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Abstract. Strong and isotropic vortex pinning landscape is demanded for high field applications of
YaBa,Cu3O7.« (YBCO) epitaxial thin films. Double-doping (DD) of artificial pinning centers (APCs)
of mixed morphologies has been identified as a viable approach for this purpose. This work presents a
comparative study on the transport critical current density J. (H, 0) of 3.0 vol.%Y,03+2.0 (or 6.0) vol.%
BaZrOs; (BZO DD) and 3.0 vol.%Y»0s3+ 2.0 (or 6.0) vol.% BaHfO; (BHO DD) films. Based on the
elastic strain model, BaHfO; (BHO) nanorods have lower rigidity than their BaZrO; (BZO)
counterparts, which means their c-axis alignment is more susceptible to the local strain generated by the
secondary dopant of Y,03. Considering the increasing strain field with higher BZO (or BHO doping),
the higher susceptibility may result in a large portion of the BHO APCs moving away from perfect c-
axis alignment and enhancing isotropic pinning with respect to the H orientation. This is confirmed
since the BHO DD films illustrate a less pronounced J. peak at H//c-axis and hence more isotropic J(0)
than their BZO DD counterparts. At 9.0 T, the variation of the J; across the entire 6 range (0-90 degree)
is less than 18% for the BHO DD film, in contrast to about 100% for the 2.0 vol.% BZO DD counterpart.
At the higher BHO concentration of 6.0 vol.%, this higher tunability of the Y>Os leads to increased ab-
plane aligned BHO APCs and hence enhanced J. at H//ab-plane.

1. Introduction

Artificial pinning centers (APCs) created by inserting impurity phase materials like BaZrOsz (BZO),
BaSnOs; (BSO), BaHfOs; (BHO), and YBax(Nb/Ta)Og in the film matrix have shown to provide an
effective approach to enhance the critical current density Jc in applied magnetic fields (H) [1-7]. This
has motivated efforts in controlling the APC morphology, dimension, orientation, and concentration for
optimized Jc (H, 0, T). Double doping (DD) has been recently employed to generate APCs of mixed
morphology such as 1D+3D APCs in BZO+Y,0s3 [1, 8], BSO+Y.0; [9, 10], BHO+Y:0; [11],
BaTiOs+Y,03 [12] and Ba Y (Nb/Ta)O¢ [13, 14] doped RE-123 matrices. The c-axis aligned 1D APCs
can provide strong correlated pinning to address the weak pinning due to the layered structure of the
RE-123. The 3D APCs have been found to further reduce the angular dependence of the Jc with respect
to the H orientation. Among others, the BSO+Y,0; (or Y211) doped YBCO thin films and conductors
(BSO DD) have received most intensive study since BSO 1D APCs (or nanorods) have a relatively
larger diameter of 7-10 nm [10] than the most other 1D APCs’ and therefore remain their c-axis
alignment in the BSO DD films in the moderate doping range [9, 11, 15]. 1D APCs of smaller diameters,
such as BZO (5-6 nm) [3], BHO (4-5 nm) [2] are expected to have less rigidity and therefore are more
susceptible to the local nonuniform strain field, induced by seeded growth, or DD, or vicinal growth,
resulting in shorter segments of 1D APCs or splayed around the c-axis [7, 8, 16] An unique benefit of
the more disordered APC landscape study is the reduced strain field overlap at high APC concentration
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and hence reduced T, degradation and improved Jc at 77 K. In DD format, 1D APCs of smaller diameters
may allow high concentration doping for enhanced isotropic pinning.

Motivated by this, we investigate transport J¢(H,6) in 2 and 6 vol.% BZO or BHO + 3 vol.% Y03 (BZO
or BHO DD) in YBCO thin films. Although having comparable diameters of ~5-6 nm [17, 18], BZO
1D APCs have higher rigidity than their BHO counterparts according to an elastic strain model [19] with
consideration of the lattice mismatch of APC and YBCO along with the elastic properties of both. The
comparison of the 2 vol.% BZO and BHO DD films has revealed promising trend anticipated from the
theory. At 9.0 T, for example, the variation of the J; across the entire 6 range (0-90 degree) is less than
18% for the BHO DD film, in contrast to about 100% for the 2 vol.% BZO DD counterpart. This work
intends to further this study by including the 6 vol.% BZO and BHO DD films in this comparative study
of the transport J.(H,0) at different temperatures (77 K and 65 K) and field up to 9.0 T at different
orientation at 6 =0° (H//c-axis), 6 = 45°, and 6 = 90° (H//ab-plane). A strong and isotropic pinning can
be achieved in the low concentration (2 vol. %) BHO DD film, a significant orientation switch of BHO
APCs from c-axis aligned to ab-plane aligned occurs at 6 vol.% and hence improves Jcat 6=90°. This is
in contrast to the well mixed APC morphology in 6 vol% BZO DD case.

2. Sample preparation and experiment

A fixed 3 vol.%Y 03 and variable 2 and 6 vol.% BaZrO; or BaHfO3; mixed with YBCO targets were
used to fabricate two sets of BZO DD and BHO DD thin films on (100) SrTiO3 (STO) single crystal
substrates at their optimum growth temperatures 825 °C and 810 °C, respectively, using pulse laser
deposition (PLD). PLD system utilizes a Lambda Physik LPX 300 KrF excimer laser of wavelength ()
=248nm and a fluence of approximately 1.6 J/cm? for the depositions. All the films were deposited at
laser energy of 450 mJ and a repetition rate of 8 Hz, within the 300 mTorr oxygen pressure which were
annealed for 30 minutes at 500 °C within an oxygen environment after deposition. The thicknesses of
the film were around 140 nm and 160 nm for BZO DD and BHO DD thin films, respectively.

For electrical transport measurement, two parallel microbridges of the width ~20 um or ~40 um and the
length ~500 um were patterned respectively using photolithography. Quantum Design Evercool 11
Physical Properties Measurement System (PPMS) with a vibrating sample magnetometer (VSM) was
utilized for measuring the critical temperature (T¢) and the transport J. (H) at H orientations of 6 = 0°
(H//c-axis), 45°, and 90° (H//ab plane) in the plane where H is always perpendicular to J.. Angular
dependence J¢(0) at different field was also measured for understanding isotropic pinning properties. To
minimize sample heating effect short current pulses of width of 50 ms and pulse interval of 3.0 s were
employed in the I-V measurement.

3. Results and discussions

Figures 1a-d compare the X-ray diffraction (XRD) 0-20 spectra of 2 vol.% and 6 vol.% BZO DD or
BHO DD films. The major diffraction (00l) peaks for all films indicate they are highly crystalline c-axis
oriented. The c-axis lattice constants are 1.172 nm and 1.177 nm for 2 vol.% BZO and BHO DD
respectively, and 1.173 nm for 6 vol. % BZO or BHO DD films. Some weak peaks are also observed
which are attributed to either crystalline BZO (or BHO) or Y03 APCs. A distinctly larger full width at
a half maximum (FWHM) of 2 vol. % BZO DD (0.839 deg.) compared to FWHM of 2 vol. % BHO DD
(0.353 deg.) implies a more disturbance of lattice in former as compared to the latter. However, the
comparable FWHM of 0.489 deg. and 0.567 deg., respectively for 6 vol. % BZO DD and BHO DD
films suggests the difference in the YBCO lattice in the two cases reduces considerably at higher BZO
(or BHO) concentrations.

Figures 2a-c compare the Jc(H) curves in the field up to 9.0 T at H orientations of 8 = 0° (H//c-axis),
0=45°, and 6=90° (H//ab plane) for 2 vol.% BZO DD (circle) and BHO DD (inverted triangle) films
measured at 65 K (open) and 77 K (solid and half filled). At 65 K, J.(H//c-axis ) is slightly higher for 2
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vol.% BZO DD film at all field range up to 9.0 T while the lower J.(H) value of this sample at 77 K
may be due to the lower T, ~ 85.71 K for BZO DD film as compared to the T.~ 87.08 K for 2 vol.%
BHO DD film. This same T effect may explain the lower J.(H) value of the 2 vol.% BZO DD film at
0=45°, and 6=90° (Figures 2b-c). Based on the comparison at 65 K, both 2 vol.% BZO DD and BHO
DD samples have high-concentration c-axis aligned 1D APCs as indicated by the high J.(H) at H//c-
axis. These 1D APCs act
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Figure 1. XRD 6-26 scan for (a) 2 vol.%, (b) 6 vol.% BZO + 3 vol.% Y,03; (BZO DD), and (c) 2 vol.%,
(d) 6 vol.% BHO + 3 vol.% Y03 (BHO DD) doped YBCO thin films on STO substrates. Indices follow
the same for the 2 and 6% BZO DD, and 2 and 6% BHO DD respectively.

as strong correlated pinning centers up to the so called matching field H=n*¢o, where n is the areal
density of 1D APCs in c-axis and ¢o is the flux quantum. Quantitatively, this enhanced pinning can be
described by the a value through fitting of Jo(H)~H™. For reference, YBCO films without APCs, 0~0.5-
0.6 [20]. The enhanced pinning in the 2 vol.% DD samples is illustrated in the much reduced a value ~
0.17 and 0.16 for the 2 vol.% BZO DD and BHO DD respectively. At 65 K, the trend at 6=45°, indicates
the enhanced pining at wide angular range is probably due to misaligned 1D APCs rather by splayed
BHO 1D APCs which probably could pin the vortices in small angular range (Figure 2b). Interestingly,
at 65 K, Jc (H // ab-plane) overcomes for 2 vol. % BHO DD film at higher field (>2.0 T) which can be
seen as the crossover of the Jc at round 2.0 T (Figure 2c¢). This crossover trend of Jc(H) value at 6=45°
and 6=90° is an indication of strong pinning ability of BHO APCs not only along ab-plane but also the
angle between c-axis and ab-plane. Such enhancement at wide angular range may possibly due to the
formation of misaligned and short BHO APCs in the film by influence of kinematic diffusion of BHO
along c-axis in the presence of Y0s.

In parallel, the J.(H) curves of the 6 vol.% BZO DD (circle) and BHO DD (inverted triangle) measured
at the same conditions are compared in Figures 2d-f. With the increasing BZO and BHO doping to 6
vol.%, the overall J.(H//c-axis) is higher for BZO DD film for the entire field range 0-9.0 T, and at both
temperature 77 K and 65 K. Interestingly, the T values for 6 vol.% BHO DD film reduces to 85.8 K in
contrast to T ~ 87.8 K for 6 vol.% BZO DD films. Despite of similar PLD sample fabrication process
was used to these films, 3 vol.% Y03 influenced differently in pinning landscape. The increase T for
6 vol.% BZO DD film is probably through reducing strain field overlap, is also observed in 6 vol.%
BZO single doped YBCO film on vicinal substrate [3]. Since J.(H)~effective length of APCs, the higher
Je(H//c-axis) at 65 K for 6 vol.% BZO DD possibly due to longer effective c-axis aligned 1D APCs. The
similar trend with comparable J.(H at 6=45°) for both 6 vol.% BZO and BHO DD films observed at 65
K, where T, effect is negligible, implies comparable pinning strength of 1D APCs (Figure 2e).
Interestingly, at 65 K, J; (H // ab-plane) overcomes for 6 vol.% BHO DD film at higher field (>2.0 T)
same as the 2 vol.% BHO DD film. The slow decrease of J. at high field when H // ab-plane or about
1.7 times higher J.(H // ab-plane) in average for the entire field upto 9.0 T compared to J.(H // c-axis)
at 65 K for 6 vol.% BHO DD indicates the strong pinning possibly due to ab-aligned BHO 1D APCs.
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However, the reverse results are observed in 6 vol.% BZO DD film in which higher J.(H) along c-axis
compared to ab-plane. The higher J; (H // ab-plane) may be due to strong intrinsic pinning of layered
structure or intrinsic pining plus 1D APCs aligned along ab-plane. The former may cause sharp J¢(0) at
0=90° while latter may cause wider peak at around 6=90°. The latter may be more convincing in this
case as we have observed wider J.(6=90°) [details in later section].
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Figure 2. Jc vs. H curves measured on 3% Y,03+2% BZO or BHO doped YBCO (BZO (circle) or BHO
(inverted triangle) DD) nanocomposite films at (a) 6 =0° (H//c-axis), (b) 6 =45° and (c) 6 =90° (H//ab-
plane) and 3% Y.03;+6% BZO or BHO doped YBCO (BZO or BHO DD) nanocomposite films at (d)
0 =0° (H//c-axis), (e) 6 =45° and (f) 6 = 90° (H//ab-plane) at 77 K (solid and half filled) and 65 K
(open) respectively.

Figures 3a-c compare the field dependence of the pining force density Fi,=/ x H at 77 K and 65 K at
field ordination 6=0° (H // c-axis), 6=45° and 6=90° (H // ab-plane) for 2 vol.% BZO or BHO DD film.
Except H at 6=90° for 2 vol.% BZO DD film, F}, vs H curve show the typical inverted bell shape with
different F, peak location (Hmax) and peak value Fmax. At H // c-axis (Figure 3a), the Hmax , representing
so called matching field, are comparable for BZO and BHO APCs at 65 K, explore the comparable
number density of APCs are effectively acting along c-axis. Noticeably high F max (~ 1.5 times) for BZO
DD compared to BHO DD films at 65 K, where T effect is negligibly small, support the argument of
strong F, (=n*f,, n is the effective no density of APCs and f, is the pinning force per unit length of
APCs) through longer BZO 1D APCs aligned to c-axis. Interestingly, the same trend is not followed
when H at 6=45°and H // ab-plane (Figures 3b and 3c¢) at 65 K. At both temperatures, the F maxand Hmax
are higher for BHO DD films especially the cross-over of Fmaxat 4.5 T and 2.5 T respectively, is an
indication of increasing effectiveness of the BHO 1D APCs. In addition, at 65 K, and H at 0=45°, Fpmax~
26.71 GN/m?®, and Hmax~8.5 T are about 1.14 and 2.0 times higher respectively for BHO DD film
compared to its counterpart. The similar trend of Fymax and Humax are observed at H // ab-plane (Figure
3c). It further implies that the addition of 3 vol.% Y»Oj; influence more on orientation and morphology
of BHO APCs compared to BZO APCs due to higher tunability of BHO as predicted theoretically in
our other paper [21].

In addition, Figures 3d-f compare the £, vs H curves measured at the same condition for 6 vol.% BZO
or BHO DD film respectively. The higher F}, max are observed for BZO DD films except when H // ab-
plane, at which F, max overtakes for BHO DD film. At 65 K, when H // c-axis, Fymax~ 67.99 GN/m® for
BZO DD is about 1.5 times in contrast to BHO DD F}max~ 45.78 GN/m’ but lower Hyax~7.0 T for
former compared to Hmax~8.5 T latter. It means weaker pinning strength (measured through Hmax) of
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BZO APCs compared to BHO APCs along c-axis. Interestingly, F,max gap decreases when H at 6=45°
(Figure 3e) with Fmax~40.65 GN/m* for BZO DD. It is only about 1.3 times higher than BHO DD.

But the higher Hinax~6.0 T for BHO DD compared to 4.5 T for its counterpart. It is indicative of higher
pinning strength possibly due to high effective areal density of misaligned BHO APCs. At 65 K, the
constant difference of Hmax (1.5 T) when H // c-axis and H at 6=45° for both films suggest the equable
pining strength of BZO and BHO APCs along those directions. However, the same trend is not followed
for the field (H) // ab-plane (Figure 3f). The higher Fjmax>78.63 GN/m*for BHO DD is an indicative of
the strong pinning by BHO APCs in contrast to BZO APCs (Fpmax~68.72 GN/m?). More interestingly,
the constant gap of F, max beyond 6.0 T, at H // ab-plane explores the fact that the almost an equal number
of effective 1D APCs are involved in vortex pinning in both cases. The bell shaped F}, vs H curve for 2
vol.% BHO DD film has changed to constantly increasing Fymax at #>6.0 T for 6 vol.% BHO DD also
suggests that BHO APCs has more tunability in the presence of Y>Os3 in contrast to BZO APCs. It further
suggests that the orientation of 1D APCs more likely changes from c-axis alignment to ab-plane
alignment with increasing BHO concentration to 6 vol.% compared to similarly doped BZO film
(Figures 3c and 3f). This result is different from BZO DD case in which 6 vol.% BZO DD film shows
more isotropic at low temperature (< 65 K) in compared to lower BZO concentration [1]. This indicates
that the BZO APCs in DD film may provide effective APCs along with Y>O; improving vortex pinning
for the field orientation other than c-axis.
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Figure 3. F, vs. H curves measured on 3% Y»03+2% BZO or BHO doped YBCO (BZO (circle) or
BHO (inverted triangle) DD) nanocomposite films at (a) #=0° (H//c-axis), (b) #=45° and (c) ,6=90°
(H//ab-plane) and 3% Y.03+6% BZO or BHO doped YBCO (BZO or BHO DD) nanocomposite films
at (d) @=0° (H//c-axis), (e) =45 and (f),6=90° (H//ab-plane) at 77 K (solid and half filled) and 65
K (open) respectively.

Based on the discussion so far, the schematic of the BZO, BHO and Y03 nanostructures morphology
and orientation in BZO DD (a,c) and BHO DD (b,d) films can be schematically represented as in Figures
4a-d. At low concentration (2 vol.%), the orientation of 1D-APCs may be perpendicular to the surface
(c-axis of the film), but they may form more splayed and short APCs in BHO DD compared to BZO
DD film. However, at higher concentration (6 vol.%), 1D APCs may noticeably be either parallel or
perpendicular to the surface (ab-plane or c-axis) of the films. Due to the higher rigidity of BZO compared
to BHO, the majority of the BZO 1D APCs may form along c-axis of the film in contrast to BHO 1D
APCs along ab-plane (Figures 4c and 4d).
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Figures 5a-b compare the J.(0) curves at 65 K, for 2 vol.% and 6 vol.% BZO and BHO DD films
respectively. The differences in J«(8) curves of 2 vol.% BZO and BHO DD films (Figure 5a) are the
lower Je,max (Jo peak value) and higher Je,min (the lowest J. value of the J.(0) curve) for the entire angular
range 6=0°-90° in BHO DD film compared to BZO DD film at 5.0 and 9.0 T. The reducing value of
Je,min indicates weaker vortex pinning in that angular range while increasing Jc,max is indicative of strong
pinning by parallel 1D APCs aligned either along the c-axis or ab-plane. The J. anisotropy ((Je,max -
Jo.min)/Je min) is about 129% for the BZO DD film at 5.0 T in contrast to 47% for its counterpart BHO DD
(Figure 5a). J. anisotropy further reduces to 100% at 65 K and 9.0 T for BZO DD film which is still 5
times higher than the J; anisotropy of BHO DD film at same field and temperature. This indicates that
at lower concentration (2 vol.%) BHO DD film shows more isotropic pinning compared to its
counterpart BZO DD film.
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Figure 5. Angular dependence of J, measured on (a) 3% Y205+2 vol% BZO or BHO doped YBCO
(BZO(solid) or BHO (open) DD) (b) 3% Y»03+6 vol% BZO or BHO doped YBCO (BZO or BHO DD)
nanocomposite films measured at 5.0 T (circle), and 9.0 T (diamond) at 65 K.

However, this trend doesn’t follow for the 6 vol. % DD films. At 65 K, the overall .J is higher for 6
vol% BZO DD film for the entire angular range as defined previously at 5.0 T and 9.0 T. Thus, an
increase of J.(0) value for wide angular range for BZO DD film is indicative of strong and effective
pinning by 1D APCs along with 3D APCs for the field other than c-axis compared to BHO DD film.
Comparing 2 vol.% DD films, J. peaks are observed at H // c-axis and H // ab-plane for both 6 vol.%
DD films. There is an absence of such peak at H // c-axis in 2 vol.% BHO DD film appears at 6 vol.%
BHO DD films. The J. anisotropy of 6 vol.% BZO DD at 5.0 T is about 60% compared to 111% for
BHO DD film. In addition, at 9.0 T, J. anisotropy is about 92% for the BZO DD film which is almost
half of the BHO DD film (173%). The increasing .J. anisotropy in BHO DD film may be due to
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increasing J. peak towards the ab-plane rather than J. peak at c-axis which is different from BZO DD
film at which J. peaks appear at around c-axis. It means at 6 vol.% BZO DD film, more isotropic pinning
is observed in contrast to BHO DD film. This illustrates that the influence of Y,O3 in BZO and BHO
1D-APCs is different, more in the latter compared to former.

4. Conclusion

A comparative study of the transport J. (H, 0) of the BZO DD and BHO DD films has been carried out
at 77 K and 65 K, in magnetic field up to 9.0 T. A secondary Y,03; 3D APC doping was employed to
probe the susceptibility of the c-axis alignment of BZO and BHO nanorods to the local strain generated
by the Y203 3D APC. At a fixed 3.0 vol.% of Y203 3D APC doping, the concentration of the BZO and
BHO nanorods was varied from 2.0 vol.% to 6.0 vol.%. At the 2.0 vol.% concentration, the BHO DD
film shows more isotropic pinning in the entire field range at 65 K, reducing J. anisotropy. At the higher
concentration of 6.0 vol.%, the overall higher J.(0) values are observed in BZO DD samples for wide
angular range from H//c-axis at 65 K except around H//ab-plane. This may be attributed to the switch of
a larger proportion of the BHO APCs to ab-plane alignment at the higher strain field overlap as compared
to the BZO counterparts. Consequently, the J. anisotropy increased from 18 % at 2.0 vol.% to 173% at
6.0 vol.% BHO concentration in BHO DD films at 9.0T and 65 K. This is in contrast to the opposite
trend of the J. anisotropy of 100% to 92% at the same condition in BZO DD films as the BZO
concentration was increased from 2.0 vol.% to 6.0 vol %. This result illustrates the importance of
understanding the effect of the strain field on the APC morphology via DD and other approaches.
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