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The vortex pinning determining the current carrying capacity of a superconductor is an important property to
the applications of superconducting materials. For layered superconductors, the vortex pinning can be enhanced by a
strong interlayer interaction in accompany with a suppression of superconducting anisotropy, which remains to be in-
vestigated in iron based superconductors (FeSCs) with the layered structure. Here, based on the transport and magnetic
torque measurements, we experimentally investigate the vortex pinning in two bilayer FeSCs, CaKFe4As4(Fel144) and
KCajFe4qAssF,(Fel2442), and compare their superconducting anisotropy y. While the anisotropy ¥ ~ 3 for Fe1144 is much
smaller than ¥ ~ 15 in Fe12442 around T¢, a higher flux pinning energy as evidenced by a higher critical current density is
found in Fe1144, as compared with the case of Fe12442. In combination with the literature data of Bag 70K 2gFeyAs, and
NdFeAsOg g2Fo.13, we reveal an anti-correlation between the pinning energy and the superconducting anisotropy in these
FeSCs. Our results thus suggest that the interlayer interaction can not be neglected when considering the vortex pinning in

FeSCs.
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1. Introduction

Vortex pinning governing the critical current density (J.)
is crucial to the practical applications of superconducting ma-
terials. J. is defined as the maximum electrical current den-
sity that sustains superconductivity without resistance, that is,
increasing the current density beyond J. will lead to the de-
pinning of the vortices and consequently to the disappearance
of zero resistance. The study of vortex pinning and J, en-
hancement is therefore carried out intensively.['#! In a real
superconductor, vortex pinning is closely related to the de-
fect structure in the material and the properties of the vortex
matter.!'l Thus one can improve the value of J; by the fabri-
cation of superlattices,[s] irradiation, %71 and introduction of
stacking faults.!®! In particular, for high temperature cuprate
superconductors, the layered structure has a dramatic influ-
ence on properties of the vortex matter.!!*! Pancake vortices
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arise in each CuO, layer of cuprates, the interaction between

19101 For a mate-

which is found to enhance the vortex pinning.
rial with weak interlayer interaction, the superconductivity is
highly anisotropic and the vortex line is highly flexible, which
can be deformed easily. While in the strong interlayer inter-
action case, the superconductor has moderately anisotropic

(101 Consequently, the interlayer interaction deter-

vortices.
mines superconducting anisotropy and significantly affects the
J. in layered structure superconductors. ')

The iron based superconductors (FeSCs) are a new class
of high transition temperature (7;) superconductors!' 1?1 with
a generally smaller superconducting anisotropy than cuprates.
This system attracts a lot of research interest because of its
outstanding properties!!>1%! like high T, large upper critical
field, and high J.. Similar to cuprates, FeSCs reveal a lay-

ered structure, with FeAs superconducting layers alternating
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with the insulating layers or other conducting layers, which
leads to the different anisotropy among different systems. %]
For example, in the bilayer FeSC CaKFe4Asy (Fel144), FeAs
layers are separated by Ca and K atoms along ¢ axes,!!f]
which leads to a small anisotropy ¥ ~ 3 near T..[!”-!8] Mean-
while, a high J.,[!%?° combined with the high upper criti-
cal field!'”! and the unconventional superconductivity,!'! is
also observed in Fell44. In contrast, in another newly dis-
covered bilayer FeSC KCajFesAssF, (Fel2442), the FeAs
layers are alternately separated by conductive K and insulat-
ing CaF, layers,/?!! which results in a relatively weaker in-
terlayer interaction than that in Fell44. The properties of
12442 family?>23] are close to those of bilayer cuprates and
it is a well connector between FeSCs and cuprates. Our previ-
ous work[?%27l showed that the y of Fe12442 is ~ 15 near T,
which is much larger than that of Fel144. Such distinct super-
conducting anisotropies in these two bilayer systems provide
an unique opportunity to understand the role of interlayer in-
teraction in the vortex pinning of FeSCs.

In this article, detailed electrical transport and angular de-
pendent torque measurements are carried out on Fel144 and
Fe12442 single crystals at various temperatures and magnetic
fields. The resistance measurements show that the anisotropy
parameter of upper critical field y = Hé‘z” /H¢, is about 3 for
Fel144, which is less than y ~ 15 for Fel2442 at T — T¢.
While the pinning energy of Fel144 is much larger than that of
Fe12442 according to the analysis of the thermal activated flux
flow (TAFF) behavior. In addition, torque measurements fur-
ther confirm the results observed in transport measurements.
From the fitting results of reversible torque by Kogan’s model,
we find that anisotropy 7y determined from the penetration
depth is about 3 for Fel144 and 15 for Fel2442 near T, re-
spectively. The value of critical current density J; is calculated
from the irreversible component of the magnetic torque, which
provides evidence for a higher J. in Fell44 than Fel2442.
Furthermore, in combination with the literature data of other
FeSC systems, Bag 72Kg.28FeoAs, and NdFeAsOg goFo. 18, we
show that a stronger vortex pinning occurs in those FeSCs
which have a smaller anisotropy. Our results suggest that the
interlayer interaction may play a crucial role in vortex pinning
of Fe12442 and Fel144.

2. Experiment

The single crystals of CaKFesAss and KCayFes AsyF; are
grown by using the self-flux method.!!”-?82°1 Sharp supercon-
ducting transition at 7; in resistance and magnetization mea-
surements shows a high-quality of our single crystal samples.
The angular (6) dependent torque is measured at different tem-
peratures and applied magnetic fields by using piezoresistive
torque magnetometer in the Quantum Design physical prop-
erty measurement system (PPMS). 0 is the angle between the
applied field and ¢ axes of the single crystal. The temperature

dependent 4-wire resistance measurements are performed by
the resistance bridge options of PPMS with0 T < H <9 T at
a heating rate 1 K/min. The magnetic moment measurements
are carried out by using magnetic property measurement sys-
tems (MPMS) with H = 10 Oe applied along ¢ axes of the
single crystal. The transport data of Fe12442 in the paper are
taken from our previous work. 26!

3. Results and discussion

Figure 1 shows the transport properties of single crys-
tal CaKFesAsy (Fell44).
resistances of Fell44 measured at applied magnetic fields

The temperature (7)) dependent

H along ¢ and in-plane crystalline directions are shown in
Figs. 1(a) and 1(b), respectively. As cooling down, the re-
sistance decreases suddenly at the temperature 7, and drop
to zero resistance at lower temperature as a result of the
superconducting transition. The transition is very sharp at
zero field, which becomes broader with increasing H. It
is found that the transition with H || ¢ is broader than that
with H || ab under the same values of H, which suggests

the presence of anisotropic superconductivity in Fel144. In
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Fig. 1. Temperature 7 dependence of resistance R of CaKFesAs, at
different applied magnetic fields H with H || ¢ (a) and H || ab (b).
(c) T dependent of upper critical field He, for CaKFesAsy at H || ¢
and H || ab. (d) The upper critical field anisotropy parameter y =
H% /HS, of CaKFeqAss, KCarFeqAssFy, 261 Bag7,Kg2sFerAsy, [
and NdFeAsOg 2 Fo. 15.1?%) The dashed lines are guides to the eyes.
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order to study the anisotropy quantitatively, we define the up-
per critical field of Hey or T,(H) at the position where the
resistance arrives at 90% of its normal state value as shown
by the arrows in Figs. 1(a) and 1(b). Figure 1(c) shows
the upper critical field out-of-plane (Hg,) and in-plane direc-
tions (Hc"zb) of Fell44. Figure 1(d) displays the anisotropy
of upper critical field y = Hé‘zb /HS, for Fell44 and the liter-
ate data for Fe12442,1261 Bag 7K 2sFesAsy (Fel22),13) and
NdFeAsOg g>Fo 15 (Fel1111).13% In the anisotropic Ginzburg—
Landau (GL) theory, the anisotropic parameter is defined as
Y= /mimi, = Ae/Aay = HE JHS = Eup/ &, where ab and
¢ denote the orientations along the crystal, m* is the effec-
tive mass, A is the penetration depth, and & is the coherence
length. 3!l Figure 1(d) thus suggests that the largest supercon-
ducting anisotropy arises in Fe12442, the moderate anisotropy
in Fell11, and the smallest anisotropy in Fel144 and Fel22.
It is worth noting that here we use the y values near T; to
make the comparisons among different FeSCs. Such a com-

B2] to avoid the

parison was previously performed in FeSCs,
influences of other factors, like the anisotropic paramagnetic
effects, 334 on y at the low temperatures.

In order to investigate the correlation between supercon-
ducting anisotropy and vortex pinning, we study the thermally
activated flux-flow (TAFF) behavior in FeSCs. Based on the
TAFF model p(H,T) = poexp (—U /kgT), one can acquire the
thermal activation energy U from the slope of liner portion
of Arrhenius plot In(p/po) versus T~!, where py is a factor
independent of the magnetic field and kg is the Boltzmann
constant. Figures 2(a) and 2(b) show the resistance Arrhe-
nius plots of Fel144 and Fe12442 single crystals for magnetic
field along c-axes of the samples with 1 T < H < 9 T. The
obtained thermal activation energy U at different magnetic
fields is shown in Fig. 2(c), along with that of Fellll and
Fe122.115-3] The relationship of y and U for four single crys-
tals is plotted in Fig. 2(d). Error bars are given by mean devi-
ation. Figure 2(d) shows that the average U in the investigated
H range of these FeSCs samples is anti-correlated with their
superconducting anisotropy Y. For Fel2442 and Fel144, the
anti-correlated relation is independent of samples as shown in
Fig. Al. Interestingly, such an anti-correlated relationship was
also observed at T = 0 K in series BaFe,_,Ni, As,, where the
one that exhibits the maximum J, [ has the smallest 7.1 In
general, many factors, such as disorder landscape, defect, and
other material parameters, have important influences on vor-
tex pinning of superconductors. However, the revealed anti-
correlated relationship between U and 7y here suggests that the
interlayer interaction can not be neglected in vortex pinning
in FeSCs. In addition, it is worth noting that the anisotropy
of Fel144 is almost the same as that of Fe122 while the pin-
ning energy of Fel144 is slightly larger than that of Fel22 as
shown in Fig. 2(d). It may reflect that besides the interlayer in-

teraction, the unique inherent defect structure of Fel144 also

significantly enhances the J.[>]
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Fig. 2. Arrhenius plots obtained from R vs. T under H || ¢ for
CaKFe4Asy (a) and KCayFegAsyF, (b). (¢) The H dependence of ther-
mal activation energy U for Fell44 (our data), Fel2442 (our data),
Fel22,[151 and Fel111.1%51 (d) The y vs. U. Error bars are mean de-
viation and the dash lines are guides to the eyes.

Furthermore, compared with the transport measurements,
magnetic torque is sensitive to the magnetic anisotropy of ma-
terials. By using torque measurements, one can obtain the su-
perconductivity anisotropy ¥ and J. simultaneously. That is,
the reversible part of magnetic torque reflects the equilibrium
state and is determined by the thermodynamic parameters and
their anisotropy, 3®! while the irreversible part reflects the non-
equilibrium state resulting from vortex pinning, whose ampli-
tude is governed by the critical current density J..3%40!

The torque of a sample with magnetic moment M in mag-
netic field H can be expressed as

=M xH. (1)

For the anisotropic materials whose moment and field are non-
collinear, the magnitude of torque is[*!]

T(G) =V (McHab _MabHc) s )

where V is the volume of the sample, the magnetization
and field along a and c axes are presented as M., M, H,,
H,p, which can be derived by using vortex lattice Helmholtz
free energy*!! accompanying with H = 4n(dF /0B) = B —
4 M 138 Considering the facts that M is non-collinear
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with B and |M| < |B|, B ~ H, the concrete form of the
vortex torque T, (0) can be written as

2 : HES
GHV vy 151n291n{}/n c2}7 3)

w(0) = £(0) "\ He(6)

C64m2AL Y

which is the so called Kogan’s model,[*¥] where £(8) =

\/sin? 6 +72cos2 6. Thus one can obtain the anisotropy ¥

through fitting the reversible part of vortex torque with this
formula.

Figure 3(a) shows the typical 7(0) curves of Fel144 mea-
sured at normal state (T > T;), where 0 is the angle between
the applied magnetic field H and c¢ axis of the sample. It is
found that 7(0) (open circles) can be fitted well by the equa-
tion Asin20 (solid lines). Therefore, the value of A represents
the amplitude of the 7(6) curves at normal state and equals to

the torque measured at 8 = 45°. The field H dependence of
—A measured at 7 = 45 K and 60 K is displayed in Fig. 3(b).
The parameter —A shows a linear relationship with H2, which
is the feature of the paramagnetic torque in the normal state.
The paramagnetic torque is 7, = @H 25in20, which is de-
termined by the difference of susceptibility along a-axes ()
and c-axes (x.).[*>*3] Note that the value of A is negative in
Fig. 3(b). It suggests that the . is smaller than x,, which is
also observed in other systems of FeSCs.!*+*3] This is differ-
ent from cuprate superconductor Bi;Sr,_ La,CuOg_ 5% and
heavy fermion superconductor CeColns,*”) where . is larger
than y,. In addition, the parameter A measured at T =45 K
is almost coincided with that at 7 = 60 K, suggesting that the
paramagnetic torque is nearly constant at 7 > 7; with the same
magnetic field as also shown in Fig. 3(c).
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Fig. 3. The torque data of Fel144. (a) The typical angular 6 dependent torque data 7 (hollow circles) at 7 = 60 K with H = 2-9 T and the fitting
results (solid lines) by Asin28. Inset to (a) shows the orientation of H, T, and crystallographic axes. (b) Parameter —A vs. H> at T =45 K and 60 K.
(c) Left axis: T dependence of T(6 = 45°) at H =7 T. Right axis: the magnetization data at H || ¢ = 10 Oe under zero field cooling (ZFC) and field
cooling (FC) conditions. (d) 6 dependence of T measured at 7 = 34 K and H = 6 T with increased 0 (7i,.) and decreased 6 (7g4ec). (€) 6 dependence

of vortex torque 7V at T = 34 K, H = 6 T after subtracting the normal state torque. (f) 8 dependence of reversible torque Trey = (

vor
Tine

TVOI’)/Z

dec

(left axis) and irreversible torque Ty = (7" — Ty ) /2 (right axis). The red line is the fitting curve according to Kogan’s formula.

Figure 3(c) (left axis) shows T dependence of 7(6 =
45°) of Fell144 single crystal with H =7 T. It is found that
7(0 = 45°) keeps almost constant above T; = 35 K but then
drops quickly below T,. The drop of 7(6 = 45°) below T
can be understood in terms of the arise of vortex torque (7¥°")
in the mixed state. The magnitude of the vortex torque can
be obtained by subtracting the normal state torque since the
paramagnetic torque is nearly constant at 7 > T as shown in
Figs. 3(b) and 3(c). Here, T. is determined by magnetization
measurements (/) in low magnetic field H = 10 Oe applied
along the c-axis of Fel144 as shown in Fig. 3(c) (right axis),
at which a large diamagnetization arises in zero-field cooled
(ZFC) magnetization curve, while the field-cooled (FC) mag-
netization keeps unchanged. Figure 3(d) shows the torque data
measured at 7 = 34 K < T; and H = 6 T with increasing an-
gle T, and decreasing angle Tge.. A large torque hysteresis

loop can be found around 90°, which is caused by the intrinsic
pinning*8-3% owing to the layered structure of the supercon-

ductors.

vor

Furthermore, the vortex torque 7'°" can be obtained

by removing the torque at normal state as discussed above,
TV'(T,0) = ©(T,0) — A(T = 60 K)sin26, which is shown
in Fig. 3(e). In order to investigate the anisotropy and flux
pinning, 7Y°" has to be separated into the reversible com-

ponent Ty = (T + 730 )/2 and the irreversible component

Tir = (T — Tyer)/2 as shown in Fig. 3(f). Note that only

1
the reversible part reflecting the equilibrium state can be de-

We therefore fit the angle de-

pendence of 7.y by Eq. (3) with fitting parameters C and 7,
PoHV
641222,
solid line in Fig. 3(f). In the mean time, 7;(0) shows a sharp

scribed by Kogan’s model.

where C = The fitting result is displayed by the red

peak around 90° as represented by the blue curve in Fig. 3(f).
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Such a 7;;;(6) behavior was also observed in cuprate supercon-
ductor BiySr,CaCu, O, and interpreted as the result of vortex
pinning. %! Detailed analysis of Ty, and Ty, for Fel144 and
Fe12442 single crystals is shown in Figs. A2 and A3.

The H and T dependences of anisotropy parameter y for
Fel144 and Fel2442 are summarized in Figs. 4(a) and 4(b),
respectively. Error bars are defined as the uncertainty of fit.
It is found that y almost stays constant within the investi-
gated temperature and field ranges. For Fell44, the value
of y~ 3 at T — T. agrees with the result of muon-spin ro-
tation measurement.[!8! Thus, the Fel144 system shows much
smaller anisotropy than Fe12442 whose ¥ ~ 15 around T;,*"!
which is consistent with the results from the transport mea-

surements.
18 . . .
J { Fel2442
g
-
6- .
Felld4
___"'{'}'{-{-i--i--u--i--l_i__
0 (a) . : |
0 2 1 & %
H(T)
18 . . . .
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T |
.
i Fell44 |
R e1144
.

090 002 094 096 008 100
T/T.

Fig. 4. Anisotropy parameters Y of Fel144 and Fe12442 obtained from
torque measurements. (a) H dependence of ¥ at the reduced tempera-
ture 7 /T, = 0.97. (b) T dependence of y for H =7 T. Error bars are the
uncertainty of fit and the dash lines are guide to the eyes.

On the other hand, the irreversible part 7, is related to
J., 139401 that is,

Jo(H) = 3%y /rVHsin®, (4)

where V is the volume of the single crystal and r is sample’s di-
ameter (given that the sample has a cylinder shape, V = nr%d,
d is the thickness of the single crystal). For two-dimensional
(2D) superconductors, Abrikosov lattice is only related to the
perpendicular component of the magnetic field (H cos 0).1°!]
Then the critical current density in 2D regime can be expressed
as Jo(0,H) = J.(Hcos 8)." Thus it is convenient to plot J.
vs. H cos 0. Figure 5(a) shows H cos 0 dependence of J. mea-
sured at temperature T /T, = 0.97 under different fields. The
solid squares are the J. from the torque measurements while
the solid stars from magnetization measurements in previous
report.[?°1 And the hollow circles are data for Fe12442. It is

found that the J.s measured at different H do not scale with
each other but show a decreasing tendency with the increase
of H. It suggests that Fel144 is not a 2D superconductor in
consistent with the fact that Yy~ 3. J. measured at H =2 T
is roughly comparable with the value from previous report, 2!
(the small deviation may be caused by differences of the mea-
sure method and sample’s shape), suggesting that the J, calcu-
lated based on Eq. (4) is reasonable. Note that, J. of Fe12442
is located at the bottom left corner of Fig. 5(a), suggesting a
much lower critical current density as compared with Fel144.
Similar results can be found in Fig. 5(b), where J. is measured
at different reduced temperature (7' /T.) and H =7 T. The solid
stars are data measured at 7 = 33 K with 7 /T, = 0.938 from

[20] which are close

the previous magnetization measurements,
to our data measured at the same 7' /7. It is also found that J;
in Fel144 at the investigated ranges is much higher than that
in Fel2442 (hollow circles) at lower reduced T /T.. There-
fore, vortex pinning in Fel144 is much stronger than that in
Fel2442. The high J. in Fel144 was interpreted in terms of
the unique defect structure which leads to the advantageous
vortex pinning properties.[>”) While according to the discus-
sion above, the interlayer interaction may also involve in vor-
tex pinning in Fel144 and Fel2442.

105 @ T T T
T/T.=0.97 Felldd
o0t 3
]
~
=
N 103 4
Fel2442 1T
102&; 1 1 A
0 0.5 1.0 1.5 2.0
Hcosf (T)
106 T T T T
®)  g_- Felldd T/T.
105, = 0.938 -
o E -u-0.943
2 . 0.949
S 104 = 0.955 +
2 0.96
103
s
10%f .
Lo [Fe12442 70,01
0 1 2 3 4 5

Hcosf (T)

Fig. 5. The critical current density J. of Fell44 (solid squares) and
Fe12442 (hollow circles) as a function of Hcos6 at T /T, = 0.97 (a)
and H =7 T (b). Solid stars are data taken from Ref. [20].

4. Conclusion

In summary, we have presented a detailed electrical trans-
port and angular dependent torque investigation on Fel144
and Fe12442 single crystals. In the resistance measurements,
the anisotropy parameter of upper critical field y around T
of Fell44 is about 3, which is clearly smaller than that of
Fel2442 (y =~ 15). By transforming resistance—temperature
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(R-T) curves to the Arrhenius plots, we find that Fel144 has
a larger activation energy than Fe12442. In combination with
the literature data, we conclude that the FeSC with a smaller
anisotropy exhibits a stronger vortex pinning. The magnetic
torque measurements further confirm this result. At temper-
ature 7 — T¢, v =~ 3 for Fel144 and y ~ 15 for Fel2442 are
obtained by fitting reversible torque using the Kogan’s model.
Besides, the critical current density in Fel144 is much higher
than that in Fel2442 at the same reduced temperature and
magnetic field. Our results suggest that the interlayer inter-
action may also take action on vortex pinning in FeSCs.

Appendix A

The obtained TAFF energies of two single crystals at dif-
ferent magnetic fields are summarized in Fig. Al. We find
that TAFF energy U /kg (solid points) ranges from 22671 K to
5202 K for Fel144, which is a little larger than the U /kg cal-
culated from previous report for Fel144 (hollow points).>?!
The value of U /kg for Fe12442 single crystal (solid points) is
ranging from 1661 K to 315 K, which is also a little larger than
that of polycrystal (hollow points).[?!] The difference of U be-
tween our results and literature most likely results from the
different disorder landscape, defect, and quality of different
samples, e.g., our samples are single crystal while the sample
in literature is polycrystal.

1055 — T T T T T T 1

[ —
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103 3 8\‘\‘\‘\‘
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U/ks (K)
o
o
o
0/
5
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o .\.\.
o o ° o
102 L 1 L 1 L 1 L 1
2 4 6 8 10
H (T)

Fig. A1. The H dependence of activation energy U obtain from our
data (solid points) and literature (hollow points). The blue and red hol-
lows are the activation energy of Fel144 single crystal!>?! and Fe12442
polycrystal data, 2! respectively.

Nevertheless both of our data and literature show that the
TAFF energy U in Fe1144 is much larger than that in Fe12442.
Thus our results suggest that the interlayer interaction may
play a crucial role in vortex pinning in Fe12442 and Fel144.

Figures A2(a)-A2(d) show the Ty = (Tinc + Tdec)/2
(empty circles) of Fel144 and Fe12442, where the irreversible
part has been masked, and the fitting results (solid lines)
by Kogan’s model®! at different temperatures and magnetic
fields.

Figures A3(a) and A3(b) show the Ty = (Tine — Tdec)/2
of Fell44 and Fel2442 at different temperatures and mag-

netic fields. Sharp peaks are observed around 90°, which are
caused by the vortex pinning as the case of cuprate supercon-
ductor BirSr,CaCu,0,.3"1 Fel144 shows a higher peak than
Fel2442 at the same magnetic field and reduced T /T, sug-
gesting that the vortex pinning in Fel144 is stronger than that
in Fel2442.
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Fig. A2. The Ty (circles) and Kogan’s model fitting curves (lines) at

different temperatures and magnetic fields of CaKFesAsy [(a) and (¢)]
and KCayFe 4 AsyF; [(b) and (d)].
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