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Modulated electronic state due to the layered crystal structures brings about moderate anisotropy of superconductivity
in the iron-based superconductors and thus Abrikosov vortices are expected in the mixed state. However, based on the
angular and temperature dependent transport measurements in iron-based superconductor Ca;o(Pt3Asg)((Fep.9Pty.1)2As2)s5
with T; ~ 12 K, we find clear evidences of a crossover from Abrikosov vortices to Josephson vortices at a crossover
temperature T* ~ 7 K, when the applied magnetic field is parallel to the superconducting FeAs layers, i.e., the angle between
the magnetic field and the FeAs layers 6 = 0°. This crossover to Josephson vortices is demonstrated by an abnormal
decrease (increase) of the critical current (flux-flow resistance) below T*, in contrast to the increase (decrease) of the critical
current (flux-flow resistance) above T* expected for Abrikosov vortices. Furthermore, when 0 is larger than 0.5°, the flux-
flow resistance and critical current have no anomalous behaviors across 7*. These anomalous behaviors can be understood
in terms of the distinct transition from the well-pinned Abrikosov vortices to the weakly-pinned Josephson vortices upon
cooling, when the coherent length perpendicular to the FeAs layers &, becomes shorter than half of the interlayer distance
d/2. These experimental findings indicate the existence of intrinsic Josephson junctions below 7* and thus quasi-two-
dimensional superconductivity in Cajg(Pt3 Asg)((Feg oPtg.1)2As2)s, similar to those in the cuprate superconductors.
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1. Introduction

Nowadays the well-known applications based on Joseph-
son junctions, such as superconducting quantum interference
device (SQUID), superconducting qubit,!'* single-photon
detector’® and ac Josephson junction laser,!®! have demon-
strated the possibility of potential large scale applications of
superconductivity. In contrast to Josephson junctions made
up of artificial superconducting heterostructures, the intrinsic
Josephson junctions (iJJs)[7-13! formed inside single crystals
possess atomic flatness and fewer defects, and provide unique
applications, e.g., THz sources. In high-7; cuprate supercon-
ductors, measurements of dc and ac Josephson effects!”-3:12-181
indicate that iJJs are formed between CuO, superconducting
layers, which provide direct evidence for alternating stacks
of superconducting and non-superconducting layers. For
anisotropic layered superconductors, the coherent length nor-
mal to the superconducting layers &, and the interlayer dis-
tance d are two characteristic lengths that play a crucial role
in determining the distribution of out-of-plane superconduct-
ing order parameter. Since &, decreases with lower temper-
ature, a reasonable expectation of shorter &, is that Cooper
pairs condense into the superconducting layers and a crossover

from three-dimensional (3D) to quasi-two-dimensional (quasi-
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2D) superconductivity should occur at an intermediate temper-
ature T* when & becomes shorter than d /2.1 Accordingly,
1JJs can be formed in the anisotropic layered superconductors,

5. [7812-18] Gince

such as the case of cuprate superconductor
the iron-based superconductors discovered in 20082%-23! have
similar layered structure with the cuprates, whose super-
conductivity is assumed to emerge in the FeAs or FeSe
layers,[?4-281 a natural question to ask is whether iJJs are also
formed in the iron-based superconductors or not.

For 1JJs in a magnetic field parallel to the superconducting
layers, there exist vortices in the form of Josephson vortices.
Josephson vortices are free to flow along the superconduct-
ing layers driven by the current perpendicular to the super-
conducting layers, due to the fact that the cores of Josephson
vortices are phase cores formed between the superconduct-
ing layers and thus the pinning effect of defects on Joseph-

29301 In contrary to Josephson vortices,

son vortices is weak. !
Abrikosov vortices suffer from strong pinning of defects due
to their normal state cores. Consequently, the Abrikosov vor-
tices flow is susceptible to the temperature because pinning
of defects gets stronger upon cooling, e.g., in the iron-based
superconductors.132) When the magnetic field slightly devi-
ates from the superconducting layers, the Josephson vortices

flow is affected by the strong pinning of Abrikosov vortices
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due to the formation of composite vortex structures. >3 There-
fore, to reveal the existence of Josephson vortices by the dif-
ferent behaviors of Josephson and Abrikosov vortices, the for-
mation of iJJs in anisotropic layered superconductors can be
confirmed.

In the iron-based superconductors, c-axis transport
measurements on SmFeAs(O, F), LaFeAs(O, F)[3* and
(V2Sr40¢)Fey Asy B3] as well as torque measurements on
LaOg9Fo 1FeAs and SmOg oFy 1 FeAs!?% have suggested the
existence of Josephson vortices. It is of great interest to ex-
plore the possibility of intrinsic Josephson junction behavior
in other iron-based superconductors. In this work, by us-
ing the angular and temperature dependent transport measure-
ments, we investigated the vortex dynamics of the iron-based
superconductor single crystal Ca;o(Pt3 Asg)((Feg.oPto.1)2As2)5
with T; ~ 12 K. Our results show that the behaviors of flux
flow present a remarkable change at a crossover temperature
T* ~ 7 K, which indicates the distinct transition of the intrinsic
structure of the vortices from the well-pinned Abrikosov vor-
tices above T™* to the weakly-pinned Josephson vortices below
T*, suggesting the existence of Josephson vortices and the for-
mation of iJJs in Ca;o(Pt3Asg)((Feg 9Pty 1)2As2)s.

2. Experimental details

The Cajo(PtzAsg)((Feo.oPto.1)2A82)s
were grown using the self-flux method,

single crystals

as described
elsewhere.37-38] The crystal structure was characterized by
x-ray diffraction (RigakuD/MAX-Ultima III) using Cu K ra-
diation (A = 0.154 nm) at room temperature. Magnetization
measurements were done using a superconducting quantum
interference device (SQUID-VSM, Quantum Design). Trans-
port measurements were performed in a physical property
measurement system (PPMS-9, Quantum Design), which was
connected to an external digital lock-in amplifier (SR830).
In order to apply the current perpendicular to the FeAs lay-
ers, the samples were microfabricated with the focused ion
beam (FIB) technique. Details of this process on FIB sample

(391 The samples

preparation have been reported elsewhere.
connected to a puck were mounted on a PPMS horizontal

rotator to scan 6 at a resolution of 0.015°.

3. Results and discussion
3.1. Results

Figure 1(a) shows the x-ray diffraction (XRD) result of
the Cajo(Pt3Asg)((Feg oPto.1)2Asz)s single crystals. All of the
indexed peaks identified belong to the Cajo(Pt3 Asg)(FeaAsy)s
triclinic structure phase. The presence of only (00/) reflec-
tion peaks indicates that the natural cleavage planes are paral-
lel to the FeAs layers and the stacks of alternating FeAs and
PtAs layers are perfect. The calculated interlayer distance is
d ~ 10.283 A, close to the previous reported value.*”) The
temperature-dependent resistivity p,,(7) shows that as the
temperature is lowered, the metallic behavior is followed by
a semiconducting one, and finally superconductivity emerges
below 12.8 K as shown in Fig. 1(b).
ductivity is confirmed by the diamagnetic signal observed in
both zero-field-cooling (ZFC) and field-cooling (FC) mea-
surements below 12.4 K, which is consistent with that in

The bulk supercon-

the temperature-dependent resistivity p,,(7) measurements,
as shown in Fig. 1(c).

To investigate the possible iJJs behaviors, we have mea-
sured the angular and temperature dependent resistance of the
micro-fabricated sample with a cross-section of 2.5x1.9 um?
fabreicated by FIB technique as shown in Fig. 2(a). Upon
cooling, the temperature-dependent resistivity pg«(T) ex-
hibits a semiconducting behavior above 15 K in the normal
state, in contrast to that in Fig. 1(b), suggesting a weak cou-
pling between the FeAs layers. From the angular depen-
dent flux-flow resistance in Fig. 2(c), it can be seen that the
flux-flow resistance overall decreases with lower tempera-
ture, which is consistent with the behaviors of Abrikosov
vortices due to the enhanced pinning upon cooling. How-
ever, there exists a surprising exception in a narrow angular
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Fig. 1. The characterization of Ca;o(Pt3 Asg)((Feg.oPtg.1)2As2)s single crystals. (a) The typical XRD 6-26 scan of a Ca;o(Pt3 Asg)((Fep.oPto.1)2As2)s
single crystal. (b) The temperature-dependent resistivity p,,(7') with the current / = 10 pA parallel to the FeAs layers. The inset is the schematic
of the crystal structure of Cajo(Pt3Asg)((FegoPto.1)2As2)s5. (c) The temperature dependence of magnetic susceptibility measured in the zero field
cooling (ZFC) and field cooling (FC) with the magnetic field H = 20 Oe parallel to the FeAs layers in order to weaken the demagnetization effect.
The inset is the blowup of the temperature-dependent magnetic susceptibility near zero.
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Fig. 2. The interlayer dissipation resistance of a typical Cajo(Pt3Asg)((FepoPto.1)2As2)s sample. (a) False-color scanning electron
micrograph of a typical sample microfabricated by FIB technique. The crystal (alternating purple and green) was carved with four
electrodes, each of which was connected to the Au electrode (yellow) via FIB-assisted deposited Pt (blue). The interlayer transport
measurements were performed by the current flowing along ¢* normal to the FeAs layers (green) indicated by the red arrow. The scale
bar is 5 um. (b) The temperature-dependent resistivity p.« (7') with the current / = 1 pA. The inset is the blowup of p.+(T') from 2 K
to 30 K. (c) The flux-flow resistance as a function of 6 in a fixed field of H =4 T for several temperatures. The current is / = 100 pA.
(d) The enlarged angular dependent flux-flow resistance of (c) in a narrow angular region (42°) around the FeAs layers below 10 K.
The red and blue arrows correspond to 8 = 0° and 6 = 0.5°, respectively.
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Fig. 3. The distinction of vortices dynamics behaviors below and above T*. (a) and (b) correspond to /-V curves at 6 = 0° and
6 = 0.5° in a fixed field of H =4 T for several temperatures, respectively. 8 = 0° and 8 = 0.5° correspond to the angles marked by
the red and blue arrows in Fig. 2(d), respectively. (c) The temperature dependence of the critical current extracted from (a) and (b).
The voltage criterion of the critical current is 50 uV. (d) The temperature dependence of the flux-flow resistance at 6 = 0° extracted
from Fig. 2(c).
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region around 6 = 0°. Upon cooling from T, near 6 = 0°, a
broad peak grows gradually in a background. At the crossover
temperature 7* ~ 7 K, the background disappears and a sharp
peak centered at 8 = 0° emerges in a very narrow angular re-
gion (less than +0.5°).

Figure 2(d) is a finer scan of the flux-flow resistance in a
narrow angular region (+2°) around the FeAs layers for sev-
eral temperatures below 10 K. In contrast to the behavior of
the resistance peak above T, below T* the resistance peak
at 0 = 0° first increases with the decreasing temperature and
finally reaches saturation at lower temperatures.

To further clarify the difference of the vortex dynamics
in the two temperature regions below and above T*, we have
measured the current—voltage (I-V) characteristics at 6 = 0°
and 6 =0.5°. At 6 =0°, as shown in Fig. 3(a), above T* upon
cooling, the /-V curves shift to the right (higher bias current)
due to the increase of the critical current. However, upon fur-
ther cooling below T*, the temperature dependence of the I-V
curves is reversed from that above T*, i.e., the lower the tem-
perature, the smaller the critical current. On the other hand, at
6 = 0.5° shown in Fig. 3(b), upon cooling across 7*, no such a
reversal is observed. Accordingly, the I-V curves always shift
to the right (higher bias current), indicating the continuous in-
crease of the critical current. In addition, the I-V curves at
0.5° are similar to those at 0° above T*. The critical current
extracted from Figs. 3(a) and 3(b) is shown in Fig. 3(c). It can
be seen in Fig. 3(c) that at 6 = 0°, the critical current first in-
creases with the decreasing temperature, then decreases at 7™
and finally reaches saturation at lower temperatures, while at
6 = 0.5°, the critical current continuously increases. From the
flux-flow resistance at 6 = 0° in Fig. 3(d), it is confirmed that
increase (decrease) of the flux-flow resistance corresponds to
decrease (increase) of the critical current and a same crossover
temperature T* can be obtained.

3.2. Discussion

As the magnetic field is aligned parallel to the FeAs lay-
ers, the increase (decrease) of the critical current (flux-flow
resistance) above 7™ upon cooling, is consistent with what is
expected for Abrikosov vortices under enhanced pinning as
the temperature is lowered. However, the anomalous decrease
(increase) of the critical current (flux-flow resistance) below
T* upon cooling, contradicts behaviors of Abrikosov vortices.
These behaviors can be understood in terms of the change of
superconducting order parameter perpendicular to the FeAs
layers as the temperature is lowered. Above T*, owing to
the larger £, than d/2, the superconducting order parameter
is continuous and Abrikosov vortices are formed as shown in
Fig. 4(a), which can be described by anisotropic Ginzburg—
Landau model. However, below T*, &, gets shorter than d /2,
resulting in the discrete superconducting order parameter per-

pendicular to the FeAs layers and Josephson vortices with
phase cores, as shown in Fig. 4(b). In addition, as the mag-
netic field is deviated at a certain angle from the FeAs lay-
ers, the composite vortex structures are formed by connecting
Josephson vortices to Abrikosov vortices below 7™, as shown
in Fig. 4(c). Therefore, due to the strong pinning of Abrikosov
vortices, no anomaly of the flux-flow resistance and the criti-
cal current is found across 7*. In Bi;Sr,CaCu,Og 5, such an
increase in the angular dependent flux-flow resistance is iden-
tified as the behavior of the lock-in Josephson vortices, [29-30]
which arises from iJJs formed inside Bi;Sr,CaCu,Og, 5 due
to the extremely short &, . Therefore, the anomalous behav-
iors below T* at 6 = 0° can be a result of the formation of
Josephson vortices in Cajo(Pt3 Asg)((Feg.oPto.1)2As2)s, which
is associated with 1JJs formed between the FeAs layers.

(a) T>T* Abrikosov vortices (b) T<T* Josephson vortices

PtsAs

urrent

Q
)
; E *
(S

(i

Current
Field

Fig. 4. The change in the intrinsic structures of the vortices. (a) and (b)

correspond to Abrikosov vortices above T* and Josephson vortices be-

low T* with the magnetic field aligned well along the FeAs layers and

the current perpendicular to the FeAs layers, respectively. (c) The struc-

tures connecting Josephson vortices to Abrikosov vortices below T*, as

the magnetic field is deviated at certain angle from the FeAs layers.

From the above physical scenario, the crossover from
Abrikosov vortices to Josephson vortices upon cooling occurs
when &, is equal to d/2. From XRD, we calculate the in-
terlayer distance d ~ 10.283 A. Using the Bardeen—Cooper—
Schrieffer (BCS) relation &, (T) = £,(0)/+/1—T/T, it is
found that &, (T*) =&, (0)/+/1 —T*/T, =d/2 and &, (0) is
estimated to be 3.319 A, which is smaller than 12 A calculated
from the upper critical magnetic field.[*”] Moreover, chemical
valence analysis demonstrates perfectly balanced charge in the
Pt3Asg layers and thus the Pt3Asg layers do not contribute to

(37401 which results

the density of state at the Fermi level Ef,
in weak coupling between the FeAs layers and short & (0).
There are two distinct physical origins for the flux-flow
resistance and critical current above and blow 7* upon cool-
ing. Above T*, vortices exist in the form of Abrikosov vor-
tices. The increase (decrease) of the critical current (flux-flow
resistance) originates from the enhanced pinning with the de-

creasing temperature. Below T, the shorter £, with lower
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temperature results in the thinner superconducting layers s and
the thicker non-superconducting layers 7. In order to deter-
mine the critical current (maximum supercurrent) carried by
iJJs with N Josephson junctions in the magnetic field H, the
spatial dependence of the gauge-invariant phase differences %,
in the junction n need be derived. In the following, the junc-
tion length, the magnetic field H and the tunneling current are
along x, y and z directions, respectively. The second spatial

29,41,42

derivative equations! I describing 7, are

d? 1 . 1 . .
B _ — siny, — — (sin fp—1 + sinYpt1),

2 22 22

n=1,. .. .N, (1)
D,

A= 0 M= )

. 2
2o e (et + 222)

Seff

where A is the London penetration depth for screening cur-
rents flowing in the FeAs layers, j. is the tunneling current
density, sefr = A sinh(3) and fefr =t +2A tanh(5% ). The sec-
ond term on the right-hand side of Eq. (1) describes the cou-
pling between the adjacent iJJs. Numerical simulation needs
to be performed to solve Eq. (1). Based on the simulation
results (Fig. 7 in Ref. [42]), we know the Meissner-effect re-
sponse followed by Josephson vortices firstly penetrating into
the middle junction. For simplicity, we consider the gauge-
invariant phase screening effect only in the middle junction
when the magnetic field is less than H, = 16 jclj.m] H. de-
termines the critical current because the higher current makes
the magnetic field greater than H. so that Josephson vortices
penetrate into the junction (a periodic gauge-invariant phase is
established) resulting in no net supercurrent.

In Caj(Pt3Asg)((Fep.oPto.1)2As2)s, A ~ 1000 nm!**! and
d=s+t~10.283 A so that s < A. For this limit, A and Ay
are

@()S

)Lk: 27_”10].(:2{2; (3)

(o) Dys A

Ay = _ M
! 477:.“0jc/12 \/E

4
2o je(t + 5+ 22

In this case, we can get

64dysj.  8Pog*? | d—t
Ho= 200 = 2N —, 5)
LA m 2{ sinh z

. *h "2 .
where j. = m*CsLi]nih(t/g) and { = S (ey—vy) 18 the character-

istic length related to the energy & of the Cooper pair and the
barrier potential Vj of the non-superconducting layers. ¢* and
m* are the effective charge and mass of the Cooper pair, re-
spectively. Below T*, due to the smooth increase (from zero)
of ¢ upon cooling, H, is reduced, which makes the critical cur-
rent decrease and thus the flux-flow resistance increase at a

fixed transport current above the critical current (consistent
with smooth changes of both the critical current and flux-flow
resistance in Figs. 3(c) and 3(d)).

4. Conclusion

In summary, a crossover from Abrikosov vor-

tices to Josephson vortices at T7* ~ 7 K has been
observed in the interlayer transport measurements in
Cajo(Pt3Asg)((Feg 9Pty 1)2Asy)s with T. ~ 12 K. Below T*,
Josephson vortices are associated with the intrinsic Joseph-
son junctions in Cajo(Pt3 Asg)((Feg oPty.1)2As2)s5. Our results
demonstrate that the superconductivity is of quasi-2D nature
in Cajo(Pt3Asg)((Feo.oPto.1)2As2)s5. It is of great interest to
further explore the quasi-2D superconductivity in the iron-
based superconductors from both fundamental and application
points of view.
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