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Control of BaZrO3 nanorod alignment in YBa2Cu3O7−x thin films
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The alignment of BaZrO3-nanorods �BZO-NRs� in YBa2Cu3O7−x was studied using vicinal
substrates to modulate the microstructure. As the vicinal angle was increased to 10°, the angular
splay of BZO-NRs increased. Correspondingly, the vortex pinning along the c-axis increased
slightly, a possible consequence of enhanced vortex entanglement. Up to 10°, an increasing density
of planar defects was observed, while at �20° an orthogonal reorientation of the BZO-NRs along
the a-b planes occurs. This suggests that the modulated microstructure introduces a competing effect
on the BZO-NR formation and alignment, and beyond a critical vicinal angle, c-axis alignment is no
longer favorable for BZO-NRs. © 2009 American Institute of Physics. �DOI: 10.1063/1.3097234�

Microstructure engineering provides an effective way to
improve the magnetic vortex pinning via insertion of nano-
scale objects into the superconductor matrix. Precise control
of these nano-objects, including their dimension and align-
ment, is critical to obtaining optimal pinning effects and the
increased in-field critical current density Jc�H� necessary for
many applications. In YBa2Cu3O7−x �YBCO� thin films, in-
sertion of these defects has been accomplished by the addi-
tion of nanoimpurities of materials such as Y2BaCuO5,
BaZrO3 �BZO�, and BaSnO3 �BSO� or the introduction of
structural defects via ion irradiation and substrate surface
decoration.1–8 Notably, BZO and BSO form self-assembled
nanorods �NRs� that align nearly along the direction of the
YBCO c-axis, a feature of particular interest as they serve to
improve the vortex pinning for magnetic fields applied in this
direction.3,4

While extended columnar defects provide an increased
overall pinning force as they effectively pin the vortices
along their length, it was shown that a splay of defect align-
ments reduces the likelihood of vortex hopping by virtue of
the column configuration. This defect geometry results in
greater pinning at increased magnetic fields when compared
to columns more uniformly aligned with the c-axis.9–12 This
then suggests that the control of the defect alignment is ben-
eficial for improving both the angular anisotropy of Jc and
the overall vortex pinning.

Therefore, to achieve the controlled alignment of the de-
fects, such as BZO-NRs, we seek structural parameters that
may be tuned to produce these desired results. Parameters
such as microstructural strain and the alignment of disloca-
tions are considered to be important in the formation of
BZO-NRs in YBCO.3,13–15 Therefore, since a vicinal surface
provides a means to modulate the microstructural properties,
we have examined the effects induced in BZO-doped YBCO
thin films deposited on miscut SrTiO3 substrates. Our experi-
ments presented here show that with increasing vicinal angle,
significant changes in the microstructure and Jc�H ,�� behav-
iors are observable. At smaller vicinal angles of up to 10°,
the BZO columns become splayed, while at higher angles, a

significant change in the direction of alignment of the BZO-
NRs within the YBCO matrix occurs, showing that the
substrate-level surface modulation indeed provides a mecha-
nism to change the direction of alignment of the BZO
columns.

YBCO films with 2 vol % BZO were deposited via
single-target pulsed laser deposition using a KrF laser
��=248 nm� at an 8 Hz repetition rate. The substrates were
held at 800 °C during the deposition, with an O2 partial
pressure of 300 mTorr. Films approximately 200 nm thick
were grown on STO substrates with miscut angles of 0°, 5°,
10°, and 20°. The samples were patterned by photolithogra-
phy, and transport properties were measured in the direction
parallel to the vicinal steps via a four-point probe.16 To study
the microstructural properties by transmission electron mi-
croscopy �TEM�, cross sections were prepared using FEI
Nova 600 NanoLab and DB235 focused ion beam systems.
Care was taken to cut the cross-sectional foils perpendicular
to the vicinal steps so that the effects of the modulated sur-
face could be directly observed. The microstructures of the
films were studied using a Philips CM200 and FEI Titan
TEM operating at 200 and 300 kV, respectively.

The cross-sectional TEM images in Fig. 1 illustrate the
microstructures of the vicinal films for miscut angles of 0°,
5°, 10°, and 20°. For comparison, Fig. 1�a� shows a nonvici-
nal BZO-doped YBCO film with NRs 5–6 nm in diameter, as
commonly observed. The 5° vicinal sample in Fig. 1�b�
shows only slight microstructural change when compared to
the nonvicinal film, and higher resolution images show that
the YBCO a-b planes form roughly parallel to the vicinal
terraces. The BZO-NRs show a slight misalignment of ap-
proximately 9.7�3.1° from the tilted c-axis, which happens
to be a comparable splay to that reported by Civale et al.10

for high energy Sn irradiated YBCO. For comparison, the
nonvicinal BZO-NRs show a misalignment angle of
5.3�2.4°. Therefore, from the increased columnar splay in
the vicinal film, we may expect increased vortex entangle-
ment and corresponding increase in the in-field Jc.

The highly defective YBCO microstructure of the 10°
sample, with a significant occurrence of stacking faults, is
shown in Fig. 1�c�. These types of structural defects havea�Electronic mail: francisco.baca@wpafb.af.mil, jbaca@ku.edu.
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been reported for pure YBCO growth on vicinal substrates.17

However, the high density of stacking faults observed here
shows that the effect appears to be exaggerated perhaps by
the additional elastic strain on the YBCO matrix induced by
the BZO-NRs and the approximately 9% lattice mismatch
between them. Additionally, the continuity of the BZO-NRs
through the film thickness is reduced, implying that the H �c
pinning may be slightly diminished by the reduction in total
pinning force.

The most drastic microstructural change, however, is ob-
served in the 20° vicinal film shown in Fig. 1�d�. At this
miscut angle, the BZO-NR alignment is rotated roughly 90°
such that its axis is oriented nearly parallel to the YBCO a-b
planes. In addition, the diameter of the BZO-NRs is in-
creased to approximately 10.8�1.5 nm, nearly twice the di-
ameter of those in the nonvicinal films. Figure 2 shows a
higher resolution image of a BZO-NR on a 20° miscut STO
substrate. It is also notable that as the vicinal angle is in-
creased from 10° to 20°, the density of stacking faults dimin-
ishes significantly. The reorientation of the BZO-NR with
increased miscut angle suggests that the microstructural con-
ditions that dictate their direction of alignment are strongly
linked to parameters influenced by vicinal growth. These pa-
rameters including strain and dislocation alignment are sug-
gested to play a significant role in the self-assembly of NRs
within the YBCO matrix in nonvicinal films.3,13–15 However,
the surface modulation of the vicinal steps clearly incorpo-
rates additional degrees of complexity to the strain relation-
ships between the BZO-NRs and the YBCO matrix. For ex-
ample, given an interface between materials of differing
lattice constants a1 and a2, the dislocation spacing D is pre-
dicted to follow the relationship D=aavg

2 / �a1−a2�.
18 If we

approximate the orthorhombic YBCO unit cell as a trilayered
cubic, then for a nonvicinal YBCO/BZO interface, the aver-
age dislocation spacing would be approximately 5–6 nm.13,17

However, we previously reported dislocations spaced by
roughly 14 nm in 10° vicinal BZO-doped films.19 This sug-
gests a possible correlation between the vicinal angle and the
spacing of the dislocations that drive the assembly of the
BZO-NRs and can potentially account for the increasingly
misaligned rods from the c-axis.

It was suggested by Haage, et al.17 that when a vicinal
step is not of a specific height �matching with one block of
the layered unit cell�, the formation of an antiphase boundary
occurs accompanied by a stacking fault. Therefore the occur-
rence of dislocations is expected in vicinal films of pure
YBCO, from which the long-range effects may be expected
to influence the dislocation density of the second-phase in-
clusions. It is then possible that by increasing the vicinal
angle beyond a critical value, the occurrence of dislocations
may become more favorable within the YBCO a-b planes as
opposed to along the c-axis. This is supported by the relative
lack of stacking faults observed in the 20° vicinal sample and
by the rotated direction of BZO-NR alignment in these films.

The values listed in Table I show that the superconduct-
ing transition temperatures �Tc� of the vicinal films,
�90.1–92.1 K, were not depressed by the addition of the
BZO to the same extent as their nonvicinal counterpart �Tc

�89.0 K�. Measurements by x-ray diffraction have shown a
decrease in the c-axis length of BZO-doped YBCO when
grown on vicinal substrates. From this, the reduced spacing
between Cu–O planes was suggested to lead to a smaller
decrease in Tc.

20 The slightly lower Tc of the 20° sample may
also indicate an overall reduction in microstructural strain

FIG. 1. Bright field cross-sectional TEM images of 2 vol % BZO-doped
YBCO films. The single ended arrows point to examples of BZO-NRs, and
the scale bars indicate 50 nm. �a� Nonvicinal film showing typical c-axis
alignment. �b� 5° vicinal with 9.7°�3.1° NR splay. �c� Highly defective
YBCO lattice of 10° vicinal film. The double-sided arrows show examples
of planar defects. �d� 20° vicinal showing BZN-NR aligned with a-b planes.

FIG. 2. High-resolution TEM image of 20° vicinal YBCO with 2 vol %
BZO showing the edge of a BZO-NR aligned with the YBCO a-b planes.
The scale bar indicates 5 nm.

TABLE I. Superconducting transition temperatures �onset, determined mag-
netically� Tc and self-field critical current densities Jc �77 K, along longitu-
dinal direction� for vicinal angles from 0° to 20°.

Vicinal angle
�°�

Tc

�K�
Jc �SF, 77 K�

�MA /cm2�

0 89.0 2.7
5 90.1 5.4
10 92.1 6.4
20 91.1 5.4
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due to the preferred state of the realigned BZO-NRs. The
microstructural modifications also have a direct effect on the
flux pinning properties of the films as evident in Fig. 3. Jc���
for 1 and 5 T fields at 77 K are shown in Fig. 3, while the
inset shows Jc��� at 5 T normalized to their maximum val-
ues, Jc max. Because the crystallographic axes of the vicinal
samples are tilted with respect to the substrate normal, the
measured angle used to determine H �a-b is shifted. There-
fore, the Jc plots have been shifted such that the H �a-b peaks
coincide at �=90°. The curves in Fig. 3 show that the 5°
vicinal sample gives increased values of Jc for H �c at 1 T
when compared to the nonvicinal film, while at 5 T these
peaks are nearly equal. Thus the H �c pinning behavior of the
splayed BZO-NRs in the vicinal film is consistent with that
attributed to reduced vortex hopping in the splayed ion dam-
age tracks in irradiated YBCO for applied magnetic fields
less than the matching field.10,11 This may indicate that
analogous mechanisms of vortex entanglement are indeed
responsible in a range of H�5 T. The reduced density and
continuity of c-axis aligned defects are also evident in Fig. 3
for the 10° film where Jc�H �c� peak is reduced at 1 T and
diminished at 5 T. As would be expected by the lack of
correlated c-axis defects, the Jc��� dependence is nearly flat
for H �c in the 20° sample. This exemplifies one extreme of
an overall trend of decreasing c-axis defect correlation and
increased a-b pinning with increasing miscut angle, as illus-
trated in the inset of Fig. 3. In this plot, the relative ratio of
the c-axis peak to the a-b-axis peak, Jc��=0°� /Jc��=90°�,
consistently decreases as the vicinal angle increases from 0°
to 20° at 5 T. A parallel trend is followed at 1 T but with
higher values, also indicating that the number of vortices
exceeds the available pinning sites at 5 T. This suggests that
an increased concentration of BZO-NRs may produce even
greater vortex pinning for fields above 1 T.

In conclusion, an overall increase in Jc��� at 77 K in
applied magnetic fields is shown for vicinal BZO-doped
YBCO films up to a 10° miscut angle, while at 20°, improve-
ments are seen for H �a-b. The increased density of stacking
faults and dislocations at vicinal angles up to 10° indicates a
change in the microstructural evolution as the miscut angle is
increased. This change is further exemplified on the 20° mis-
cut substrates as the dislocation spacing is increased beyond
a critical threshold and BZO-NR formation becomes favor-
able in the direction parallel to the YBCO a-b planes. Since
the lattice mismatch between BSO and YBCO is smaller than
that of BZO, additional studies on the effect of the vicinal
angle on the dislocation spacing in both of these systems
should allow us to better substantiate the mechanism of NR
alignment in these strain-modulated films.
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Office of Scientific Research, the Air Force Research Labo-
ratory, the National Science Foundation �DMR0803149�, and
the Department of Energy �DE-FG03–01ER45911�.
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FIG. 3. �Color online� Angular dependence of the transport critical current
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Jc max. For the sake of comparison at H �c and H �a-b, the Jc curves have
been shifted such that the Jc��=90°� peaks coincide.
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