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Meissner hole in pristine and proton-irradiated Ba;_,Rb,Fe,As,
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We investigated the unstable interface between vortices and antivortices in single crystals of the iron-based
superconductor (Bag ¢7Rbg 33)Fe>As, (T. ~ 37.6 K). This interface, also known as the Meissner hole, was cap-
tured with magneto-optical imaging in both a pristine crystal and one with artificial point defects. We confirmed

the presence of local excess current flowing along the interface. The dynamics of such an interface qualitatively
follows the prediction of the critical state model, accompanied by a finite relaxation rate of magnetization.
However, quantitatively, the local relaxation of the Meissner hole can be much faster than that of magnetization

due to local deformation of the excess current.

DOLI: 10.1103/PhysRevB.109.224504

I. INTRODUCTION

When the applied field is reduced to zero from a
sufficiently large value in superconductors with a small de-
magnetization factor (thin slab with parallel field), a full
critical state is formed. In this state, there flows a unidirec-
tional current that amounts to the critical value. A further
reduction of the applied field toward negative values, called
remagnetization, simply introduces antivortices with a well-
defined boundary between pre-existing vortices. However,
the situation becomes complicated in superconductors with
a demagnetization factor close to unity (thin sample with
perpendicular field). Near the boundary separating two re-
gions with opposite polarities of vortices, vortices naturally
form closed loops due to the presence of a large in-plane
component of the field. Such vortex loops have minimum di-
ameters surrounding the vortex-free region, called a Meissner
hole (or referred to as “current strings” in some cases [1,2]).
Experiments by Vlasko-Vlasov showed the presence of such
cylindrical structures in YBa;Cu307 [3]. The most intriguing
feature in the magneto-optical images of the Meissner hole
is its unique meandering boundary. Such behavior of vortices
can be considered as macroturbulence and is usually described
as a consequence of instability at the vortex-antivortex inter-
face [4-7]. Since its discovery, a few attempts have been made
to interpret this phenomenon, yet the discussion is still open.
The instability was initially attributed to the heat released by
vortex-antivortex annihilation [7,8]. A more plausible argu-
ment drew an analogy between the planar front of vortices
with the fluid surface and claimed that simple hydrodynamics
is sufficient to explain the instability [4]. In this theory, an
in-plane velocity shear of vortices and antivortices induced
by the ab-plane lattice anisotropy (a.k.a., the twin boundary)
triggers the well-known Kelvin-Helmbholtz instability in usual
fluid mechanics [9]. However, as is pointed out by Ref. [6],
the anisotropy required for this scenario is too large for any
known realistic system. Even if such a system ever exists, the
interface can still be stabilized in a dynamic model where
the vortex front is propagating toward the interior of the
superconductor, known as the relaxation of magnetization.
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As an extension to existing theories and experiments, much
of this paper has taken the relaxation of vortices into con-
sideration. We decided to study the effect of the Meissner
hole on low-field (at fields that are close to or smaller than
the self-field) vortex dynamics, particularly focusing on mag-
netic relaxation. Besides, according to the model proposed in
Refs. [3,10,11], at the skin layer of the Meissner hole, there
flows a local excess current which is twice as large as the
critical current in the same area. The role such a current plays
in the low-field vortex state is another issue to be investigated.

In this work, we obtain high-resolution images of Meissner
holes by employing magneto-optical (MO) imaging in 122-
type iron-based superconductor (IBS) (Bage7Rbg33)FesAs,
single crystals. This is another material in which the Meissner
hole is confirmed experimentally after YBa,Cu3O7 [3-5,12—
15], MgB, [16], and Ba(Fe;_,Co,)2As, [17]. Our analysis
is aimed at the vortex dynamics at the low-field state of a
remagnetized superconductor. We modeled the motion of the
Meissner hole using the theory of magnetic relaxation. Then,
we track the Meissner hole for over an hour and analyze its
mobility by referring to the relaxation of magnetization of the
same material. At the end of the article, we discuss how the
anisotropy of superconductivity influences the formation of
vortex loops.

II. EXPERIMENTAL METHODS

Single crystals of (Ba;_,Rb,)Fe,As, were synthesized
by a FeAs self-flux method similar to that used for
(Baj_,Na,)Fe,As; [18] and (Ba;_,K,)Fe,As; [19]. Presyn-
thesized BaAs, RbAs, FeAs, and FeAs, powders were used as
starting ingredients. FeAs was prepared by sealing stoichio-
metric amounts of Fe powder (99.9%, Koujundo Chemical
Laboratory) and As grains (7N, Hurukawa Denshi) in an
evacuated quartz tube followed by slow heating up to 700 °C
for 2 days. A similar sequence was used in preparing FeAs;
with the highest temperature of 750 °C. BaAs and RbAs
were synthesized from Ba pieces (99.9%, Furuuchi Chemical)
and Rb (99.6%, Sigma-Aldrich) ingot mixed with As grains
at temperatures of 650 and 170 °C, respectively. To obtain
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(Ba;_yRb,)Fe,;As; crystals, a mixture with a ratio of BaAs
: RbAs : FeAs : FeAs) = 1 —x:13x:2:10f35gin
total was loaded into an alumina crucible and then further
sealed inside a stainless steel tube under inert atmosphere.
All these operations were done in a glove box filled with an
argon atmosphere. The capped stainless steel tube was heated
up firstly to 600 °C for 5 h, then to 1100 °C, held for half a
day, followed by cooling to 800 °C at 5 °C/h. Crystals grown
with this method have mirrorlike surfaces with typical dimen-
sions of ~1 x 1 x 0.05mm?. To study the Meissner hole in a
crystal with a controlled amount of disorder, 3-MeV proton
irradiations were performed using the Heavy Ion Medical
Accelerator (HIMAC) at the National Institute of Radiological
Sciences. For certain purposes, some of these crystals were
partly masked with a 200-um-thick gold foil before irradiation
to block direct proton beam. The setup of one of such crystals
can be found in the Supplemental Material [20].

The magnetization of the pristine and irradiated crystals
was tracked using a superconducting quantum interference
device (SQUID) magnetometer (MPMS-5XL, Quantum De-
sign). The relaxation of the magnetization in a single crystal
under its critical state is discussed using Anderson’s model
[21], where the normalized relaxation rate S is defined as

dinM
dInt

For the investigation of the Meissner hole, the distribution of
the magnetic induction at the crystal surface was captured by
differential MO imaging, where integrated backgrounds were
subtracted from the integrated target image [22,23]. By doing
S0, it is possible to obtain high-resolution MO images with
suppressed fluctuations caused by the environments. After be-
ing exposed over 0.1 s and integrated 10 times, the induction
resolution of the image easily reaches ~0.1 G as is shown in
our previous publications [24]. It is noteworthy that our MO
setup is only capable of resolving the vertical components of
flux densities integrated along the indicator film outside the
sample. In some situations, this may deviate from the realistic
B controlling the vortex pinning inside the sample.

e))

III. RESULTS AND DISCUSSION

A. Relaxation of magnetization in single crystals

Since our interest lies in relating the vortex dynamics in
superconductors, especially at low fields, to the formation and
dynamics of the Meissner hole, we initially traced the bulk
magnetization of both pristine and proton-irradiated single
crystals at various temperatures and fields. Figure 1 shows
the field dependence of the normalized relaxation rate of
magnetization in both pristine and proton-irradiated crystals.
Here ¢ is the elapsed time after the critical state is created.
The global magnetic-field dependence of the normalized re-
laxation rate S(H) shown in Fig. 1(a) is explained in the
framework of the weak collective creep theory using a glassy
exponent p [25-27]. The theory predicted the relation rate
S o u~'. S(H) shows a characteristic increase towards low
fields when vortices creep individually and p takes a small
value of 1/7. It becomes field independent at larger fields
where vortices creep in small bundles with p = 5/2. That
said, in many experimental situations including the present
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FIG. 1. Magnetic field dependence of the normalized relaxation
rate of magnetization S(H) in (a) a pristine crystal and (b) a crystal
irradiated with 3-MeV protons to a dose of 7 x 10! H* /cm?. The
black arrows mark the location of the self-field.

one, the ideal single-vortex creep regime is never achieved due
to the presence of sparse strong-pinning centers that pre-exist
in the pristine crystal. This suppressed the peak corresponding
to u = 1/7 at low fields. The maximum value of § at low
fields in the pristine crystal increases as pinning becomes
weaker at higher temperatures, leading to a smaller field distri-
bution in the sample. The strong suppression of S(H ) at fields
below the self-field of the sample (marked by black arrows)
is still under debate. Here the self-field is approximated by
Hg ~ J.d, where J_ is the critical current density and d is the
thickness of the sample. In some cases, such suppression is
attributed to the appearance of the Meissner hole [28].

After introducing point defects via 3-MeV proton irra-
diation, the extra-strong-pinning centers drastically enhance
the pinning force [27,29], causing considerable variation in
the behavior of . The low-field peak is almost entirely sup-
pressed due to the introduction of strong-pinning centers, as
shown in Fig. 1(b). However, the suppression of S(H) at
fields lower than the self-field is still observable at 5 and
15 K. These behaviors of S in pristine and proton-irradiated
(Bag.67Rbyg 33)Fe;,As, are very similar to those reported for
(Bap.cKo.4)Fe2As; [19] and Ba(Feg.93Co0.07)2As, [30].

B. Meissner hole in pristine crystal

To distinguish the initial magnetization from the remagne-
tized state, which is our primary focus, we start by observing
the virgin penetration process in a pristine crystal. The crystal
was first cooled to 15 K without field. Then an external field
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FIG. 2. MO images of crystals after (a) virgin penetration and
(b) the remagnetization process. The analyzer is adjusted to display
the magnetic field proportionally to the light intensity so that vortices
are the bright region and antivortices are the dark region. Panels
(c) and (d) are mappings of the in-plane current density |J| converted
from B mappings in panels (a) and (b), respectively, using inverse
Biot-Savart law. |J| profiles normalized by J,,,, along the dotted line
in panels (c) and (d) are shown in panels (e) and (f), respectively.

was increased up to 600 Oe at a step of 100 Oe. Figure 2(a)
shows the MO image of the crystal being penetrated from
the perfect Meissner state. Weakly irregular penetration of
vortices from some edges probably originates from the in-
homogeneous distribution of pinning centers and/or minute
defects at the crystal edge. The induction drops smoothly from
the edge of the crystal as shown in Fig. 3(a), showing the
induction profile along the white dotted line in Fig. 2(a).

The remagnetization process in the same crystal is then
followed. The magnetization process is almost identical to
that for the virgin penetration, except that the crystal was
initially premagnetized by a negative field of —1000 Oe before
the positive field was applied. Figure 2(b) shows the crystal
being remagnetized by the same positive field as that applied
in Fig. 2(a). The remagnetization front between vortices and
antivortices appears as the boundary between the bright and
dark regions. The front shows distinct behavior compared with
that in virgin penetration. The vortex-antivortex interface is
extremely curled and tends to penetrate deeper into the sample
than the virgin case. The remagnetization front progresses
towards the interior of the crystal as the field increases while
maintaining almost the same pattern, generating the B,(x)
profile displayed in Fig. 3(b), which is taken from Fig. 2(b)
along the same dotted line in Fig. 2(a). Unlike the virgin
situation, sharp drops of magnetic induction (marked by black
arrows) are spotted at the remagnetization front where B, = 0.
This local magnetic field distortion is supposed to be induced
by the integrated Meissner current, which is twice as large
as the integrated J,. We then further extend the observation to
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FIG. 3. B,(x) profiles taken along the white dotted line in
Figs. 2(a) and 2(b): (a) virgin penetration case and (b)—(d) remag-
netized cases at different temperatures. The dashed lines indicate the
edges of the crystal, and the black arrows mark the induction steps
induced by the local excess current.

higher temperatures [see Figs. 3(c) and 3(d)]. The meandering
visually persists close to T, while the induction steps are not
well-resolved at temperatures above ~30 K.

Since the evidence provided by the B, profile points di-
rectly to the existence of a local excess current, we convert
the B, map into a |J| map using inverse Biot-Savart’s law
[17]. Here, we assume that the induction is caused by a
two-dimensional sheet current. It is worth noting that this
assumption does not accurately reflect the realistic scenario,
as the Meissner hole is consistently accompanied by out-of-
plane current flows, especially at the top and bottom regions
of the vortex loop. However, these currents are mostly can-
celed out by neighboring vortices since they have opposite
out-of-plane current components, and any modulation will be
too subtle for MO to capture. The in-plane current densities
are mapped in Fig. 2(d). As a reference, the |J| distribu-
tion in virgin penetration is also shown in Fig. 2(c). The
brightness in the graph represents the strength of the in-plane
current density. Like the shape of the remagnetization front,
the conducting path of the excess current in Fig. 2(d) is curvy
and mostly continuous, while the current flows uniformly in
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Fig. 2(c). Figures 2(e) and 2(f) are corresponding normalized
|J| profiles along the dotted lines in Figs. 2(c) and 2(d),
respectively. The graphs are normalized by the maximum
value in the profile, namely J,,.. In the remagnetized state,
a spikelike structure is spotted at the tip of the peak in the
profile. On the other hand, in the profile of virgin penetra-
tion, no significant structure is found at the same location. It
should be noted that the magnitude of J; in the remagnetized
sample, which corresponds to the plateau value close to the
sample edge, is roughly half of J, . Thus, we can safely
conclude that, in the low-field remagnetized state of the pris-
tine (Bag7Rbg 33)Fe,As,, there exists an unstable interface
between vortices and antivortices associated with the Meiss-
ner hole. Within the skin layer of the Meissner hole, a doubled
current is flowing. In some theory, such excess current could
intensify the interfacial instability [31].

C. Dynamics of the Meissner hole

The remagnetization process including vortex dynamics in
a type-II superconductor is usually discussed using a one-
dimensional critical state model [32,33]. We applied the same
model to the motion of the Meissner hole, as shown below.
Here, we ignore the contribution of the Meissner current
flowing on the surface of the sample. Consider a platelike
superconducting single crystal with thickness # and width 2d
(d >> h) in the critical state. The perpendicular component of
the magnetic field B.o(x) on the sample plane induced by the
critical current density J, is given by

20.h | |d* —x?
¢ 2

Byo(x) = — In

, (@)

X

where x = 0 is the center of the sample and ¢ = 10 is the
speed of light in Gaussian units with keeping the unit of I,
to A/cm?. Here we approximated a sheet-thin current. Under
a finite external field H.,, the location of the Meissner hole
xm defined by Bo(xpm) + Hexe = 0 is expressed as

d CHexy
_—, a= .
e +1 2Jch

On the other hand, according to Anderson’s model, J, is re-
laxing logarithmically with time [21,34]. Such relaxation in J,
causes the Meissner hole to move toward the center (the edge)
of the crystal for Hey > 0 (Hexy < 0). By defining a normal-
ized creep rate of the Meissner hole, Sy = |xl\’,lldxM /dInt]|,
one finds that it is related to the normalized relaxation of the
magnetization S as follows,

3)
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FIG. 4. Magneto-optical images of Meissner holes in a
(Bag 67Rby 33)Fe, As, single crystal (a) 5 s and (b) 480 s after the re-
magnetization. The remagnetization is done by zero-field cooling to
15 K, followed by initial magnetization with —1000 Oe and remag-
netization with 300 Oe. White dashed lines are fictitious boundaries
representing average penetration of the external field. Time evolution
of the induction profiles along the horizontal double-headed arrow in
panel (a) at 15 K and at (c) 200 Oe, (d) 300 Oe, and (e) 400 Oe. The
location of the Meissner hole, xy, as a function of time at (f) 200 Oe,
(g) 300 Oe, and (h) 400 Oe. The plots are in logarithmic scale, and
the black dashed lines are fittings to Eq. (4).

In this way, B, which is a parameter that depends on the
external field, and J, serve as a measure of the mobility
of the Meissner hole. This parameter could be extracted by
evaluating the creep rate of the Meissner hole, as far as S is
known. Later, the S obtained in such a manner is compared
to § directly measured with a SQUID magnetometer to verify
this simple model.

The motion of the Meissner hole of an optimally doped
crystal is tracked over half an hour. The Meissner hole in such
a crystal shown in Fig. 4(a) is created by zero-field cooling
to 15 K, followed by a virgin penetration with —1000 Oe and
remagnetization with 300 Oe. The Meissner hole relaxes into
Fig. 4(b) after 480 s after the remagnetization. The method-
ology for tracking a certain segment of the Meissner hole is
described below. We first pick a local minimum/maximum
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FIG. 5. Experimentally determined magnetic-field dependence
of B, which is evaluated by dividing BS obtained from the fitting
in Figs. 4(f), 4(g), and 4(h) by S in Fig. 1(a). The blue solid line is
a theoretical prediction of 8 defined in Eq. (5), which is calculated
with a field-dependent J, at 15 K (see Supplemental Material [20])
and 2 = 10 wm for the sample shown in Fig. 4.

of the wavy boundary located on a fictitious boundary [white
dashed line in Fig. 4(a), which represents the average penetra-
tion depth of the boundary]. Since the remagnetized boundary
maintains an approximate geometry during propagation, we
could guide the trajectory of this local maximum/minimum
[xMm(2), ym(2)] to the eye during its relaxation, and the horizon-
tal motion xy(¢) of the segment should follow the prediction
of Eq. (4). Figures 4(c)-4(e) show the time evolution of
the induction profiles at three different external fields along
the horizontal double-headed arrow in Figs. 4(a) and 4(b).
With the knowledge that the Meissner hole is a vortex-free
region where B, = 0, one can easily determine its location
as a function of time as shown in Figs. 4(f)—4(h). Fitting
the data points with Eq. (4) yields the normalized creep rate
of the Meissner hole Syu = BS. By comparing it with the
normalized relaxation of magnetization S in Fig. 1(a), we can
evaluate the external field dependence of $, as shown in Fig. 5.
The experimental data (red points) show a field dependence
similar to the prediction by Eq. (5) (blue line). However, the
creep rate of the Meissner hole is considerably larger than the
calculation, indicating that the vortices and antivortices at the
remagnetization boundary form a rather unstable structure so
that the equilibrium could be easily broken by a tiny change in
the external field (200 Oe) compared to the stronger self-field
of the single crystal (~800 Oe). When the external field is
close to zero, B seems to be convergent. At finite external
fields, the real motion of the Meissner hole is faster than
the theoretical prediction (blue line) by roughly 60%. Such
quantitative discrepancy agrees with the fact that the remag-
netization boundary propagates conspicuously deeper into the
bulk than the virgin penetration boundary in Fig. 2. It may
be required to include another feature of the Meissner hole
to explain this acceleration, the curly nature of the remag-
netization boundary. Since the Meissner hole is inherently
curly and meandering, the current segments around a swerve
are dragged by the Lorentz force due to the magnetic fields
induced by each other, as sketched in Fig. 6. Such interaction
could mechanically accelerate the annihilation of vortices and

©

®

FIG. 6. Schematics of the meandering remagnetized boundary
between vortices and antivortices. Black arrows indicate the direction
of the Meissner current. Blue smaller arrows stand for the Lorentz
force exerted on certain current segments.

antivortices at the boundary by pulling them closer. Figure 7
shows a typical scene of such a situation. In this special sam-
ple, we magnified the inhomogeneity by irradiating the right
rectangular area with 3-MeV protons. The Meissner hole ap-
pearing as a black wiggling ring is created after field-cooling
the crystal at —1000 Oe, followed by the application of an
800-Oe field. Since the irradiated region contains extra defects
created by high-energy protons, the Meissner hole is strongly
bent due to the inability of flux to penetrate this domain where
a much larger screening current is flowing [19,28,35]. As a
consequence, a dramatic curvature is found near the border
of the pristine and irradiated regions, marked by the upper
white arrow in Fig. 7(a). This portion of the strongly curved
boundary moves rapidly towards the sample center and finally
collides with another coming from the top [Fig. 7(c)]. A large
single loop of the Meissner hole is thereafter disconnected
into two [Fig. 7(d)]. A similar situation is seen at the location
marked by the lower white arrow in Fig. 7(a). Here, a mini

FIG. 7. Magneto-optical images of the Meissner hole in a partly
irradiated crystal at (a) 9 s, (b) 28 s, (c) 98 s, and (d) 165 s after
the completion of remagnetization. The crystal was field-cooled to
15 K at —1000 Oe, followed by remagnetization with 800 Oe. The
polarizer and the analyzer are adjusted perpendicular to each other so
that the Meissner hole shows up as a black wiggling ring. The white
arrows mark typical segments on the remagnetization boundary with
phenomenal curvatures, while the yellow one indicates an opposite
case.
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loop of the Meissner hole splits from the main one due to
a similar mechanism and annihilates itself within less than
20 s in Fig. 7(b). Such an active motion is a rare observation
compared to other locations on the Meissner hole with milder
curvatures, e.g., at the location marked by the yellow arrow
in Fig. 7(c). As shown in Fig. 2(b), a curly and wiggling
boundary is ubiquitous in the remagnetized crystal, while such
a deformation of the boundary is not observed in the normally
magnetized crystal. In addition, the remagnetization bound-
ary, at least locally, always tends to penetrate deeper into the
crystal, as shown in Figs. 3(a) and 3(b). This evidence may
support the hypothesis that the motion of the Meissner hole is
accelerated by the extra Lorentz force that comes with its ge-
ometry. However, the configurational factor described above
makes the local motion of the Meissner hole less predictable,
and the quantitative evaluation made in Fig. 5 might not be
a comprehensive picture. On top of that, some segments of
the Meissner hole did not follow the prediction of our model.
Sometimes, they were static, leaping, or even retreating in the
course of relaxation, and attempts to extract Sy at such spots
have led to failures in the xy—, logarithmic fitting.

D. Meissner current

The equilibrium between flux tension and its pinning force
determines the minimum radius of the Meissner hole, Ry =
cH.1/4rJ., and any vortex loop smaller than this shall col-
lapse on itself [3]. As for the crystal analyzed in Fig. 4, Ry
is calculated as ~1 um (H.; (15 K) ~ 100 G, J.(15 K, 300 G)
~8 x 103 A/cmz, see Supplemental Material [20]). Given the
minimal radius, the extra current Iy — I, = 7'[R§,IJC =0.025A
induces an ~5 G maximum perpendicular magnetic field B,
5 um above the center plane, which corresponds to the loca-
tion where MO imaging is performed. However, the profiles
in Figs. 4(c)—4(e) clearly exhibit an induction step of ~200 G
that is by an order of magnitude larger, assuming a com-
pact (within 1 wm separation) assembly of the garnet and
the crystal. If the pinning-tension balance is strictly satisfied
(Im = 2R} J.), in an isotropic model of superconductivity,
this requires a ~7 times larger radius of the Meissner hole,
which by no means could exist since it simply exceeds the
sample thickness of 10 um. Following the argument developed
in Ref. [3] taking into account the anisotropy of superconduc-
tivity, we attempt to explain this discrepancy. We consider an
isolated vortex segment pointing in a direction at an angle 6
with respect to the ¢ axis. From Ref. [27], the line energy per
unit length of a vortex segment is

K
6(9) = 808(9)111 (@), (6)
where
£() = (cos’ 0 + y?sin*9)~1/2, @)

where y = A./Agqp is the angle-dependent anisotropy parame-
ter, &9 = (Po/4mhyp)* = (Po/47)HS /Ink, and k = L/E ~
100 for (BagcKo4)FeoAs, [36,37] is the Ginzburg-Landau
parameter. The line tension is then given by [38]

d%e(0)
de?

o=¢e(0)+ (®)

2Ry
. g e i
2RE, >
T
:)iab 222 : 1y

FIG. 8. Sketch of an elliptical Meissner hole of vertical and
horizontal dimensions RS; ~ 0.4 um and R{¢ ~ 2 um, respectively.
A K Ry is the penetrated skin depth where the Meissner current
(hatched area) flows.

After some algebra, the following expressions for the line
tension along both ¢ and ab directions can be derived:

0. =&l + (Ink — )y ~2], ©

ow = soylln(ky) — 1 +y 2. (10)

With Yy = )"c/)mb ~ 2 for (Ba0_55K0,45)F62A82 [39] (1n
Ref. [40] y > 3), when the balance between the line ten-
sion force F1(0) = o (8)/Rm(0) and the pinning force F,(0) =
J.(0)®y/c is achieved, we obtain the radius for the ellipti-
cal Meissner hole Ry (6). For 6 = 0°, we obtain the radius
for the Meissner hole along the ¢ axis: Ry = 1.9g0/F, =
0.41Ry. Unfortunately, the anisotropic pinning-force density
in (Ba;_,Rb,)Fe,As, for fields parallel to the ¢ axis (Fp“) and
the ab plane (Fp””) is not known. So, for simplicity we assume
ch = Fp”b = I, which gives the radius for the Meissner hole
along the ab plane: R{Y = 9.1g9/F, = 1.98Ry\;. The schematic
of such a Meissner hole is depicted in Fig. 8. The integrated
Meissner current is estimated by approximating the elliptical
Meissner hole into four segments: the upper and lower seg-
ments of total length ~7 R with the Meissner current density
per unit length Jf,lb)\ab ~ chalb /4m, and the side segments of
total length ~m Ry, with JGAq ~ cHS /4n (HCCI/HC"f’ =y).
These assumptions lead to the integrated Meissner current

¢ a a C Cc
i ~ (5= )7 (RUHE! + R HE)
~ 8.5RGHS, = 0.035 A, (11)

and the extra current Iy — JTRI‘(,fRﬁ/IJC =0.015 A. The
anisotropic model reduces the total current by 40%, but
the vertical dimension of the Meissner hole becomes more
acceptable.

An alternative explanation for the anomalously large in-
duction step is that in a superconductor under the self-field, a
large in-plane component of the critical current density J
could flow at the top and bottom regions of the Meissner
cylinder, where the vortices are essentially bent to the in-plane
direction (see Fig. 9). The contribution to the induction due to
J in this region is demonstrated with a numerical simulation
in Ref. [41]. Therefore, to re-estimate the extra current, we
need to substitute the originally assumed J¢ which induces
c-direction induction with J% that induces an in-plane one.
The net current is then enhanced by ~S(J% — J¢). Here S
is the smearing area of the in-plane vortices (yellow area in
Fig. 9), and the superscripts on J. indicate their induction
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FIG. 9. Schematics of the critical current and vortex distribution
in the vicinity of a Meissner hole. The hatched area indicates the
skin thickness of the cylinder. Red and yellow regions represent areas
where J¢ and J® are dominant, respectively.

orientation. In YBa,Cu30O5, a remarkably anisotropic pinning
force leads to J%/J¢ ~ 5 [42]. In that case, the net current
could be further multiplied, as simulated in Ref. [3]. How-
ever, we failed to find such a large contrast between J% and
J¢ in (Bag 33Rbg 67)Fe, As, (see Supplemental Material [20]).
Similar to other 122-type IBSs like Ba(Fe(.93C0q.07)2As, and
(Bag.6Ko.4)Fe,As;, the anisotropy of J, is not pronounced in
this system (J%/J¢ ~ 1) [20,28]. To solve the above paradox,
we may need to imagine an oversized Meissner hole that
somehow defies the restriction of minimal Ry given by the
pinning-tension balance, which, however, keeps the size im-
plied by the width of the induction steps, ~15 um, in Fig. 4(d).
Such a colossal Meissner hole, taking the elliptical proportion
derived above (which does not break the sample thickness
limitation unlike the case of the circle), should bear an extra
current of 0.015 A x (15 um/2 um)? ~ 1 A. Figure 10 shows
the simulation of an induction step generated by such an extra
portion of current flowing in our superconducting sample.
Notice that this is merely a schematic representation and does
not capture certain realistic physical aspects, such as the flux
density distribution resulting from the current flow at the
surface. The result reproduces the experimental observation
under the same situation. However, it is also noteworthy that
in estimating the extra current in the colossal Meissner hole,
we implicitly assumed that the skin thickness is proportional
to the size of the Meissner hole.

IV. SUMMARY

We reported the Meissner hole observed in a new 122-type
IBS (Bag.33Rbg 67)FesAs,. Compared to the flux front for vir-
gin penetration of vortices, the interface between vortices and
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FIG. 10. B,(x) profile simulation of a 1 A extra current flowing
along y direction inside a superconducting sample (gray rectangle) at
B,(x) = 0 given by Eq. (2), under an external field H = 300 Oe. The
orange ellipse reflects the relative position and size of the assumed
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antivortices upon remagnetization has a distinct meandering
structure, called the “Meissner hole,” accompanied by a lo-
cally doubled current. We tentatively modeled the dynamics
of the Meissner hole based on the relaxation of homoge-
neous current and built a relationship between the normalized
creep rate of the Meissner hole and the normalized relax-
ation rate of magnetization, which qualitatively explains the
obtained experimental data. The quantitative discrepancy be-
tween experiments and theory is attributed to the complicated
electrodynamics of the Meissner current, which accelerates
the local motion of the current segments. While it is yet
difficult to properly model the geometric effect of the Meiss-
ner hole based on microscopic vortex dynamics, we provided
strong evidence to claim that the configurational feature of
the Meissner hole could effectively accelerate the vortex re-
laxation at low fields. In the end, a simple model calculation
clarifies the necessity of bringing anisotropic superconductiv-
ity into the discussion for the quantitative understanding of
features related to the Meissner hole.
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