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ithin the field of metal oxides,

nanocomposite films with novel

functionality have been recently
synthesized by spontaneous assembly of
nanodots or nanorods of one material em-
bedded in the matrix of another material."~”
This approach has been successfully em-
ployed to fabricate multiferroics and magne-
toelectric nanocomposites by coupling
ferroelectric and magnetostrictive compo-
nents for application in spintronics, informa-
tion storage, and logic devices.!® Other
successful applications include thermoelec-
tric composites® and high-T, superconduc-
tors, in which enhanced performance is
obtained by self-assembly of nonsupercon-
ducting oxide nanorods within the super-
conductor matrix.>® The latter nanocomposite
system is of general interest as a model for
other oxide-based nanocomposites in which
enhanced or novel functionality arises from
strain coupling of the constituent phases. As
oxide-based nanocomposites form a new and
very incomplete area of research, little is
known about the relationships between func-
tionality, nanocomposite microstructure, and
strain and composition modulations at the
nanoscale. Nanocomposites incorporating
superconductors can be useful in advancing
our fundamental understanding of functional
oxide nanocomposites in general because of
the wealth of existing knowledge about super-
conductive properties and the way they
change with the addition of nanosized corre-
lated defects and second phases. For example,
flux pinning and critical current are well-
known to be extremely sensitive not only to
shape, order, and size of embedded nanopar-
ticles but also to more subtle changes in
interfacial composition and lattice defects on
a subnanometer scale.
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ABSTRACT Oxide self-assembly is a promising bottom-up approach for fabricating new
composite materials at the nanometer length scale. Tailoring the properties of such systems for
a wide range of electronic applications depends on the fundamental understanding of the interfaces
between the constituent phases. We show that the nanoscale strain modulation in self-assembled
systems made of high-T, superconducting films containing nanocolumns of BaZr0; strongly affects
the oxygen composition of the superconductor. Our findings explain the observed reduction of the
superconducting critical temperature.

KEYWORDS: self-assembly - thin-film nanocomposites - nanorods - strain -
superconductors - scanning transmission electron microscopy

Here we present a detailed investigation
of interfacial structure and chemistry in
composite films made of BaZrOs; (BZO)
self-assembled nanocolumns within a RE-
Ba,Cus30;,.5 (REBCO; RE: rare earth, Y, or
mixture of Y and rare earth) high-T, super-
conductive matrix. We combine finite ele-
ment and analytical strain field calculations,
X-ray diffraction (XRD), and atomic resolu-
tion Z-contrast scanning transmission elec-
tron microscopy (Z-STEM) coupled with
electron energy loss spectroscopy (EELS)
to show that the local strain induces oxygen
deficiency in the superconductive matrix,
which leads to a significant reduction in the
long-range superconducting properties.
The region of degraded superconductivity
extends for several nanometers around
each nanocolumn, implying that a maxi-
mum useful density exists for optimized
properties. On the basis of these findings,

we propose impurity doping as a mean to ~ *Address correspondence to

relieve strain and suppress formation of O
vacancies, thereby improving superconduc-
tivity around the nanocolumns.

The mechanism responsible for solid-
state self-assembly is largely related to the
strain field that develops around the nano-
scale second phases embedded in the
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matrix and to the reduction of phase boundary energy.
Theoretical formulations based on energetic and
kinetic arguments (which will be discussed in detail
in a future publication) specify an optimal range of
4—12% for the lattice mismatch of the embedded
phase with respect to the REBCO matrix. The resulting
nanocolumns extend for nearly the entire film thick-
ness and consist of long, continuous nanorods or
stacks of shorter nanorods.

The ordered array of BZO nanocolumns in REBCO
was obtained by simultaneous deposition of REBCO
and BZO either by performing laser ablation from a
BZO-doped YBCO target or by adding Zr to the liquid
precursor in a metal organic chemical vapor deposition
(MOCVD) reactor. Details of film deposition are re-
ported elsewhere®® All composite films were grown
epitaxially on biaxially textured, buffered hastelloy
tapes.'® STEM and EELS data were acquired in a
dedicated STEM, VG Microscopes HB501UX, operated
at 100 kV and equipped with an Enfina EEL spectro-
meter and a Nion aberration corrector.

Figure 1A shows the microstructure of a 0.8 um thick,
4 vol % BZO-doped YBCO film made via pulsed laser
deposition (PLD). A mismatch of ~8% is found be-
tween three BZO perovskite unit cells (a=4.193 A) and
the tripled perovskite blocks that make up the YBCO
cell. The mismatch occurs along the vertical interfaces
between the nanocolumns and the matrix with the
epitaxial relationship BZO(001)//YBCO(001)//surface
normal; BZO(100)//YBCO(100). The out-of-plane strain
distribution that arises from this misfit can be calcu-
lated by a finite element method and is shown in
Figure 1B,C for two values of the ratio between nano-
column length, d, and distance between nanocolumns,
L, representing the cases of a dilute and concentrated
distribution of BZO nanocolumns in the host matrix,
respectively. The films considered here fall in the
concentrated limit of Figure 1C. When panels B and C
of Figure 1 are compared, it is evident that an increased
concentration of BZO nanocolumns leads to a larger
overall positive strain of the REBCO along the c¢ axis,
resulting in an average increase of the c lattice para-
meter. In real systems, misfit dislocations form at the
interfaces around precipitates and affect the local
strain field together with inhomogeneities in cation
or oxygen composition. The microstrain in each com-
posite film can be measured via XRD by analyzing the
width of multiple REBCO Bragg peaks displayed in a
Williamson—Hall plot."" As expected, the microstrain
also increases with increasing BZO concentration, as
shown in Figure 1D, where a comparison is made
between simulated strain and strain extracted by
XRD as a function of BZO volume fraction. As the plot
shows, the experimental slope is reduced to nearly
24% of the simulation for the case d/L = 20 and
coherent interface, indicating that 76% of the original
misfit has been relieved and the effective residual
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misfit strain is ~24% x 8% = 1.9%. This reduction is
caused by misfit dislocations that form at the YBCO/
BZO interface, giving rise to a semicoherent REBCO/
BZO phase boundary. Figure 1D also shows the strain
calculated by finite element simulation in the presence
of misfit dislocations at the BZO/YBCO phase boundary
for the less computationally intensive case of d/L = 1.
These values are much closer to the experimental data,
further supporting the presence of interface disloca-
tions in the system. The incoherent phase boundary is
modeled by solving the lattice disregistry field and thus
determining the defect density from the balance of the
disregistry-induced interplanar energy and the long-
range elastic interaction.'?

In addition to an increase in strain, a nearly linear
reduction of T, is observed with increasing BZO con-
centration that amounts to roughly 0.4 K for unitary
change in BZO concentration expressed in vol %.
Figure 2 shows the superconducting critical tempera-
ture obtained through four-probe resistive measure-
ments for PLD and MOCVD films as a function of the
BZO concentration measured by XRD. Both PLD and
MOCVD films show a similar decrease in T, with
increasing BZO concentration as better visualized by
the plot of AT, shown in Figure 2B. We note that
variations as large as 0.5 K are typically observed for
the T, of nominally identical REBCO films. Therefore,
the present data do not provide a definitive answer for
the behavior of T, at small BZO concentrations up to
~4 vol %. However, above this concentration, the
decrease in T is clearly larger than any sample-to-
sample variation.

For atomic scale information on structure and com-
position, we use aberration-corrected Z-STEM coupled
with EELS. The BZO nanocolumns have a width of
6—8 nm, while our typical TEM foils, prepared by the
focused ion beam technique, have a thickness of about
30—40 nm. Consequently, in most TEM samples, the
BZO nanocolumns are covered by several REBCO
atomic planes, and this superimposition results in
moiré fringes rather than clear BZO lattice fringes
(see Figure 1A). In the case of Figure 3, a single BZO
rod has been sectioned by the TEM preparation pro-
cess along most of its entire length, offering the
opportunity to view the details of its interface with
the REBCO lattice. For this particular MOCVD film, the
BZO volume fraction, as measured by X-rays, is 4.1%
and RE is a mixture of Y and Gd. Figure 3B is a high-
resolution Z-STEM micrograph of the nanocolumn in
Figure 3A and clearly shows that the BZO c axis and the
REBCO c axis are tilted with respect to each other by
nearly 3°. This commonly observed tilt is accommo-
dated by introduction of dislocations, some of which
are pure tilt dislocations with Burgers vector 1/2(100),
as indicated by circles. The images also reveal misfit
dislocations with Burgers vector 1/2(101), which are
active in relieving misfit strain (arrows in Figure 3B). The
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Figure 1. Evaluation of strain in BZO-doped REBCO composite films. (A) TEM micrograph illustrating the morphology of a
4 vol % BZO nanocolumn array embedded in the YBCO matrix. (B,C) Volumetric average of the out-of-plane strain (e33/f;

fo= lattice misfit) calculated through finite element method for the cases d/L = 1 (B) and d/L = 20 (C). (D) Strain versus BZO
concentration as calculated by the finite element method for the cases d/L = 20 coherent interface (blue triangles), d/L = 1
coherent interface (black dots), d/L = 1 incoherent interface (black circles), and measured by X-ray diffraction for PLD films

(red, open squares) and MOCVD films (red, filled squares).
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Figure 2. Critical temperature (T.) obtained by resistivity vs temperature measurements for PLD and MOCVD BZO-doped
REBCO films. (A) T. dependence on BZO concentration. (B) Plot of variations of T, (AT.) with respect to the T, of undoped

REBCO samples.

average spacing between these dislocations is ~3
YBCO unit cells (3.5 nm). A similar average spacing D
can be calculated using the equation D = b,/(f, — &),
where f, defines the original misfit between lattices, ¢,
is the residual misfit strain, and b, is the Burgers vector
component along the interface plane. Choosing ¢, =
1.9% as calculated above, gives D = 2.7 YBCO unit cells,
showing excellent agreement between STEM and XRD
results. The REBCO lattice surrounding the BZO nano-
rod shows a brighter contrast than the REBCO well
within the matrix. The same region gives an even larger
(and inverted) contrast in the bright field (BF) image
acquired simultaneously to Figure 3B (see Figure 3C),
strongly suggesting the presence of significant strain
localized in the REBCO lattice surrounding the BZO
nanocolumn.

CANTONI ET AL.

The local strain can be quantified directly through
the Z-STEM images by measuring the variation of the
REBCO c axis parameter. Figure 3D shows the result of
such a measurement where the ¢ axis spacing is
obtained by fitting Gaussian curves to the intensity of
the Ba and Y/Gd columns in the dashed box of
Figure 3B. About 13 values for ¢ were calculated at
each basal unit cellincrement along the x direction and
the average ¢ plotted in Figure 3D as (C— ¢,)/c,, Where
Co, is the ¢ parameter well within the matrix. The
measured strain increases when moving from the
matrix interior toward the BZO nanorod until it reaches
a maximum at a distance of ~5 nm from the interface.
Then, in close proximity to the BZO interface, the strain
decreases rapidly over a distance of about 3 nm. The
end part of the plot, around x = —2 nm, corresponds to
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Figure 3. Local lattice deformation by high-resolution STEM imaging. (A) TEM micrograph of a sectioned BZO nanocolumn.
(B) High-resolution Z-STEM image of the same nanocolumn in A. Dashed blue and white lines indicate the direction of

the c axes of BZO and REBCO, respectively, showing a 3° tilt between the two lattices. Light blue circles indicate pure tilt
dislocations; white arrows indicate misfit dislocations. (C) BF image acquired simultaneously to image B. (D) Comparison
between analytically calculated strain (blue dots) and experimentally derived strain (red squares). The experimental strain is
expressed using a ¢ parameter obtained from interatomic distances within the yellow box in B. Red arrows in A and B indicate

intergrowths having the Y124 structure.

the beginning of the region where dislocations and
strong contrast are observed in the images. In this
narrow REBCO strip, the tilt and misfit dislocations
cause strong lattice distortions. These distortions are
associated with high local strains that can have both
compressive and tensile components which cause
small atomic displacements along the columns. Such
displacements give rise to strain contrast for moderate
detector angles as used here, explaining the bright
band seen in the Z-contrast image from this region.">'*
The local strain distribution near the REBCO/BZO
boundary was also predicted by analytically solving
the anisotropic elastic boundary value problem of the
bimaterial interface dislocations.'® The analytic result is
plotted against the experimental data in Figure 3D.The
theoretical trend is similar to the data extracted by
Z-STEM with some difference in the location and
magnitude of the peak. Although the finite dimension
of the BZO column, which is not accounted for by the
model, plays a small role, oxygen deficiency near the
interface, which we discuss below, provides an impor-
tant strain relieving mechanism in addition to the
interface dislocations. The microstrain observed by
Z-STEM for this sample is 0.6 + 0.3%. If we compare
this value with 0.42%, the experimental microstrain
obtained by XRD and shown in Figure 1D, we find a
good agreement between direct Z-STEM measure-
ments and XRD analysis.

The relationship between transition temperature
and epitaxial strain in REBCO is complicated by the
anisotropic crystal structure, which leads to transport
properties that are different for each of the principal
crystal axes. Studies on untwinned YBCO single crystals
have shown that the pressure derivatives dT./dp,, are
large and opposite in sign for compression in the ab
plane, with dT./dp, = —2.0 + 0.2 K/GPa and dT./dp;, =
1.9 £+ 0.2 K/GPa. The pressure derivative for ¢ axis
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compression is smaller and negative, d7./dp. = —0.3 &+
0.1 K/GPa for fully oxygenated YBCO.'® Considering
that the dominant effects, which occur along a and b,
are similar in magnitude and opposite in sign, and that
the REBCO films are generally twinned in the ab plane
with equal population of twin domains, we would not
expect significant T, suppression on the sole basis of
strain arguments.

To investigate additional causes of T. suppression,
we conducted a chemical analysis of the YBCO/BZO
interfaces using EELS. Figure 4A shows the results of an
EELS line scan conducted across the nanocolumn in
Figure 3. For clarity, only the Y-M,s, Ba-M,4 s, and O-K
integrated intensities are plotted. We notice that while
the Y signal is greatly reduced, the Ba and O signals are
enhanced within the nanocolumns, as expected based
on the observation that BZO contains more Ba and O
atoms per unit volume than YBCO. Overall, the inter-
face between BZO and REBCO is well-defined, and the
EELS scan does not suggest any reaction or major
intermixing between the two phases, in agreement
with the known stability and inertness toward REBCO
reported for BZO."” In addition, we observe an inter-
esting behavior for the O signal. The O profile shows a
depression in the YBCO region immediately adjacent
to the BZO column (see arrows in Figure 4) before it
reaches a value characteristic of the matrix oxygen
content. Such behavior is not observed in the Ba signal,
which exhibits a nearly constant value immediately
past the interface. Y and Gd signals are more intricate
because of the presence of (Y,Gd),05 nanoparticles in
these films. To analyze this effect in more detail and
reject the possibility of an artifact in the line scans, EELS
maps were also acquired in various regions. One of
these maps is shown in Figure 4B. Each map pixel
relates to a different EELS spectrum, and for each pixel,
the annular dark field (ADF) signal was acquired
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Figure 4. Results of EELS analysis. (A) Integrated intensity profiles of Y-M, 5, O-K, and Ba-M, 5 across the BZO nanocolumn
of Figure 3. (B) EELS maps of O-K, Ba-M, 5, Cu-L, 3, and Gd-M, 5. The top map is the signal from the ADF detector acquired
simultaneously to each spectrum. The yellow arrows highlight the suppressed O signal in proximity of the nanocolumn.
(C) Comparison of Cu-L,; edges after removal of plural scattering by deconvolution for the regions labeled 1 and 2 in B.

simultaneously with the EELS data, as shown in the top
image of Figure 4B. Analogously to Figure 3B, the ADF
signal shows a large intensity (bright contrast) in the
REBCO region immediately adjacent to the BZO rod.
The region showing the brightest shade in the ADF
map appears as darkest in the O-K map (see second
image from top in Figure 4B). The O signal shows a
maximum value in the interior of the BZO rod, a
minimum value in the YBCO region immediately sur-
rounding the rod, and an intermediate value further
away from the BZO rod. In contrast, the Ba and Cu maps
show maximum and minimum values, respectively,
within the BZO rod and exhibit a constant contrast
level everywhere else in the surrounding REBCO ma-
trix. Since the ADF signal is not sensitive to light species
such as O and the heavier atoms show a constant
concentration outside the BZO rod, the bright contrast
in the ADF map should be related to strain. The dark
contrast in the O map cannot be determined by
dechanneling and high-angle scattering of a portion
of the incident electron beam, which is therefore not
collected by the EELS detector. If this were the case, a
similar dark contrast would be observed in the cation
maps as well. These observations not only confirm the
line scan findings but also suggest, through the corre-
lation between ADF and O signals, that the strain in the
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REBCO lattice surrounding the BZO rod and the oxygen
deficiency are correlated. As an alternative method to
detect oxygen deficiency, we probed the Cu valence
state by analyzing the Cu-L, 3 edge well inside the REBCO
matrix and in the region adjacent to the BZO rod."®
Figure 4C shows this analysis performed for two different
regions in the spectrum image in Figure 4B. As shown by
the ratio of the L; and L, lines, the Cu valence is lower in
region 1, adjacent to the BZO rod than in region 2, within
the REBCO matrix. The same behavior for the Cu-L,3
edges is observed in all of the spectrum images acquired
and independently on the number of pixels chosen for
regions 1 and 2, indicating that the oxygen deficiency is
present everywhere within the strained region surround-
ing the nanorods and is not localized in certain points.
It is important to point out that depletion of oxygen
in the REBCO phase by the more thermodynamically
stable BZO phase is unlikely because all of the REBCO
films analyzed here were grown at an oxygen pressure
well above the equilibrium pressure for REBCO stabi-
lity. In addition, BZO-free REBCO films grown in the
same conditions as the films analyzed here did not
show any evidence of oxygen deficiency. The oxygen
deficiency observed here is likely the consequence of
the high strain experienced by the YBCO lattice in the
dislocation-decorated region at the BZO interface,
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similarly to what has been reported for YBCO grain
boundaries.'® Within this picture, the strain would
hinder proper REBCO oxygenation, and this substoichio-
metry would, in turn, lower the strain near the phase
boundary, partially explaining the discrepancy with
analytical calculations (Figure 3D). The existence of a
relationship between film stress and oxygen nonstoi-
chiometry has already been reported by others.2%?'
The overall conclusion from the O maps and line
scans is that the oxygen-deficient REBCO stretches over
a region of outer diameter equal to 3—4 times the BZO
rod diameter. It is known that oxygen deficiency readily
suppresses T. in REBCO.?? Considering that the dia-
meter of the BZO rods are 6—8 nm and the average
spacing between BZO rods is ~20 nm for a BZO
concentration of 4 vol %, an overlap of oxygen-de-
pleted REBCO regions surrounding BZO nanocolumns
is expected to occur near or above this concentration,

METHODS

Film Deposition. The ordered array of BZO nanocolumns in
REBCO was obtained by simultaneous deposition of REBCO and
BZO either by performing laser ablation from a BZO-doped
YBCO target® or by adding Zr to the liquid precursor in an
MOCVD reactor.” In the PLD process, the BZO-doped YBCO
target was obtained using BZO nanoparticles commercially
available with a particle size distribution ranging from 10 to
100 nm. The nanoparticles were mixed with YBCO powder, and
the resulting composite powder was pressed and sintered at
950 °C for 2 h. The PLD growth temperature was 790 °C, and the
oxygen partial pressure was 230 mTorr. In the MOCVD process,
tetramethyl heptanedionate (thd) precursors were vaporized
from a solution and the vapors were injected over the deposi-
tion area in a carrier gas of Ar.2> Substrate temperature of 800 to
850 °C and reactor pressure of 2 to 3 Torr were used. Zr was
added in form of Zr(thd), to the rest of the precursors in
amounts ranging from 5 to 10 atom %. All composite films
were grown epitaxially on buffered hastelloy tapes in which a
sharp cubic biaxial texture was obtained by ion beam assisted
deposition (IBAD) of MgO followed by homoepitaxial MgO and
an epitaxial LaMnO; cap layer.'” The MOCVD films and the
substrates were provided by SuperPower Inc. Film thickness
ranged between 04 and 0.8 um, column diameter was
~6—8 nm, and average nanocolumn separation ranged from
~50 nm for 1% BZO doping to ~15 nm for 10% doping.

Atomic Resolution Z-Contrast Imaging and EELS. STEM and EELS
data were acquired in a dedicated STEM, VG Microscopes
HB501UX, operated at 100 kV and equipped with an Enfina
EEL spectrometer and a Nion aberration corrector. In this
microscope, the aberration-corrected probe yields a routine
spatial resolution of 1.1 A, and the high-angle annular dark field
detector allows recording incoherent Z-contrast images, in
which the contrast of an atomic column is approximately
proportional to the square of the average atomic number (2).
In this situation, the brightest spots in Figure 3B represent the
heavy Ba columns, while the lighter Cu—O columns appear
dark, with the darkest contrast shown by the atomic planes
containing Cu—O chains. The annular detector geometry makes
it possible to collect the electons scattered at large angles and,
simultaneously, those traveling closer to the optical axis
through the dark field detector hole, which form a bright field
(BF) image, giving complementary information as shown in
Figure 3. The EELS spectra were acquired with an energy
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leading to the disruption of current percolation through
the high T, phase and, consequently, to a lower mea-
sured T.. Disruption of current percolation above a
certain BZO concentration is likely to occur in our self-
assembled BZO—REBCO systems, in which the BZO
rods are distributed with a high degree of order within
the REBCO matrix.”>

We have shown direct evidence of microstrain and
its resulting effect on anion composition. The strain is
localized around the BZO nanocolumns over distances
of a few nanometers. EELS spectrum imaging shows
oxygen deficiency within the strained regions of RE-
BCO. On the basis of an analogy with the oxygen
depletion at strained REBCO grain boundaries and its
mitigation by introduction of impurity species (e.g.,
Ca),'®** this work suggests that doping might be
effective in locally raising T, and hence the super-
conducting properties of these composite films.

dispersion of 1 eV in order to simultaneously record the Y-M,
0O-K, Ba-M, Cu-L, and Gd-M edges. Spectra were acquired with a
dwell times ranging between 0.5 and 1.8 s. Sample drift and
damage were checked after each acquisition. The spectra were
then background subtracted and the signal of each edge was
integrated. TEM foils were prepared by the focus ion beam (FIB)
technique, followed by low voltage ion milling and plasma
cleaning.

X-ray Analysis Method. X-ray diffraction patterns were mea-
sured in Bragg—Brentano geometry using a Cu source operat-
ing at 50 kV and 100 mA and a Peltier-cooled energy-dispersive
Si(Li) detector tuned to Cu Ka.. Samples were tilted for align-
ment with the YBCO(00L) reflections. Peak widths were deter-
mined by least-squares fitting to a skewed Lorentzian: /,(26) =
1L(20) + 1L(20 + 0), where ¢ = 0.00496 tan(6) is the Ko/Ka
splitting and

AL

4B
20 — 2007 +k2 -

1o =
with « = ki for 20 > 20, and « = ki for 20 < 26,. Angles are in
radians. Free parameters are A, By, 20, «{", and k = k. Peaks
were fitted for L = 1—11, omitting the weak (008) reflection.
Lattice parameter ¢ was determined by least-squares fitting to

LA = 2csin(@, + D cos 6,)

with 4 = 0.154056 nm. Free parameters are ¢ and D, which
corrects for sample displacement. Resolution-corrected peak
FWHM is given by A26, = [(k_ + k) +0.00122]"2. The last term
is the FWHM of a LaBg powder used to determine instrumental
broadening. Microstrain Ad/d was found by least-squares fitting
to the Williamson—Hall line:

094 _Ad .
A20 cos 0 = T +2d sin 0
Free parameters are Ad/d and T, which is a measure of particle
size.

Theoretical Calculations. A three-dimensional finite element
method was used to compute the strain development in the
matrix. The lattice-mismatch-induced stress fields are equiva-
lent to applying tractions on the BZO phase boundaries.
Reported strains in Figure 1D are averaged over the entire
matrix. The incoherent phase boundary is modeled by solving the
lattice disregistry field from the balance of the disregistry-induced
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interplanar energy and the long-range elastic interaction.'? The
theoretical interface strength is chosen to be 1/50 of the ¢,
modulus of YBCO. Dislocations nucleate on the interface as a
result of large lattice mismatch. The strain field near the YBCO/
BZO boundaryin Figure 3D is calculated analytically by solving the
elasticity boundary value problem of interface dislocations lying
on a bimaterial interface. The solution method combines the
Stroh formalism for anisotropic elasticity and analytic continua-
tion technique.'® Locations of misfit and tilt dislocations are based
on Z-STEM image in Figure 3B.
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