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Anisotropic physical properties and large critical current density in KCa,Fe;As F, single crystal
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We present a systematic study of electrical resistivity, Hall coefficient, magneto-optical imaging, magne-
tization, and scanning transmission electron microscopy (STEM) analyses of KCa,Fe As4F, single crystals.
Sharp diamagnetic transition and magneto-optical imaging reveal homogeneity of single crystal and prominent
Bean-like penetrations of vortices. Large anisotropy of electrical resistivity, with p./0, > 100, and semicon-
ductorlike p. suggest that the electronic state is quasi-two-dimensional. Hall effect measurements indicate
that KCa,Fe,As,F, is a multiband system with holes as main carriers. Magnetization measurements reveal
significantly larger J. compared with that in other iron-based superconductors with different values of J,
depending on the direction of magnetic field. The origin of these J. characteristics is discussed based on
microstructural observations using STEM. In addition, further enhancement of J. in KCa,Fe4As4F, for future
high-field application is demonstrated in terms of heavy-ion irradiation.
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I. INTRODUCTION

The discovery of iron-based superconductors (IBSs) in
2008 [1] has prompted great interest in the field of con-
densed matter physics. Their multigap superconductivity due
to their multiband electronic structures were studied. Not only
their unconventional superconducting mechanism leading to
high transition temperature, but also their potential for ap-
plications has been extensively studied and several types of
IBSs are expected as candidates for future high-field applica-
tions [2—4]. In the case of widely studied IBSs such as the
122-type (Ba,K)Fe;As; [5], their electronic states are three-
dimensional with weak anisotropy. It makes a good contrast to
two-dimensional electronic states in cuprate superconductors.
Recently, however, it is suggested that quasi-two-dimensional
electronic states emerge in IBSs such as 12442-type com-
pounds [6-10] or some IBSs consisting of FeSe layers
sandwiched by thick insulating layers [11,12]. The 12442-
type IBSs, a series of bilayered compounds AB,FesAssC;
(A=K, Rb, and Cs; B =Ca, Nd, Sm, Gd, Tb, Dy, and
Ho; and C =F and O) are recognized as the intergrowth
of 1111- and 122-type IBSs, and are reported to be super-
conductors with superconducting transition temperature 7, =
28—37K [6-10]. The 12442-type IBSs have double Fe,As;
conducting layers between two neighboring Ca,F, insulating
layers [6]. Based on the first-principles calculation, 10 bands
crossing the Fermi level are predicted, which are more com-
plicated than other IBSs, showing multiband character [13].
Using polycrystalline samples of 12442-type IBSs, their elec-
tronic and magnetic structures have been investigated [14-16].
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Furthermore, very recently, the growth of millimeter-sized
high-quality single crystals of 12442-type IBSs was reported
[17,18]. It is needless to say that studies on high-quality single
crystals are essential to reveal intrinsic properties of these
superconductors. Using these single crystals, electronic states
with large anisotropy were revealed by the estimation of the
upper critical field, H,, [17,18], and torque analyses [19].
In addition, neutron spin resonance measurements revealed
quasi-two-dimensional electronic behavior of KCa,Fe4As F,,
which is similar to those of highly anisotropic cuprate su-
perconductors [20]. Not only elucidation of unconventional
superconductivity, but also the possibility of future high-
field application of this material are intriguing topics. Hc,
of KCa,Fe4AssF, is much larger than that of other sys-
tems of IBSs, when the magnetic field is applied along the
ab plane, and large anisotropy parameter y(=H% /HS) ~ 8
was revealed near the superconducting transition [17,21,22].
Large H., is helpful for future high-field applications. Al-
though critical current density, J;, in KCa,Fe,As F, has not
been reported yet, a recent report on J. in CsCa,FesAssF,
at 2 K under self-field is comparable to that in well-studied
122-type materials [18,23]. In general, isotropic superconduc-
tors are favored in high-field and high-current applications.
Recently, however, coated conductors of REBa,Cus;O; (RE:
Rare Earth), with y ~ 7, and multifilamentary tapes of
(Bi, Pb),Sr,Ca,Cus0,, with y ~100, have been developed,
and are commercially available [24]. These facts demonstrate
that anisotropic superconductors like 12442-type compounds
can be used for superconducting wires or tapes for high-
magnetic applications by adding artificial pinning centers or
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implementing local grain alignment to superconducting cores.
Further studies on J; in 12442-type IBSs are needed.

In this paper, we characterize the superconducting prop-
erties of KCayFesAssF, single crystals by measuring
anisotropic electrical resistivity, in-plane Hall coefficient,
and anisotropic irreversible magnetization. The quality and
microstructure of single crystals were also characterized
by magneto-optical imaging and scanning transmission
electron microscopy (STEM). The electronic structure of
KCajsFesAsyF, is discussed by comparing it with that in
other IBSs. In addition, we found significantly large in-plane
J. in KCa,Fe As4F, compared with that in other IBSs, and
unique anisotropy of J. depending on the direction of mag-
netic field. Further enhancement of J. in KCa,Fe4As4F, for
future high-field application in terms of heavy-ion irradiation
is also demonstrated.

II. EXPERIMENTAL METHODS

Single crystals of KCa,FesAs4F, were grown using the
self-flux method with KAs as flux. Details of sample growth
and basic physical properties have been reported in Ref. [17].
Electrical resistivity along the ab plane (p,5) and along the ¢
axis (p.) were measured by the four-probe method. Anticipat-
ing relatively large anisotropy of transport properties based
on the previous measurements [17], electrical contacts were
prepared to pass the current uniformly as discussed later. In
the case of p,, measurement, consistency of the values evalu-
ated on the top and bottom surfaces was examined. The Hall
voltage was measured with a Quantum Design physical prop-
erty measurement system with the AC transport option with
current density of ~11 A/cm?. The Hall voltage was obtained
from the antisymmetric part of transverse voltage by subtract-
ing the positive and negative magnetic field data. Macroscopic
homogeneity of superconductivity was examined by measur-
ing the critical state field profile using magneto-optical (MO)
imaging. For MO imaging, an iron-garnet indicator film was
placed in direct contact with the sample surface, and the whole
assembly was attached to the cold finger of a He-flow cryo-
stat (Microstat-HR, Oxford Instruments). MO images were
acquired by using a cooled-CCD camera with 12-bit resolu-
tion (ORCA-ER, Hamamatsu). Cross-sectional observations
of the single crystals were performed with a STEM (JEOL,
JEM-2100F). The spatial resolution of JEOL JEM-2100F mi-
croscope is 0.2 nm. However, we set it as 0.5 nm to add
contrast in the STEM image. The specimen for STEM were
prepared by digging and milling using a focused-ion beam
(FIB), which is called the microsampling technique. The final
milling using FIB was conducted at an acceleration voltage of
30 kV and with a very weak ion current of ~10 pA without
tilting the specimen. Enhancement of J. was attempted by
irradiating 2.6 GeV U ion along the ¢ axis at RIKEN Ring
Cyclotron in RI Beam Factory operated by RIKEN Nishina
Center and CNS, The University of Tokyo. The irradiation
dose is evaluated by the dose-equivalent magnetic field called
“matching field”, at which all defects are occupied by single
vortices, By = n®y. Here, n is the areal density of CDs and
®d is a flux quantum. Columnar defects at a dose-equivalent
matching fields of By = 40kG were created. U-ion beam was
directly irradiated to the crystal without any shielding or foils.

TABLE I. Dimensions of KCa,Fe4As4F, single crystals.

No. Dimensions(um?) Measurements Related figures
1 510 x 390 x 7.8 Magnetization (to Figs. 1,7,9
determine 7, and
J.. for pristine
sample)
2 316 x 196 x 9.1 MO Fig. 2
3 920 x 392 x 8.0 Pab Figs. 3,4, 5
4 878 x 236 x 3.0 Oab Fig. 3
5 520 x 326 x 13.0 Pe Fig. 5
6 784 x 730 x 12.0 Ry Fig. 6
7 263 x 228 x 11.1 Magnetization (to Fig. 8
determine J, for
U-irradiate
sample)

Information of crystals for measurements is summarized in
Table 1.

ITII. RESULTS AND DISCUSSIONS
A. Characterization of KCa,Fe As F, crystal

Figure 1 shows the temperature dependence of magnetiza-
tion (H || ¢ axis) at 5 Oe for sample No. 1. T; defined by the
onset of diamagnetism is 33.0 K and AT is less than 1 K.
The quality of the sample is almost the same as that reported
in the previous publication [17].

MO imaging of sample No. 2 was performed to evaluate its
homogeneity and quality. Figures 2(a) and 2(b) display MO
images of KCa,Fe4As4F, in the remanent state at (a) 5 K and
(b) 20 K, respectively, after cycling the field up to 1.2 kOe
for 0.2 s. The crystal for MO measurements are cut into a
parallelepiped with smooth surface and no visible cracks as
shown in the optical micrograph of Fig. 2(c). At 5 K, the
magnetic field is mostly shielded and only partially penetrates
the sample due to large J, and the limitation of the value of the
applied field. A faint horizontal white line near the center of
the crystal may indicate a small crack which is invisible from
the surface. At 20 K, the magnetic field reaches the center
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FIG. 1. Temperature dependence of the zero-field-cooled mag-
netization at H = 5 Oe along the c¢ axis in KCa,Fe,;As4F;.
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FIG. 2. Differential MO images of KCa,Fe,As,F, in the remanent state at (a) 5 K and (b) 20 K after cycling the field up to 1.6 kOe for 0.2
s. (¢) An optical micrograph of KCa,FesAssF,. (d) Local magnetic induction profiles at different temperatures taken along the dashed line in

(a). Both the yellow bar in (a) and black bar in (c) correspond to 200 pm.

of the sample and the MO image of the right part shows the
critical state field profile expected for a uniform thin-plate su-
perconductor with clear current-discontinuity lines (d lines),
although the magnetic field in the left half of the sample is
not fully penetrated. These results indicate that the sample is
fairly homogeneous with a weak variation of J in the crystal.
Local magnetic induction profiles at different temperatures
taken along the dashed line in Fig. 2(a) are shown in Fig. 2(d).
Magnetic induction profiles at higher temperatures of 20 ~
30 K show rooftop patterns, indicating that the large and
homogeneous current flows throughout the sample. From the
value of the trapped field, J. can be roughly evaluated [25].
At 20 K, trapped magnetic induction AB is 581 G. Using the
approximate formula between AB and J.. for a thin supercon-
ductor with a thickness ¢, J. ~ AB/(t % ), witht = 9.1 um
(B is a parameter determined by the sample dimensions and
the distance between the sample surface and the garnet film,
and B ~ 3.3 in the present case) [25], J. at 20 K under the
self-field is evaluated as 0.19 MA /cm?.

B. Electrical properties (0., ., and Ry)

The superconducting transition and electrical character-
istics are also evaluated by the temperature dependence of
Pap- Two kinds of samples, No. 3 and No. 4 as shown in
Table I with different contact configurations are measured.
The contact configuration for samples No. 3 and No. 4 are
shown in Fig. 3(a). Temperature dependences of p,, of the
two samples are shown in Fig 3(b). The absolute value of

Pab ~ 300 ©2 cm at room temperature and their temperature
dependences are consistent with each other. Both samples
show sharp superconducting transitions at ~34.0 K. When
the electrical resistivity of anisotropic crystals is evaluated,
it is possible that the resistivity is estimated incorrectly due
to inhomogeneous current flow, in particular along the di-
rection perpendicular to the surface. However, the fact that
pap Oof sample No. 4, where voltage contacts are attached
on the opposite surface to the current contacts agrees with
that of sample No. 3 with all contacts on the same surface,
suggest that we can ignore the possible error in the absolute
value of p,, due to sample inhomogeneity and anisotropy.
As shown in Fig. 3(b), p.»(T) shows a tendency of satura-
tion with increasing temperature. Similar saturating behaviors
are also observed such as in K-doped BaFe;As, [26], or
CaKFe4Asy [27,28], and values of p,, at room temperature
are very similar. In general, an electrical resistivity is inversely
proportional to the mean free path of electrons / in metals.
As Ioffe and Regel argued, metallic conduction occurs only
when [ is larger than the interatomic spacing a [29]. So max-
imum resistivity is limited, and that is maximized when / is
comparable to a. This limit known as Mott-loffe-Regel (MIR)
limit, universally observed in several metals, and the values
of saturated resistivity around 100—400 12 cm were reported
[30]. By considering the similarity of p,,(7) and lattice pa-
rameter between KCa,Fe; As4F, and K-doped BaFe,As, or
CaKFe4Asy, pap ~ 300 n2cm at room temperature is more
plausible than that ~1.3mQcm in a previous report [17].
We tried to estimate the residual resistivity at 0 K, p(0K),
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FIG. 3. (a) Schematic drawings of the two samples with electri-
cal contacts for measurements of in-plane electrical resistivity (04p)-
(b) Temperature dependence of p,;, in KCa,FesAs4F, samples No. 3
and No. 4 measured in a temperature range of 30-300 K. The inset
in (b) shows p,, — T near T.

by curve fitting using the equation p(T) = p(0K) + AT +
A>T? and p(T) = p(0K) + AT™", over the range of 40 to 80 K
to evaluate the sample quality. We observed negative p(0K)
values obtained by these two fittings due to the relatively
large T'-linear contribution in this temperature range. Similar
negative p(0K) was also observed in Ba; (K, Fe,As, [31].
The obtained exponent of n ~ 1.3 for KCa,FesAsF, is a
little bit smaller than that of n ~ 1.4-2.0 in Ba; 4K, Fe,As,,
which suggests a larger T'-linear contribution. Instead of the
extrapolated p(0 K), the sample quality was evaluated by the
resistivity value just above T, p(36K), which is 28.2 and
23.1 u2 cm for samples No. 3 and No. 4, respectively. With
these values of p(36 K), the residual resistivity ratio (RRR)
is defined by p(300 K)/p(36 K), resulting in RRR ~ 11.4
or 12.3, respectively. In a similar compound of CaKFesAsy,
RRR [p(300 K)/p(35 K)] of ~15 has been reported [27].
Relatively large RRR, small residual resistivity, and sharp
transition width indicate that our crystals are of high quality.
Figures 4(a) and 4(b) show the temperature dependence
of p,p of sample No. 3 for the H || ¢ axis and H || ab plane
measured at various magnetic fields up to 50 kOe. As the mag-
netic field is increased, the superconducting transition for the
H || c axis broadens compared with that for the H || ab plane.
Two kinds of irreversibility fields, for fields along the ¢ axis
(Hy,) or ab plane (Hi?rb ), were also estimated from p,;, data.
They are defined by the criteria of p,, ~ 0.5 €2 cm. Obtained
temperature dependences of H¢ and H are shown
in Fig. 4(c). We also evaluate two kinds of H., for
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KCa,Fe,As,F,
~ 30F -~ 0kOe
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FIG. 4. Temperature dependence of in-plane electrical resistivity
(pap) in KCayFeyAsyF, (No. 3) below 40 K under various magnetic
fields parallel to the (a) ¢ axis and (b) ab plane. (c) Anisotropic H.,
and Hj,; evaluated from temperature-dependent resistivity in (a) and
(b). H, is defined by two different criteria of 0.9p, and 0.5p,. Here,
pn s the normal state resistivity estimated from the extrapolation of
the resistivity using the power-law form with n = 1.3 as shown in the
dashed line in (a). H, is defined by the criteria of p,, ~ 0.5 ©2 cm.

fields along ¢ axis (Hg) or ab plane (Hcazb), by apply-
ing the Wethamer-Helfand-Hohenberg formula, H.,(0K) =
—0.693T.dH., /dT (T = T.) [32], and obtained Hc(T) as
shown in Fig. 4(c). H, is defined by the two different
criteria of 0.9p, and 0.5p,. Here, p, is the normal state
resistivity estimated from the extrapolation of the resistiv-
ity using the power-law form with n = 1.3 as shown in
the dashed line in Fig. 4(a). The estimated HC“Z" 0 K) is
10 820 and 3012 kOe, and H,(0 K) is 1326 and 407 kOe, for
0.90, and 0.5 p,,, respectively. Using these data, the anisotropy
parameter y = H%/HS, is also evaluated as 8.2 and 7.4 for
0.90, and 0.5p,, respectively. These estimated values of y
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FIG. 5. (a) Schematic drawings of the electrical contacts for the
measurement of out-of-plane electrical resistivity (o.). (b) Temper-
ature dependence of p. in KCa,Fe As,F, in a temperature range of
30-300 K under zero magnetic field. The inset in (b) shows p.-T near
T.. (c) Temperature dependence of the anisotropy of the resistivity,
Pc/Pab- Pap Of sample No. 3 shown in Fig. 3(b) is used for the
calculation.

and H% (0 K) are similar to that in the previous report [17],
and larger than those of other IBSs [27,33-35].

To discuss the anisotropy of KCa,FesAs4F,, we measured
p. for sample No. 5. A schematic drawing of the electrical
contacts attached to KCa;FesAssF, for p. measurements is
shown in Fig. 5(a). Compared with p,;, the magnitude and
temperature dependence of p, are very different. As shown in
Fig. 5(b), the p. at room temperature is 35 m2 cm, which
is almost 100 times larger than the value of p,, shown in
Fig. 3(b). In the simplest scenario, the anisotropy of the re-
sistivity should be equal to y2. p./pas using the p,;, of sample
No. 3 is shown in Fig. 5(c). p./pa» at room temperature is
~100, which is close to y? evaluated from the anisotropy of
He,. p./pap increases with decreasing temperature, reaching a

very large value of ~1800 around T;.. These values are larger
than that in doped and nondoped BaFe,As; (~100 [35] or ~4
[36,37]). The value of p./p. larger than 100 with increas-
ing trend with decreasing temperature are also observed in
cuprate superconductors [38—40] and some IBS compounds
such as (Lio,g4F€0,]6)OHFCQ9gSC [11] and Lix(NHj;)yFezSeg
[12], where highly two-dimensional electronic states are sug-
gested. In La, ,Sr,CuQy4, p./pu overdoped with x ~ 0.3,
where Fermi-liquid-like metallic resistivity (o ~ T%, o > 1)
is observed, is almost temperature independent. On the other
hand, that underdoped with x < 0.2 increases with decreasing
temperature [38], which is similar to that in KCa,FesAs4F,.
These results can be understood by the quasi-two-dimensional
Fermi-surface sheets revealed by the first-principles calcu-
lations [8,9,13]. Furthermore, temperature dependence of p,.
shows a broad maximum with its maximum at around 90 K,
and a tiny kink just above 7;. Similar behavior is reported
in CsCa,Fe4qAssF, single crystal [18]. A broad maximum
in p.-T has also been observed in the same 12442-type of
CsCagFe4AS4F2 [18], or (Lio_g4Feo,16)OHFeo‘ggSe [11], and
Li,(NH3),Fe,Se, [12]. This crossover of temperature de-
pendence of p. may suggest an opening of pseudogap in
KCa,Fe AsyF, as suggested by Refs. [41-43].

The Hall resistivity oy, for sample No. 6 as a function of
magnetic field up to 50 kOe at several temperatures are shown
in Fig. 6(a). In the whole range, p,, is positive and shows lin-
ear field dependence up to 50 kOe. The Hall coefficient Ry in
KCajFe4AsyF, obtained from py, is plotted in Fig. 6(b). The
sign of Ry is positive in the whole temperature range, which
is consistent with the self-hole-doping scenario based on the
first-principles calculation [13]. Ry increases with decreasing
temperature from 300 to 80 K, and stays nearly constant below
80 K. The absolute value of Ry around 7; is two times larger
than that at 300 K. The absolute value of Ry in our single
crystal is smaller than that of Ry in the polycrystalline sample
[6,14]. Around 75 K where Ry takes its maximum value,
Ry of the single crystal and polycrystalline sample are ~1.5
and 2.0 x 1073 cm?/C, respectively. The larger Ry in the
polycrystalline sample could be originated from the increase
of Hall resistivity caused by lower packing density and the
anisotropy of the Hall coefficient. The absolute value of Ry
at 300 K, ~0.7 x 1073 cm3/C, is similar to that of other IBSs
such as Ba(Fe_,Co,)»As; (~1.1 x 1073 cm?/C for x = 0.1)
[44], Ba,.K Fe,As; (~0.5 x 10~3cm3/C for x ~ 0.5) [45]
or CaKFe Ass (~0.4 x 1073 cm3/C) [27]. Tt is noteworthy
that doped carriers to FeAs layer in KCa;Fe4As4F; should be
almost the same as those in Bag sKq sFe;As, and CaKFe4Asy,
since the number of doped hole per Fe is the same in these
three compounds. Similar values of Ry in these compounds
are consistent with the simple hole-doping scenario. The tem-
perature dependence of Ry shown in Fig. 6(b) is consistent
with a multiband electronic structure of KCa,FesAs4F,>. In
a simple single-band system, the Hall coefficient is given
by Ry = 1/ngc, where g is the charge of a carrier, n is
the carrier density, ¢ is the speed of light, and Ry is T in-
dependent. By contrast, the Hall coefficient in a multiband
system, for instance, consisting of electron and hole bands,
is given by Ry = (nnup—nead)/[e(npin + nepte)*], where ny
(ne) is the density of holes (electrons) and up (i) is the
mobility of holes (electrons). The obtained results indicate
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FIG. 6. (a) Hall resistivity p,, as a function of field at various
temperatures in KCa,FesAs4F,. (b) Temperature dependence of the
Hall coefficient Ry in KCa,Fe,As F,.

that KCa,Fe,AssF; is a multiband system, which is consistent
with the band structure calculation [13].

C. Critical current density and STEM images

The J. in KCa,FesAs4F, for sample No. 1 was evaluated
by measuring the irreversible magnetization. First, in-plane J,
for H || c¢ axis, which we simply call J., was evaluated from
magnetization measurements. In the conventional method,
J. can be evaluated using the extended Bean model J. =
20AM/a(1 — a/3b), where AM[emu/cm?] is Myown-Myp.
My, and Moy, are the magnetization when sweeping the
field up and down, respectively, and a [cm] and b [cm] are
the sample width and length (a < b) [23,46,47]. For some
magnetization data, however, AM is reduced in the return
branch and causes a non-negligible errors in the calculation of
Je. So J, was calculated from the magnetization of the second
quadrant of the magnetic hysteresis loop in Fig. 7(a) using the
extended isotropic Bean model, J. = 40Mgown/a(l — a/3D),
after subtracting linear background, as described in Ref. [48].
Figure 7(a) shows the magnetic field dependence of magne-

FIG. 7. (a) Magnetic field dependence of magnetization in
KCa,Fe4 As,F, at various temperatures for H || ¢ axis. (b) Magnetic
field dependence of in-plane J, evaluated using the data shown in (a).

tization at various temperatures. Evaluated J. as a function
of temperature is summarized in Fig. 7(b). J. at 2 K under
the self-field is 8.2MA/cm?. This value of J. is signifi-
cantly larger than those of other IBSs in the same condition,
such as Ba(Fe,Co),As; (I.OMA/cmz) [49], BaFe;(As,P),
(1.4 MA /cm?) [50], (Ba,K)FesAs, (2.4 MA/cm?) [51], and
CaKFe;As; (1.6MA/cm?) [28]. It is noteworthy that this
value is larger than J. ~ 3MA/ cm~2 of the YBa,Cu;05 sin-
gle crystal without pinning center, at 4.2 K self-field [52,53].
The value of J,. at 20 K under the self-field is 0.38 MA /cm?.
This value agrees reasonably well with that evaluated from
the analysis of the MO image. A slight underestimation of
J. evaluated from the MO image may be caused by the
effect of observed defect or a slightly larger gap between
the sample surface and the garnet film. J. decreases mono-
tonically with the magnetic field without showing the peak
effect in the whole temperature range. At temperatures above
20K, the magnetic field dependence of J, becomes remark-
able as shown in Fig. 7(b). This is consistent with the low
irreversibility field near 7. as described in Fig. 4(c). Next,
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FIG. 8. Magnetic field dependence of magnetic J. at various
temperature in 2.6 GeV U-irradiated (B = 40kOe) KCa,FesAssF,.
Open circles with a dashed line show the data of the pristine sample
at 2 K shown in Fig. 7(b) for comparison.

we demonstrate further enhancement of J. by swift-particle
irradiation. It is well known that point or columnar defects cre-
ated by swift-particle irradiation work as pinning centers for
vortices and increase J. [49]. We introduced columnar defects
by using 2.6 GeV U-ion irradiation at a dose equivalent field
of By = 40kG. The J, as a function of magnetic field of the
KCajyFe AsyF; is summarized in Fig. 8. The J; in 2.6 GeV
U-ion irradiated sample No. 7 was calculated by the same
method for that in the pristine sample. After the irradiation,
J. at 2 K under the self-field is enhanced up to ~19 MA/cmz,
which is more than twice the value of the pristine crystal.
The largest value of J. obtained at 2 K under self-field in
2.6 GeV U-irradiated KCa;FesAssF; is slightly larger than
those in heavy ion-irradiated (Ba,K)Fe,As,, ~15 MA /cm?
[54]. J. can be enhanced by introducing a proper amount of
defects as pinning centers with proper energy of particles.
For instance, in the case of (Ba,K)Fe,As,, J. is enhanced by
changing By, and the optimal Be to achieve the maximum
J. depends on the particles such as Au, U, and Xe, and their
energy [54]. Furthermore, when splayed columnar defects are
induced to YBa,Cu30O7 or (Ba,K)Fe,As,, J. can be enhanced
even further compared with that for columnar defects paral-
lel to the ¢ axis [52,55]. Considering the similarity between
(Ba, K)Fe,As;, and KCa,FesAs4F», J. in this material is ex-
pected to be enhanced by optimizing the irradiation condition.
Using flux quantum @, coherence length &, penetration depth
X, and speed of light ¢, depairing the current density Jq is given
by the following formula [56]:

C(Do

M= e

Using the A(T =0) [19,57], and &(T = 0), calculated
from HS(0K) = 1326 kOe as described in the above discus-
sion, Jy = 121 MA/cm2 is estimated. The highest obtained
J. = 19MA/cm~2 in the irradiated crystal is ~16% of cal-
culated Jy.

7
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FIG. 9. (a) Magnetic field dependence of magnetic J. in
KCa,Fe As F, at various temperatures for H || ab plane. (b)
Temperature dependence of magnetic J. under the self-field in
KCa,Fe4 As,F, for H || ¢ axis and H || ab plane.

In the case of compounds with tetragonal symmetry, three
kinds of J. should be considered. One of them is in-plane J,
when the field is applied along the ¢ axis as discussed above.
The others are two independent critical current densities for
H || ab plane, one flows in the ab plane and another flows
along the ¢ axis. We tentatively designate the former as Ji,
and the latter as Ji3 (following the definition in Ref. [28]).
However, it is difficult to evaluate J., and J.3 independently
without a large difference between J, and J.3 as in the case
of CaKFesAs4 [28]. Hence, we only evaluated average J.. for
the H || ab plane, J71%°  using the extended Bean model for
sample No. 1 as shown in Fig. 9(a). Since the return branch
cannot be estimated well due to the small magnetization com-
pared with the background signal, J. is calculated using the
conventional extended Bean model J. = 20AM/a(1-a/3Db).
Figure 9(b) shows the temperature dependence of J14> under
self-field together with the self-field J, for ¢ axis (J/ ). The
self-field JH19% at 2 K is ~0.9 MA /cm?. Compared with J7 1,
the value of J714 is smaller, especially below 10 K. J#ll
under self-field is ~9 and ~1.5 times larger than J labat 2
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FIG. 10. STEM images of (a), (b) the pristine and (c), (d) 2.6 GeV U-irradiated KCa,Fe,AssF, for an electron beam injected along the a
axis. Scale bars in (a)—(d) correspond to 100, 10, 100, and 20 nm, respectively. Yellow dashed squares in (a), (c), (d) emphasize the location
of horizontal black lines in STEM images, which we interpret to be thin planar defects. White arrows in (d) emphasize the columnar defects

generated by 2.6 GeV U irradiation.

and above 15 K, respectively. While temperature dependence
of JA14> below 10 K is weaker than that of JZI¢, the values
and temperature dependence of J71¢ and JH19* become sim-
ilar above 15 K. It should be noted that there have been a
limited number of studies on the anisotropic J. and detailed
discussion on its origin. So, the mechanism of anisotropic J;
is still not clear. For instance, Ba(Fe,Co),As, and Fe(Te,Se)
single crystals are reported to show isotropic J; [49,58]. On
the other hand, J714> in CaKFe4As4 shows the opposite trend
(4 llab Ja <) [59,60], and that in the same 12442-type of
CsCayFeyqAsqF, at 1.8 K shows a similar trend (JAl90 < jHlic)
[17].

One of the possible reasons for the significantly large and
anisotropic J; could be the presence of natural defects in the
pristine KCa,FesAssF,. In the case of CaKFesAsy, where
anisotropic J, was also observed, planar defects nearly parallel
to the ab plane were detected by STEM observations [28]. If
similar defects are present also in KCa,Fe,As F;, it may be
possible to explain anisotropic J,. Planar defects parallel to
ab plane work as pinning centers for vortices when magnetic
field is applied parallel to the ab plane, causing enhancement

of J, or block electrical current flowing along the ¢ axis
leading to reduction of J.3. The former effect may be more
dominant in CaKFe4Ass. To give a hint for the anisotropic
J., we performed STEM observations. In STEM images, we
observed some black lines parallel to the ab plane, which may
be due to atomic scale defects, strain, or chemical inhomo-
geneities. Details of STEM observations and discussion based
on the information of observed defects are described in the
next paragraph.

Figures 10(a)-10(d) show STEM images on the cross
section parallel to the ¢ axis in the pristine and 2.6 GeV U-
irradiated KCa,FesAs4F,. The clear periodic structure along
the ¢ axis in Fig. 10(b) corresponds to a half unit cell of
KCa,Fe AsyF,. Horizontal black lines marked by yellow
dashed squares are observed in STEM images in Figs. 10(a),
10(c), and 10(d), which we interpret to be thin planar de-
fects. These planar defects extending more than 400 nm are
randomly distributed, and the separation between defects is
larger than 100 nm. The lower density of defects and longer
defects along the ab plane in KCa,Fe4As4F, should reduce J3
effectively rather than increase J;, as opposed to CaKFe Asy,
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leading to the net reduction of J1%. So the observed defects
are possible origin of anisotropic J., where JH19 is lower
than JCH lle, although the detailed structure of defects should be
clarified to justify our speculation. On the other hand, no char-
acteristic defect structure along the ¢ axis was observed in the
pristine KCa,Fe4AssF, which may contribute to the increase
in JCH le. Instead, as shown in Fig. 10(b), regions with dark
contrasts with 5-10 nm scale are randomly distributed. Lattice
strains or chemical inhomogeneities of some kind can be the
cause of these regions with dark contrasts. Higher-resolution
STEM observations may shed light on the origin of the atomic
scale pinning centers responsible for the very large JI in
KCa,Fe AssF,. On the other hand, in 2.6 GeV U-irradiated
KCaj,FesAsyF,, clear columnar defects along the ¢ axis are
observed as shown in Figs. 10(c) and 10(d), although these
defects look a little discontinuous compared with those in
2.6 GeV U-irradiated K-doped BaFe,As, [48,61]. A possible
reason for this difference is that the threshold energies of
the irradiated ions to create the continuous columnar defects
are different for each material. Actually, it has been con-
firmed that the continuity and radius of columnar defects are
quite different between Ba(Fe,Co),As, and (Ba,K)Fe;As;
irradiated by the same 2.6 GeV U ions [61]. The observed
columnar defects should work as a pinning center for vortices
to increase in plane J. as shown in Fig. 8. It should be noted
that J, of the irradiated crystal in a higher temperature and
magnetic field range shown in Fig. 8 is remarkably larger
than that of the pristine crystal shown in Fig. 7(b). This in-
dicates that the irreversibility field above 20 K is enhanced
by pinning of vortices introduced by the columnar defect.
The higher performance of J. around 20 K by increasing the
pinning force is more advantageous for the operation of those
using He-free refrigeration systems in future [2]. Moreover,
further enhancement of J. of KCa,FesAs4F, in a wide tem-
perature range is expected. In the case of Bag¢KgsFe,As,,
the degree of enhancement of J. by heavy-ion irradiation is
controlled not only by the matching field, but also by the

energy and species of ions [54]. Further enhancement of J,
by exploring the optimal irradiation condition is demanded in
the future.

IV. CONCLUSION

We have presented a systematic study of anisotropic phys-
ical properties and critical current density in KCa,FesAs4F,.
The sharp onset of diamagnetic shielding and the magneto-
optical image reveal the homogeneity of single crystal and
prominent Bean-like penetrations of vortices. The temperature
dependence of p,;, shows a tendency of saturation at high tem-
peratures with a value ~300 ©€2 cm at room temperature. This
is comparable to values of Bag Ko sFe,As, and CaKFeqAsy
with similar doping levels, and is consistent to the universality
of the MIR limit in metals. A large anisotropy of electrical
resistivity with p./pq ~ 100 at room temperature and semi-
conductorlike p. suggest quasi-two-dimensional electronic
state. Ry analysis indicates that KCa,Fe4AssF; is a multiband
system and holes are dominant carriers. The estimated J, from
the irreversible magnetization at 2 K under the self-field is
8.2 MA/cm?. This value of J; is the largest among those of
other iron-based superconductors in the same condition, and
the large anisotropy of J. depending on the direction of mag-
netic field. We found sparsely distributed planar defects and
scattered dark contrasts as observed in STEM images. Further
enhancement of J. up to 19 MA /cm? at 2 K under self-field is
also demonstrated by irradiating 2.6 GeV U at By = 40kG.
Remarkably large enhancement of J; is sustained even at high
temperatures and high fields.
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