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Effect of Nano-size Magnetic Additions on Low
Temperature Flux Pinning of Y-Ba-Cu-O Thin Films

M. A. Sebastian, N. A. Pierce, |. Maartense, G. Kozlowski, T. J. Haugan

Abstract—Manufacturing of coated conductors can be tailored
for future use operating parameters, such as high temperature and
low field, mid temperature and mid field and low temperature and
high field. Different methods of flux pinning are being tested
world-wide to enhance critical currents (les) of high temperature
superconductor YBa2CusO7-x (YBCO) coated conductors for these
various operating conditions. Magnetic materials are interesting to
consider as flux pinning additions because of their potential for
very strong pinning strength. This research describes the study of
different magnetic phase additions to YBCO including: M =
BaFe12019, Laos7Ca03sMn0Os, YsFesO1z, and SrRuOs. Nano-size
additions were incorporated by depositing multilayer (M/YBCO)N
films to minimize degradation of Tc, and testing volume % addi-
tions of M phase from 0.5 % to 5%. Experimental current density
(Jem(H,T)) results for mid temperature (30 K-65K) / mid field
(1 T-5T) and low temperature (< 30 K) / high field (> 5 T) will be
presented. Microstructural and superconducting properties will be
summarized, including SEM & TEM analysis.

Index Terms—ecritical current density, magnetic flux pinning,
superconducting thin films, yttrium barium copper oxide

I. INTRODUCTION

arious applications of high temperature superconductors
Vrequire different operating temperature and applied fields.
Cables operate at high temperature and low fields, motors and
generators operate at mid temperature and mid field, while
MRI and NMR operate at low temperatures and high fields.
Production of HTS films can be tailored to deliver optimized
results for each of these operating regimes. Intrinsic pinning
and the types of defects introduced by doping the films, can be
manipulated to provide the desired scenario. For example, it is
now known that “0D” point artificial pinning centers (APCs)
are preferred for low temperature and high field performance,
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“1D” columnar APCs are preferred for high temperatures
above 65 K and fields less than 1 T, “3D” APCs are preferred
for low temperatures below 30 K and mid fields above 5T,
and mixed defects are the best combination for mid tempera-
tures of 30-65 K and low fields of 1-2 T [1], [2]. A plethora
of these incorporated APCs have been researched, such as
BaHfO;, BaZrO;, BaSnOs;, Ba;Y(Nb,Ta)Os, Y205 and
Y,BaCuOs nano-rods and nanoparticles [3]-[8]. These APCs
and their resulting defects pin the normal cores of the vortices
in type Il superconductors. This core pinning is however lim-
ited by the coherence length of 25 A. Employing magnetic
APCs allows one to take advantage of magnetic pinning,
which pins the magnetic flux of the vortices, and is limited by
the magnetic penetration depth of 1500 A. The columnar vol-
ume of magnetic pinning is much larger than that of core pin-
ning, and results in the magnetic pinning strength being 100-
1000 times the strength of core pinning. When utilizing mag-
netic dopants in YBa;CusO-.; (YBCO) films, an external mag-
netic field applied perpendicular to the film results in domain
wall movement and magnetic pinning, which is seen as an S—
shaped hysteresis loop as opposed to a square shaped one. In
the case of perpendicular anisotropy, the magnetic pinning
scales with the saturation magnetization; whereas with in-
plane anisotropy, magnetic pinning occurs below the coercive
field [9]-[13].

Many research groups have explored additional magnetic
pinning strength by doping YBCO films with ferromagnetic,
anti-ferromagnetic, and ferrimagnetic additions. H. Wang’s re-
search groups have investigated doping YBCO with Fe;Os,
BaF612019 (BFO), YF603, and Lao,e7sro,33|\/|n03 (LSMO) in
single and multilayer films, and employing the use of CeO,
buffer layers and magnetic cap layers. Their results showed
increased pinning effects due to the magnetic additions [14],
[15]. Garcia-Santiago et al. produced a BFO/YBCO bhilayer
with a yttria stabilized (YSZ) buffer layer via pulsed laser
deposition (PLD), and found that the BFO caused in increased
upward shift of the irreversibility line (IL). The results were
explained theoretically by Bulaevkii that the applied magnetic
field and the demagnetizing field in the BFO layer result in the
magnetic field in the YBCO layer. The magnetic domain walls
are pinned when the applied field is less than the coercive field
for BFO, ~5 kOe [10], [11]. Other research groups have doped
YBCO films with Y3FesO12 (YIG) [16], [17]. Colossal magne-
toresistance (CMR) compounds of LSMO and Lay3CaysMnOs
(LCMO) were investigated as bilayers and up to 8 layers with
YBCO. Results showed significant pinning contributions [12],
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[14], [18]. R. Al-Mohsin found that doping bulk YBCO with
ZnoesMngesO showed evidence of magnetic pinning [19].
Other interesting work was done by V. Rouco with inserting
Co nanorods in a YBCO thin film by milling antidots via Ga
focused ion beam (FIB) and filling with cobalt via focused
electron beam deposition (FEBID). In this study the supercon-
ducting stray fields effect the magnetization of the Co nano-
rods, allowing for tuning of the system to increase current
density [20]. F. Colauto also saw that coating a metallic or
magnetic layer on low T. superconductors such as Nb and
MgB could help to avoid flux avalanches from thermal insta-
bilities [21]. Another unique paper studied compared the
unique pinning mechanism of TmBCO to YBCO, and sug-
gested substituting Fe®* for Y to harness magnetic pinning
contributions[22]. Our own research group also previously ex-
plored nano-size magnetic additions in multilayer films con-
sisting of 28 and 38 bilayers, which to our knowledge, was
many more layers than previously seen in research. Our previ-
ous studies investigated current densities in high and mid tem-
perature regimes [23], but did not present data for low temper-
ature regimes. This paper employs the scaling laws for super-
conductivity and the strong correlation between J. (77 K,
3 T//c-direction) to attain low temperature data down to 5 K
[24]-[25]. New TEM analysis will also be presented.

Il. EXPERIMENTAL DETAILS

A. Thin Film Production

Targets utilized in this research were both produced in-
house and purchased from commercial suppliers. The YBCO
target Nexans powder was pressed with a Carver die press,
followed by a sintering process in a box furnace. BaFe;2019
(BFO), Lao,67Cao,33Mn03 (LCMO), Y3F95012 (Y|G), and
SrRuOs (SRO) were commercial targets. Further details can be
found in previous work [23].

Thin films were produced using the before mentioned tar-
gets and LaAlO3; (LAO) and SrTiOz (STO) substrates via
pulsed laser deposition (PLD) with a KrF excimer laser
(A= 248 nm). The YBCO/BFO composite films consist of 28
bilayers, with resulting volume percent additions varying from
0.6, 1.4, and 2.7 vol. %. The YBCO/LCMO composite films
also consist of 28 bilayers, but laser repetition rate of 2 Hz ra-
ther than 4 Hz resulted in volume percent additions of 0.8, 1.2,
and 2.4 vol. %. YBCO/SRO composited films consist of 38
bilayers, with resulting volume percent additions varying from
1.2, 2.4, and 4.7 vol. %. YBCO/YIG composite films also
consist of 38 bilayers with volume percent additions of 3.6,
7.0, and 11.1 vol. %. Details in regards to PLD conditions and
annealing can be found in previous work. [23].

B. Thin Film Characterization

Film characterization included film thickness determination
which involved etching and measurement with a profilometer.
Magnetic current density was attained with a Quantum Design
Physical Properties Measurement System (PPMS) with a vi-
brating sample magnetometer (VSM) probe. VSM data was at-

tained for temperatures of 77 K, 65 K, 50 K, 20 K, and 5K,
with applied field applied // to the c-axis of the films from 0—
9 T. Magnetic current density analysis involved utilization of
the Bean Critical State Model [23], [26]-[28]. Superconduct-
ing transition temperature (T¢) was attained via AC suscepti-
bility measurements, and transport current density (Je) meas-
ured on microbridges with a 1 pV/cm criteria. Microstructure
was examined with a FEI Sirion Scanning Electron Micro-
scope (SEM), a Bruker D8 Discover diffractometer. Also a
Tescan Lyra FIB/SEM was used to prepare foils for
YBCO/SRO and YBCO BFO samples for TEM examination
with the TALOS TEM SYSTEM FSE. More details can be
found in previous work [23].

I1l. RESULTS & DISCUSSION

Previously, we reported the effects of magnetic nanoparticle
addition on the onset critical temperature (Tc.onset) and the self-
field current density (Jct seit-fietld) [23]. Our results showed that
increased vol. % BFO dramatically decreased Tc-onset and
Jet self-field, and increased T¢ pwum, COmpared to additions of
LCMO, SRO, and YIG. It is believed this may be a result of
reaction products and strain development due to a higher de-
gree of lattice mismatch with YBCO. SEM also depicted typi-
cal island growth and insulating phase nanoparticle charging.
XRD analysis also indicated epitaxial growth of YBCO films
identified by (001) YBCO and substrate peaks [23]. The rest
of this paper will present new TEM results and new current
density results that were measured in the low to mid tempera-
ture regime.

TEM analysis of the YBCO/SRO multilayer film is in very
good agreement with the measured film thickness of 236 nm.
Elemental analysis clearly shows the La, Al, and O present in
the substrate, along with the Y, Ba, Cu, and O present for the
YBCO, along with the Ru, and to a lesser extent the Sr. Inter-
estingly, evidence of Y,03; nanoparticles can be seen in areas
where Y and O are present, but Ba and Cu are absent (Fig. 1).
TEM analysis of The YBCO/YIG multilayer films has a
measured thickness of 275 nm. From TEM elemental analy-
sis, La, Al, and O are present in the substrate, along with Y,
Ba, Cu, and O present for the YBCO, and Y, Fe, and O pre-
sent for the YIG. Y203 nanoparticles also appear to be present
in areas where Y and O are present, but Ba and Cu are absent
(Fig. 2).

Magnetic current density was previously attained for 77 K,
65 K, and 40 K, but not for the lower temperatures of 20 K
and 5 K. Current density values initially attained pre-etch at
65 K, 3T were used to normalize current densities attained
post-etch. This was to account for decreased area of film
available after etching for film thickness determination after
the initial current density measurements, but prior to the cur-
rent density measurements at lower temperatures [24], [25].
From Fig. 3, current densities for 65 K, 50 K, 20 K, and 5 K.,
with the field ramped from 0-10,000 Oe parallel to the c-
direction or perpendicular to the film surface, for each of the
dopant systems with varied volume percent are presented.
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E

LAO + YBCO/SRO + 2 Pt layers
~239.4 nm

Fig.1 TEM imaging of 38 bilayers YBCO (~6 nm) / SrRuOs (~ 0.3 nm)
film.

The YBCO/BFO film consisted of 28 bilayers, with a film
thickness of 300 nm, with YBCO layers ~11.0 nm per layer,
and the BFO comprising 1.4 vol. %. From Fig. 3(b), at 65 K,
this film performed better than the YBCO film for fields less
than 15000 Oe. Similarly, the BFO doped film performed bet-
ter at 50K, at fields less than 32,000 Oe. At 20 K, the
BFO/YBCO film performed better than YBCO at fields be-
tween 600 and 44,000 Oe, while at 5 K, current density was
less than that for YBCO.

The YBCO/YIG film consisted of 38 bilayers, with a film
thickness of 254 nm, with YBCO layers ~6.0 nm per layer,
and the YIG comprising 3.6 vol. %. From Fig. 3(c), at 65 K,
this film performed better than the YBCO film for fields less
than 46000 Oe. Similarly, the Y1G doped film performed bet-
ter at 50 K, at fields less than 80,000 Oe. At 20 K, the
YIG/YBCO film performed better than YBCO at all fields
measured up to 100,000 Oe, while at 5 K, current density was
greater than that for YBCO at fields less than 12,000 Oe.

The YBCO/SRO film consisted of 38 bilayers, with a film 1
thickness of 240 nm, with YBCO layers ~6.0 nm per layer,
and the SRO comprising 2.4 vol. %. From Fig. 3(d), at 65 K,
50 K, and 20 K, this film performed better than the YBCO
film for all fields measured up to 100,000 Oe. However, at
5 K, current density was similar to YBCO at fields less than
400 Oe, but performed below YBCO for greater applied fields.

Fig. 2 TEM imaging of 38 bilayers of YBCO (~6 nm) / Y3FesO3, (~0.2 nm)
film.
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Fig. 3. Current density vs. applied field for multilayer YBCO with a)

LCMO, b) BFO, ¢) YIG, d) SRO layers.
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Fig. 4 shows a comparison for all 4 types of magnetic doped
YBCO films studied with a separate current density verses
field graph for each temperature measured. In Fig. 4(a), at
65K, the BFO doped YBCO film the best for fields less than
5000 Oe. The YIG doped film had the highest current density
for fields between 5000-38,000 Oe. At fields greater than
38000 Oe, SRO had the best performance. In Fig. 4(b), at
50 K, the YIG/YBCO multilayer film attained the highest cur-
rent density up to fields of 73,000 Oe, with SRO performing
the best at even greater fields. At 20 K, (Fig. 4(c)), the YIG
doped YBCO film reached the highest current density for all
applied fields, followed by SRO with the second highest re-
sults. For a temperature of 5 K, (Fig. 4(d)), YIG had a higher
current density than YBCO for fields less than 17,000 Oe,
with similar performance to YBCO at higher fields.

IV. CONCLUSION

multilayer films consisting of alternating bilayers of mag-
netic constituents with YBCO, illustrates the presence and
benefits of both pinning of the magnetic flux of the vortices
and core pinning by nanoparticles and their resulting defects in
the film. In addition to the presence of magnetic nanoparticles
(LCMO, BFO, YIG, SRO), TEM also revealed the presence of
Y203 nanoparticles, which also contribute to flux pinning. The
resultant films grew epitaxially with good crystalline structure,
which was confirmed by XRD, T, and T¢ pwam measurements,
with the exception of BFO multilayer film. The BFO/YBCO
film’s T, degradation may have been due to formation of reac-
tion products. Utilizing magnetic additions increases the pin-
ning capability due to pinning the magnetic flux for fields less
than the coercive fields of the additions, while also contrib-
uting as nanoparticle core pinning of vortices at fields greater
than the coercive fields. The comparison of current density
verses field measurement results illustrate the benefit of utiliz-
ing the different doped films for different application condi-
tions. Based on these results, BFO/YBCO and YIG/YBCO
multilayer films would be suitable for high temperature and
low field applications, such as cables. YIG/YBCO and
SRO/YBCO would be suitable for mid temperature and mid
field applications, such as motors and generators. YIG/YBCO
multilayer was the only system studied with good low temper-
ature performance at 5 K, but only surpassed YBCO at fields
less than 17,000 Oe. This research leads to a better under-
standing of the impact of magnetic additions on YBCO film
performance, and how it could be utilized for various applica-
tions.
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