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Large and significantly anisotropic critical current density induced by planar defects
in CaKFe4As4 single crystals

Sunseng Pyon,1 Ayumu Takahashi,1 Ivan Veshchunov,1 Tsuyoshi Tamegai,1 Shigeyuki Ishida,2 Akira Iyo,2

Hiroshi Eisaki,2 Motoharu Imai,3 Hideki Abe,3 Taichi Terashima,3 and Ataru Ichinose4

1Department of Applied Physics, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
2National Institute of Advanced Industrial Science and Technology (AIST), 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568, Japan

3National Institute for Materials Science (NIMS), Tsukuba, Ibaraki 305-0047, Japan
4Central Research Institute of Electric Power Industry, Electric Power Engineering Research Laboratory,

2-6-1 Nagasaka, Yokosuka-shi, Kanagawa 240-0196, Japan

(Received 16 October 2018; revised manuscript received 12 February 2019; published 8 March 2019)

Three independent components of critical current density, one for the H//c axis and the other two for the H//ab
plane, have been studied in CaKFe4As4 single crystals. When the magnetic field is applied along the c axis, we
observed fish-tail-like peaks in the M-H hysteresis loop, and the magnetization at higher temperatures exceeds
that at lower temperatures at high fields. When the field is applied parallel to the ab plane, a dip structure
is observed in the M-H hysteresis loop near the self-field. In addition, for the H//ab plane, we succeeded in
separately evaluating the large and significantly anisotropic in-plane and out-of-plane Jc. Transmission electron
microscopy revealed the presence of planar defects parallel to the ab plane in CaKFe4As4, which have not been
observed in any other iron-based superconductors. We discuss the possible relationship between the anomalous
Jc behavior and the planar defects.
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I. INTRODUCTION

The discovery of iron-based superconductors (IBSs) in
2008 [1] has prompted great interest not only in their un-
conventional superconducting mechanism with high transition
temperatures, but also in their potential for applications. The
most attractive material for applications among various kinds
of IBSs is the 122-type (Ba, K)Fe2As2. It has a high transition
temperature Tc of ∼38 K for bulk [2], high upper critical field
Hc2 (>700 kOe) [3,4], and small anisotropy (γ < 2) [4]. It has
also been demonstrated that the critical current density (Jc)
in 122-type IBS single crystals exceeds 1 × 106 A/cm2 [5],
and it can be enhanced further by introducing artificial defects
[5–10].

Recently, a new type of IBSs, i.e., 1144-type with
CaKFe4As4 as one of their representatives, has been found
[11]. Its crystal structure is similar to 122-type compounds.
CaKFe4As4 has a tetragonal structure (P4/mmm), where the
Ca and K layers stack alternatively along the c axis [11,12].
Several properties of 1144-type compounds have been studied
such as superconducting gap state [13,14], penetration depth
[15,16], pressure effects on crystal structure [17,18], and so
on. CaKFe4As4 shows similar superconducting properties to
those of optimally doped (Ba, K)Fe2As2. Tc is approximately
35 K and Hc2 is larger than 630 kOe [12]. However, al-
ternate stacking of Ca and K along the c axis may lead
to different physical properties. The characteristic properties
of CaKFe4As4 caused by the unique crystal structure and
common properties similar to that of 122-type compounds,
such as large critical current density, should be evaluated.

In this study, phase-pure CaKFe4As4 single crystals
are synthesized and detailed superconducting properties

including anisotropic Jc are evaluated. We observed a non-
monotonic temperature dependence of in-plane Jc. When the
magnetic field is applied parallel to the ab plane, a pronounced
dip structure in the magnetization hysteresis loop around the
self-field is also observed. Furthermore, we find a very large
anisotropy between the in-plane and out-of-plane Jc when the
field is applied parallel to the ab plane. Transmission electron
microscopy revealed the presence of planar defects along the
ab plane, which naturally explains the large anisotropy of Jc

when the field is applied parallel to the ab plane.

II. EXPERIMENTAL DETAILS

Single crystals of CaKFe4As4 were synthesized by the
self-flux method using FeAs. We used Ca pieces (99.5%), K
ingots (99.5%), and FeAs powder as starting materials. FeAs
was prepared by sealing stoichiometric amounts of As grains
(6N) and Fe powder (99.9%) in an evacuated quartz tube and
reacting them at 900 ◦C for 10 h after heating at 500 ◦C for
10 h. A mixture with a ratio of Ca : K : FeAs = 1 : 1.2 : 10
was placed in an alumina crucible in an argon-filled glove
box. The alumina crucible was sealed in a tantalum tube using
the arc melting method. The tantalum tube was sealed in
an evacuated quartz tube. The whole assembly was heated
for 5 h at 1180 ◦C after a preliminary heating at 650 ◦C for
5 h, and cooled to 1050 ◦C at a rate of 26 ◦C/h, followed
by cooling to 930 ◦C at a rate of 1.5 ◦C/h for the crystal
growth. Bulk magnetization was measured by a supercon-
ducting quantum interference device (SQUID) magnetometer
(MPMS-5XL, Quantum Design). For the evaluation of two
components of Jc for the H//ab plane, samples were cut
into a rectangular shape using a focused ion beam. Electrical
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FIG. 1. (a) Temperature dependence of magnetization (M) at
5 Oe for CaKFe4As4 single crystal. The inset shows a blow-up
of M-T near Tc. Dimensions of the sample are 0.138 × 0.083 ×
0.0040 cm3. (b) Temperature dependence of electrical resistivity (ρ )
for CaKFe4As4 single crystal. The inset shows a blow-up of ρ-T
near Tc.

resistivity was measured with a Quantum Design physical
property measurement system (PPMS) in the ac mode. For
magneto-optical (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 cryostat (Microstat-HR, Oxford Instruments). MO
images were acquired by using a cooled-CCD camera with
12-bit resolution (ORCA-ER, Hamamatsu). Cross-sectional
observations of the single crystals were performed with a
high-resolution scanning transmission electron microscopy
(STEM; JEOL, JEM-2100F). The specimens to analyze using
TEM 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 acceler-
ation voltage of 30 kV and with a very weak ion current
of approximately 10 pA without tilting the specimen. The
phase identification was carried out by means of powder x-ray
diffraction (XRD) with Cu-Kα radiation (Smartlab, Rigaku).

III. EXPERIMENTAL RESULTS

Figure 1(a) shows the temperature dependence of magne-
tization at 5 Oe for a CaKFe4As4 single crystal. As shown in
the inset of Fig. 1(a), Tc defined by the onset of diamagnetism

FIG. 2. Temperature dependence of electrical resistivity in
CaKFe4As4 single crystal under various magnetic fields parallel to
the (a) c axis and (b) ab plane. (c) Anisotropic Hc2 evaluated from
temperature-dependent resistivity presented in (a) and (b).

is 36.0 K and �Tc is less than 1 K. The superconducting
transition is also confirmed by the temperature dependence
of electrical resistivity, as shown in Fig. 1(b). The residual
resistivity ratio (RRR) defined by the ratio of resistivity just
above Tc and that at room temperature, ρ(300 K)/ρ(36 K), is
15.2. This value is consistent with the former report by Meier
et al. with ρ(300 K)/ρ(36 K) ∼ 15 [12]. The residual resistiv-
ity ρ(0 K) = 3.8 μ� cm is evaluated using the data between
36 and 50 K by fitting to the formula ρ(T ) = ρ(0 K) + AT 2.
All these data indicate that our crystals are highly pure.

Figures 2(a) and 2(b) show the in-plane electrical resis-
tivity for the H//c axis and the H//ab plane measured at
various magnetic fields up to 90 kOe. It is clear that the
superconducting transition for the H//c axis shifts rapidly to
lower temperatures compared to that for the H//ab plane. The
anisotropy parameter γ = Hc2

ab/Hc2
c is evaluated from the

temperature dependence of Hc2(T ). The temperature depen-
dences of Hc2 are summarized in Fig. 2(c). The definitions
of Tc onset and Tc end are shown in Fig. 2(a). Estimated γ

at T ∼ 34 K is 2.2. This value is consistent with the former
report by Meier et al. [12], and similar to that of 122-type
compounds of (Ba, K)Fe2As2 with γ ∼ 2–3 near Tc [4].

Next we performed magneto-optical (MO) imaging of a
CaKFe4As4 single crystal to evaluate its homogeneity and the
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FIG. 3. Differential MO images of CaKFe4As4 single crystal in
the remanent state at (a) 5 K and (b) 35 K after cycling the field up
to 1.6 kOe for 0.2 s. Dimensions of the sample are 0.036 × 0.030 ×
0.0005 cm3. The spatial resolution of the MO image is approximately
1 μm. (c) Optical micrograph of CaKFe4As4 single crystal. (d) Local
magnetic induction profiles at different temperatures taken along the
dotted line in (a). The yellow bar in (a) corresponds to 200 μm.

value of in-plane Jc. Figure 3(c) shows an optical micrograph
of the crystal, which shows a smooth surface with no visible
cracks. Figures 3(a) and 3(b) display MO images of the
CaKFe4As4 single crystal in the remanent state at (a) 5 K and
(b) 35 K, respectively, after cycling the field up to 1.6 kOe
for 0.2 s. At 5 K, the magnetic field does not fully penetrate
the sample because of large Jc and limitation of the value of
the applied field. On the other hand, the magnetic field fully
penetrates the sample at 35 K, and the MO image shows the
critical state field profile expected for a uniform thin-plate
superconductor with clear current discontinuity lines (d lines).
Local magnetic induction profiles at different temperatures
taken along the dotted line in Fig. 3(a) are shown in Fig. 3(d).
Magnetic induction profiles at higher temperatures of 30 and
35 K show rooftop patterns, indicating that the large and
homogeneous current flows throughout the sample. At lower
temperatures, however, the magnetic induction profiles are
saturated around 700 G because of large Jc and the saturation
of the magnetization of the indicator film. From the value
of the trapped field, Jc can be roughly evaluated [19]. At
30 K, magnetic induction �B of 580 G is trapped. Using the
approximate formula of Jc ∼ �B/(t∗β ) with t = 0.00048 cm
being the thickness of the sample (β is a parameter determined
by the sample dimensions and the setting of the garnet film,
and β = 3.64 in the present case) [19], Jc at 30 K under the
self-field is evaluated as 0.33 MA/cm2.

In-plane Jc in a CaKFe4As4 single crystal was also eval-
uated from magnetization measurements by applying the
magnetic field along the c axis using the extended Bean
model [5,20,21]. The inset of Fig. 4 shows the magnetic
field dependence of magnetization at various temperatures.
Evaluated Jc as a function of temperature is summarized
in Fig. 4. Jc at 2 K under the self-field and 40 kOe are

FIG. 4. Magnetic field dependence of magnetic Jc in CaKFe4As4

single crystal at various temperatures for the field parallel to the c
axis. The same sample was used for Fig. 1(a) and this figure. The
inset shows the magnetic field dependence of the magnetization in
CaKFe4As4 single crystal at various temperatures.

approximately 1.6 and 0.18 MA/cm2, respectively. These val-
ues of Jc are between those of Co-doped BaFe2As2 [7] and
K-doped BaFe2As2 [8]. The value of Jc at 30 K under the
self-field is 0.29 MA/cm2. This value is consistent with that
evaluated from the analysis of the MO image. Figure 4 also
shows the magnetic field dependence of in-plane Jc at various
temperatures. The magnetic field dependence of Jc above 20 K
becomes very weak, or Jc even show a broad maximum at
higher fields. Such a nonmonotonic field dependence of Jc

is often referred to as the fish-tail effect and has been found
in cuprate superconductors [22–25] and other IBSs [26–28].
In most cases, however, the evolution of the fish-tail peak
is continuous and no crossings of M-H curves at different
temperatures occur. The abrupt change of field dependence
of Jc around 15 K may indicate the presence of crossover in
the dominant pinning mechanisms, which could be related to
the specific defect structure discussed later. As a result, Jc at
higher temperatures (∼20–25 K) becomes larger than that at
lower temperatures (∼5–15 K) above 20 kOe. In most IBSs,
the increase of Jc at higher temperatures at a fixed field has
not been observed except for overdoped BaFe2(As, P)2 [26].

Next, we evaluated the critical current density for the
H//ab plane. As shown in Figs. 5(a) and 5(b), there are two
independent critical currents in this configuration, one flowing
in the ab plane and another flowing along the c axis. We
tentatively designate the former as Jc2 and the latter as Jc3.
It is obvious that two components of Jc cannot be evaluated
from a single M-H measurement. We made two independent
M-H measurements for the H//ab plane at each temperature
and evaluated Jc2 and Jc3. The detailed scheme to calculate
the Jc2 and Jc3 is described in the Supplemental Material [29].
M-H loops for the two in-plane field directions are shown in
Figs. 5(c) and 5(d). Both magnetic hysteresis loops show dips
around zero field. These dip structures are similar to those
observed in superconductors with columnar defects [7] caused
by the suppression of pinning due to misalignment of vortices
from the direction of columnar defects [30]. The magnetic
field dependence of Jc2 and Jc3 at various temperatures is
summarized in Figs. 5(e) and 5(f), respectively. Calculated
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FIG. 5. Two components of critical current density Jc2 and Jc3 for fields parallel to the ab plane along (a) short and (b) long edges of the
crystal. Dimensions of the sample are 0.046 × 0.0094 × 0.0029 cm3. (c), (d) The magnetic field dependences of in-plane magnetization for
the cases of (a) M1 and (b) M2, respectively. (e), (f) The magnetic field dependences of Jc2 and Jc3 calculated from the analyses described in
the Supplemental Material [29].

Jc2 and Jc3 near zero field and higher fields corresponding to
the dip and return branch of the hysteresis loop in Figs. 5(c)
and 5(d) are omitted. The evaluated Jc2 and Jc3 are highly
anisotropic and larger than Jc when the magnetic field is
applied along the c axis, as shown in Fig. 4. For example, Jc,
Jc2, and Jc3 at 2 K and 15 kOe are 0.4, 5.1, and 1.0 MA/cm2,
respectively. Jc2 is five times larger than Jc3. This large
anisotropy of Jc cannot be explained by the small anisotropy
of γ ∼ 2.2 determined by the resistivity measurements shown
in Fig. 2.

First of all, let us summarize the fundamental proper-
ties of anisotropic (quasi-two-dimensional) superconductors
with effective mass mab and mc for carrier motion along
the ab plane and c axis. Let us define the anisotropy ra-
tio γ = (mc/mab)0.5. The resistivity ratio, ρc/ρab, should be
mc/mab = γ 2. Anisotropic Hc2 for H//c and H//ab are given
by �0/2πξ 2

ab and �0/2πξabξc, respectively. So the ratio
of Hc2, Hab

c2 /Hc
c2 = γ . The pinning force is described as a

derivative of pinning potential U with respect to characteristic

length x, dU/dx. If the dimension of defects is large enough,
U is independent of the direction of the vortex motion for
H//ab. In this case, the larger coherence length indicates
the smaller dU/dx. So the pinning force for Jc2 or Jc3 is
inversely proportional to the out-of-plane coherence length
ξc or the in-plane coherence length ξab, respectively. That
is why Jc2/Jc3 = ξab/ξc = γ . In our crystal, estimated γ =
Hc2

ab/Hc2
c = ξab/ξc = 2.2. This simple consideration tells us

that Jc2/Jc3 should be 2.2. In addition to this simple considera-
tion, one may need to consider the path for the critical current.
When the defects are extended, the superconducting current
can flow only in a narrow region between defects. In the
present case, the width of the planar defects is larger than the
height of it, which restricts the region for Jc3 flowing parallel
to the c axis, making Jc3 even smaller than Jc2. Namely, Jc2/Jc3

can be larger than γ .
To reveal the presence of anisotropic defects, observations

by a high-resolution scanning transmission electron micro-
scope (STEM) were performed. Figures 6(a) and 6(b) show
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FIG. 6. STEM images of CaKFe4As4 for an electron beam in-
jected along the (a) a axis, (b) b axis, and (c) c axis. Insets of
(a) and (b) are the higher magnification image for the a-axis and
b-axis injection, respectively. (d) Higher-resolution STEM image of
CaKFe4As4 for an electron beam injected along the a axis. The
solid lines in (a)–(c), dashed line in (d), and dotted line in the inset
correspond to 200, 5, and 50 nm, respectively.

STEM images on the cross section parallel and perpendic-
ular to the c axis in CaKFe4As4, respectively. As shown in
Figs. 6(a) and 6(b), planar defects are present in the whole
area of the ac plane and bc plane. STEM images taken from
the [100] and [010] directions are almost identical, suggesting
that these defects are two-dimensional planar defects nearly
parallel to the ab plane. Each defect is ∼50 × 10 nm2, and is
separated by ∼50 nm and ∼40 nm along the ab plane and c
axis, respectively. These planar defects are observed as faint
oval objects in the STEM image from the [001] direction,
as shown in Fig. 6(c). These planar defects should produce
significantly anisotropic Jc for the H//ab plane since they
suppress the motion of vortices along the c axis effectively,
and block the current flow along the c axis. These planar
defects along the ab plane are not observed in any other
IBSs or even in cuprate superconductors, and their origin
is still unclear. It should be noted that energy-dispersive
x-ray (EDX) analyses of the elemental composition show
no chemical inhomogeneities around these defects. Planar
defects with ∼2 nm height and 20 nm width can be observed
from the higher-resolution STEM image taken from the [100]
direction, as shown in Fig. 6(d). So they are not due to simple
stacking disorder of Ca and K along the c axis.

Another supporting evidence for the planar defects is ob-
tained from x-ray diffraction measurements. Figure 7 shows
the single-crystal x-ray diffraction pattern of CaKFe4As4.
Only the (00l ) peaks are detected. Peaks with odd numbers of
l are the evidence for the formation of a 1144-type structure
in CaKFe4As4 [11]. Peaks from possible impurities such as
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FIG. 7. Single-crystal x-ray diffraction pattern of CaKFe4As4.
The inset shows a comparison of the (0 0 8) peaks for the CaKFe4As4

and (Ba, K)Fe2As2 single crystals.

KFe2As2 and CaFe2As2 are not observed. Despite the high
phase purity of the crystal, the observed peaks are broad. The
inset of Fig. 7 shows a comparison between the (008) peaks
for the CaKFe4As4 and (Ba, K)Fe2As2 single crystals [31].
(Ba, K)Fe2As2 shows a sharp single set of (008) peaks from
Cu Kα1 and Kα2, while multiple (008) peaks are observed in
CaKFe4As4. This indicates that the lattice constant along the
c axis is inhomogeneous. It should be caused by inhomoge-
neous stacking periodicity along the c axis in CaKFe4As4 and
is consistent with the presence of planar defects observed by
STEM, shown in Fig. 6(a).

IV. DISCUSSION

We found anomalous features of magnetic hysteresis loops
in CaKFe4As4 single crystals. First, when the magnetic field
is applied along the c axis, magnetization at higher tem-
peratures exceeds that at lower temperatures at high fields,
as shown in Fig. 4. One of the possible origins for that is
field-induced pinning centers, which are effective only at high
magnetic fields and high temperatures. Such field-induced
pinning centers can be created due to the local distributions
of Tc in the crystal such as KFe2As2 and CaFe2As2, which are
possibly embedded as impurity phases in CaKFe4As4 [32].
They can pin vortices only at higher temperatures than their
Tc. Another possible origin for the anomalous temperature
dependence of Jc is the presence of large-scale local varia-
tion of superconducting properties due to chemical inhomo-
geneities. However, as shown in Fig. 3, MO images clearly
show no local variation of Jc in our crystal. In addition, as
mentioned above, secondary phases were not detected from
x-ray diffraction analyses. We infer that anomalous features of
magnetic hysteresis loops are analogous to the fish-tail effect
observed in other superconductors, such as cuprate [22–25]
and iron-based superconductors [26–28]. For example, in the
magnetization loop at 30 K, a dip at 5 kOe and broad peak
at ∼15 kOe are found. The origin of a fish-tail-like peak in
IBSs is still not clear, although it is suggested that a crossover
from the collective to the plastic creep in field is the possible
origin of the fish-tail peak in Ba(Fe, Co)2As2 [33]. A similar
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dip and peak in the hysteresis loop in CaKFe4As4 imply the
same origin, although the phenomenon that magnetization
at higher temperatures exceeds that at lower temperatures
is very rare. Second, we have succeeded in evaluating two
components of Jc when the field is applied along the ab
plane. In this configuration, Jc2 with current along the ab
plane is more than five times larger than Jc3 with current
along the c axis. Anisotropic Jc for the H//ab plane has not
been studied properly in other iron-based and even cuprate
superconductors. For instance, Ba(Fe, Co)2As2 and Fe(Te,Se)
single crystals are reported to show isotropic Jc [7,34]. In these
reports, Jc for the H//c axis has a similar value to that for the
H//ab plane in 122 and 11 systems with the assumption that
two components of Jc for the H//ab plane are equal. However,
in CaKFe4As4, anisotropic Jc for the H//ab plane has been
successfully evaluated since Jc2 is much larger than Jc3. In
all studies to date, Jc2 and Jc3 are assumed to be equal and
only the “average” Jc for the H//ab plane has been evaluated,
i.e., Jc2 = Jc3 = 20�M/αl (1-a/3) (see Supplemental Mate-
rial [29]). Third, when the magnetic field is applied along
the ab plane, a significant dip structure around zero field is
observed. This dip structure observed in CaKFe4As4 has not
been observed in any other pristine iron-based superconduc-
tors such as Ba(Fe, Co)2As2 and Fe(Te,Se) [7,34]. Similar
dip structures in the magnetization hysteresis loop around
the self-field are observed in cuprate and iron-based super-
conductors with columnar defects when the magnetic field is
applied parallel to the defects [35–37]. The dip structure might
be produced by inhomogeneous magnetic field distribution
around the self-field [7] because the planar defects can also
enhance pinning forces similar to columnar defects. However,
this mechanism for the dip can only be realized when the
magnetic field is applied perpendicular to the surface of thin
crystals (H//c axis). When the magnetic field is applied along
the large plane of the crystal, the demagnetization effect can
be neglected. In such a case, the curvature of vortices due to
the self-field is negligible and Jc cannot be suppressed near
zero field. Considering the planar defects in CaKFe4As4, the
possibility of the matching between the magnetic field and
the defect structure can be suggested. Enhancement of Jc

is reported in superconducting films with a regular array of
holes when the number of vortices matches with the number
of holes [38,39]. The areal density of the observed defects
shown in Fig. 6 is 1/(∼50 × 40) = 5 × 10−4 nm−2, leading
to the matching field of 10.3 kOe. This is very similar to the
magnetic field range of the dip around the self-field shown
in Fig. 5. In Fig. 8, we compared the characteristic value of
fields in the hysteresis loops of M1 and M2 from Figs. 5(c)
and 5(d). The widths of the return branch and Jc2t or Jc3αl are
comparable, respectively (see Supplemental Material [29]). It
indicates that our evaluations of Jc2 and Jc3 were performed
precisely. As shown in Fig. 8, at a glance, the field range of
the dips seems to be correlated to the widths of the return
branch since these values are almost the same. However, the
temperature dependence of the characteristics field of the dip
is weaker compared with the width of the return branch.
The smaller temperature dependence suggests that the origin
of the dip cannot be explained by the self-field effect. The
matching effect may play a key role for the emergence of the
dip structure. It is also found that both Jc2 and Jc3 are larger

FIG. 8. (a), (b) Temperature dependence of the field ranges of the
return branches and dips, and products of Jc2 and t and that of Jc3 and
αl , referred from the magnetization hysteresis loops in Figs. 5(c) and
5(d), respectively. The inset shows an example of the hysteresis loop,
where an arrow and dotted arrow indicate the ranges of the return
branch and dip, respectively. An arrow or dotted arrow indicates the
range of a return branch or a dip, respectively.

than Jc for the H//c axis since planar defects parallel to the ab
plane do not work as vortex pinning centers for Jc for the H//c
axis. Needless to say, the very large Jc of CaKFe4As4 due to
naturally introduced defects is advantageous for applications.
Jc can be further enhanced by introducing defects by particle
irradiation. Actually, it has been demonstrated that Jc in the
122 system is enhanced significantly by swift particle irradia-
tion [6]. Similar enhancements of Jc in CaKFe4As4 by 3 MeV
proton and 800 MeV Xe irradiation have been confirmed, and
details of these effects will be presented elsewhere.

Finally, we comment on a recent report by Singh et al. on
the same material [40]. Although the qualitative behavior of
Jc in their report is similar to ours, the values of Jc evaluated
by them are significantly larger than ours.

V. CONCLUSION

In summary, CaKFe4As4 single crystals were synthesized
and their critical current density was characterized including
its anisotropy. The sharp onset of diamagnetism with low
residual resistivity demonstrates their high phase purity, and
MO images confirmed uniform flow of the shielding current.
When the magnetic field is applied along the c axis, the
temperature dependence of Jc shows nonmonotonic temper-
ature dependence. We interpret this anomalous behavior as
an enhanced fish-tail effect rather than field-induced pinning
centers. From the magnetization measurements and their anal-
yses for a magnetic field parallel to the ab plane, we have
successfully evaluated two components of Jc, i.e., one parallel
to the ab plane (Jc2) and another parallel to the c axis (Jc3).
Jc2 turns out to be much larger than Jc3 and even larger that
in-plane Jc for the magnetic field parallel to the c axis. TEM
observations clarified the presence of planar defects along the
ab plane. We interpret the strong enhancement of Jc2 and Jc3

at low fields due to the geometrical matching of vortices to
these planar defects.
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