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Abstract

®

CrossMark

The critical current I of single crystals of the iron pnictide superconductor BaFe,(As;_,P,)»
has been studied through measurements of magnetic hysteresis cycles. We show that the
introduction of micrometer-scale irregularities on the surface significantly increases I,
primarily near the irreversibility magnetic field Hj,. The observed increase can be attributed to a
non-dissipative surface current that arises from the collective bending of the vortex lattice at the
sample surface, enabled by the surface irregularities. This mechanism, which is not pinning in
the proper sense, has previously been studied in clean, low-T;, metallic superconductors, but
had not been investigated in Fe-based superconductors. The observed increase in I is consistent
with a theoretical estimate based on the Mathieu-Simon continuum theory of the vortex state.
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1. Introduction

Since the 2008 discovery of superconductivity at high critical
temperature in iron-based superconductors (FeSC) [1], intens-
ive research on these materials has been taking place. On the
one hand, these materials have a fundamental interest, as they
share multiple similarities with high-T, cuprates, such as elev-
ated transition temperatures and the emergence of supercon-
ductivity with the introduction of dopants that destroy the anti-
ferromagnetic order of the parent system [2—4], suggesting
their pairing mechanism may be similar [5].

* Author to whom any correspondence should be addressed.

FeSC also present a multiband electronic structure [2—4],
which leads to unconventional behavior of observables such
as the magnetic penetration depth [6], the Seebeck coefficient
[71, the specific heat [8, 9], or the upper critical field [10-13].
On the other hand, these materials present some properties that
make them interesting from an applications perspective, such
as high critical and irreversibility magnetic fields [14-18],
and a relatively low anisotropy. The 122 family of iron-based
superconductors is one of the most prominent candidates for
next generation superconducting tapes and wires, as the com-
pounds from this family show particularly low anisotropy and
large grain boundary critical angle (as high as 9°), making
them suitable for techniques such as powder-in-tube manu-
facture of wires and tapes [19-24], and for the development
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of superconducting devices such as bulk magnets [25] or thin-
film nanocircuits including integrated Josephson junctions and
SQUIDs [20].

For the aforementioned reasons, much attention has been
put on enhancing the critical current density J.. of these mater-
ials. Multiple techniques have been shown to serve this pur-
pose, such as proton, neutron and heavy ion irradiation to pro-
duce point-like [26—28] or columnar [26, 27, 29-31] defects;
optimizing the substrate conditions (in the case of thin films)
[32, 33], the addition of self-assembled oxygen-rich impurities
[34], and the artificial generation of compositionally mod-
ulated superlattices, e.g. BaFe,As,/Ba(Fe;_,Co,)2Asy [35].
In addition to bulk pinning, surface irregularities have also
been shown to be effective at enhancing the critical current
in conventional low-T7; superconductors [36, 37]. Among the
procedures used to create surface defects in these materi-
als are sandblasting [37], mechanical abrasion [38], buffered
chemical or electrolytic polishing [39], and low temperature
bakeout [40]. More recent work in metallic niobium sheets has
shown that laser-induced periodic structuration can make the
irreversibility field H;,, increase [41], or decrease when using
a femtosecond-pulsed laser [42].

In this work, we investigate the effect of micrometric sur-
face irregularities on the critical current /. of FeSC single
crystals. The 122 family is widely studied in applied research
due to its lower anisotropy and higher critical current dens-
ity J.. [20] For this reason, we selected optimally-doped
BaFe,(As;_,P,), (Bal22:P) for this study, as crystals of con-
siderable dimensions and high stoichiometric quality can be
grown [43-45]. A significant /. increase is observed after the
surface treatment, mainly near the irreversibility field Hiy,
which is attributed to a non-dissipative surface current, in turn
associated to a collective vortex bending near the sample sur-
face. Such a bending is made possible by surface irregular-
ities, which provide multiple ways for vortices to terminate
on the surface while still satisfying boundary conditions. This
mechanism has already been observed in clean low-7. metal-
lic superconductors [36, 37], but it is the first time it is studied
in Fe-based superconductors. The results are compared with a
theoretical estimate for the critical current density that a rough
surface can sustain, based on the Mathieu-Simon continuum
theory of the mixed state [36, 37].

2. Methods

2.1 Crystals growth and characterization

BaFe,(As_,P,), (x =0.35) single crystals were grown using
the BayAs3/Ba,P; self-flux method described in [43]. They
are platelike, with typical surfaces of several mm? and thick-
nesses up to ~0.1 mm (see table 1). A thorough character-
ization of crystals from the same batch was presented in [45],
where energy-dispersive x-ray analysis showed excellent com-
positional homogeneity, with a stoichiometric deviation of
less than 0.4% between different crystals and different stud-
ied areas. The crystals used in this work are among those
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Figure 1. X-ray diffraction patterns of crystal 1 and crystal 2 before
and after the treatment, respectively. The data were obtained using
the geometry to observe the reflections by the ab layers. Only (00£)
diffraction peaks are present, evidencing the excellent structural
quality of the crystals. Moreover, the positions and widths of the
peaks are not visibly changed by the surface treatment, indicating
that the structural quality of the crystals remains unaltered.

used in [45], and have been since kept in an epoxy matrix
until the beginning of this study. Their crystallographic struc-
ture was analyzed by x-ray diffraction (XRD), using a Rigaku
MiniFlex II diffractometer with a Cu target and a graphite Cu
Ka monocromator. The reflections by the crystal ab planes
(parallel to the FeAs layers) are presented in figure 1. The
absence of reflections other than the (00¢) indicates the excel-
lent structural quality of the crystals, and the resulting c-axis
lattice parameter is about 12.80 A (see table 1), in agreement
with data in the literature for crystals with a similar As-P
proportion [46—48].

2.2. Surface etching process

The crystals were subjected to an abrasive sandblasting pro-
cess to create micrometric irregularities on their surfaces.
A commercial sandblasting machine (Damglass E. Fexas,
DAM-1) was used with silica sand of diameter ~50-100 pm.
The samples were kept centered in the ejection cone, with the
nozzle-to-sample distance set to 8.5 cm. A 5s burst at 1 bar
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Figure 2. Magnetic susceptibility vs temperature for the
BaFe;(As;_Px); crystals studied, measured before and after the
surface treatment. The crystals have T, values about 27 K and
transition widths under 1 K, evidencing excellent stoichiometric
purity, which was not affected by the surface treatment. Photographs
of the samples are included in the insets. The drawing on crystal 2
indicates the critical-state electrical current distribution used to
evaluate (3).

Table 1. Characteristics of the crystals studied. The critical
temperature 7. was obtained from low-field magnetic susceptibility
measurements (figure 2). The c-axis lattice parameter ¢ was
obtained from x-ray diffraction analysis (figure 1). Both 7, and ¢
agree with data in the literature for BaFe,(As;_Px), with the same
P content. The demagnetizing factor for H || ¢, D, was estimated
from the dimensions of the samples.

T c Size (Ly X Ly X L) Mass Sides
Crystal (K) A) (mm®) D, (mg) etched
1 27.2 12.802(3) 0.94 x 0.94 x 0.042 0.933 0.230 1
2 26.9 12.795(3) 2.48 x 1.28 x 0.070 0.937 1.386 2

nozzle pressure was used to etch one of the ab surfaces of
crystals 1 and 2. The reverse side of crystal 2 was also sub-
jected to an identical etching process. After the sandblasting,
the samples were carefully cleaned from sand residue. Atomic
force microscopy (AFM) micrographs of the surface of the
samples before and after the sandblasting process are shown
in figure 3. As it can be seen, the sandblasting process creates
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Figure 3. Example of AFM micrographs of the crystal surfaces (a)
before and (b) after the abrasive blasting process. While in (a) the
irregularities are limited to £0.1 pum, in (b) they extend up to

£1.4 pm (note the difference in the scale).

defects typically ~5 pm wide and ~1 pm deep, covering most
of the surface of the crystals. Figure 1 shows that the XRD
peak positions and widths remain unchanged after sandblast-
ing, indicating that the structural quality of the crystals is pre-
served. This was further confirmed by XRD measurements
performed before and after sandblasting on another single
crystal (crystal 3) with a higher 2 bar nozzle pressure (see
figures S1 and S2 of the supplementary materials).

2.3. Magnetization measurements

The magnetization measurements were performed with a
commercial SQUID magnetometer (MPMS-XL, Quantum
Design) with the magnetic field applied perpendicular to the
ab layers of the crystals. For this purpose, a quartz tube was
used as a sample holder. The crystals were placed in a slit per-
pendicular to the tube axis, and glued with a small amount of
GE varnish. Two plastic rods at the tube ends ensured an align-
ment of the ¢ axis of the crystals with the applied magnetic
field of about 0.1°.
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Figure 4. Isothermal m(H) hysteresis curves for the two single crystals, before (open symbols) and after (solid symbols) sandblasting.
Crystal 1 was sandblasted only from one side, while crystal 2 was sandblasted from both sides. As it can be seen, the hysteresis amplitude

increased after the sandblasting process for both samples.

3. Results

The temperature dependence of the magnetic susceptibility
X, measured after zero-field-cooling (ZFC) with a low field
(~0.3 mT) perpendicular to ab layers, is presented in figure 2.
These data are corrected for demagnetizing effects by using
the demagnetizing factors D calculated from the dimensions
of the crystals (see table 1). As shown, Y is close to the ideal
value of —1 at low temperatures, and the diamagnetic trans-
ition is very sharp (less than ~1 K wide), which confirms
the excellent stoichiometric quality of the crystals. The super-
conducting transition temperature, estimated from the diamag-
netic transition midpoint, is 7. ~ 27 K (see table 1) typical of
optimally-doped BaFe;(As|_,P,),. [49] It is also worth noting
that the surface treatment had little effect on the diamagnetic
transition, indicating that it did not alter the homogeneity of the
crystals.

To estimate the ab-layers’ critical current density of the
crystals before and after sandblasting, magnetic moment vs.

magnetic field m(H) hysteresis cycles were measured with
H 1 ab at different temperatures below 7.. These measure-
ments were performed by first ZFC to the target temperat-
ure. The magnetic field was set using the so-called hysteresis
charging mode (with the power supply continuously turned
on), and data were acquired by using MPMS’s reciprocat-
ing sample option (RSO), averaging 10 measuring cycles at
1 Hz. Figure 4 shows the m(H) hysteresis loops obtained
for both crystals before (open symbols) and after (solid sym-
bols) sandblasting, evidencing a hysteresis amplitude increase
at all the studied temperatures and for all magnetic fields.
Near the irreversibility magnetic field Hj, (above which the
hysteresis vanishes) the enhancement in the hysteresis amp-
litude (proportional to the surface I.), is larger than the hys-
teresis amplitude before the surface treatment (proportional to
the bulk 1.). It is worth noting that this compound presents
a second magnetization peak (SMP), which can be clearly
observed for temperatures above 15 K, consistently with
previous measurements [15, 50, 51].
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Figure 5. Detail of isothermal M(H) cycles for M, H > 0, before
(open symbols) and after sandblasting (solid symbols). The
magnetization hysteresis increases at all applied magnetic fields,
and is comparatively higher at temperatures closer to 7c. The
irreversibility field Hi was also increased, suggesting stronger
pinning is taking place (see main text for details).

To better observe the effect of sandblasting at low fields
and close to T, a detailed log-log representation of the upper-
right branch of the hysteresis cycles for both samples is presen-
ted in figure 5. To facilitate comparison between both crys-
tals with each other and with other samples in the literat-
ure, m is normalized by the volume of the crystals, and the
normal-state paramagnetic signal was subtracted. As shown,
the increase of the hysteresis amplitude due to the surface
treatment extends to the low-H region and is more pronounced
at temperatures closer to 7. Finally, an increase of Hj; was
also observed after the sandblasting process. In the following
section, these effects will be interpreted in terms of an extra
non-dissipative surface current made possible by the surface
irregularities.

4. Discussion

4.1. Critical current enhancement

The ab-layers’ critical current density J. before the sandblast-
ing process can be obtained from the m(H) hysteresis loops

measured with H | ab using Bean’s critical-state model [52,
53]. For a crystal with dimensions L,, L, and L. (where L, >
L, > L.), this leads to [54]
JC _ 2mh / \%4 ’ (1)
Ly, (1—L,/3L,)
where V= L,L,L. and my, is the amplitude of the m(H) hys-
teresis loop. The temperature dependence of the resulting J,
at different applied magnetic fields is presented in figures 6(a)
and (b) for both crystals. As shown, the J. curves have a sim-
ilar amplitude, temperature and magnetic field dependencies.
The increase in hysteresis amplitude after sandblasting
(hereafter denoted as Amy,) can be understood as the result
of non-dissipative surface currents enabled by surface irregu-
larities. The mechanism for the existence of such currents has
been explained in previous works (see, e.g. [37] and references
therein). These surface irregularities provide multiple ways for
vortices to terminate at the sample surface while satisfying
the boundary conditions, enabling a collective bending of the
vortices that sustains an extra non-dissipative surface current.
Defects with size of order A are expected to induce this phe-
nomenon, with A being the characteristic length of the currents
around vortices. The magnetic moment m; due to these surface
currents is given by

1 o\ =
M=~ / (?x K) ds, @)
2 surface

with K being the surface current density. In the critical state K
corresponds to the critical surface current density K., and the
associated increase in hysteresis loop amplitude is given by

/ <7>< 12) d§‘. 3)
surface

To evaluate (3), the spatial dependence of K. can be approx-
imated by a Bean-like distribution, similar to the one expected
for the underlying bulk current density (see diagram inset in
figure 2(b)). For a crystal of dimensions L,, L, and L, (where
L, > L, > L.) this leads to

KL} (Lo 1
_ Lo 1 4
h=5 <Lb 3> “)

Amh =

Am,

per sandblasted surface.

The surface critical current density resulting from (4) and
the Amy, data in figure 4, is shown for both crystals in
figures 6(c) and (d). For crystal 2 the effect of etching both
sides was considered. As it can be seen, the result is very sim-
ilar in both crystals, confirming the existence and reproducibil-
ity of the critical current enhancement by surface etching. The
differences between the two samples can be attributed to some
extent to the experimental uncertainty in obtaining K. from the
difference in the m(H) hysteresis cycles before and after sand-
blasting, and to slight differences in the samples characterist-
ics: the T; value is ~0.3 K smaller for crystal 2, which may
lead to a variation in the H., value [15].
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Figure 6. (a), (b) critical current density J. before sandblasting, obtained by applying Bean’s critical state model; (c), (d) surface critical
current density K., obtained by assuming that all additional pinning occurs at the surface of the sample (4). The inset in (c) is an estimation
of the surface critical current density of the pristine samples for 0.2 T and 3 T (see the main text for details). As it can be seen, the K.(T)
curves follow a different trend than Jc (7). This can be better observed in (e), (f), where the detail of J.(7) (black full squares) and K¢(7)
(red circles) close to T¢ is shown, for an applied magnetic field of 2 T. The empty squares in (e), (f) correspond to J.(7) calculated after
sandblasting, with the assumption that no surface currents are present. The equivalent comparison for 0.2, 0.5, 1 and 3 T are presented in
figure S3 of the supplementary materials. As shown, the increase is not a constant factor, as it would be expected in first approximation for

bulk pinning enhancement.

K. decreases monotonically with 7 and H, but the T
dependence is qualitatively different from the one of J.: while
K. is roughly linear in all the studied temperature range, J.
grows faster at low temperatures. Moreover, J. presents a
broad maximum related to the second magnetization peak
(SMP), which is absent in K. at the same temperature (this
can be better seen in the detail near 7. presented in figures 6(e)
and (f). In turn, K.(T) presents a sharp peak just before van-
ishing, similar to the peak effect observed in the critical cur-
rent of some low-7. compounds [55, 56] and high-T, cuprates
[57], which has been attributed to the different 7-dependence
of pinning and elastic forces near He, (7). [58] If K. (T) presen-
ted the broad peak characteristic of J¢(T), perhaps it could
be concluded that the surface roughness just contributes to

enhance the conventional vortex pinning. The different K. (7)
behavior suggests a different mechanism. This conclusion is
further supported by the comparison in the next section of
K.(T) with a theoretical result based on Mathieu-Simon theory
for the maximum non-dissipative current that a rough surface
can sustain.

4.2. Comparison with theoretical approaches

We will now discuss if the observed K, behavior and amplitude
is consistent with an estimate based on the Mathieu-Simon
continuum theory of the mixed state for the non-dissipative
current enabled by a rough surface. Let’s assume that the
external magnetic field B is applied along the z axis (parallel
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to the crystal ¢ axis), and the electrical current flows in the
y direction. At a point in which the surface normal makes an
angle o with the z axis, the vortices are bent in the xz plane
so that the associated flux density w makes an angle 6 with z,
given by tanf =~ tan« (y being the superconducting aniso-
tropy factor). The flux density at the surface is w = B/ cos#.
According to the Mathieu-Simon theory, the non dissipative
local surface current density K is given by [37]

K= M, (w,0)], 4)

where M, (w,0) is the x component of the reversible magnet-
ization of an anisotropic superconductor under a flux density
w at an angle 0 relative to the crystal ¢ axis. Using the res-
ult from [59] for the reversible magnetization vector of aniso-
tropic superconductors in intermediate magnetic fields (far
from both the upper and lower critical magnetic fields), we
find that

b
Kk _ _n n/
8T o2, V14~ tan?

Here, )\, is the magnetic penetration depth for currents along
the ab layers, b= B/B%, where B} is the upper critical
field perpendicular to the ab layers, ¢ is the magnetic flux
quantum, j is the vacuum magnetic permeability, and 7 is
a constant of order unity. For a given b, K has a maximum
for some angle «y. This can be seen in figure 7(a), where (6)
is plotted against « for different b values, using parameters
for optimally-doped BaFe,(As;_.P,), (see below). If the sur-
face is sufficiently rugous, the vortices have many possible
angles to terminate at the surface, and the critical surface cur-
rent K. will correspond to (6) evaluated with ayy. The condition
dK/daq, = 0 leads to

tan
- (6
V1472 tan? o

1 2e%n?
2,2
t ==-W -1 7
where W(x) is Lambert’s function (the inverse of xe*), and e is
Euler’s constant. Substituting « into (6) and simplifying, we
finally obtain

3/2
220> 2
o= %o - ( bz”) -— . ®
THOYAG w(2%E)

A similar calculation was obtained in [37] using Abrikosov’s
result for M, close to the upper critical magnetic field, although
this result is not applicable in the present case as the irrevers-
ibility field H;(T) ~ 0.5H(T) (see figure 8), impeding the
study of K. for fields close to H,.

Figure 7(b) shows the theoretical K. (T) for the same B val-
ues as in figure 6, evaluated by assuming a Ginzburg-Landau
temperature dependence for the upper critical field H(T) =
H5'(T—T.) and the magnetic penetration depth A\ (T) =
Aap(0)/+/T—T/T.. The \s(0), H5' and v values used were
obtained from from the data in [49] for the optimally-doped
BaFe,(As;_,P,),. Finally, the parameter n was approximated

15 K

T (K)

Figure 7. (a) Theoretical non-dissipative surface current density
against « (the angle between the surface normal and the crystal ¢
axis) for different applied magnetic fields. These curves were
obtained from (6) with the superconducting parameters for
optimally-doped BaFe;(As;_,Px), from [49]. As it can be seen,
there is an angle « for each field for which K is maximum. In a
sufficiently rough surface, the critical current density corresponds to
K(aw) (8), which is plotted against 7 in (b). Note the good
agreement with the experimental K.(7) shown in figures 6(c), (d).

to 1. As it can be seen, figure 7(b) resembles the experimental
results for K. summarized in figures 6(c) and (d), in both the
temperature and magnetic field dependences (except for the
peak effect observed just before vanishing). The difference in
the amplitude (a factor of about two), could be probably attrib-
uted to the uncertainties in the superconducting parameters, in
the geometry of the samples, and also to the initial roughness
of the pristine crystals. The latter can be obtained from the
AFM data of figure 3(a) from which we estimate that the max-
imum angles between the local surface normal and the crystal
c-axis are up to a ~ 2 degrees. The K. obtained introducing
this « value in equation (6) is shown in the inset of figure 6(c).
As shown, the K. of the pristine surfaces is about 10% of the
experimental K, value after sandblasting. Due to this effect,
the K. data in figures 6(c) and (d) estimated from the increase
in the hysteresis of the m(h) cycles, could actually be slightly
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Figure 8. H — T vortex phase diagrams for (a) crystal 1 and (b)
crystal 2. Hon and H,, are, respectively, the onset and the maximum
of the SMP before sandblasting. Hi is the irreversibility field before
(solid line) and after (dashed line) sandblasting. As a reference, we
show the upper critical field line He(T), obtained from data in the
literature [49].

larger, bringing the data closer to the theoretical estimation of
figure 7(b).

4.3. H—T phase diagram and irreversibility field increase

In addition to the critical current enhancement, an increase
of the irreversibility field Hj, was also observed after sand-
blasting, as shown in the H — T phase diagrams presented in
figure 8. The H,(T) values in this figure were estimated from
the m(H) cycles as the magnetic field above which the mag-
netic moments m(H') and m(H") obtained by increasing and
decreasing H respectively (i.e. the upper and lower branch
of the hysteresis loops) coincide within the experimental res-
olution (see figure S4 of the supplementary materials for an
example of this criterion). As it can be seen, the sandblast-
ing process essentially shifts the Hi,(T) line to ~0.5 K higher
temperatures. Equation (8) predicts that K. should vanish at
the He,(T) line. However, this equation does not consider the
effect of thermal fluctuations on the vortices, which play a
non negligible role in these materials [45, 60—63]. For refer-
ence, the phase diagrams of figure 8 also include the onset and
the maximum of the second magnetization peak (Ho, and H,,

respectively), and the upper critical field line estimated from
the data in [49]. For completeness, figure S5 of the supple-
mentary materials shows an analysis of the pinning force in
terms of Dew-Hughes model using the calculated Hj,, values,
in which no notable differences can be observed after the sur-
face treatment.

5. Conclusions

The increase in vortex pinning induced by the addition
of surface rugosity through abrasive sandblasting was
studied in high-quality single crystals of optimally-doped
BaFe,(As;_,P,);. The effect on the critical current was invest-
igated by measuring isothermal m(H) hysteresis cycles with
H perpendicular to the etched surfaces (i.e. the ab layers of
the crystals), before and after the sandblasting process. A
significant increase in the amplitude of the hysteresis loops
was observed for both samples and at all temperatures. This
increase is attributed to the presence of a non-dissipative sur-
face current density K., which is associated with a collective
bending of the vortex lattice close to the surface of the crystals.
K. presents a temperature dependence qualitatively different
from that of J;, estimated from the m(H) cycles measured
before sandblasting. However, K.(T)y is in good agreement
with a theoretical estimate for the maximum non-dissipative
current that a rough surface can sustain, based on the Mathieu-
Simon continuum theory of the vortex state. A slight increase
of the irreversibility field Hi(T) was also observed after sand-
blasting. Finally, our measurements revealed a sharp increase
in K.(7T) just before vanishing (the so called peak effect),
which is not present in J.(T), suggesting that surface rough-
ness is among the causes that promote its appearance. In
addition to its fundamental interest, the /. enhancement by
surface irregularities could also be useful to complement bulk
pinning enhancement procedures in the development of FeSC
thin films or tapes for electrical transport applications.
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