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. Thin films of the iron-based superconductor BaFe,(As;_,P,), (Bal22:P) were fabricated on

. polycrystalline metal-tape substrates with two kinds of in-plane grain boundary alignments (well
aligned (4°) and poorly aligned (8°)) by pulsed laser deposition. The poorly aligned substrate is not
applicable to cuprate-coated conductors because the in-plane alignment >4° results in exponential
decay of the critical current density (J.). The Bal22:P film exhibited higher J. at 4 K when grown on the
poorly aligned substrate than on the well-aligned substrate even though the crystallinity was poorer.
It was revealed that the misorientation angles of the poorly aligned samples were less than 6°, which

. are less than the critical angle of an iron-based superconductor, cobalt-doped BaFe,As, (~9°), and

. the observed strong pinning in the Ba122:P is attributed to the high-density grain boundaries with

. the misorientation angles smaller than the critical angle. This result reveals a distinct advantage over

. cuprate-coated conductors because well-aligned metal-tape substrates are not necessary for practical
applications of the iron-based superconductors.

Superconductors play an important role in industry and medical instruments, such as high power magnets and
magnetic resonance imaging scanners, as well as in condensed matter physics. The refrigeration cost (e.g., the
. cost of liquid helium) is the most important issue for superconductor applications. However, the discovery of
. high critical temperature (T.) superconductivity in a copper-based oxide (cuprate) in 1986! provides the possi-
. bility to overcome this issue. To apply superconductors to practical devices such as high power magnets, flexible
superconducting wires are critically important, but it is difficult for oxides to make them because of their brittle-
. ness. Moreover, high-T, cuprates have another serious issue originating from their weak-link behaviour at grain
. boundaries due to their unconventional pairing symmetry (d-wave), short coherence length, and low carrier con-
© centration® Their critical current densities ], drastically decrease at grain boundaries if adjacent crystalline grains
* have in-plane misorientation angles >4°. Therefore, the crystallographic orientations of the grains in cuprate
. superconducting wires/tapes/coated conductors must be very well aligned to maintain high superconductivity
. performance. Thus, the in-plane misorientation angles should be as small as possible to overcome the J. issue. For
Bi-Sr-Ca-Cu-O flat tapes/round wires (called Bi2223 and Bi2212), rolling processes and post-rolling heat treat-
. ment are necessary to exactly align their crystallographic ab-plane direction to the current direction as well as
© to achieve small grain boundary angles®. For coated conductors using YBa,Cu,O;_4* and other rare-earth-based
cuprates (REBCO), two types of techniques are used to achieve highly in-plane oriented practical metal-tape
substrates. One technique is to deposit a biaxially textured buffer-layer on a non-oriented metal-tape by the
ion beam assisted deposition (IBAD) method”®. The other is to use a highly oriented Ni-W alloy metal-tape
. substrate fabricated by the rolling-assisted biaxially textured substrate (RABiTS) method®!°. In the typical IBAD
. process, a planarizing bed layer, such as amorphous (a-)Y,0; or a-Ga,Zr,0, (a-GZO), is first deposited on a
non-oriented polycrystalline Ni-based Hastelloy substrate. A biaxially textured oxide layer, such as MgO, GZO,
or yttria-stabilized zirconia, is then formed by IBAD, followed by sequential deposition of homoepitaxial MgO,
LaMnOj; (LMO), and/or CeO, layers to achieve extremely high in-plane orientation A@c.q, or Agyo < 4°in

!Laboratory for Materials and Structures, Institute of Innovative Research, Tokyo Institute of Technology, Mailbox
R3-1, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503, Japan. 2Materials Research Center for Element
Strategy, Tokyo Institute of Technology, Mailbox SE-6, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503, Japan.
Correspondence and requests for materials should be addressed to H.Hi. (email: h-hirama@Ilucid.msl.titech.ac.jp)

SCIENTIFICREPORTS | 6:36828| DOI: 10.1038/srep36828 1


mailto:h-hirama@lucid.msl.titech.ac.jp

www.nature.com/scientificreports/

(@) 4¢ oo, < 4 deg. (b) 4¢ 0 = 4 deg. and 8 deg.

Figure 1. Schematic diagrams of the structures of flexible metal-tape substrates fabricated by the IBAD
method. The bottom metal-tape substrate is non-oriented Ni-based Hastelloy. (a) For high-T; cuprate (ex.
REBCO) superconductors. Amorphous Ga,Zr,0, (a-GZO) as a cation diffusion barrier is first formed, followed
by sequential deposition of biaxially textured MgO by the IBAD method, LaMnO; (LMO) by sputtering, and
the top CeO, layer by PLD to achieve extremely high in-plane orientation with A¢c.o, < 4°'>'*. (b) For iron-
based superconductors (IBAD-MgO). An a-Y,0; bed layer is deposited on the metal-tape substrate to planarize
the surface, followed by sequential deposition of biaxially textured MgO by the IBAD method and a top
homoepitaxial MgO layer!>!“. In this study, we used two types of IBAD-MgO substrate with in-plane alignment
of Adygo=42and 8°.

full width at half maximum (FWHM) (see Fig. 1)!-!>. In contrast, RABITS uses an oriented Ni-W alloy as the
starting metal-tape substrate. In this case, some oxide buffer layers, such as CeO,, are also used!®. To produce
high-performance REBCO coated conductors, IBAD is the most powerful method because it produces a top
oxide-layer with better in-plane alignment than that produced by RABIiTS. However, IBAD needs a number of
deposition steps to produce the highly oriented top layer, leading to high cost and low throughput. Thus, simpler
metal-tape substrates with less in-plane orientation alignment are advantageous in terms of production cost.

In 2008, a new type of high-T, superconductor, iron-based superconductors, was discovered'”. These mate-
rials have attractive properties for superconducting wires/coated conductors because they have extremely high
upper critical magnetic field (H,,)'3, low anisotropy factor v=(H,,//ab)/(H//c) = 1-5%, and high T. (maximum
~55K)?. The most important property of iron-based superconductors is their advantageous grain boundary
nature. Katase et al.*! clarified that an iron-based superconductor, Ba(Fe,_,Co,),As, (Bal122:Co), has the doubly
larger critical grain boundary misorientation angle for J. (.= ~9°) than cuprates (6. = ~4°)*. This advantage ena-
bles low-cost fabrication processes for superconducting wires/coated conductors using less aligned grain orien-
tations. Therefore, iron-based superconductors are expected to be candidates for a new type of superconducting
wires/coated conductors.

Concerning thin films of iron-based superconductors, Bal22:Co epitaxial films have been extensively inves-
tigated?>** because of the low vapor pressure of the Co dopant and the easy growth of high-quality films**-3!.
BaFe,(As,_,P,), (Bal22:P) exhibits a higher maximum T, (~31 K)* than Ba122:Co (~22K)*. Therefore, Ba122:P
thin films have also been extensively investigated**-*°. We recently reported that Ba122:P epitaxial films on MgO
single crystals exhibit high J. values®, where c-axis-oriented vortex pinning centers were intentionally introduced
by optimizing the growth rate (2.2 A/s) and temperature (1050 °C). Consequently, . drastically increased and
exceeded 1 MA/cm? at 9 T along the ab-plane at 4K with highly isotropic properties against external magnetic
fields, which is the highest J. value among the iron-based superconductor thin films reported so far.

In this study, we fabricated Ba122:P thin films on metal-tape substrates by pulsed laser deposition (PLD) using
the optimized conditions reported in ref. 38. Figure 1(b) shows a schematic diagram of the stacking structure of
the IBAD-MgO substrate used in this study. Two types of metal-tape substrates fabricated by the IBAD method
were used'>'*, One was well-aligned IBAD-MgO (A ¢yz0 =4°) and the other was poorly aligned IBAD-MgO
(Agygo = 8°). Compared with typical IBAD metal-tapes used for REBCO-coated conductors (Fig. 1(a)), the
in-plane alignment of poorly aligned IBAD-MgO substrates (A¢y,o = 8°) is too large and they cannot be used
for REBCO-coated conductors. Unexpectedly, the Ba122:P film on poorly aligned IBAD-MgO exhibited higher
J. with stronger vortex pinning properties than the Bal22:P film on well-aligned IBAD-MgO, demonstrating
its potential for iron-based superconductors. The origin of the strong pinning properties is discussed based on
microstructure analysis and related to the dislocation structures.

Results and Discussion

Structure and electronic transport properties.  Figure 2(a) shows the out-of-plane X-ray diffraction
(XRD) patterns of Ba122:P films on the two types of IBAD-MgO substrate. We confirmed the strong c-axis ori-
entation of the Ba122:P films on both the IBAD-MgO substrates, while small non-oriented crystallite domains
(determined from weak 110 and 112 diffractions) were detected only in the film on poorly aligned IBAD-MgO.
From the peaks at 26 = ~29 and 33°, the planarizing a-Y,O; bed layers in the IBAD-MgO substrates slightly crys-
tallized. Because the Ba122:P films exhibit four-fold symmetric peaks in the ¢ scans of asymmetric 103 diffraction
owing to the tetragonal symmetry (Fig. 2(b)), the Ba122:P films pseudo-epitaxially grew on both the IBAD-MgO
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Figure 2. Structural and electronic transport properties of Ba122:P films on two types of IBAD-MgO
metal-tape substrate with A ¢y;,0 =8° (poorly aligned) and 4° (well aligned). (a-d) XRD patterns. (a) w-
coupled 26 scans for out-of-plane. The asterisks indicate the diffraction peaks from the Hastelloy. (b) ¢ scans of
asymmetric 103 diffraction. (c,d) Intensity-normalized rocking curves of (c) out-of-plane 004 and (d) in-plane
200 diftraction. (e) Temperature (T) dependence of the resistivity (p).

substrates with the orientation relation of Ba122:P [001] || IBAD-MgO [001] out-of-plane and Ba122:P [100]
|| IBAD-MgO [100] in-plane without extra in-plane rotational domains. Concerning the crystallite quality of
the two types of Bal22:P film, the FWHM values of out-of-plane diffraction (Fig. 2(c)) are almost the same
(Awg,122:p = 1.3°), whereas those of in-plane diffraction (Fig. 2(d)) are greatly different. The FWHM of the ¢ scan
of 200 in-plane diffraction peak of the Ba122:P film on poorly aligned IBAD-MgO (A¢g, 5.0 = 8.0°) is much
larger than that for the Ba122:P film on well-aligned IBAD-MgO (A @g,5,.p = 2.7°), which is mainly because of
the different in-plane alignment of the IBAD-MgO metal-tape substrates. A similar result is also observed in the
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¢ scans of asymmetric 103 diffraction (Fig. 2(b)). This difference would lead to growth of some non-oriented
crystallite domains (110 and 112 diffractions) observed in the out-of-plane XRD patterns of the film on poorly
aligned IBAD-MgO.

In the case of growth on MgO single-crystal substrates®”*%, in-plane tensile strain is introduced in Ba122:P
films mainly because of large in-plane lattice mismatch between Bal22:P and MgO (~+7%). Similarly, the
in-plane lattice parameters of the Ba122:P films on both the IBAD-MgO substrates are larger than that of bulk
Bal22:P (a=0.392nm)*% The a-axis lengths of Ba122:P on well-aligned and poorly aligned IBAD-MgO are sim-
ilar (a=10.3935 and 0.3948 nm, respectively). The c-axis lengths of the Ba122:P films on both well-aligned and
poorly aligned IBAD-MgO are also almost the same (1.2824 and 1.2840 nm, respectively). The chemical compo-
sition ratios of P to As (x=P/(As+ P)) of the Ba122:P films are x=10.283 £ 0.06 for the well-aligned sample and
x=0.261=£0.06 for the poorly aligned sample, which are both less than that for the optimal P concentration of
bulk Ba122:P of x=~0.33% This is ascribed to the slightly underdoped region of the phase diagram irrespective
of the use of the higher P concentration PLD target (x~20.35). Similarly poor transferability of P from a target
to a film was observed in ref. 38 because of the relatively high vapor pressure of P. Figure 2(e) shows the temper-
ature dependence of the resistivity of Bal22:P films on both the IBAD-MgO substrates (200 nm thick Ba122:P
for the well-aligned and 150 nm thick for the poorly aligned samples; Note that these samples are different from
those observed by STEM in Fig. 4, which will be shown later on.). T; of the well-aligned sample (T.***'=26K,
T, =23 K) is slightly higher than that of the poorly aligned sample (T, =23 K, T.”*™ = 19 K). The main reason
for the higher T.°"*" in the well-aligned sample is the slight difference in the P concentration (~2%), that is, the P
concentration of the well-aligned sample is closer to the optimum P concentration than that of the poorly aligned
sample.

Transport J.values. As mentioned above, the in-plane crystallinity of the Ba122:P film on poorly aligned
IBAD-MgO is much poorer than that on well-aligned IBAD-MgO. However, the transport J, values of the poorer
film are better in terms of coated conductor applications. Figure 3(a) shows the transport J. of Ba122:P films (the
thicknesses of the well-aligned and the poorly aligned Ba122:P films are 200 and 150 nm, respectively. Note that
these samples are different from those observed by STEM in Fig. 4, which will be shown later on.) on both the
IBAD-MgO substrates at 4 and 12 K as a function of the external magnetic field (H). The self-field J. values at each
temperature [1.02 (at4K) and 0.37 MA/cm? (at 12K) for the well-aligned sample, and 1.19 (at 4K) and 0.39 MA/cm?
(at 12K) for the poorly aligned sample] are almost the same for both the samples. These values are comparable
with those of a Ba122:Co (1.6 MA/cm? at 4K*) and a Ba122:Co/Fe (2MA/cm? at 4K*'), and higher than those
of a Ba122:Co/Fe (0.1 MA/cm? at 8 K*?) and a NdFeAsO coated conductors (0.071 MA/cm? at 5K*). It should be
noted that the J, values of the Ba122:P film on poorly aligned IBAD-MgO at 4 K under magnetic fieldsup to 9 T
are higher than those of the film on well-aligned IBAD-MgO for the same temperature and H direction. Although
the T, and crystallinity are poorer than those of the film on well-aligned IBAD-MgO, this result indicates that the
poorly aligned Ba122:P film has a stronger vortex pinning property. The maximum J.at 9 T (0.16 MA/cm? at 4K)
is comparable with those of a Ba122:Co (0.16 MA/cm? at 4 K*) and a Ba122:Co/Fe (0.1 MA/cm? at 4K*') much
higher than those of a Ba122:Co/Fe (3kA/cm? at 8 K*?) and NdFeAsO coated conductors*, but slightly lower than
that of an FeSe coated conductor (0.7 MA/cm? at 4K**).

To investigate the vortex pinning properties, the magnetic-field angular (6;;) dependence of the transport J,
was measured. Figure 3(c,d) show the 6 dependence of ], at 4 and 12K, respectively. J. peaks are observed both at
0y =90° (H // ab) and 0, =0° (H // c), leading to isotropic properties similar to those of the films on MgO single
crystals®. The former corresponds to the intrinsic property (i.e., electronic anisotropy) and/or some effects from
the existence of pinning centers parallel to the ab plane (e.g., stacking faults), whereas the latter corresponds to
the existence of pinning centers along the ¢ axis. For the Ba122:P film on poorly aligned IBAD-MgO, the J. values
at 4K and the peaks for H // ¢ remain high even at 9 T compared with those of the Ba122:P film on well-aligned
IBAD-MgO. These results indicate that stronger and/or larger numbers of vortex pinning centers along the ¢
axis are introduced in the film on the poorly aligned IBAD-MgO substrate. As shown in Fig. 2(d), the Ba122:P
film on poorly aligned IBAD-MgO has poorer in-plane crystallinity (A¢g,;,,.p = 8.0°) but the J. performance is
better than that of the Ba122:P film on well-aligned IBAD-MgO. This result indicates that introduction of pin-
ning centers owing to the poorer crystallinity enhances the J. performance. On the other hand, the relationship
between J of the poorly aligned sample and the well-aligned one becomes opposite between 4K and 12K. J at
12K are almost the same for both the samples up to 5 T, but the relation changed in the higher H region, and the
J. of the poorly aligned sample becomes smaller than that of the well-aligned one. This rapid decay of J, of the
poorly aligned sample in the high H region at 12 K would be related to its low T.”*. These results indicate that the
pinning centers consist of small-sized defects such as dislocations and are not large-sized impurity phases, which
will be discussed later on.

Microstructure analysis. To clarify the origin of the better J, performance and strong vortex pinning in
the film on poorly aligned IBAD-MgO, we observed the microstructures by cross-sectional scanning transmis-
sion electron microscopy (STEM). Figure 4(a,b) show bright-field STEM images of Ba122:P on well-aligned and
poorly aligned IBAD-MgO, respectively. Both images show a clear stacked structure composed of the Ba122:P
film, epitaxial MgO, IBAD-MgO, Y,0;, and Hastelloy substrate, where deterioration of each layer was not
detected irrespective of the high temperature growth (1050 °C). In contrast to a Ba122:Co film fabricated by
low-power KrF excimer laser PLD*, horizontal defects such as stacking faults are not observed in the present
films, indicating that the peaks along the ab planes in the J.-y; plots mainly originate from the intrinsic electronic
anisotropy of Ba122:P. In addition, ], values for H // ab at 4K of the Ba122:P film on poorly aligned IBAD-MgO
are higher than those of Ba122:P film on well-aligned aligned IBAD-MgO (see Fig. 3(c)). Because horizontal
defects are not observed, one possible origin of this higher J. along the ab plane would be point-like defects, which
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Figure 3. Critical current density (J.) of Ba122:P films on two types of IBAD metal-tape substrate with

A g0 =8° (poorly aligned, red symbols) and 4° (well aligned, blue symbols). (a) External magnetic field
(H) dependence of J_ at 4 and 12 K. The closed and open symbols indicate the configurations of H || ab plane
and H || ¢ axis of the Ba122:P films, respectively. (b) Relationship between current (J) and H directions under

J. measurement. We applied H up to 9 T in the maximum Lorentz force configuration (i.e., J L H). The external
magnetic field angle (6;;) was varied from —30 to 120°. ;=0 and 90° correspond to the configurations of H// ¢
axis (i.e., normal to the film surface) and H // ab plane, respectively. (c,d) 8, dependence of J. at (c) 4K and

(d) 12K. The closed and open symbols are the data under y10H =3 and 9 T, respectively.

work as more isotropic pinning centers as reported in proton-irradiated Ba122:Co*. Moreover, vertical defects
are observed in both Ba122:P films, which is consistent with the result that J. peaks are observed along the ¢ axis
in the J.-0y; plots. However, the vertical defects in the well-aligned sample are tilted largely compared to those in
the poorly aligned one, and the density of the vertical defects in the poorly aligned sample is clearly higher than
that in the well-aligned one. The larger tilt angle for the well aligned sample is consistent with the wider angular
distribution along the c-axis of the J-0y; plots for the well-aligned sample observed in Fig. 3(c). Considering the
higher J, performance of the Ba122:P film on the poorly aligned IBAD-MgO substrate, as observed in Fig. 3(c),
these vertical defects would act as effective pining centres and their density dominates the J value under external
magnetic fields.

To clarify the type of vertical defects, the chemical compositions of the vertical defects were determined.
Figure 4(c) shows the results of line scans for each element by energy dispersion X-ray (EDX) spectroscopy.
As shown in the lower panel of Fig. 4(c), the chemical composition of a vertical defect is the same as that in the
bulk region of the Ba122:P film, indicating that the introduced vertical defects should be dislocations or domain
boundaries rather than an impurity phase. This result is the same as Ba122:P epitaxial films on single-crystal
MgO?* but different from the case of an oxygen-diffused Bal122:Co film on SrTiO; (in this case, oxide nano-
rods act as strong pinning centres)?. To investigate oxygen diffusion from IBAD-MgO to the Ba122:P film in
more detail, high-angle annular dark-field (HAADF)-STEM was performed over a heterointerface between
IBAD-MgO and Bal22:P (Fig. 4(d)) because HAADF-STEM empbhasizes the contrast of the atomic numbers of
the constituent elements. Part of the heterointerface shows a different contrast in the HAADF-STEM image (the
dashed red closed area in the left panel of Fig. 4(d)), indicating that the chemical composition is slightly different
from the bulk region of the Ba122:P film. As observed in the result of an EDX line scan over the heterointerface
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Figure 4. Cross-sectional microstructure and chemical composition analysis of Ba122:P films on two types
of IBAD metal-tape substrate with A¢y,o =4° (well aligned) and 8° (poorly aligned). (a,b) Bright-field
STEM images of Ba122:P films on (a) a well-aligned IBAD-MgO substrate with A¢y,0=4° and (b) a poorly
aligned IBAD-MgO substrate with A¢y,o=8°. The horizontal arrows indicate heterointerfaces. The top panel
in (c) shows a magnified image of the left red dashed square in (b). The lower panel shows the results of EDX
line scans along the horizontal line in the upper panel, where the shaded red area indicates the vertical defect
position. The left panel in (d), which corresponds to that indicated in the right red dashed area in (b), shows
the HAADF-STEM image of the heterointerface between the Ba122:P film and the MgO layer. The dashed

red square in the left panel of (d) shows a different contrast region at the heterointerface. To show it clearer,
the region is enlarged at the bottom where the different contrast region is indicated by the vertical arrow. The
right panel in (d) shows the results of EDX line scans along the vertical white line in the left panel. The thick
horizontal red line and shaded green area indicate the heterointerface and oxygen diffusion area, respectively.

(right panel of Fig. 4(d)), slight oxygen diffusion from the film into IBAD-MgO of ~20nm in depth is detected.
Because the out-diffused region in the film is limited to the vicinity of the interface, it does not act as dominant
vortex pinning centres. In the case of a film on single-crystal MgO?, such an deep oxygen-diffusion region was
not observed. Thus, formation of the oxygen diffusion region is enhanced by the surface structure of IBAD-MgO
composed of small grains*.

According to the cross-sectional STEM images and chemical composition analysis, the density of the vertical
defects (not impurities) is the dominant factor determining the J. value under a magnetic field. To determine
the defect structure, plane-view STEM was performed. Figure 5 shows plane-view bright-field STEM images
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Figure 5. Plane-view bright-field STEM images of Ba122:P films on two types of IBAD metal-tape
substrates with A ¢y,o=4° (well aligned) and 8° (poorly aligned). (a) Relationship between the film
orientation, direction of the incident electron beam, and global axes (X, Y, and Z). (b,c) Typical plane-view
images observed by normal electron beam incidence for Ba122:P films on IBAD metal-tape substrates with
Adrgo=4° (b) and 8° (c). (d,e) Slanted angle images observed by tilting 10° to enhance dislocations. (d,e) are
the same areas of (b,c), respectively (see the bottom right figures for the observation geometries). The top right
figures in (b-e) are enlarged images of the dashed squares in the left images of (b-e), respectively. The arrows in
the top right image of (d,e) show arrays of dislocations.

of the Ba122:P film on two types of IBAD metal-tape substrates with A¢y,o =4° (well-aligned, (b) and (d))
and 8° (poorly aligned, (c) and (e)). As shown in Fig. 4(b), the Ba122:P film on the poorly aligned IBAD-MgO
substrate is composed of high-density vertical grain boundaries. It is known that grain boundaries act as pinning
centers*>*° but they also lead to decay of J. if their misorientation angle is larger than the critical angle for J, (e.g.,
6.=~9° for an iron pnictide superconductor, Ba122:Co?!). Comparing both the plane-view images, the grain
sizes of the well-aligned sample are larger than those of the poorly aligned sample although the size distribu-
tion is relatively large (the lateral grain sizes are 120-230 nm for the well-aligned sample and 80-150 nm for the
poorly aligned sample). These results indicate that the grain boundary density of the poorly aligned sample is
higher than that of the well-aligned sample, which is consistent with the stronger vortex pinning properties of the
poorly aligned sample as observed in Fig. 3(c). To investigate the depth structure of the boundaries, we obtained
plane-view STEM images by tilting the film’s surface with respect to the incident electron beam direction, as
shown in the bottom right panels of Fig. 5(d,e). As shown by the arrows in the enlarged image (the upper right
panel of Fig. 5(d,e)), the grain boundaries have arrays of dislocations almost normal to the grain boundary planes
for both samples. This type of defect structure (i.e., arrays of dislocations) indicates that these boundaries are low
misorientation-angle grain boundaries. The distances between adjacent dislocations are 9.4-18 nm for the well
aligned sample (Fig. 5(d)) and 3.8-6.3 nm for the poorly aligned sample (Fig. 5(e)), which respectively represent
misorientation angles of 1.3-2.4° and 3.6-5.9° calculated by the dislocation space (D) — misorientation angle at a
grain boundary (f;) relation D= (|b|/2)/sin(fp/2), where || is the norm of the corresponding Burgers vector®.
Although these estimated 0y for both samples are slightly less than the FWHM values of the in-plane XRD rock-
ing curves (see Fig. 2(d)), both FWHM and 6y are clearly less than 6. = ~9° for an iron pnictide superconductor?,
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and their relative relationship is the same for both the samples. Therefore, the Ba122:P film on poorly aligned
IBAD-MgO has high density grain boundaries with small misorientation angles, so they do not decrease its J.
performance and effectively act as vortex pinning centres. Using the advantageous grain boundary properties of
iron-based superconductors, lower quality and lower cost metal-tape substrates would improve the vortex pin-
ning properties by naturally forming grain boundaries that do not decrease the J, performance.

Summary

Bal22:P films deposited on IBAD-MgO substrates show promising properties for future practical applications.
The film on the poorly aligned IBAD-MgO substrate exhibited stronger vortex pinning properties and higher
J. values than that on a well-aligned IBAD-MgO substrate. According to microstructure analysis, a higher den-
sity of vertical defects, which act as stronger pinning centres along the c axis, was introduced in the film on the
poorly aligned IBAD-MgO substrate than in the film on the well-aligned IBAD-MgO substrate. These vertical
defects correspond to grain boundaries that have smaller misorientation angles than the critical angle for J, of
iron-based superconductors (9°). These results demonstrate the clear advantage of Bal22:P-coated conductors
over cuprate-coated conductors because high-quality (i.e., highly textured by stacking many layers) metal-tape
substrates are not needed to produce high performance coated conductors if the misorientation angles are suc-
cessfully controlled to be less than the critical angle, although the critical current of the Ba122:P coated conduc-
tors are still to be improved by increasing their thickness to achieve a critical current comparable to REBCO.

Methods

Thin-film growth. Bal22:P films with thicknesses of 150-200 nm were grown on IBAD-MgO metal-tape
substrates (10 mm x 10 mm) supplied by iBeam Materials, Inc. (NM, USA) (see Fig. 1(b) for their structure)'>!4,
As it was difficult to measure Bal22:P film thickness with a stylus profiler due mainly to the curvature of the
IBAD-MgO metal-tape, film thickness was determined by cross-sectional field-effect scanning electron micro-
scope (FE-SEM) observation where the sample was cut out by focused ion-beam (FIB). The detailed procedure to
determine the thickness is summarized in Supplementary Fig. S1. IBAD-MgO substrates with A¢y,o=4°and 8°,
which were controlled by the thickness of the top MgO layer, were employed; i.e., the nominal MgO thicknesses of
120 and 65 nm corresponded to Agy,0 =4° and 8°, respectively. Polycrystalline BaFe,(Asy 5Py 35), disks (x=0.35)
were used as the PLD targets. The other growth parameters (e.g., the growth temperature and rate of 1050 °C and
2.2 A/s, respectively) were the same as those optimized for Ba122:P films on single-crystal substrates®.

Characterization. w-coupled 26 scan XRD measurements were performed to determine the crystalline
phases. Asymmetric 103 diffraction of the Ba122:P films was measured to confirm the in-plane crystallographic
symmetry. The crystallinity of the films was characterized on the basis of the FWHM of the out-of-plane 004 (Aw)
and in-plane 200 rocking curves (A¢). The relationship of these axes for XRD can be found in ref. 51. The
chemical compositions were determined with an electron-probe microanalyzer, where the acceleration voltage
of the electron beam was adjusted while monitoring the Ni Ka spectrum to avoid the matrix effect from the
Ni-containing Hastelloy metal-tapes (see Supplementary Fig. S2). For quantitative analyses, we employed the
atomic number, absorption, fluorescence (ZAF) correction method using the following standard samples; BaTiO;
for Ba, Fe for Fe, LaAs for As, and InP for P. Because the Ba:Fe atomic ratio was confirmed to be stoichiometric
(i.e., Ba:Fe=1:2), the chemical composition ratios of P to As of the Ba122:P films were calculated using the atomic
ratio x=P/(As+P).

To investigate the electrical transport properties, the films were patterned into microbridges by photolithog-
raphy and Ar milling with the length of 300 um and the widths of 10 pm for the well-aligned sample and 20 pm
for the poorly aligned sample. The temperature dependence of the electrical resistivity was measured by the
four-probe method with a physical property measurement system. The transport J. was determined from volt-
age—current curves with the criterion of 1 wV/cm under external magnetic fields (H) up to 9 T in the maximum
Lorentz force configuration (J.LH). The angle (0y) of the applied H was varied from —30 to 120°. ;=0 and 90°
correspond to the configurations of H // ¢ axis (i.e., normal to the film surface) and H // ab plane, respectively. The
relationship between J, H, and 6}, are shown in Fig. 3(b).

Microstructure analysis was performed with a STEM system. To observe the plane-view and cross-sectional
images, all of the samples were prepared by the FIB microsampling technique and then directly transferred to the
STEM system under high vacuum without exposure to air to avoid contamination and oxidization of the samples.
The chemical compositions near defects and heterointerfaces were evaluated by EDX line scans with a spatial
resolution of ~1 nm.

References

1. Bednorz, J. G. & Miiller, K. A. Possible high T, superconductivity in the Ba—La—Cu—O system. Z. Phys. B 64, 189-193 (1986).

2. Hilgenkamp, H. & Mannhart, J. Grain boundaries in high-T; superconductors. Rev. Mod. Phys. 74, 485-549 (2002).

3. Gurevich, A. & Pashitskii, E. A. Current transport through low-angle grain boundaries in high-temperature superconductors. Phys.
Rev. B57,13878-13893 (1998).

4. Maeda, H., Tanaka, Y., Fukutomi, M. & Asano, T. A new high-T oxide superconductor without a rare earth element. Jpn. . Appl.
Phys. 27,1209-1210 (1988).

5. Larbalestier, D. C. et al. Isotropic round-wire multifilament cuprate superconductor for generation of magnetic fields above 30 T.
Nat. Mater. 13, 375-381 (2014).

6. Wu, M. K. et al. Superconductivity at 93K in a new mixed-phase Y-Ba-Cu-O compound system at ambient pressure. Phys. Rev. Lett.
58, 908-910 (1987).

7. lijima, Y., Tanabe, N., Kohno, O. & Ikeno, Y. In-plane aligned YBa,Cu;0;_, thin films deposited on polycrystalline metallic
substrates. Appl. Phys. Lett. 60, 769-771 (1992).

SCIENTIFICREPORTS | 6:36828 | DOI: 10.1038/srep36828 8



www.nature.com/scientificreports/

10.
11.
12.
13.

14.
. Taneda, T. et al. Mechanism of Self-Epitaxy in Buffer Layer for Coated Conductors. IEEE Trans. Appl. Supercond. 23, 6601005

16.
17.
18.

19.
20.

21.
22.

23.
24.
25.

26.
. Katase, T., Hiramatsu, H., Kamiya, T. & Hosono, H. High Critical Current Density 4 MA/cm? in Co-Doped BaFe,As, Epitaxial Films

28.
29.

30: lida, K. et al. Hall-plot of the phase diagram for Ba(Fe, _,Co,),As,. Sci. Rep. 6,28390 (2016).
32.
33.
. Sakagami, A. et al. Critical current density and grain boundary property of BaFe,(As,P), thin films. Physica C 494, 181-184 (2013).
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.

. Matsushita, T. Flux pinning in superconductors. Springer-Verlag, Berlin Heidelberg ISBN: 798-3-540-44514-2 (2007).
51.

. lijima, Y. et al. Structural and transport properties of biaxially aligned YBa,Cu;0;_, films on polycrystalline Ni-based alloy with

ion-beam-modified buffer layers. J. Appl. Phys. 74, 1905-1911 (1993).

. Goyal, A. et al. High critical current density superconducting tapes by epitaxial deposition of YBa,Cu;0, thick films on biaxially

textured metals. Appl. Phys. Lett. 69, 1795-1797 (1996).

Eickemeyer, J. et al. Nickel-refractory metal substrate tapes with high cube texture stability. Supercond. Sci. Technol. 14, 152-159
(2001).

Muroga, T. et al. Rapid fabrication of highly textured CeO, cap layer on IBAD tape for YBCO coated conductor. Physica C 412-414,
807-812 (2004).

Matias, V., Hanisch, J., Rowley, E. J. & Giith, K. Very fast biaxial texture evolution using high rate ion-beam-assisted deposition of
MgO. J. Mater. Res. 24, 125-129 (2009).

Yamada, Y. et al. Development of long length IBAD-MgO and PLD coated conductors. IEEE Trans. Appl. Supercond. 19, 3236-3239
(2009).

Sheehan, C. et al. Solution deposition planarization of long-length flexible substrates. Appl. Phys. Lett. 98, 071907 (2011).

(2013).

Knauf, ], Semerad, R., Prusseit, W., DeBoer, B. & Eickemeyer, ]. YBaCuO-deposition on metal tape substrates. IEEE Trans. Appl.
Supercond. 11, 2885-2888 (2001).

Kamihara, Y., Watanabe, T., Hirano, M. & Hosono, H. Iron-Based Layered Superconductor La[O, _,F,]FeAs (x=0.05—0.12) with
T.=26K.J. Am. Chem. Soc. 130, 3296-3297 (2008).

Tarantini, C. et al. Significant enhancement of upper critical fields by doping and strain in iron-based superconductors. Phys. Rev. B
84, 184522 (2011).

Yuan, H. Q. et al. Nearly isotropic superconductivity in (Ba,K)Fe,As,. Nature 457, 565-568 (2009).

Ren, Z.-A. et al. Superconductivity at 55K in Iron-Based F-Doped Layered Quaternary Compound Sm[O,_,F,]FeAs. Chin. Phys.
Lett. 25,2215-2216 (2008).

Katase, T. et al. Advantageous grain boundaries in iron pnictide superconductors. Nat. Commun. 2,409 (2011).

Hiramatsu, H., Katase, T., Kamiya, T. & Hosono, H. Thin Film Growth and Device Fabrication of Iron-Based Superconductors.
J. Phy. Soc. Jpn. 81, 011011 (2012).

Haindl, S. et al. Thin film growth of Fe-based superconductors: from fundamental properties to functional devices. A comparative
review. Rep. Prog. Phys. 77, 046502 (2014).

Katase, T. et al. Atomically-flat, chemically-stable, superconducting epitaxial thin film of iron-based superconductor, cobalt-doped
BaFe,As,. Solid State Commun. 149, 2121-2124 (2009).

Lee, S. et al. Weak-link behavior of grain boundaries in superconducting Ba(Fe, _,Co,),As, bicrystals. Appl. Phys. Lett. 95, 212505
(2009).

lida, K. et al. Strong T dependence for strained epitaxial Ba(Fe, _,Co,),As, thin films. Appl. Phys. Lett. 95, 192501 (2009).

Grown on (La,Sr)(ALTa)O; Substrates without Buffer Layers. Appl. Phys. Express 3,063101 (2010).

Lee, S. et al. Template engineering of Co-doped BaFe,As, single-crystal thin films. Nat. Mater. 9, 397-402 (2010).

Katase, T., Hiramatsu, H., Kamiya, T. & Hosono, H. Thin film growth by pulsed laser deposition and properties of 122-type iron-
based superconductor AE(Fe,_,Co,),As, (AE =alkaline earth). Supercond. Sci. Technol. 25, 084015 (2012).

Lee, S. et al. Artificially engineered superlattices of pnictide superconductors. Nat. Mater. 12, 392-396 (2013).

Kasahara, S. et al. Evolution from non-Fermi- to Fermi-liquid transport via isovalent doping in BaFe,(As, _,P,), superconductors.
Phys. Rev. B81, 184519 (2010).
Sefat, A. S. et al. Superconductivity at 22 K in Co-Doped BaFe,As, Crystals. Phys. Rev. Lett. 101, 117004 (2008).

Miura, M. et al. Anisotropy and Superconducting Properties of BaFe,(As, _,P,), Films with Various Phosphorus Contents. Appl.
Phys. Express 6,093101 (2013).

Miura, M. et al. Strongly enhanced flux pinning in one-step deposition of BaFe,(As ¢Py 33), superconductor films with uniformly
dispersed BaZrO; nanoparticles. Nat. Commun. 4, 2499 (2013).

Kawaguchi, T. et al. The strain effect on the superconducting properties of BaFe,(As, P), thin films grown by molecular beam
epitaxy. Supercond. Sci. Technol. 27, 065005 (2014).

Sato, H., Hiramatsu, H., Kamiya, T. & Hosono, H. High critical-current density with less anisotropy in BaFe,(As,P), epitaxial thin
films: Effect of intentionally grown c-axis vortex-pinning centers. Appl. Phys. Lett. 104, 182603 (2014).

Sato, H., Hiramatsu, H., Kamiya, T. & Hosono, H. Vortex Pinning Properties of Phosphorous-Doped BaFe,As, Epitaxial Films:
Comparison Between (La, Sr)(Al Ta)O; and MgO Substrates. IEEE Trans. Appl. Supercond. 25, 7500305 (2015).

Katase, T. et al. Biaxially textured cobalt-doped BaFe,As, films with high critical current density over 1 MA/cm? on MgO-buffered
metal-tape flexible substrates. Appl. Phys. Lett. 98, 242510 (2011).

Trommler, S. et al. Architecture, microstructure and J, anisotropy of highly oriented biaxially textured Co-doped BaFe,As, on
Fe/IBAD-MgO-buffered metal tapes. Supercond. Sci. Technol. 25, 084019 (2012).

lida, K. ef al. Epitaxial Growth of Superconducting Ba(Fe, _,Co,),As, Thin Films on Technical Ion Beam Assisted Deposition MgO
Substrates. Appl. Phys. Express 4, 013103 (2011).

Tida, K. et al. Highly textured oxypnictide superconducting thin films on metal substrates. Appl. Phys. Lett. 105, 172602 (2014).

Si, W. et al. High current superconductivity in FeSe, s Te, s-coated conductors at 30 tesla. Nat. Commun. 4, 1347 (2013).

Hiramatsu, H., Sato, H., Katase, T., Kamiya, T. & Hosono, H. Critical factor for epitaxial growth of cobalt-doped BaFe,As, films by
pulsed laser deposition. Appl. Phys. Lett. 104, 172602 (2014).

Maiorov, B. et al. Competition and cooperation of pinning by extrinsic point-like defects and intrinsic strong columnar defects in
BaFe,As, thin films. Phys. Rev. B 86, 094513 (2012).

Zhang, Y. et al. Self-assembled oxide nanopillars in epitaxial BaFe,As, thin films for vortex pinning. Appl. Phys. Lett. 98, 042509
(2011).

Groves, J. R. et al. Texture development in IBAD MgO films as a function of deposition thickness and rate. IEEE Trans. Appl.
Supercond. 11, 2822-2825 (2001).

Foltyn, S. R. et al. Materials science challenges for high-temperature superconducting wire. Nat. Mater. 6, 631-642 (2007).

Hiramatsu, H., Kamiya, T., Hirano, M. & Hosono, H. Heteroepitaxial Film Growth of Layered Compounds with the ZrCuSiAs-Type
and ThCr,Si,-Type Structures: From Cu-Based Semiconductors to Fe-Based Superconductors. Physica C 469, 657-666 (2009).

Acknowledgements

This work was supported by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) through
the Element Strategy Initiative to Form Core Research Center. H.Hi. was also supported by the Japan Society for
the Promotion of Science (JSPS) through a Grant-in-Aid for Young Scientists (A) (Grant Number 25709058), a

SCIENTIFICREPORTS | 6:36828 | DOI: 10.1038/srep36828 9



www.nature.com/scientificreports/

JSPS Grant-in-Aid for Scientific Research on Innovative Areas “Nano Informatics” (Grant Number 25106007),
and Support for Tokyotech Advanced Research (STAR).

Author Contributions
H.Hi. and H.Ho. designed the research. H.S., H.Hi. and T.K. carried out the experiments and the data analyses,
and wrote the manuscript with discussion with H.Ho.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Sato, H. et al. Enhanced critical-current in P-doped BaFe,As, thin films on metal
substrates arising from poorly aligned grain boundaries. Sci. Rep. 6, 36828; doi: 10.1038/srep36828 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:36828 | DOI: 10.1038/srep36828 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Enhanced critical-current in P-doped BaFe2As2 thin films on metal substrates arising from poorly aligned grain boundaries

	Results and Discussion

	Structure and electronic transport properties. 
	Transport Jc values. 
	Microstructure analysis. 

	Summary

	Methods

	Thin-film growth. 
	Characterization. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic diagrams of the structures of flexible metal-tape substrates fabricated by the IBAD method.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Structural and electronic transport properties of Ba122:P films on two types of IBAD-MgO metal-tape substrate with ΔφMgO = 8° (poorly aligned) and 4° (well aligned).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Critical current density (Jc) of Ba122:P films on two types of IBAD metal-tape substrate with ΔφMgO = 8° (poorly aligned, red symbols) and 4° (well aligned, blue symbols).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Cross-sectional microstructure and chemical composition analysis of Ba122:P films on two types of IBAD metal-tape substrate with ΔφMgO = 4° (well aligned) and 8° (poorly aligned).
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Plane-view bright-field STEM images of Ba122:P films on two types of IBAD metal-tape substrates with ΔφMgO = 4° (well aligned) and 8° (poorly aligned).



 
    
       
          application/pdf
          
             
                Enhanced critical-current in P-doped BaFe2As2 thin films on metal substrates arising from poorly aligned grain boundaries
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36828
            
         
          
             
                Hikaru Sato
                Hidenori Hiramatsu
                Toshio Kamiya
                Hideo Hosono
            
         
          doi:10.1038/srep36828
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36828
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36828
            
         
      
       
          
          
          
             
                doi:10.1038/srep36828
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36828
            
         
          
          
      
       
       
          True
      
   




