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ABSTRACT

We report a novel doping strategy for YBa:CuzO7x (YBCO) superconducting films
by using a positive mismatch, Ba2YNbOg (BYNO), and a negative mismatch, LaAlO3
(LAO), imultaneously. Double doping can significantly reduce the c-strain in the
YBCO film by canceling the strain between the two dopants. By systematically
optimizing the doping amount of both BYNO and LAO, it was found that BYNO and
LAO do not act equally. The microstructure and distribution of both BYNO and LAO
were investigated with magneto-optic microscopy and scanning electron microscopy.

The effect of BYNO and LAO on pinning was confirmed. The results of this study



will help select appropriate positive mismatch and negative mismatch dopants, which
is fundamental to the design and fabrication of pinning centers to fit different

application scenarios.

INTRODUCTION

REBa,Cuz07.x (REBCO) superconductors have been widely used in multiple fields,
including motors [1], generators [2], cables [3], Superconducting magnetic energy
storage (SMES)[4], current limiters [5], transformers [6], and current leads [7].
Moreover, REBCO is one of the most abundant superconductor materials of insert
coils for extremely high-field user magnets. Multiple whole superconductor high
magnetic field magnets have been fabricated, such as 30.5 T in RIKEN [8], 26.4 T in
SUNAM [9], and 32 T, at the National High Magnetic Field Laboratory (Maglab) [10].
In 2019, our group at the Institute of Electrical Engineering, Chinese Academy of
Sciences (IEE CAS) successfully fabricated a 32.35 T instrument by using REBCO as
the insert coil, which is the world record highest magnetic field value of whole

superconductor magnet [11].

The REBCO tape must have different properties to fit the requirements of diverse
application scenarios, which has attracted considerable research [12—7]. The artificial
pinning center (APC) has proved to be the most effective method to improve the
superconducting properties of REBCO materials. Multiple compounds have been
investigated, including BaZrO3 (BZO) [18], BaHfO3 (BHO) [19], BaSnO3 (BSO) [20],

Ba,YNbOs (BYNO) [21], Ba2YTaOs (BYTO) [22], and Ba,Y(Nb,Ta)Os (BYNTO)



[23]. However, the suitability of each type of APC or dopant for different applications
IS not yet clear. In 2017, McManus-Driscoll published a review paper on APCs, which
includes a systematic survey of studies on the pinning centers for different application
scenarios [24]. Therein four different kinds of APCs are discussed: 3D, 2D, 1D, and
OD. The 1D and 2D APCs are used in high-temperature and low-field scenarios, such
as cables, current limiters, and transformers, while the 3D and OD APCs are more

suitable for low-temperature and high-field scenarios, such as magnets.

The review of McManus-Driscoll focused on the pulsed laser deposition (PLD)
method. However, in the metal-organic deposition (MOD) method, it is difficult to
obtain a 1D or 2D APC due to the reaction mechanism of the method. Most pinning
centers are either 3D or 0D, which are voids and secondary phases or tiny defects,
such as vacancies and substitutional atoms, respectively [13]. Along with the pinning
effect of the dopant, a large nanostrain is also present [24]. The pinning force can be
improved by increasing the dopant amount. However, the associated large strain can
cause macro-level defects such as cracks in the film, which result in severe
deterioration of the superconducting properties. Normally, the doping amount cannot

exceed 10 mol%.

Recently, we reported a novel doping strategy using two dopants simultaneously [25].
The nanostrain decreased significantly when BYNO (which has a lattice mismatch of
8.34% with YBCO) and LaAlO3 (LAO) (which has a lattice mismatch of -1.51% with

YBCO) were added together with a YBCO film. The sample with 1.25 mol% LAO



and 7.5 mol% BYNO had 25%~30% of strain as compared to the scenarios where
LAO and BYNO were single doped. In this study, the double doping quantities of
LAO and BYNO were systematically optimized, and the effects of LAO and BYNO

in the double doping process were assessed.

EXPERIMENT

The precursor solutions for low-fluorine YBCO were prepared in four steps. First,
acetylacetone of aluminum, acetylacetone of lanthanum, the acetates of yttrium, and
the acetates of barium were dissolved in deionized water and then mixed with
trifluoroacetic acid anhydride. The mixed solution was continually stirred for 2 h at
50 °C and evaporated to remove impurities, which were redissolved in methanol.
Second, copper acetate was dissolved in deionized water and acrylic acid was poured
stoichiometrically. The solution was continuously subject to reflux for 1 h at 80 °C.
Then, the solution was evaporated and redissolved as in the first step. Third, the
solutions from the first two steps were mixed and evaporated thrice. Finally, niobium
ethoxide was added drop-wise into the mixed solution in a glovebox under an Ar
protective atmosphere, and the metered volume for the concentration of the cations of
YBCO was maintained at 1.5 M. It is worth to point that we employ compensation
method to prepare the solution, in other way, the amount of Y and Ba is excessed in

the first step to compensate BYNO.

The precursor solution was deposited on a 5 mm x 5 mm LAO single crystal by spin

coating at 6000 rpm for 60 s. The heat treatment process was similar to those used in



other studies [26]. Briefly, epitaxial films were grown at 830 °C for 90 min in a
humid atmosphere and 30 min in a dry atmosphere (200—300 ppm of O in Ar). The
superconducting phase was achieved by annealing at 450 °C for 3 h in an oxygen

atmosphere.

The phase formation, the nanostrain in the c direction, the ¢ scan curve, and the
rocking scan curve were measured using X-ray diffraction (XRD), conducted using a
Rigaku smart-lab diffractometer (Rigaku, Japan). Scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDS) were used to detect the
microstructures. The superconducting properties were measured using a vibrating
sample magnetometer (VSM). Magneto-optic microscopy (MO) was used to detect

the pinning effect in the YBCO film.

RESULTS

Figure 1 shows the texture, strain, and Jc distribution of double-doped YBCO films
with different quantities of LAO and BYNO. As the mismatch of BYNO (8.34%) was
much larger than that of LAO (-1.51%), the strain of the single BYNO doping sample
was much higher than that of the LAO sample, even with an equal amount of doping.
It was observed that the c-strains of all the double doped samples were lower than the
single doped samples. This indicated that the double doping of positive mismatch
BYNO and negative mismatch LAO could indeed cancel the strains of each other.
The c-strain for LAO between 0-5 mol% and for BYNO between 1.25-7.5 mol% was

the lowest, as shown by the dark blue area in figure 1 (a). The lowest c-strain value



was 0.026, which is only one-third of the 7.5 mol% single BYNO-doped sample

(0.093).

Unlike the c-strain, the (005)-FWHM showed a lower value at the lower doping
amount, as shown in figure 1 (b). It seems that the single-doped sample had a slightly
worse out-of-plane orientation than the double-doped sample. The doping amount
with double doping was also higher. However, the enhancement of double doping in

the out-of-plane orientation was not as significant as that in the strain.

In the Jc distribution at 77 K with different applied fields, it was observed that the
double doping significantly enhanced the Jc value as compared to the single-doped
samples, as shown in figure 1 (c) — (). This shows that the maximum J¢ area overlaps
with the low strain area, indicating that doping the positive mismatch dopant and
negative mismatch dopant could cancel the strain and enhance the J. of the YBCO
film. With an increase in the applied field, the maximum area shrunk towards the high
BYNO and low LAO direction. The best doping occurred at 1.25 mol% LAO + 7.5

mol% BYNO, which also had the lowest c-strain value.
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Figure 1 Distribution of (a) c-strain, (b) (005) FWHM, and Jc at 77 K, () 0.5 T, (d) 1
T, () 2T, and (f) 3T of the YBCO film with different amounts of LAO and BYNO.
The white stars show the the sample of 2.5L+7.5B and 7.5L+2.5B, which are

discussed later.

Except for (005)-FWHM, none of the other figures showed any kind of symmetry,
indicating that the low BYNO and high LAO are not equal to the high BYNO and low

LAO. Therefore, it is worth further exploring the effect of BYNO and LAO in the



double doping process. Two samples with a total doping amount of 10 mol% were
chosen: 7.5 mol% LAO + 2.5 mol% BYNO and 2.5 mol% LAO + 7.5 mol% BYNO,

referred to as 7.5L+2.5B and 2.5L+7.5B, respectively.

Figure 2 shows the XRD results of the two samples. Both samples showed a strong
YBCO c-orientation. The peak at 43.16° corresponds to the BYNO phase. The peak
intensity was higher in 2.5L+7.5B. The c-strain, ¢ scan, and rocking scan values are
shown in Table 1. It can be seen that both samples have very similar values of
orientation and strain. It is worth mentioning that the c-strain in both samples was
lower than the value of 10 mol% single LAO or 7.5 mol% BYNO, which indicates the

canceling effect on the strain in both the double-doped samples.

000 7 5| 42 58

10000 & ]
E =)

(005)

1000 [

== o)

il Lt
P 5L+7.58B

10000 £

Intensity(a.u.)

(001)

1000

100 L

Figure 2 XRD patterns of the YBCO film with different doping amounts of LAO and

BYNO.



Figure 3 shows the SEM images of the two samples. The 2.5L+7.5B sample had a
dense surface without visible a-axis grains. In contrast, the 7.5L+2.5B sample had
many small particles and voids. Moreover, some long a-axis grains were observed on

the surface, as shown in the red circles.
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Figure 3 SEM images of the YBCO film with different doping amounts of LAO and

BYNO: (a) 2.5L+7.5B and (b) 7.5L+2.5B.

Figure 4 and Table 1 show the superconducting properties of the two samples, which
are marked as white star in figure 1. Both samples showed a sharp superconducting
transition, as shown in figure 4 (a). Both T. values were approximately 90 K. This is
consistent with the high-purity XRD results, which indicate that the high amount of
double doping does not have a significant effect on the formation of the YBCO phase.
The Jc value of the 2.5L+7.5B sample was higher than that of the 7.5L+2.5B sample
at both 65 K and 77 K under all the applied fields. In particular, at 77 K, the Jc curve
of the 2.5L+7.5B sample had a lower slope as compared to the 7.5L+2.5B sample. As
shown in Table 1, the Jc value increased twice at 0.5 T, but nearly a factor of five at 3
T. The 2.5L+7.5B sample also showed an overwhelming pinning force, as shown in

figure 4 (c). To investigate the pinning mechanism, the pinning force curves were



fitted based on Ref. 27 and 28, as shown in figure 4 (d). Although the 2.5L+7.5B
sample had a stronger pinning force, it had the same pinning mechanism as that of the
7.5L+2.5B sample, which consists of “normal surface pinning”, such as the grain-,
twin- and martensite boundaries, stacking faults, dislocation arrays such as sub-grain
and polygonized boundaries, plate-like precipitates, and the surface of the
superconductor [27]. It was observed that both samples had the same type of pinning
center. Therefore, it can be deduced that the key to the excellent J. value of the

2.5L+7.5B sample is an improved distribution of the pinning centers.
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Figure 4 The superconducting properties of the YBCO film with different doping
amounts of LAO and BYNO: (a) Zero-field-cooled curve, (b) Jc vs. field curve at 77

Kand 65 K, (c) Fp vs. field curve at 77 K, and (d) Fp/Fp max VS. H/H, curve at 77 K.



Table 1 Orientation, strain results, and T¢, and J; values of the YBCO films with

different amounts of LAO and BYNO dopants

Je (MA/cm?
Sample (103) (005) c-strain e (at 77 i(m )
FWHM FWHM (K) 05T 3T
7.5L+2.5B 1.118 0.561 0.561 90.3 1.11 0.28
2.5L+7.5B 1.275 0.598 0.598 90.5 0.58 0.058

To further explore the difference in the pinning centers between the two samples, MO
was used. All the samples were zero-field cooled to 20 K, and a field perpendicular to
the plane of the film was added up to 85 mT. Then, the applied field was turned down
to zero, as shown in figure 5. It was observed that in the 2.5L+7.5B sample, the flux
only existed at the edge of the film and barely penetrated into the film at 17 mT. After
34 mT, the flux started to slowly penetrate into the film. However, it did not reach full
penetration even at 85 mT. The flux penetration had a relevant symmetrical shape,
and formed a classic shape at 85 mT. However, a few feather-like areas were
observed at the right and bottom of the film, indicating the existence of relatively
large defects in the film. In contrast, for the 7.5L+2.5B sample, the flux easily
penetrated the film even at 17 mT, and the penetration area is completely closed at 68
mT. The final shape was not symmetrical, and there was a significant additional area

in the middle, indicating a large defect in this sample.

During the demagnetization process, magnetic flux of opposite direction enters the
film from the edge cancelling the flux, which is already inside. In the 2.5L+7.5B

sample, even when the applied field was reduced to zero, large bright areas remained




in the middle of the sample, which demonstrates strong pinning preventing
penetration of negative flux. On the other hand, the previously trapped flux in the
7.5L+2.5B sample only existed in an “X” shaped area at the diagonal of the film. This
indicates that the sample barely trapped any flux during demagnetization. After
demagnetization, both samples were heated, as evidenced by the bright area in figure
6. It was observed that the 7.5L+2.5B sample completely entered the normal state at
88 K, while the 2.5L.+7.5B sample still retained the superconducting state, as shown
in the bright area in figure 6. The 2.5L+7.5B sample did not lose the superconducting
state even at 90 K, as shown in figure S1. Although the VSM results showed that both
samples have similar 7¢ about 90 K, the MO results allow to emphasize the difference

in their magnetic behavior close to this temperature.

The two samples had similar MO results at 5, 50, and 77 K, as shown in figure S2 —
S4. Tt can be concluded that the 2.5L+7.5B sample had a more robust and
homogenous pinning than the 7.5L+2.5B sample, which proves our conclusion from

the analysis of the pinning mechanism in figure 4 (d).
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Figure 5 MO images of the YBCO film with different doping amounts of LAO and

BYNO at 20 K.
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Figure 6 MO images of the YBCO film with different doping amounts of LAO and

BYNO.



To get additional information about the pinning centers, a combination of MO and
SEM was used. Figure 7 (a) and (b) are the MO images of both samples, that were
field cooled to under 25.5 mT to 5 K, and then the applied field was removed. It can
be seen that there are several feather-like dark areas in figure 7 (b) which are absent in
(a), which indicate that the 2.5L+7.5B sample trapped the supercurrent much better
than the 7.5L+2.5B sample. Small bright dots were observed in both MO images. The
SEM images of one such dot in the 2.5L+7.5B sample are shown in figure 7 (c). Two
mesh-like particles with sizes of approximately a few tens of micrometers can be
observed. Around these mesh-like particles, the surface of the film is smooth and
clean. In the area further away from the mesh-like particles, several nanodots can be
observed. Analyzing the element distribution using EDS, it was confirmed that the
mesh-like particles were LAO with a small amount of CuO. The smooth and clean
surface was pure YBCO, and the nanodots could be BYNO and LAO nanoparticles.
Figure 7 (e) — (g) show the field cooled MO images of the particles in figure 7 (c) at
different fields. It was found that in the area around the mesh-like particles, the
pinning effect was much lower than that of the surrounding area. Similar results were

obtained for the 7.5L+2.5B sample, as shown in figure S4.

It was found that the LAO has a tendency to agglomerate into large mesh-like
particles in our double-doped sample. Such tens of micrometer-sized LAO particles

could not act as pinning centers and caused an apparent low pinning area.



Figure 7 MO images of the field cooled YBCO films; (a) 2.5L+7.5B and (b)

7.5L+2.5B. (c) SEM images of small dots in (a). (d) EDS scans of the area (c). Field
cooled MO images of the area (c) in the 2.5L+7.5B sample at 17 mT (e), 8.5 mT (f),

and 0 mT (g).

DISCUSSION

From the results shown above, it can be confirmed that our novel double doping
strategy using both positive mismatch and negative mismatch dopants can
significantly decrease the nanostrain and increase the superconducting properties of
YBCO films. This can be used in two possible workflows. The first is to achieve the
same Jc value using a lower doping amount. The best Jc value of single doping
appears at 7.5 mol% for either BYNO or LAO. However, as shown in figure 1, only 2
mol% LAO + 2 mol% BYNO is required to obtain the same Jc value. At the same
time, the c-strain is of the 2 mol% LAO + 2 mol% BYNO phase is as low as that of
the pure YBCO phase, which is significantly lower than that of 7.5 mol% BYNO or
LAO. Since the YBCO is usually used under high field and high current, a large
Lorentz force is added to the YBCO film. The intrinsic strain in the film can cause a

sequence crack under the server force. Therefore, our novel double doping strategy



can prevent such cracks. The second option is to further improve the superconducting
properties based on the current single doping. As shown in figure 1, the maximum of
the double doping is twice as high as the maximum of single doping at 0.5 T and 77 K,

and is one order of magnitude higher at 3 T and 77 K.

However, there are a few issues that need to be solved. The first is the choice of the
dopant. To cancel the positive mismatch dopant and negative mismatch dopant, all the
dopants should be nanoparticles and homogenously distributed in the YBCO film.
According to our previous study [25], LAO can form nanoparticles. However, the
current study shows that the LAO can form nanoparticles and large agglomerates at
the same time. More importantly, the large agglomerates increase with an increase in
the LAO doping amount. It seems that LAO may not be the best choice for the
negative mismatch dopant. However, Y203, which has a -3.3% mismatch with YBCO,

could be a suitable choice.

CONCLUSION

In this study, we systematically optimized the doping amount of the positive
mismatch dopant BYNO and the negative mismatch dopant LAO. It was found that
double doping can significantly decrease the c-strain and increase the Jc value,
especially at high applied fields. At 77 K and 3 T, the maximum of the double doped
sample was one order of magnitude higher than the maximum of each individual
single doped sample. It was found that BYNO and LAO did not have similar roles in
the double doping process. The LAO has a tendency to agglomerate into mesh-like
particles with a size of tens of micrometers. The MO results showed that around such
mesh-like particles, the pinning is significantly weaker than that in other areas. It can
be concluded that the mismatch value is not the only standard for choosing the dopant.
In summary, the double doping strategy is a feasible and promising way to further
improve the superconducting properties of YBCO films by choosing appropriate

dopants.



SUPPLEMENTARY MATERIALS

See supplementary materials for the following information

Figure S1: The MO images of the 2.5L+7.5B sample at 90 K; Figure S2 The MO
images of the two sample at 5 K; Figure S3 The MO images of the two sample at 50
K; Figure S3 The MO images of the two sample at 50 K; Figure S4 The SEM images
and EDS results of the small particles in the 7.5L+2.5B sample
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