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Abstract—BaZr0O3 (BZ0O) and BaHfO; (BHO) form the com-
parable diameter ~5-6 nm of one-dimensional artificial pinning
centers (1-D APCs) in YBas Cus O7 _x(YBCO) film. However, the
lattice mismatch ~7.7% at the BZO/YBCO interface is slightly
higher than ~7.1% at the BHO/YBCO interface. This leads to
a much reduced interface dislocation density, and coherent inter-
face at the BHO/YBCO film that has found a critical effect on the
pinning efficiency of the 1-D APCs. This paper thus presents a
quantitative comparison of pinning efficiency of single doped 4.0
vol.% BZO/BHO (SD) and double doped 4.0 vol.% BZO(BHO) +
3.0 vol.% Y203 doped (DD) YBCO films. A significantly higher
pinning efficiency in terms of a maximum pinning force density
Fp max ~182 GN/m® at Hy,, ., > 9.0 T for BHO SD film may be
due to coherent interface. This is about 2.5 times higher than that
of its BZO SD counterparts at 65 K. In addition, the ratio of Hyax
and H*(accommodation field determined from the areal density
of the 1-D APCs using TEM) is calculated about 0.74 and 0.53 for
BHO SD and BZO SD films, respectively. This value is about 0.65
and 0.82 for BHO DD and BZO DD films, respectively at 65 K.

Index Terms—1D artificial pinning centers, APCs of mixed mor-
phologies, coherent interface, pinning efficiency, YBCO nanocom-
posite film.

1. INTRODUCTION

N THE past decade or so, the enhancement of the vortex
pinning in high temperature superconductors (HTSs) such
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as rare earth compounds Re( = Y,Sm,Gd)Bas Cuz O; (ReBCO)
has been investigated by many groups through self-assembly of
nanoscale artificial pinning centers (APCs) of the desired dimen-
sions and morphology in HTSs [1]-[4]. Many APC materials
have been reported including BaZrO3 (BZO), BaSnO3 (BSO),
BaHfO3(BHO), YBay(Nb/Ta)Og, Y/Gd/Sm)BasCuzO7__, and
Y505 [4]-[10]. The processes for self-assembly of APCs in Re-
BCO include pulse laser deposition (PLD), metal organic chem-
ical vapor deposition, solution method [11]-[15]. Considering
the anisotropy of the pinning due to layered structure of the HTS
materials, one dimensional (1D) APCs aligned in the c-axis have
received particular attention since they have shown to provide
strong correlated pinning and hence enhance the critical current
density J. in magnetic field (H) at H//c-axis. Consequently, a
broad peak of J. centered at H//c-axis with respect to the orien-
tation of the magnetic field (typically defined by angle § with
6 = 0 at H//c-axis and 6 = 90 degree at H//ab-plane) can be
observed, resulting in reduced the J.-anisotropy in magnetic
fields.

In ReBCO films and coated conductors, the c-axis aligned 1D
APCs of BZO [16], BSO [11], and BHO [17], [18] have been
studied intensively. While all these 1D APCs have shown cor-
related pinning at H//c-axis, a fundamental question arises on
what determines the pinning efficiency of an individual 1D APC
quantitatively? In order to shed light on this important question,
this work investigates the pinning efficiency of BZO and BHO
1D APCs in YBCO films. The BZO and BHO 1D APCs have
comparable diameters of 5-6 nm, allowing minimization of the
complication of the size effect on the pinning efficiency. More-
over, the lattice mismatch at the BZO/YBCO interface is ~7.7%,
which is slightly higher than that at the BHO/YBCO interface
of ~7.1%. This difference provides an excellent opportunity to
investigate the effect of the 1D APC/YBCO interface on the
pinning efficiency of these 1D APCs.

Specifically, the pinning efficiency of 1D APCs can be eval-
uated quantitatively from the transport measurement of critical
current density J.(H) at H//c-axis and from which the pin-
ning force density F, = J. x H can be derived. By choosing
4 vol.% BZO and BHO single-doped YBCO, the comparison of
the F}, (H ) curves at H//c-axis and 65-77 K and the microstruc-
tures of the APC/YBCO interfaces would allow correlation of
the pinning efficiency and the interface microstructure. Con-
sidering the pinning efficiency of a 1D APC may extend to a
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small angular range of € around 6 = 0 (H//c-axis), the angular
range of the 1D APC pinning efficiency is also investigated.
In addition to BZO or BHO single-doped YBCO samples, two
double-doped samples were also included in this study assum-
ing a secondary APC of 3 vol.% of Y,03 modifies the 4 vol.%
BZO or BHO 1D APC/YBCO interfaces and therefore affects
their pinning efficiency. The enhanced J.(H//c) with signifi-
cantly higher F}, max about 2.5 times and Hyax/H* (Hpax is at
which the Fp, yax is observed and H* is an accommodation field
calculated from interspace distance of APCs in TEM images)
about 1.5 times higher for the BHO/YBCO SD film is observed
compared to its BZO/YBCO counterparts. Considering Fp, max
and Hyax/H™ are quantitative expression of pinning efficiency,
this difference of pinning efficiency could be due to coherent
BHO APC/YBCO interface in BHO SD film in contrast to semi-
coherent BZO APC/YBCO interface in BZO SD film [19]. The
pinning efficiency of the 1D APCs is extended to about 22° in
both BZO/YBCO SD and DD films.

II. EXPERIMENT

BZO(BHO)/YBCO single and double doped nanocompos-
ite thin films were fabricated using pulsed laser deposition
(PLD) from targets with 4.0 vol.%, BZO(BHO) and 4.0 vol.%,
BZO(BHO)+ 3.0 vol.% of Y503 concentration respectively.
These films will be regarded as 4% SD and 4% DD for BZO
(BHO)/YBCO and [BZO (BHO) + Y2 O3]/YBCO films respec-
tively in the following. In an analogous way, the SD and DD
samples will be regarded as BZO (BHO)-SD, and DD nanocom-
posite films for simplicity. The BZO (BHO) - SD and DD films
were deposited on (100) SrTiO5 (STO) single crystal substrates
at the substrate temperature of 825 °C (810 °C) and for in
300 mTorr oxygen (Oy) pressure. After deposition, the films
were annealed for about 30 minutes at 500 °C in one atmosphere
Oy pressure. Films thicknesses were measured using K-16 Ten-
cor profilometer in the range of 140 nm—160 nm. Films were pat-
terned using standard photolithography to obtain microbridges
width of ~20 and 40 pm, and length of ~500 pm for the electric
transport measurement. J. was calculated by applying standard
1 pV/cm criterion. A Quantum Design Evercool II Physical
Property Measurement System (PPMS) was used for measuring
the transport J. (7', H, 6) as function of temperature 7 (65 K-77
K), magnetic field H (0.0-9.0 T), and the angle & between the
c-axis and H. The field H was maintained in the plane perpen-
dicular to the current. Lattice parameters were determined by
X-ray diffraction (XRD) analysis utilizing the Bruker D8 Dis-
cover diffractometer [15]. The microstructure and morphology
of the APCs nanostructures of the films were analyzed using
Transmission Electron Microscopy images taken from the FEI
Tecnai F20 analytical microscope.

ITI. RESULTS AND DISCUSSION

Figures 1(a)-(b) and 1(c)-(d) compare the XRD 6-26 spec-
tra for the BZO (BHO) SD and DD nanocomposite films re-
spectively. The clearly visible YBCO (001) peaks illustrate the
highly crystalline c-axis orientation normal to the surface of the
films. Some of the minor peaks are index as the BZO (BHO) and
Y203 peaks. In addition, YBasZrOg peak around 40 degrees in
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Fig. 1. (a)-(b) XRD £-26 spectra for the 4% BZO SD and DD, and (c)-(d) 4%
BHO SD and DD nanocomposite films on STO substrates respectively. Indices
follow the same for each set of figures.

TABLEI
GENERAL PARAMETERS C-AXIS LATTICE CONSTANT, FWHM oF YBCO (005)
PEAKS, CRITICAL TEMPERATURE T, 1D APC DIAMETER AND INTER 1D APC
SPACING MEASURED FROM CENTER TO CENTER, ACCOMMODATION FIELD (H*
= ¢,/D?), MAXIMUM PINNING FORCE DENSITY (F}; 1ax) AND MATCHING
FIELD (Hmax) AT 77 K AND 65 K FOR THE BZO (BHO) SD AND DD FILMS

Hijc-axis and  H//c-axis and

c-axis FWHM of 1D APC 1D APC

latice  YBCO T, . Spacing H* _ WTTK a6IK
Sample ID 005 K“ Diameter D

constant ( ) ( ) (nm) ( ) (T) Fp.lmx Hlmx Fp.max Hmnx
(A) peak (nm) (GN/m?) (T) (GN/m?) (T)
“ ""1';”;)3”0 1176 051 8584 48 130 122 228 7.5 182 9.0
4 "0'2/;)32‘0 1171 035 8748 58 150 92 1333 40 7237 50
4 ""]'I';/"DBHO 1175 075 866 46 130 122 736 40 6772 7.5
4 ““'];f;) BZO 1172 082 8769 57 150 92 333 55 4949 80

BZO SD film indicates the induction of Zr in YBCO matrix
while such a peak is not visible in BZO DD and BHO films. It
means Y203 may suppress the Zr diffusion in the BZO DD film
and Hf diffusion in YBCO matrix is not as easy as Zr diffusion.
The c- axis lattice constant of the SD and DD films are almost
constant individually for BZO and BHO films (Table I) while
slightly higher strained c-axis lattice (~11.75-11.76 A)forBHO
films is observed compared to c-axis lattice (~11.71-11.71 A)
for BZO films. It indicates that the coherent APC/YBCO inter-
face is maintained for BHO films through strained c-axis lattice
compared to strain released through defects and dislocations in
BZO films reducing coherency of APC/YBCO interface. The
larger values of full width at half maximum (FWHM) of YBCO
(005) peaks measured from rocking curves (not shown in Fig-
ure) for DD films, compared to FWHM of SD films (Table I) is
an indication of lattice distortion of the DD films due to addi-
tional Y03 nanoparticles. In fact, the dislocation and defects
at the APC/YBCO interface leads to c-axis lattice distortion and
increased FWHM in DD films. The increment of FWHM in
BHO DD film (~0.25) is about half of the increment of BZO
DD film (~0.5) compared to their SD counterparts indicates the
higher distortion of lattice by additional Y203 in BZO films in
compared to BHO films. The higher of T, values for both BZO
(BHO) DD films compared to SD films counterparts indicates
the reduction of strain field overlap by addition of secondary
dopant Y203 in DD films. However, such increment is higher
in BHO films from 85.84 K to 86.60 K than that of BZO films
from 87.48 K to 87.69 K (Table I).
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Fig. 2. Cross sectional TEM image of YBCO nanocomposite films doped
with (a) and (b) 4 vol.% BZO and 4 vol.% BZO plus 3 vol.% Y20z (c) and (d)
4 vol.% BHO and 4 vol.% BHO plus 3 vol.% Y, O3 films respectively.

Fig. 3.
films.

Fast Fourier filtered images of (a) 4% BZO SD and (b) 4% BHO SD

To understand the microstructures transmission electron mi-
croscopy (TEM) images are taken for SD films (top row) and
DD films (bottom row) as shown in Figures 2(a)-(d). Cross
sectional TEM images of both SD films show long 1D-APCs
through the thickness of the films which are mainly responsible
for strong correlated pinning. The diameter of BZO 1D APC is
found to be 6.0 nm while that of BHO 1D APCs is about 5.0 nm
separated by ~15 nm and 13 nm respectively. Considering the
independent growth of BZO (BHO) and Y503 phase, similar
diameter and inter APCs distances are considered in DD films.
In addition, few Yo O3 nanoparticles considered as 3D APCs are
visible in both BZO and BHO DD films. BHO DD film shows
more mixed (1D+3D) APCs morphology but with short and
segmented c-axis aligned 1D APCs and 2D APCs aligned along
ab-plane while 2D APCs are not clearly seen in BZO DD film.
Based on the TEM observation, it can be claimed that DD films
have mixed APCs morphology while SD films do not have such
mixed APCs morphology.

Figures 3(a)-(b) shows the fast Fourier filtered images of
BZO SD and BHO SD films showing a difference of BZO
APC/YBCO and BHO APC/YBCO interface and the ways
of interfacial strain relax. A semi-coherent BZO APC/YBCO
interface with less strained c-axis lattice due to dislocations
and defects for BZO film is observed compared to coherent
APC/YBCO interface is expected for BHO film with slightly
higher strained c-axis lattice but almost constant for SD and
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Fig. 4. J.(H)and Fy (H) curves measured on 4% BZO and 4% BZO plus 3%
Y503 (solid), and 4% BHO only, and 4% BZO (BHO) plus 3% Y203 (open)
doped YBCO nanocomposite films at #~0° (H//c-axis) (a) and (b) at 77 K, (c)
and (d) at 65 K respectively. Symbols are SD (circle) and DD (triangle) follow
the same for all figures.

DD films. In BZO/YBCO, strain is released through large in-
terfacial defects while at BHO/YBCO it does through large
plane buckling as indicated in Figures 3(a)-(b). The difference
of APC/YBCO interface in fact influences the pinning efficiency
of the 1D APCs as explained in the following paragraphs.

Figures 4(a)-(b) and 4(c)-(d) compare the J.(H) and F,(H)
curves for the BZO SD and DD (black) and BHO SD and DD
(blue) nanocomposite films of 4 vol.% BZO (BHO) concentra-
tions at H//c-axis, and at 77 K and 65 K respectively. Similar
trend but the higher J.(H) curves for SD films compared to DD
films at 77 K and 65 K shows the significance of the strong cor-
related pinning of 1D-APCs in both SD films compared to their
DD counterparts respectively. However, comparing with BZO
and BHO doping along with Y50Oj3, the higher J.(H) curves for
both BHO SD and DD films is an indication of the strong corre-
lated pinning as well as coherent interface of BHO APCs/YBCO
compared to semi-coherent interface of their BZO/YBCO coun-
terparts both at 77 K and 65 K. In fact, extra Y203 adds more
compressive strain to the YBCO lattice of the BZO DD film
compared to the BHO DD film, and hence the comparatively
shorter c-axis lattice constant is observed in former compared
to latter. On the other hand, the overall low J.(H) values of the
DD films compared to SD films for both doping seem consis-
tent with microstructure of TEM images of short c-axis aligned
1D APCs and mixed APCs in the DD films (Figure 2(c)-(d)).
Also, the smaller AT, ~ 0.21K for BZO films compared AT,
~ 0.76 K BHO films with addition of Y203 indicates the re-
duction of strain field overlap is more in BHO films through
mixed APCs. At 65 K, the highest J.(H) values at the field up to
9.0 T for BHO SD film indicate there could be a coherent BHO
APCs/YBCO interface which is consistent with the almost the
same c-axis lattice constant.

The F(H) curves follow the similar trend as of J.(H) curves
for both SD and DD films at both 77 K and 65 K respectively.
The higher F}, max~23 GN/m’ and ~182 GN/m? for BHO SD
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film at 77 K and 65 K respectively is about three times higher
than the F}, max ~7.4 GN/m? and 68 GN/m* value of 4% DD
film at given temperature (Table I). Similarly, F}, 1,5, of BHO
films are more than 2.0 times higher compared to their BZO
counterparts at both temperatures of 77 K and 65 K. It means
to compare the areal density of APCs concentration Hy,,y (at
which F}, ax is observed), values are given in Table I, shows
that not only higher number density of APCs are effectively
active in vortex pinning in BHO films but also higher pinning
efficiency (Hpmax/H™) is observed in those films (Table I). In
particular, Hy,ax/H*~ 1 indicates the 100% pinning efficiency.
At 77 K about 62% of the total APCs are effectively involved
in vortex pinning in BHO SD film, which is about 50% higher,
compared to its counterparts of BZO SD film when field is
parallel to c-axis. At 65 K, it reaches to about 74% but it is
still~ 10% less than BZO DD film. The higher Hy, o /H* ~82%
in BZO DD film could be due to mixed morphology of the
APCs.

Figures 5(a)-(d) compare the pinning efficiency through
Huax/H* and F}, max With respect to  dependence curves for
the 4 vol.% BZO (BHO) SD and DD nanocomposite films.
Figures 4(a)-(b) show that the general trend of the pinning ef-
ficiency is a downward trend as & moves away from H//c and
followed by an upward trend as the orientation moves closer
to H//ab. The exception is the BZO DD sample which shows
a slight peak at H//ab but a roughly flat trend from 0° to 67°.
The F}, max values at H//c (Figures 5(c)-5(d)) show that the SD
samples offer the strongest c-axis aligned APCs’ pinning force
over the DD samples. The F}, nmax of BHO SD is almost dou-
ble (more than double) that of BZO SD at 77 K (65 K). Also,
BHO DD pinning force is superior to that of BZO DD at both
temperatures. This relatively outstanding strong pinning in the
BHO samples could be attributed to their coherent APC/YBCO
interface. Using an 80% threshold F, .y ratio the data (Figure
5(c)-(d)) suggest that the benefits of correlated pinning at both
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for SD and DD follow the same for all figures.

temperature extends up to ~ 22° in the BZO SD but falls short in
the BZO DD sample. However, if we lower the criterion to 75%,
then at 65 K both samples can be said to have the angular range
of pinning extend to ~ 22°. As expected, reduced 7, effect also
enhanced the pinning efficiency (H,,./H*) as seen in Figure
5(a)-5(b). In addition, at 65 K the pinning efficiency at 22° is
comparable to (in the case of BZO SD) or greater than (in the
case of BZO DD) the pinning efficiency at 0°. One possibility
is that at 22° and 65 K more APCs become active and or a situ-
ation where we have more than one pinned vortex per APC on
average [20].

Figures 6(a)-(b) and 6¢c-d compare the J.(f) curves for the
BZO (BHO) SD and DD nanocomposite films of 4 vol.% BHO
concentrations at 77 K and 1.0 T and 3.0 T, and 65 K and at
5.0 T and 9.0 T respectively. As expected (due to the presence of
mixed APCs), the DD nanocomposite films show a lower J..(6)
anisotropy than the SD nanocomposite films. At 77 K the BZO
SD (DD) films outperforms their BHO SD (DD) counterparts.
When the temperature is lowered to 65 K the trend is reversed
with the BHO SD (DD) samples having a lower anisotropy than
the BZO SD (DD) films (except at 9 T where the BZO DD
and BHO DD share the same anisotropy). This suggests that, at
77 K, the BHO samples (due to their relatively lower T, values)
are more susceptible to 7, effect than their BZO counterparts.

IV. CONCLUSION

This work investigates the pinning efficiency of BZO or BHO
1D APCs in two sets of samples: the single-doped 4 vol.% BZO
and BHO/YBCO nanocomposites and double-doped 4 vol.%
BZO (BHO) +3vol.% 3D Y,03/YBCO nanocomposite thin
films. In all samples, BZO or BHO 1D APCs of comparable
diameter of 5-6 nm are formed along the c-axis providing strong
correlated pinning at H//c-axis. However, the pinning efficiency
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of these 1D APCs differs dramatically due to difference in the 1D
APC/YBCO interfaces. In the single-doped samples, a coherent
BHO/YBCO interface has been observed, which is in contrast to
the semi-coherent BZO/YBCO interface due to a much higher
concentration of defects such as dislocations. The difference in
the 1D APC/YBCO interface has been found to have a profound
effect on the pinning efficiency of the 1D APCs and higher
pinning efficiency has been observed on BHO 1D APC/YBCO.
AtTTK, the Fj, ax~122.8 GN/m? in BHO SD film compared
t0 Fp max~13.3 GN/m? for BZO SD films. At 65 K, the F, max
~182 GN/m® in BHO SD film is about 2.5 times higher than
that of its BZO SD counterpart. In addition, the Hy,qx/H *~0.62
and 0.74 for BHO SD film is about 1.5 times higher than that of
the Hp o, /H*~0.43 and 0.53 of BZO SD film at 77 K and 65 K
respectively. In double doped films, the addition of Y203 could
make a difference on morphology of the 1D APCs that might
affect the Hy o /H* values. At 77 K, the Hy, o /H* is about 0.6
for BZO DD compared to Hyax/H*~0.32 for BHO DD films
while at 65 K, Hy,./H" ratio reaches to 0.82 for former which
is higher than the Hyax/H" ~0.65 for latter ones. This could
be due to higher rigidity of BZO to form c-axis aligned 1D
APCs even with the presence of secondary doping of Y203
compared to less rigidity of BHO. In addition, an extension of
pinning efficiency of 1D APCs in BZO nanocomposite films
at an angular range of 22° is observed. However, the extension
of efficient pinning in BZO DD films could be explained as
the presence of Y203 3D APCs and or more than one pinned
vortices per one 1D APCs.
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