha—— —or
fosp — — 4 L g — o8 —ar —s
Q —7T ——8T Q —7T —8T Q T — T
04r o7 04 ——o97 0.4
021 Hilc 0.2r  Hilc 0.2
0.0 0.0
20 24 28 32 36 10 14 18 22 26
T(K)

3T
a7
5T
6T
7T
8T
oT

4T
o 5T
< 6T 1
> 7T

o 8T
* 9T 1

4 U"‘
L3

L

A x DK

i a

0.04

0.05 0.06 0.07 0.08 0.09
1T (K"

Figure 3. Normalized resistivity (a)—(c) and the corresponding Arrhenius plots (d)—(f) for three samples (UnD-Non-1, UnD-Qu-1, and
CoD-Qu-1) under the magnetic field parallel to the c-axis. The black dashed lines are the fits with TAFF theory to the experimental data.

i.e. T-T. = 0. Quantitatively, the slope of the tangent in the
Hy-T curves near T, poH/,, = dpoHe /dT|r,, is —122.8 and
—13.3TK~! for the orientations of H || ab and H || ¢ respect-
ively. We note that these values are about two times of that
reported in the undoped sample [10]. In addition, the aniso-
tropy I' of the upper critical field near 7¢. can be estimated from
these two values, which is 9.2 for the sample with x = 0.1. It
is slightly larger than that of the undoped sample, indicating
that the introduction of Co-doping enhances the anisotropy of
the this system. Such a behavior is consistent with the result of
electronic structure calculations which reveals the disappear-
ance of a small three-dimensional Fermi pockets induced by
co-doping (see figures 3(d)—(f) in [34]). These quantitative res-
ults are summarized in table 2.

The influence of thermal fluctuation on the magnetic vortex
is quantified by the Ginzburg number, which can be expressed
as [28, 37] (in the International System of Units) G; =
(k /47 p0)* (T /H*e&*)? /2 = 1.07 X 107 R4 T2 /ioHey €2
Here H. = He | / V2K is the thermodynamic critical field,
k = A/& is the Ginzburg-Landau parameter, X is the in-plane
London penetration depth, £ is the in-plane SC coherence
length, and € = 1 /T is the anisotropy parameter. From values
of poH.,, the zero-temperature in-plane coherence length
& can be estimated to be 1.5 and 1.2nm for the samples
with x = 0 and 0.1 respectively. Assuming a similar value
of A (~230nm) [14] for the two samples, values of G; is

calculated to be 2.8 x 102 and 3.3 x 102 for the two quenched
samples with x = 0 and 0.1 respectively. These values are
much larger than conventional superconductors and com-
parable to other systems of the FeSCs [36, 38], indicating a
relatively remarkable fluctuation effect on the magnetic vortex
in the present system.

3.3. TAFF behavior

In order to investigate the influences of quenching treat-
ment and co-doping on the TAFF behavior, we measured the
resistivity of six samples under the vertical magnetic field.
Temperature dependence of normalized resistivity for three
samples (UnD-Non-1, UnD-Qu-1, and CoD-Qu-1) is shown in
figures 3(a)—(c). The data of other samples are used to check
the reproducibility of the experimental results, which can be
seen in figure S1 in the supplementary material. The details of
the six samples for the investigation of the TAFF behavior are
summarized in table 1. We note here that sample CoD-Qu-1
reveals a slightly different 7, from that of sample CoD-Qu-0 as
shown in figure 2. With the increase of field, the SC transition
width is broadened significantly, revealing the active move-
ments of the flux flow.

Figures 3(d)—(f) show the Arrhenius plots of the normalized
resistivity for the three samples under different fields. As
shown by the black dashed lines, In(p/p,) reveals a linear
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Table 3. The value of power exponent « in Uy oc H~* for the
samples grown under different conditions.

Sample g ap Qp-Qy
UnD-Non-1 0.61 0.82 0.21
UnD-Qu-1,2 0.67-0.7 1.09-1.25 0.39-0.58
CoD-Qu-1,2,3 0.41-0.50 0.96-1.11 0.52-0.61
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Figure 4. (a) Field dependence of Up/kg for six samples plotted in
a double logarithm coordinate. The data of the ultra-thin

sample [12] is also shown for a comparison. The black dashed lines
represent the linear fits to the data of samples UnD-Qu-1 and
CoD-Qu-2. (b) Values of Uy at 1 T as a function of power exponent
a. The data of other systems of FeSCs [36] are also displayed for a
comparison. The blue dashed line is a guide for eyes.

dependence upon 1/T in a wide temperature region in all the
three samples. The Arrhenius plots of other samples are shown
in supplementary figure S2. This linear behavior is consist-
ent with the theoretical prediction that the dissipations under
magnetic field is induced by TAFF [29]. Such a TAFF beha-
vior has been reported in other systems, including FeSCs [22],
cuprates [29-32], and transition metal disulphides [33]. In the
TAFF region where the linear behavior in In(p/p,)-1/T is
maintained, the values of activation energy Uy can be extrac-
ted from the slopes of the Arrhenius plots.

The obtained values of U, are summarized in figure 4(a)
in a double-logarithmic scale. Comparing the performances
among these different samples, we can draw the following
conclusions: (1) By comparing samples UnD-Non-1 with
UnD-Qu-1 and UnD-Qu-2, it is clear that quenching treatment
can significantly enhance the value of activation energy. (2)
Co-doping leads to the decrease of activation energy, which
can be seen from the comparison between the samples CoD-
Qu-1, CoD-Qu-2, CoD-Qu-3 and UnD-Qu-1, UnD-Qu-2. In
addition, as we have reported [12], the activation energy of
ultra-thin samples is also significantly lower than that of bulk
materials. For the bulk samples, Uy follows a power law with
the magnetic field with a clear change in the power exponent at
around 3 T, i.e. Uy oc H~* for upH < 3 T, and Uy x H~*" for
woH > 3 T. The black dashed lines in figure 4(a) represent such
a evolutionary trend of samples UnD-Qu-1 and CoD-Qu-2 as
the examples. The values of the power exponents «; and «, are
summarized in table 3. Although there are some fluctuations in
the data, we can still extract some important information from
it. The oy value of the co-doped samples is obviously smaller
than that of the undoped ones. Moreover, the non-quenched
sample shows the lowest value of oy, resulting in a very small
difference between «y, and «y, i.e. ay-ap = 0.21.

3.4. Critical current density

The in-plane critical current density J. for three samples was
obtained by measuring the irreversible magnetization with H ||
c. The values of J. can be evaluated using the extended Bean
model [39]

_ 2O(deown _Mup) (1)
" a(l—a/3b)
where M, (emu cm™3) and Myown (emucm™3) are the mag-
netization when sweeping the field up and down, respectively.
a (cm) and b (cm) are the sample width and length, respect-
ively. In figures 5(a) and (b), we show the isothermal hysteresis
loop and the derived field dependence of J. of sample UnD-
Qu-3. No fishtails were observed, which suggests that the pin-
ning is not weak in the present system. The self-field J. at 2K
for sample UnD-Qu-3 is 6.3 MA cm~2. The J. values of non-
quenched (UnD-Non-2) and Co-doped (CoD-Qu-4) samples
are 1.4 and 0.9 MA cm 2 respectively (see figure 5(c)), being
several times smaller than that of UnD-Qu-3. Such a beha-
vior is consistent with the evolution tendency of Uy among the
three types of samples as shown in figure 4. We note that the
J.. value of the sample UnD-Qu-3 is consistent with our previ-
ous report [13] and clearly larger than other systems in FeSCs,
e.g. RbCayFesAsyF, (~0.8 MA cm™2) [22], (Ba,K)Fe,As,
(~2.4MA cm~2) [40], CaKFejAsy (~1.6MAcm™2) [41],
and (CagssLag 15)10(Pts Asg)(FerAsy)s (~2.3 MA cm™?) [36].
This indicates that the quenched sample has an important
application prospect in high current transmission.

The field dependent evolution tendency of J. can sup-
ply important information about the pinning mechanism. As
shown by the black dashed lines in figure 5(c), in the field
region above 0.7 T, J. follows a power-law behavior with H,
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Figure 5. (a) Field dependence of magnetization for sample UnD-Qu-3 at various temperatures. The applied field is parallel to ¢ axis. (b)
Field dependence of in-plane J. evaluated using the data shown in (a). (c) The data of J. at a fixed temperature of 2 K in log-log scales for
three samples. The black dashed lines show the power-law behaviors. (d) Field dependence of parameter ( for sample CoD-Qu-4. (e)
Temperature dependence of normalized self-field J. of the three samples. The data are compared with the theoretical models based on the §/
and 0T¢ pinning. (f) Normalized pinning force density (F,/Fp max) as a function of reduced field for sample CoD-Qu-4.

i.e. J.oc H?. The power parameters 3 in this field region
for the three samples are 0.88, 0.99, and 0.90, respectively.
Actually the field dependence of the J. does not follow a pure
power law in the whole field region. In order to display the
detailed evolution of the parameter 8 with field, we plot the
value § = —d(InJ..) /d(InH) vs poH for the sample CoD-Qu-4
in figure 5(d). It can be seen that, in the low field region, 3
is below 0.5. With the increase of magnetic field, it shows a
gradual upward trend. For the case of low temperature (2 and
5K), the B-uoH curves reveal a platform-like feature between
0.7-2T. The very small value of 3 in the low field region
was interpreted in terms of strong correlated pinning [42]. At
the moderate field around 0.3 T, the value of 3 is about 0.5,
which reflects the pinning from nm-sized defects. While at
higher fields, only a fraction of the vortices can be pinned when
the vortex density exceeds the density of the pining centers.
Moreover, the vortex displacements due to pinning become
comparable to the vortex spacing and the critical current dens-
ity starts do decrease more rapidly [42]. These two factors give
rise to a relatively large value of 3 in the high field region.
As shown in figure 5(e), normalized critical current density
(J./J-(0K)) of the three samples is compared with the the-
oretical models based on the §/ and §7, pinning. Although
the experimental data deviate from the predictions of both
theoretical models, relatively speaking, the 5/ model can bet-
ter reflect the trend of experimental fact. The pinning force
density is determined by the value of J; and the applied mag-
netic field H, F), = J; x poH. The field dependence of F), nor-
malized by its maximum value F), .« of sample CoD-Qu-4
is shown in figure 5(f). It can be seen that, at low temperat-
ures (2 and 5K), the F,,/F, max-H/Hix curves show the sign
of multi-peak structure, which may be related to the self-field

effects [43]. The positions of the peaks are all at the low
values of H/H;;(<0.2), which is lower than that reported in
Ba(Fe,Co),As; system [38]. Actually, considering the relation
J. oc H=P, the field dependence of pinning force density can
be expressed as F), o H'=8. Consequently, F, will increase
with H in the field region where 3 < 1, while it can be expec-
ted to decrease with H when (3 > 1. In this sense, the system-
atic evolution of the F,/F, max With H/Hi, actually reflects
the variation of the exponent 3 with field, and the positions of
the peaks in this figure correspond to the situations where 8 =
1. The rather low values of H/Hj,, for the peak positions may
indicate that, although the pinning effect at each pinning center
is strong, the density of the pinning center is relatively small,
resulting in the decrease of F), at a rather small magnitude of
magnetic field.

4. Discussion

It is known that the power-law dependence of Uy on the field
is a characteristic for the 3D flux liquids [12, 22, 30, 32].
Based on this picture, the values of power exponents a; and oy,
are closely related with the type of defects that dominate the
flux pinning behaviors and/or the pinning modes of the vor-
tices [22, 30]. From the general understanding, the magnitude
of oy in the low field region of about 0.5 could be interpreted
by the domination of strong pinning by the planar defects. On
the other hand, the magnitude of «;, is around 1 when the mag-
netic field is above 3 T, which is an index for the domination
of the weak pinning by the point defects. Actually, the pres-
ence of planar defects has been confirmed by the scanning
transmission electron microscopy analysis in the quenched
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samples [13]. Itis notable that the value of ay, for sample UnD-
Non-1 is clearly smaller than 1, indicating the deviation from
the pure pinning mode based on point defects.

It is also important to compare our data with the behavior
of other systems of FeSCs. In figure 4(b), we show values
of activation energy U as a function of power exponent «
under a low field of 1 T. The values of «; are used here for
the three samples in 12442 system. The data of other sys-
tems in FeSCs [36], including (Ba,K)Fe,As;, (Ca,La)Fe,As;,
CeFeAs(O,F), and (Cag gsLag 15)10(Ptz Asg)(Fe, As,)s, are also
displayed for a comparison. These systems are referred to as
(Ba,K)-122, (Ca,La)-122, Ce-1111, and 10-3-8, respectively.
It can be seen that, for the 10-3-8, Ce-1111, and 12442 (UnD-
Qu-2, UnD-Non-1, and CoD-Qu-3) systems, the evolution of
Uy with « follows a roughly positive correlation trend. The
two samples of 122 system, which have a much smaller aniso-
tropy, obviously deviated from this trend. This shows that
anisotropy is an important factor affecting the TAFF behavior
of layered superconductors.

Another noteworthy issue is that the introduction of cobalt
doping has not brought about an increase in the activation
energy. On the contrary, the activation energy is reduced. This
indicates that, although the cobalt doping leads to a suppres-
sion of RRR, the additional defects from the substitutions have
not significantly enhanced the pinning force to the vortices.
One possible explanation for this behavior is that the spatial
scale of defects caused by Co-doping is too small to act as an
effective pinning center for the vortices. Typically the defects
induced by impurities or ion irradiations should have a size
of several to tens of nanometers to supply the effective pin-
ning centers [13, 44]. Another factor worthy of attention is
that the activation energy shows an anti-correlation with the
anisotropy in the FeSCs [27]. Thus, the enhancement of IT"
from 8.0 to 9.2 induced by Co-doping may be the domin-
ant and intrinsic reason for the reduction of Uy, in Co-doped
samples.

5. Conclusion

In summary, we have studied the wupper critical
field, TAFF behavior, and critical current density of
KCa;(Fe;_Coy)sAssF, (x = 0, 0.1) single crystals grown
under different conditions. The activation energy U, was
extracted from the Arrhenius plots. It is found that the value
of Uy is obviously enhanced by the quenching process of the
crystal growth. Meanwhile, the introduction of Co-doping
leads to the reduction of Uj. The power exponent o changes
its value at around 3 T, revealing the evolution of the dominant
types of defects in pinning the vortices. Moreover, the critical
current density J. of the non-quenched sample with x = 0 is
several times smaller than that of the quenched one, which
indicates a relatively weaker flux pinning in the non-quenched
samples and further confirms the conclusion drawn from data
of activation energy. Our results reveal the significant effect
of quenching process on enhancing the activation energy and
critical current density of 12442 system, which is of valuable
for the practical applications.
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