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Abstract

®

CrossMark

We report on strain and composition effects associated with growth of self-assembled BaZrO;
(BZO) nanorods in REBa,;Cu307_5 (REBCO) superconductors (RE = rare earth =Y and Gd),
which have a profound effect on flux pinning and in-field critical current performance. The a-b
plane mismatch between BZO and REBCO is never fully coherently accommodated. Instead,
the nanorods always assume a size at least one unit cell smaller than the corresponding ‘hole’ in
the REBCO matrix, thus providing deep minima of in-plane mismatch strain. Next, we show
that the nominal BZO nanorods are in fact solid solution Ba?*(Zr*+, __RE**_)O;_s perovskite,
thus strongly affecting the stoichiometry and relative amounts of REBCO and BZO. We
demonstrate that by varying only the Ba content in the nominal composition of

15 mol.% BZO + REBCO, the unit cell density of BZO can be tuned from 5% to 23%, and the
linear density of RE,03 (REO) precipitates from 18 to 1 um~!. The results explain the wide
range of pinning performances observed for the same nominal amount of Zr addition and
provide insight into the mechanisms behind the complex phenomenon of growth of nanorods by

self-assembly in REBCO superconductors.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The discovery of growth of BaZrOs; (BZO) nanorods by
self-assembly in the REBa,Cu3;0;_5 (REBCO, RE = rare
earth =Y and Gd) superconductors has had a profound impact
on their in-field performance [1-10]. The nanorods grow

“ Author to whom any correspondence should be addressed.

1361-6668/21/115002+13$33.00

along the crystallographic c-axis direction of REBCO with
diameters comparable to the coherence length (~4—10 nm),
[11-16] which act as directional pinning centers that drastic-
ally increase the pinning force under applied magnetic field.
Multiple systems of the general form BaMO; (M = Hf,
Sn, Ti, Nb, Ce, etc) have since been discovered to result
in growth of nanorods [2, 17-33], with a common char-
acteristic of all of them being ABOjs-type perovskites con-
taining Ba on the A-site. Additionally, excess RE readily

© 2021 IOP Publishing Ltd  Printed in the UK



Supercond. Sci. Technol. 34 (2021) 115002

G Majkic et al

forms ‘spherical’ or isotropically shaped RE,O; (REO)
precipitates epitaxially oriented as REO(220)IIREBCO(100),
REO(00HIIREBCO(001) [34], which further contribute to iso-
tropic pinning.

The striking effect of nanorods on flux pinning has sparked
intense research on in-field performance optimization and
mechanisms of self-assembly, including strain mismatch,
growth kinetics and other aspects [5, 15, 17-23, 35-61]. The
studies report widely varying nanorod landscapes, match-
ing field, crystallographic texture, lattice parameters, critical
temperature (7.), self-field and in-field critical current (/.),
angular in-field /. dependence, size and density of nanorods,
their angular splay distribution, and other relevant paramet-
ers [1, 9, 13, 15, 19, 22, 41, 42, 48, 51, 61-73]. The level
of improvement of in-field performance has been significant,
with drastic increase in performance over a wide range of oper-
ating regimes, e.g. 30 K-50 K, 3-5Tand 42 K, upto 31.2 T
[1, 3, 5]. Our reported critical current performance at 4.2 K,
15 T, Bllc-axis is a factor of 2.5-5 higher than any other avail-
able 4.2 K superconductor technology or material system at
present [1, 3, 74].

Several attempts have been made to explain the driving
force behind their 1D oriented growth and predict the equi-
librium nanorod diameter and areal density [40, 43, 75]. The
effect of elastic (or coherent) mismatch strain has been used
to analyze the effect on equilibrium diameter [75] and mor-
phology of BZO [16]. Strain decay modes have also been con-
sidered, as well as the interfacial energy by introducing energy
terms to represent non-coherent interfacial energy along the
c-axis direction in a phenomenological way [40]. The in-plane,
or a-b plane mismatch strain, has always been assumed to
be coherently accommodated. In contrast to out-of-plane mis-
match studies, information on in-plane or a-b plane mismatch
accommodation mechanisms is scarce. We do note one report
where in-plane strain accommodation via dislocations was
shown for one nanorod [11].

In this manuscript, we present results and findings from
plane-view aberration-corrected scanning transmission elec-
tron microscopy (Cs-STEM) combined with energy dispers-
ive x-ray spectroscopy (EDS) and conventional TEM studies
of the BZO/REBCO system. The analysis of the mechan-
isms of strain accommodation as well as elemental com-
position at the BZO/REBCO interfaces shows that: (a) the
nanorods are never coherently accommodated along the a-b
plane, but instead, spontaneously grow at least one unit cell
smaller than the REBCO host matrix, (b) the believed stoi-
chiometric BaZrO; composition is in fact a solid solution
Ba?*(Zr*t | _,RE**,)0;_; with implications on the compos-
ition of host REBCO and REO, and on the elastic mismatch
strain energy [75, 76], and finally (c) dramatic changes in rel-
ative amounts of BZO and REO can be achieved by controlling
only Ba non-stoichiometry.

2. Experimental

All REBCO/BZO samples have been grown on flexible
hastelloy substrates capped with a buffer layer consisting of

Al,03/Y,03/IBAD-MgO/homo-epi MgO/LaMnOs film stack
[77, 78]. The films have been deposited using the newly
developed advanced metal-organic chemical vapor deposition
(A-MOCVD), system that enables growth of very thick films
(up to 5 um) of high texture quality throughout the thickness
[1,3,5,13, 60, 79]. Metal-tetra methylheptanedionate precurs-
ors have been used with tetrahydrofuran as a solvent.

The composition of the deposited films was determined
using inductively coupled plasma—mass spectroscopy. For
each measurement, the instrument was calibrated using an
appropriate standard containing all elements of interests.
2D-XRD analysis has been implemented using a Bruker D8
Discover instrument equipped with a Vantec 500 Detector at
a working distance of 20 cm. A microfocus Cu source with
integrated Montel optics and 0.5 mm double pin collimator
were used in this study.

The plane view TEM samples were prepared by mechan-
ical dimpling followed by 5 keV dual beam Ar ion milling
at 7° inclination relative to the surface. The cross-section
samples were prepared using focused ion beam, followed
by low energy Ar beam cleaning and final thinning. Both
plane-view and cross-section coupons were prepared from the
same samples from nearby areas. The Cs-STEM study has
been conducted using FEI Titan G2 60-300 (S)TEM equipped
with a CEOS DCOR probe corrector, a Schottky extreme
field emission gun, and a monochromator. The STEM images
presented here are recorded using high-angle annular dark-
field (HAADF) detector. STEM-EDS data were collected by
a super-X energy dispersive x-ray detector. Care was taken to
distinguish between edges with closely spaced energies such
as Y and Zr K edges. Conventional amplitude/diffraction con-
trast TEM analysis has been performed on a JEOL 2000FX.

Selective Bragg-filtering was performed on HAADF
images by incorporating all peaks of interest and cross-
comparing original and filtered images to ensure that all fea-
tures of interest are preserved and no artifacts introduced.
Geometric Phase Analysis (GPA) and nearest-neighbor grid
Search were performed using custom-developed algorithms
and executed in Matlab. For GPA, strain-free reference regions
were selected in the REBCO matrix, as indicated with the red
rectangle shown in figure 1. Both direct [80] and Fourier space
strain calculations [81] have been implemented and cross-
compared to ensure consistency of the results. Phase optim-
ization relative to the reference crystal has been implemen-
ted utilizing non-linear optimization, yielding sub-pixel res-
olution. Peak-Pair or nearest-neighbor search was performed
using a constrained nearest neighbor search on a predefined
grid (e.g. [100]/[010]), followed by Voronoi/Delaunay seg-
mentation, intensity integration and peak identification based
on target column and neighboring column intensities. Both 2D
ellipse fit and peak value location methods have been used and
cross-compared to check for consistency.

For statistical analysis or nanorod size and distribution,
conventional amplitude/diffraction contrast TEM imaging was
used. This approach was chosen in order to readily obtain a
large enough statistical dataset, at the expense of some spa-
tial resolution compared to HAADF images. The BZO nanor-
ods and REO nano-precipitates are readily identifiable in the
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Figure 1. Plane-view HAADF image of REBCO containing BaZrO3; and RE,O3. The colormaps represent dilatational ‘strain” from GPA
analysis based on (a) 100/010 and (b) 200/020 reflections. The singularities at the REBCO/BZO interfaces represent (a) ‘antiphase’
locations and (b) dislocations, and only the 200/020 based map represents true measures of strain. Two types of BZO have been identified:
1-0 and I-1, based on the number of antiphase lines along [100]-[010] directions.

images due to the typically strong contrast obtained using this
technique. Care was taken in measuring nanorod size to meas-
ure the correct cross section and avoid the artifacts occurring
from inclined nanorods that in plane-view micrographs appear
as elongated shapes. The identified nanorod center coordinates
were subjected to Delaunay triangulation and Voronoi cell seg-
mentation for determining the distribution of nanorod spacing
and area occupied per nanorod.

3. Results and discussion

In this study, all films contained nominal 15 mol.% addition
of Zr and 30 mol.% RE excess, for nominal unit cell content
of 1 REBCO: 0.15 BZ0:0.15 REO. The examined samples
differed in the amount of Ba relative to the nominally stoi-
chiometric or ‘fully compensated’ Ba/Cu ratio of 2.15/3. For
the samples used in this study, the Ba content was varied
from under- to over-compensated, i.e. from Ba/Cu < 2.15/3
to >2.15/3.

In the following, we present the composition as
(Ba + Zr)/Cu ratio, for the reasons of the previously found
strong correlation of in-field performance and other character-
istics with this metric, as well as for easy cross-comparisons
[15, 48, 61]. The fully compensated case corresponds to
(Ba + Zr)/Cu = (2.15 + 0.15)/3 = 0.767, and the examined
samples can be thought of as samples centered around nom-
inal composition of RE; 3Ba;;Cus + 0.15 Zr, with variation
in Ba excess/deficiency content, x.

3.1 In-plane strain accommodation

Shown in figure 1 is a plane view CS-TEM micrograph of a
region containing BZO nanorods embedded in the REBCO
matrix, as well as a RE,O3 precipitate. Superimposed are
the color maps of in-plane dilatation (£1; + £2,)/2 obtained
from geometric phase analysis (GPA) [80], based on (100) and
(200) reflections. While only the analysis based on the (200)
reflections should be interpreted as strain, the maps based on
the (100) reflections readily expose the singularities at the
BZO/REBCO interfaces where REBCO and BZO unit cells
are exactly out of phase, which we call ‘antiphase’ lines. For
each missing unit cell in BZO, one antiphase is formed. We
classify the nanorods shown in figure 1 as I-0 and I-I type,
where ‘I" or ‘0’ denote the difference between the number
of unit cells of REBCO and BZO along [100] and [010] dir-
ections, respectively. For example, the I-0 type is coherently
bonded in one direction and has one BZO unit cell missing
in the perpendicular direction. The analysis of the dilatation
strain based on (200) reflections show that for one antiphase
line two edge dislocations form near-symmetrically around
it. Out of more than 50 BZO particles analyzed on six dif-
ferent samples, not a single fully coherent/elastic 0-0 type
BZO nanorod has been detected. Instead, all analyzed particles
were exclusively either of I-0 or I-I type. One exception is
the presence of ‘bottleshape’ BZO with modulation in size,
where the nanorods modulate in size along the c-axis from
I-0/I-1 type to II-II type and back to I-O/I-I type, as will be
presented.
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Figure 2. HAADF image of (a), (b) I-0, (c) I-I and (d) II-II type BZO nanorods. (a)—(c) and (d) are plane-view and cross section views,
respectively. The colormaps and dots/grids represent integrated atomic column intensities and peak locations/nearest-neighbors along
[100]/[010] (X/Y) directions, respectively. The yellow/white and cyan/green markers represent Ba- and Cu/Zr-containing columns in
REBCO and BZO, respectively. The ‘compressed’ images reveal that the I-0 type BZO has one unit cell less than REBCO along X but is
fully coherent along Y direction. The I-I BZO has one unit cell less than REBCO in both directions. Both antiphase lines (where bonding
shifts from Ba:Ba to Ba:Zr columns at REBCO:BZO interface) and dislocations (edge dislocation markers in) can be clearly distinguished,
as well as the deformation field of the superimposed grids. The II-II type shown in (d) modulates in size between [-0/I-I and II-1I type.

Shown in figure 2 are magnified plan (a)—(c) and cross
section (d) views of I-0/I-1 and II-II type BZO nanorods,
respectively. For easy visualization, the plane view images
have also been compressed along [100] and [010] directions.
By examining the traces of the more intense Ba-containing
columns along the horizontal direction of the REBCO/BZO
interface in figure 2(a), the Ba—O columns in REBCO initially
align with Ba—O in BZO, then show progressively higher
misalignment until the bonding/alignment switches from Ba—
0:Ba-0 to Ba—0:Zr—O (REBCO:BZO) approximately mid-
way, forming an ‘antiphase line’ which extends out of plane of
the micrograph. Continuing further, a near-mirror image of the
left-hand size of the interface appears, restoring Ba—O:Ba—O

alignment between REBCO and BZO. On the other hand, in
the perpendicular [010] direction the interface is fully coher-
ent, and ‘elastic bending’ of the lines joining the atom columns
is readily observable. Clearly, the number of unit cells along
the [100] direction in BZO is one less than the corresponding
number of REBCO unit cells along the interface, while along
[010], the number of unit cells is the same. With some ambi-
guity in the exact count due to the transition in intensity near
the interfaces, the size of the nanorods is approximately 8§-9
unit cells along the semi-coherent and coherent directions cor-
responding to the size of 3.3-3.7 nm.

Shown in figure 2(b) is the same I-0 type BZO
nanorod but with a colormap and dots/grids superimposed
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to the image. The dots/grids represent the atomic
column locations and sublattices, where yellow/white
represent Ba-Y(REBCO)/Ba(BZO) and green/cyan the
Cu(REBCO)/Zr(BZO) containing columns. The superim-
posed colormap corresponds to the integrated intensity of
atomic columns of the Ba-containing sublattices as a measure
of average atomic number.

From the grids, one can readily identify the locations of
the edge dislocations, which are marked in the image. The
grids also clearly reveal the faceted growth of BZO where
the nanorod consists of (100) and (110) type facets meet-
ing approximately at the locations coincident with the edge
dislocations. The strain states along [100] and [010] direc-
tions in BZO are clearly different, as evident from the grid
deformation.

The signal intensity map separates the matrix and the pre-
cipitate based on average signal intensity. However, in the
region near the interface, there exists a gradient in signal
intensity, suggesting possible intermixing of ions along the
interface or/and possible partial overlap of crystals in the thick-
ness direction. Given the varying valence states between bon-
ded columns (REBCO/BZO0), intermixing to preserve charge
neutrality and other crystal balance considerations is a viable
scenario to explain the observed gradient. It should be noted
that the top and bottom interfaces do show clear signs of crys-
tal overlap, while the left and right ‘elastic’ interfaces do not
exhibit such clear overlaps. Oxygen deficiency around BZO
nanorods has been reported previously [82] and attributed to
strain field at the BZO/REBCO interface. We note that oxy-
gen non-stoichiometry at the interfaces can readily ensue due
to local cation non-stoichiometry as well, particularly to sat-
isfy local charge balance.

Shown in figure 2(c) is a micrograph of a I-I type BZO
nanorod. Unlike I-0 type, one antiphase line and two edge dis-
locations can be observed along both (100) and (010) direc-
tions. Similar to the I-0 type, the I-I type nanorod also exhibits
faceted growth and a gradient in signal intensity near the inter-
face. The short (100)-type facets are bracketed by the disloca-
tions and the long (110)-type facets form the rest of the inter-
face. The bonding across the interfaces is Ba:Zr and Ba:Ba for
(100) and (110)-type interfaces, respectively. The size of the
observed I-I nanorods is larger compared to the I-0 type and is
about 13 BZO unit cells.

The bottleshape modulation in nanorod diameter is illus-
trated in figure 2(d), in a cross-section view. In this case,
nanorods grow as I-0 or I-I type followed by a gradual increase
in diameter to the II-II type and then back to I-0 or I-I type, as
shown. The maximum measured diameter in the bottleshape
region over a large number of nanorods is approximately con-
stant, within the uncertainty associated with determining the
exact BZO/REBCO interface, and is in the range of 10.5—
11 nm. This corresponds to approximately 25-27 BZO unit
cells and is in good agreement with the expected strain min-
ima for the II-II nanorod type, as discussed below.

We estimate the misfit strain associated with fitting a
nanorod with N nanorod unit cells into a ‘hole’ in the matrix
of M unit cells forthecases N=M,N=M -1, N=M -2
and N = M — P in general. This simple analysis is illustrated

10 x
—o—0-0
—0—1-1
—0—2-2
100F 1
(V]
w 102F
107
10°¢ ‘
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Figure 3. Sum of squares of in-plane principal strains for 0-0, I-I
and II-II nanorods as a function of ‘hole size’ M—the number of
REBCO unit cells. The corresponding nanorod sizes are N = M,
M — 1 and M — 2 for 0-0, I-I and II-II types, respectively, where N
is the number of nanorod unit cells. Sharp minima in strain energy
are obtained at M = 14 (N = 13) for I-I type and M = 28 (N = 26)
for II-1I type. The corresponding I-I and II-II nanorod diameters at
strain minima are ~5.4 and 10.8 nm, respectively.

in figure 3, where the square of misfit strain which represents
a measure of misfit strain energy is plotted against the size of
the hole in the REBCO matrix represented by the number of
REBCO unit cells. As expected, for the 0-0 case, i.e. N = M,
the misfit strain is constant and independent of the nanorod
size. In this case, there is no preference for a single isolated
nanorod to assume any particular diameter, and the diameter
with minimum energy may be obtained if, e.g. volume frac-
tion of BZO is constrained and the strain interaction between
nanorods is taken into account, or if an interface energy pro-
portional to interface area is assumed, as has been done in, e.g.
[16, 40, 75]. However, for the I-I case (N = M — 1), the strain
energy has a sharp minimum at M ~ 14 (N = 13) which is
orders of magnitude lower than that for the 0-0 case. Simil-
arly, at M =~ 28 (N = 26), another sharp minimum occurs for
the II-II case. The nanorods are able to assume their discrete
energy minima sizes even in the case of very low density of
nanorods—towards the limit of a single isolated nanorod in a
continuous REBCO matrix.

If ay and ay are lattice parameters of the matrix and
nanorod, respectively, and k = ay//ay, then mismatch strain
can be represented as

M
€= 17" Pk 1 @)
and the minimum of the strain energy £ measure can be found
at the rounded value of

1

The unit cell parameters depend on a number of factors
including REBCO non-stoichiometry and Zr content [48, 63].
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Figure 4. Cross-section HAADF image and EDS elemental maps of the bottleshape region of two BZO nanorods. While the Cu signal
drops to noise level inside BZO, indicating no significant overlap between BZO and REBCO in this TEM sample, Y and Gd signal,
surprisingly, reveals presence of both elements in the BZO nanorods, suggesting a solid solution of Y and Gd in the nominal BZO nanorods.

For the samples evaluated in this study, we adopt the unit cell
values of tetragonal (as-grown) REBCO and BZO as a = 3.86
and 4.16 A, respectively, based on our estimates from 2D-
XRD. With these numbers, we arrive at N ~ 14 and 28 for
P = 1 and 2, respectively, which corresponds to M = 13 and
26, respectively. These M values provide an estimate for equi-
librium nanorod diameters for the I-I and II-II types of 5.4 and
10.8 nm, respectively, which is in very good agreement with
our TEM observations. It should be noted that the minimum
strain energy calculated for the I-0 nanorod does not predict
the observed size of ~3.8 nm but instead has a minimum at
the same M and N values as for the I-I nanorod. The strain
distribution for the I-0 case is anisotropic in the x and y (or
[100]/[010]) directions, as evident from figure 2, which would
require a more detailed model. Nevertheless, this simple misfit
strain minimization outlined above capture the nature of the
problem and results are in good agreement with the experi-
mentally observed I-I and II-II nanorod sizes.

We note that the interfaces contain excess energy intro-
duced by the misfit dislocations, change in nearest neigh-
bor environments at the antiphase line and other considera-
tions such as the lack of Cu—O column peaks in the REBCO
phase near the antiphase line, as well as a degree of overlap
between BZO and REBCO in this region. Local electroneut-
rality and related considerations are likely to affect this region
and need to be taken into account, and experimental evidence
does indicate local change in oxygen content near the inter-
faces [82].

Next, we point out that in-plane mismatch accommodation
is only one aspect of total strain energy. While in-plane mis-
match accommodation is the focus of this study, the elastic
mismatch along the REBCO c-axis is an equally important
aspect of film growth and nanorod self-assembly. We have
reported earlier that the same metric, (Ba + Zr)/Cu, has a con-
siderable effect on c-axis lattice mismatch between BZO and
REBCO [48, 61, 63]. Multiple studies have reported presence

of dense arrays of REBCO 124/248 type, 223 and other stack-
ing faults [54, 83-91], and we have regularly observed the
same features, as can also be seen in figure 2(d). One can read-
ily envision a mismatch strain accommodation between c-axis
of BZO and REBCO by inserting extra Cu—O planes to form
124-type defect at regular intervals in REBCO matrix to min-
imize mismatch between REBCO and BZO along the c-axis.

3.2. Elemental distribution

Shown in figure 4 are cross-section EDS maps of two
size-modulated, bottleshape BZO nanorods taken at two
magnifications. In the lower magnification figure 4(a), the
HAADF-STEM image and Cu elemental map show no over-
lap of BZO with the host REBCO matrix for this thin TEM
sample in this projection, as evidenced by the drop in Cu sig-
nal to the noise level in the BZO section. The Ba map shows
presence of Ba in both REBCO and BZO, as expected. On
the other hand, remarkably, Gd and Y levels do not drop to
noise level in the BZO nanorod, as would be expected if BZO
is pure phase. The Y signal in particular appears stronger in
BZO than in the host REBCO suggesting dissolution of RE in
BZO nanorods. A higher magnification image and EDS maps
of REBCO/BZO interface from another bottleshape nanorod
are presented in figure 4(b). The results are consistent with the
maps shown in figure 4(a): Cu drops to noise level in BZO,
Zr signal is weak, and again Y and Gd levels are significant in
BZO.

EDS maps were also obtained in plan-view, as shown in
figure 5 for (a) high and (b) low magnifications. The Y, Ba
and Zr atomic columns are resolved in the high magnifica-
tion maps. The overlap Ba + Y and Ba + Zr maps show dis-
tinct atomic columns for Ba and Y + Zr, where Y and Zr sites
coincide. These results strongly suggest Y solid solution on the
Zr site. The Gd maps are less defined; however, the significant
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Figure 5. (a) Plan-view HAADF STEM image and EDS analysis of a BZO nanorod. The unexpected features are strong presence of Y in
BZO, atomically resolved to match the nominal Zr sites in BZO. The Gd map also suggests dissolution of Gd in BZO. (b) Lower
magnification analysis of REO (left) and BZO (right) precipitates, as confirmed by Fourier analysis. The expected features are absence of
Cu in both particles and presence of Ba in BZO but not in REO. However, the unexpected features are strong presence of both Y and Gd in
BZO, suggesting dissolution of RE in BZO. The Zr map reveals segregation of Zr in REBCO over a part of the interface with REO.

(above noise) level of Gd in the maps suggests that Gd is also
present in BZO matrix.

Figure 5(b) captures two precipitates at lower magnifica-
tion, REO to the left and BZO to the right, as confirmed by
Fourier transform analysis of the respective sections of the
image. As expected, Ba is present in BZO but absent in REO.
Cu is absent in both precipitates, again as expected. However,
Y and Gd maps show their strong presences in both REO and
BZO with both signals being above the noise level (they are
expected to be in REO). These observations undoubtedly con-
firm the presence of both Y and Gd in BZO. Surprisingly, we
also observed an unexpected finding of segregation of Zr near
the REO particle.

We conclude that RE substitutes for Zr in BZO, Y is present
on Zr sites in BZO, and that Zr is not entirely contained within
BZO, as evidenced by Zr segregation around REO. These res-
ults suggest potentially strong departures of both BZO and
REO volume/unit cell fractions relative to the expectations
based on nominal composition (in this case 15 mol. % Zr and
30% mol.% excess RE).

3.3. Wolumetric densities of BZO and REO

The presented results on RE dissolution in BZO have signific-
ant consequences on stoichiometry, composition and volume

fraction of BZO and REO. Here, we evaluate the magnitude
of these effects from lower resolution micrographs obtained
by conventional TEM in order to obtain statistically meaning-
ful results over larger examined areas.

We have reported earlier a strong effect of the start-
ing MOCVD precursor composition on in-field performance
and microstructure characteristics of the resulting Zr-doped
REBCO films [13, 15, 48, 61, 63], in particular by varying Ba
content. One striking earlier observation was that the REB-
CO/BZO system can tolerate large departures from nominal
Ba content and still form single phase REBCO, BZO and REO
only [48, 63].

The dissolution of RE into BZO suggests a possible explan-
ation for the observed behavior. In the simplest scenario, if
we assume that all added Zr must end in BZO, then the addi-
tional dissolution of RE onto Zr sites in BZO implies larger
volume fraction of BZO than the expected nominal value. In
addition, if all Zr is included in BZO and additional RE is
dissolved in BZO, this scenario implies the necessity of hav-
ing available excess Ba beyond that needed to form REBCO
and the nominal BZO, one ion per each RE ion included
in BZO:

BaZrO; + xBa + xRE = (1 +x)Ba (Zr . RE_.

THx T+x
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shown are estimates of (b)—REO linear density from TEM micrographs and (¢)—REO content from (004) peak intensity obtained from
2D-XRD (from a different set of samples) as a function of (Ba + Zr)/Cu. Both methods confirm strong reduction in REO content with

increasing (Ba + Zr)/Cu.

The nominal stoichiometric Ba content supplies 2 Ba atoms
per REBCO unit cell and y Ba atoms for y Zr atoms added,
i.e. 2.15 for 15 mol.% Zr addition, or (Ba + Zr)/Cu = 0.767.
Additional Ba is then expected to increase BZO and reduce
REO content. To verify this assumption, we analyze the BZO
and REO content of five samples with 15 mol.% Zr addition
and varying Ba content using conventional TEM.

3.4. REO precipitates

Shown in figure 6(a) is a series of five cross-section micro-
graphs corresponding to samples with increasing (Ba + Zr)/Cu

ratio from under-compensated (0.72) to over-compensated
(0.85). The REO precipitates regularly form as rows of nearly-
‘spherical’ (low aspect ratio) precipitates in well separated lay-
ers parallel to REBCO a-b planes, as shown in the figure and
reported in other studies such as [5, 15, 41, 92, 93]. As can
be seen, the linear density of these REO rows along the c-axis
decreases with increasing Ba content, resulting in almost com-
plete absence of REO in the sample with (Ba 4 Zr)/Cu = 0.85.
The corresponding plot of REO density (in 1 zm~! units)
vs (Ba + Zr)/Cu content is shown in figure 6(b). The linear
density of ‘rows’ of REO precipitates decreases near-linearly
with increase in (Ba + Zr)/Cu content. We confirmed
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Figure 7. (a)—(e) Nanorod size distribution as a function of (Ba + Zr)/Cu content, determined from TEM micrographs, revealing a bimodal
distribution of two predominant sizes that match I-0 and I-I type nanorods. (f)—Relative amounts of I-0 and I-I type nanorods as a function

of (Ba 4 Zr)/Cu.

these TEM findings with 2D-XRD measurements on a dif-
ferent set of samples by evaluating the REO (004) peak
intensity as a function of (Ba + Zr)/Cu, as shown in
figure 6(c).

3.5. BZO nanorods

The nanorod size distribution as a function of (Ba + Zr)/Cu
is given in figures 7(a)—(e), as determined from conventional
TEM images, including a total of 668 nanorods. As can be
seen, the size distribution is bimodal, i.e. in all samples, two
nanorod sizes are predominant: 3.8 and 5.4 nm. These values
agree with the findings from high resolution Cs-STEM micro-
graphs that have identified only I-0, I-I and II-II nanorod types.

Shown in figure 7(f) are summarized results on the rel-
ative distribution of I-0 vs I-I type nanorods, as a func-
tion of (Ba + Zr)/Cu. For undercompensated Ba samples,
(Ba + Zr)/Cu < 0.767, the nanorod size sharply decreases
with decrease in (Ba + Zr)/Cu content towards predomin-
antly I-0 type. For overcompensated Ba samples, the nanorod
size is predominantly I-I type. The size distribution of nanor-
ods is likely affected by other parameters such as growth rate
[6, 21, 38, 94], which is primarily determined by the incid-
ent flux of atoms on the growing film. This would correspond
to target-to-sample atom flux in PLD and concentration and
flow rate and molarity of precursor in the case of MOCVD.
In our previously reported study, we show that it is possible
to grow films with extremely high density and very uniform

size distribution that most closely match in size to the I-0 type
[13]. While the (Ba + Zr)/Cu content was comparable to the
sample with the highest (Ba 4 Zr)/Cu value presented in this
study, we do note that the deposition rate for the sample with
high density of nanorods reported in previous work [13] was
double compared to the samples analyzed here. The deposition
rate was held constant and the effect of deposition rate was not
considered in the present study. However, these considerations
do indicate possible effect of growth kinetics on nanorod size
distribution, implying that the films are not at true thermody-
namic equilibrium, and the need to address this aspect in a
separate study.

Next, we analyze the effect of (Ba + Zr)/Cu on nanorod
spacing with the results summarized in figure 8, where the
nanorod areal density as well as the corresponding matching
field as a function of (Ba + Zr)/Cu are presented. The results
of a separate analysis performed on a different set of samples
are plotted together for comparison. The data reveal a striking
effect of Ba content on the resulting nanorod density. For the
nominal 15% Zr addition, nanorod density varies from 1000
to over 4000 zzm~2 and matching field from 2 to over 8 T (for
the sample reported in [13], the matching field was 17 T, des-
pite only 11% Zr addition). It becomes clear that the amount
of Zr addition itself is not an indicator of nanorod density
and thus pinning performance. Ba non-stoichiometry, on the
other hand, has a strong role in the resulting nanorod land-
scape characteristics. If the potential strong effect of depos-
ition rate/kinetics is also considered [6, 38, 94], it becomes
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Figure 8. Nanorod characteristics as a function of (Ba + Zr)/Cu.
(a)—BZO areal density and the corresponding matching field as
determined from plan-view TEM micrographs. (b)—calculated unit
cell fraction of BZO relative to REBCO, as determined from
nanorod areal density and size distribution. The large circle markers
represent the same samples analyzed in figure 6. All samples
contained nominal 15% Zr addition, the nominal fully compensated
composition (Ba + Zr)/Cu = 0.767 is indicated with the red dashed
line. The results indicate large variation in BZO content as a
function of (Ba + Zr)/Cu.

evident that the nanorod landscape could be tuned over a wide
range of size and spacing distributions for the same nominal
Zr content.

The BZO nanorod unit cell fraction relative to REBCO was
also estimated based on nanorod size distribution and areas
determined from Voronoi segmentation based on nanorod
center locations. The results are presented in figure 8(b). The
results are again surprising in that the nominal addition of
15% Zr results in samples with BZO unit cell fractions ran-
ging from 5% to —23% depending on Ba nonstoichiometry,
which is included in the (Ba + Zr)/Cu variable. If dissolution
of RE elements into nominal BZO is included into consider-
ation, as discussed earlier, the increase in unit cell fraction
of nanorods beyond the nominal 15% Zr addition is expec-
ted. However, the mechanism behind the drastic decrease in
BZO fraction to near 5% is still less clear. The Zr segregation

around REO precipitates is one possible route to accommod-
ate the excess 10% Zr. Other possible mechanisms, such as
dissolution of Zr in REQ, as reported in [95, 96], should also
be considered. A further in-depth study on under-compensated
Ba samples is needed to provide more evidence related to this
strong decrease in nanorod content.

The dissolution of RE into BZO is likely to affect proper-
ties other than the mere changes in volume fractions of BZO
and REO precipitates. Doped BaZrO; perovskites have been
extensively studied as a prospective electrolyte for hydrogen
separation membranes, solid oxide fuel cells and gas sensors
[97-106], by substituting a fraction of the B** cations with
C3t (Y, Gd, Al, Sc, Sm, Nd, La, etc) to form AB;_,C,O3, res-
ulting in creation of oxygen vacancies to maintain charge equi-
librium, which in turn increases either oxygen or proton per-
meability. In the present case, Zr* is substituted by RE**. In
addition to permeability studies, this comprehensive literature
also reports on the effect of various dopants and their amounts
on the elastic constants, lattice parameters and other properties
[98, 99]. The Young’s and Bulk moduli have been reported to
decrease by 20% and lattice parameter to increase from 4.19
to 4.23 A with increase in Y doping from x = 0-0.2. These
effects will contribute lattice mismatch and elastic energy in
the BZO/REBCO system. In our previously reported study on
25% Zr addition to REBCO, the BZO lattice parameter was
found to decrease as a function of (Ba 4 Zr)/Cu content going
from 4.24 to 4.08 A with increase in (Ba + Zr)/Cu (from
0.55 to 0.83), while simultaneously resulting in increase in
REBCO c-axis lattice parameter and, thereby, reducing c-axis
lattice mismatch from 8% to 3% [48]. In the present study,
the increase from 18% to 23% constitutes approximately 28%
increase in nanorod unit cell content, which is comparable with
the frequently used doping of RE into BZO of 20% [99, 104]
and the reported phase diagram solubility of RE of 30% [106].

4. Conclusions

Atomic resolution Cs-TEM and compositional EDS analysis
of BZO nanorods in REBCO matrix show several new and
critical observations about the BZO/REBCO system. In-plane
mismatch between BZO nanorods and REBCO matrix is
minimized by growth of BZO nanorods with integer number of
unit cells smaller than the corresponding hole in the REBCO
matrix. Three types of nanorods are identified, referred as I-0,
I-I and II-II type with roman numerals denoting the difference
in the number of unit cells of REBCO and BZO along two per-
pendicular [100]/[010] crystallographic directions. Each miss-
ing unit cell in BZO results in formation of two interface dislo-
cations. None of the nanorods examined were purely coherent
or elastically accommodated. The misfit strain has strong min-
ima, orders of magnitude lower compared to coherent inter-
faces, at 14/13 and 28/26 REBCO/BZO unit cells for the I-I
and II-II types, corresponding to nanorod sizes of 5.4 and
10.8 nm, respectively. The I-0 type nanorod consists of 8 and 9
unit cells along the perpendicular semicoherent (I) and coher-
ent (0) directions, with sizes of 3.3—3.7 nm, respectively. Stat-
istical measures of nanorod size over large number of nanorods
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imaged by conventional TEM confirm the findings, reveal-
ing bimodal size distribution at diameters centered at 3.8 and
5.4 nm, consistent with I-0 and I-I type nanorods.

The nominal BZO nanorods have been found to con-
tain significant amount of RE elements on the Zr—O sublat-
tice, forming a Ba?*(Zr*t|_,RE**,)O;_; perovskite. This
provides a mechanism of absorbing excess Ba relative to the
nominal composition. This effect of Ba non-stoichiometry on
the amount of BZO and REO precipitates has been determ-
ined. Increase of excess Ba results in monotonic increase in
the amount of BZO and reduction in REO content. For the
same nominal Zr and RE additions of 15 unit cell% BZO and
15% RE,O3;, the amount of BZO and REO precipitates var-
ies over a wide range as a function of Ba excess or deficiency.
Despite the constant nominal 15% Zr addition, the BZO unit
cell content varies from 5% to 23% while REO linear density
simultaneously decreases from 18 to >1 pm~! with increase
in Ba content from Ba-deficient to Ba-rich stoichiometry.

The presented results reveal in-plane mismatch accom-
modation mechanisms and demonstrate the far reaching con-
sequences of composition of the REBCO/BZO system. The
findings provide insight into potential paths for engineering
the system towards optimum performance or, alternatively, for
analyzing or choosing the optimum dopant for BMO nanorods.
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