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Tuning nanoparticle size for enhanced functionality
in perovskite thin films deposited by metal organic
deposition

Masashi Miura1,2, Boris Maiorov1, Michio Sato2, Motoki Kanai2, Takeharu Kato3, Tomohiro Kato3,
Teruo Izumi4, Satoshi Awaji5, Paolo Mele6, Masaru Kiuchi7 and Teruo Matsushita7

Because of pressing global environmental challenges, focus has been placed on materials for efficient energy use, and this has

triggered the search for nanostructural modification methods to improve performance. Achieving a high density of tunable-sized

second-phase nanoparticles while ensuring the matrix remains intact is a long-sought goal. In this paper, we present an

effective, scalable method to achieve this goal using metal organic deposition in a perovskite system REBa2Cu3O7 (rare earth

(RE)) that enhances the superconducting properties to surpass that of previous achievements. We present two industrially

compatible routes to tune the nanoparticle size by controlling diffusion during the nanoparticle formation stage by selecting the

second-phase material and modulating the precursor composition spatially. Combining these routes leads to an extremely high

density (8 ×1022 m−3) of small nanoparticles (7 nm) that increase critical currents and reduce detrimental effects of thermal

fluctuations at all magnetic field strengths and temperatures. This method can be directly applied to other perovskite materials

where nanoparticle addition is beneficial.
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INTRODUCTION

The world’s energy demands require more efficient methods of
producing, storing, transmitting and using clean energy, such as
electricity. Superconductors can help address all of these areas
with more efficient generators/wind turbine generators, magnetic
energy storage devices, power transmission lines, electric motors
and so on. One key for these applications is to develop materials
such as superconductor, photoelectric and thermoelectric materials
that enable alternative energy ‘ecosystems’. For all of these material
types, it is necessary to find industrially compatible ways to fabricate
high-performance material. The method of nanocomposite inclusion
in different perovskite materials is highly effective. Superconductive/
thermoelectric material performance can be improved by adding
nanoparticles (NPs) that disrupt the order parameter/phonon density
while leaving the matrix and electronic structure of the super-
conductor/thermoelectric intact.1–4 In the case of thermoelectrics,
the reduction of lattice thermal conductivity through phonon scatter-
ing by size-controlled NPs has been predicted in the seminal paper by
Hicks and Dresselhaus.5 This approach has already been demonstrated
to be effective in metallic materials, such as Bi2Te3/Sb2Te3 multilayers6

and PbTe bulk material1 with natural NP additions with a significant
enhancement of the figure of merit (ZT) that has reached up to ~ 2 at

800 K. In comparison with metallic materials, oxides offer the
advantages of reduced cost, nontoxicity and higher stability at high
temperatures. Impressive performance using a nanoengineering
approach has been obtained in SrTiO3 multilayers with added Nb
nanoparticles.7 Thin films oxides, such as hexagonal Al-ZnO,8

perovskite RE2-xCexCuO4 (RE214)2,9 and RE-doped Sr3Ti2O7,
10 have

already demonstrated excellent thermoelectric properties even without
the addition of NPs. Other materials, such as transparent delafossite
CuAlO2,

11 have the potential to be used as thermoelectrics. The
paradigm of insertion and control of artificial NPs in high-Tc
superconductors can be easily transferred to all of these other oxides
to prepare efficient, environmentally friendly thermoelectric harvest-
ers. It is also crucial to achieve this in a scalable, high-throughput (that
is, economical) way. Metal organic deposition (MOD) fulfills all of
these requirements; thus, finding ways to tailor the size and density of
NPs while ensuring that the underlying matrix remains as pristine as
possible is a goal that has been pursued for decades.
After the seminal works demonstrated that second-phase

additions4,12 to RE-Ba-Cu-O (rare earth (RE)) (REBCO) thin films
grown using pulsed laser deposition (PLD) significantly improved the
current carrying performance in an applied magnetic field,3,13–15 it was
shown that the morphology of the inclusions depends on the synthesis
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method (that is, in situ vs ex situ).3,16 Moreover, recent work has
shown that large quantities (⩾10%) of second-phase additions are
required to obtain the desired level of performance in
superconductors.17–19 Until now, such a large amount of second
phase resulted in current blocking and the loss of crystallinity.19,20

For REBCO superconductors, MOD has been shown to be
amenable for growing extremely high performance materials21–26

with high throughput;27–29 however, the tailoring of NP inclusions
is extremely difficult.30 Unlike PLD, the formation of NPs
during MOD occurs before matrix formation; therefore, the NP size
is not determined by crystalline strain but by diffusion, leaving
little room for tailoring particle size compared with that of in situ
processes, where growth dynamics affect the nanoparticle/nanorod
morphology.31,32 Because the REBCO crystallization process in MOD

is liquid mediated, the nanoparticle–matrix interphase is incoherent;
thus, the matrix crystalline quality is less affected (than for PLD),
allowing for higher NP densities.
Here, we report a new strategy to tailor an ultra-high density of

tunable-size, incoherent-interfaced BaHfO3 (BHO) NPs that result in
enhanced properties for perovskite-composite cuprate superconductor
(Y0.77Gd0.23)Ba2Cu3Oy ((Y,Gd)BCO) films. This strategy limits the
growth of second-phase NPs by reducing diffusion during formation
and produces an Hf- and Ba-poor layer by using multiple MOD
coating/calcination steps. The high density of BHO NPs results in
virtually no degradation of the matrix crystallinity as evidenced by the
further improved superconducting properties. Critical current density
Jc(θ,H,T) measurements demonstrate that the NPs are highly effective
as pinning centers by decreasing vortex motion and depinning

Figure 1 Metal organic deposition (MOD) process and cross-sectional microstructure of calcined and crystallized (Y,Gd)BCO+12BHO films. (a) Schematic of
the MOD process for fabrication of BaMO3 (BMO) nanoparticle (NP)-doped (Y,Gd)BCO films. (1) Coating a chemical solution; (2) calcination to obtain a
precursor containing several amorphous phases; and (3) crystallization of the superconducting phase. Cross-sectional high-angle annular dark-field (HAADF)
images and compositional line analyses of Hf, Ba and Cu for the calcined films in +12BHO film with (b) dcoat=150 and (c) 30 nm, respectively.
The horizontal axis indicates the distance from the CeO2 buffer layer. (d) Elemental maps of Hf and (e) cross-sectional scanning transmission electron
microscopy (STEM) image for the +12BHO (dcoat=30 nm) film. The horizontal bar scale indicates 20 nm for both (d, e). In (e), BaHfO3 (BHO) nanoparticles
are color-coded by size. The horizontal arrows in (e) indicate stacking faults observed around the nanoparticles. (f) Histograms showing the distribution of
diameters of BHO NPs for +12BHO films with dcoat=150 and 30 nm. The colors correspond to those in (e).
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fluctuation effects for all magnetic field strengths and orientations.
Furthermore, we present a simple pinning model that predicts the
superconductor performance with NPs for any temperature and
magnetic field using only a small set of fixed parameters. Our
synthesis method can be directly applied to other perovskite-
composite materials to improve their functionality.

MATERIALS AND METHODS

(Y0.77Gd0.23)Ba2Cu3Oy films with a high density of NPs
HTS wires based on epitaxially grown REBCO nanocomposite films of standard
(Y,Gd)BCO and BMO NP-doped films were grown from metal organic solutions
that included Y-, Gd-, Ba-trifluoroacetates, and Cu-naphthenate with a cation
ratio of 0.77:0.23:1.5:3 on buffered tapes of CeO2 (grain-boundary angles,
Δϕ= 3.0°)/Y2O3/LaMnO3/ion-beam-assisted deposition-MgO/Gd2Zr2O7/Hastel-
loy C276 (Haynes International Inc., Kokomo, IN, USA). We added M-naphthe-
nate (M=Zr, Nb, Sn or Hf) into the (Y, Gd)BCO solutions; the volume percent
of BaZrO3 (BZO) was 4–28%, and the concentration of the starting solution was
1.2 mol l− 1 for dcoat= 150 nm films. For dcoat=30 nm films, the concentration
of the starting solution was 0.45 mol l− 1. The coated film was thermally
decomposed to an amorphous phase precursor by heating up to 500 °C at a
heating rate of 5 °C min− 1 in a humid oxygen atmosphere (P(H2O)=3.2 kPa
with an inlet temperature of the humid oxygen gas of 300 °C). The number of
coating/calcination cycles to obtain the final film thickness of 0.6 μm was 4 and
20 for the dcoat= 150 nm and dcoat=30 nm films, respectively. The calcined film
was heated up to 740 °C at 20 °C min− 1 and held for 80 min in a humid oxygen
gas environment for crystallization and conversion to the REBCO phase material.
The total thickness of the superconductive layer for all samples was 0.6 μm,

confirmed by cross-sectional transmission electron microscopy (TEM). Addi-
tional details of the calcinations and conversion steps have been published
elsewhere.30

Transport properties in magnetic fields
Films were patterned using photolithography and ion milled into bridges
with widths of ~ 50 μm. The crystalline quality was examined by X-ray
diffraction. The temperature dependence of the resistivity (ρ) was measured
by a four-probe method in the temperature range of 10–300 K using a Physical
Property Measurement System (PPMS, Quantum Design, Inc., San Diego, CA,
USA) with a superconducting magnet generating a field H of up to 9 T. In the
PPMS, a rotational stage was used to rotate the samples with respect to H. The
critical current was determined using a 1 μV cm− 1 criterion.

Microstructure and chemical composition analysis
The samples were thinned by Ga ions at an accelerating voltage ranging from
40 to 2 kV in a focused ion beam scanning electron microscopy dual-beam
system (NB5000, Hitachi High-Technologies Co., Tokyo, Japan) equipped with
a microsampling system to prepare cross-sectional and plan-view TEM speci-
mens. The focused ion beam damaged layers formed on the TEM specimens
were removed using an Ar ion beam at an accelerating voltage of 1 kV in a
PIPS39 Model 691 (Gatan, Inc. Pleasanton, CA, USA). The micro-
structure and local chemical composition of the specimens were investigated
using a EM-002BF and a JEM-2100F (Topcon Co., Tokyo, Japan) with an
aberration-corrected scanning system at an accelerating voltage of 200 kV.
Energy-dispersive X-ray spectroscopy elemental maps were acquired by a
Noran System Seven (Hitachi High-Technologies Co.) with twin energy-
dispersive X-ray spectroscopy detectors in a microscope (Topcon Co., Tokyo,
Japan).

RESULTS AND DISCUSSION

Routes to tune the nanoparticle size in MOD films
Superconductor films (Y,Gd)BCO are grown on metallic substrates
using MOD. As described in Figure 1a, the standard MOD process
consists of coatings, calcinations and crystallization. Early in the
temperature ramp of the crystallization, BaMO3 (BMO, M=Zr, Nb
or Sn) NPs are formed before the crystalline growth of the matrix,
resulting in randomly distributed and oriented NPs.21,33 Previously, we
demonstrated that by changing M in BMO, we could control the NP
size from 22 to 83 nm30 but did not determine the mechanism behind
the different NP sizes.
In this paper, we present a new process that limits NP growth by

creating Ba- and M-poor regions leveraged by even smaller NPs using
M=Hf. These regions appear at the interface between coatings
that thus reduces the precursor thickness (dcoat) and produces smaller
NPs. The BHO NP-doped films were grown from 4, 8 and 12 vol.%
BHO-doped MOD solutions. Figures 1b and c show the cross-
sectional high-angle annular dark-field images and the compositional
line analysis results of the calcined films quenched after multiple
coating/calcination steps with different dcoat values for 12 vol.% BHO
additions. To obtain a film total thickness of 0.6 μm, the number of
coating/calcination cycles required was 4 and 20 for the dcoat= 150 nm
and dcoat= 30 nm films, respectively. The thickness profiles of the layer
composition are uniform up to a height (duniform, proportional
to dcoat) above which the layer is Cu rich and Ba and Hf
poor. A cross-sectional Hf elemental map and a TEM image for a
12 vol.% BHO-doped (Y,Gd)BCO with dcoat= 30 nm (+12BHO
(dcoat= 30 nm)) is shown in Figures 1d and e, respectively, showing
the presence of uniformly dispersed NPs. Figure 1f shows the particle-
size distribution extracted from several planar (not shown) and cross-
sectional scanning TEM images. Films with dcoat= 150 nm have a
broad NP distribution with an average size of 17± 5 nm. However,
for dcoat= 30 nm, the distribution is much sharper with an average

Figure 2 Nanoparticle (NP) density and self-field Jc as a function of vol.% of
addition for (Y,Gd)BCO+BMO films. (a) BaMO3 (BMO) NP density as a
function of volume percent of addition for (Y,Gd)BCO+BMO films obtained
from several transmission electron microscopy (TEM) images. Open and solid
symbols represent data of films with dcoat=150 and 30 nm, respectively.
(b) Jcs.f. at 77 K as a function of volume percent of addition for (Y,Gd)BCO
+BMO films. Inset: Jcs.f. at 77 K versus NP density for films with 12 vol.%
of different dopants.
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NP size of 7± 3 nm, an average NP spacing of LNP ~ 20 nm and a
density of nnp ~ 8× 1022 m− 3. The Ba- and Hf-poor regions act as
barriers to NP coarsening because elements diffuse and NPs nucleate
and grow in the beginning of crystallization; a thicker duniform allows
for additional coarsening of the NPs (essentially semi-infinite diffu-
sion), yielding larger particles and a wider size distribution compared
with less diffusion, smaller size and a narrower distribution for smaller
duniform values.
In Figure 2a, we show the dependence of nnp on the vol.% and

dopant material in (Y,Gd)BCO films. Here, nnp varies systematically
with M and increases for smaller dcoat values. The nnp of +12BHO
films increased by a factor of 2 between dcoat= 150 and 30 nm.
The increase of nnp between dcoat= 150 and 30 nm for +12BZO films
is a factor 1.5. Similar behavior between BHO and BZO additions
indicates that the technique is general and can be applied to
control the BMO NP size in perovskite-composite materials.
The NP size also depends on M(=Nb, Sn, Zr and Hf) that ranges
from 83 nm for BaNbO3 (BNO)30 down to 17 nm for BaHfO3 in
4 vol.% doped (Y,Gd)BCO with dcoat= 150 nm. Although a similar
dependence on size of BMO nanorods (NRs) is observed in PLD
films,34 the size-determination mechanisms are not necessarily the
same because the growth mechanisms are clearly different. The BMO
NRs in PLD grow with the REBCO phase in the same growing
interface, and therefore the growth of each phase is strongly influenced
by the other phase35 (coherent interfaces). On the other hand, BMO
NPs in MOD freely nucleate and grow in the precursors before the
growth of the REBCO phase (incoherent interfaces). Nevertheless,
diffusion plays a dominant role for NP formation. From X-ray

diffraction patterns of films quenched at different temperatures during
crystallization, we observed the BMO formation temperature TBMO to
be ~740, ~ 720, ~ 700 and ~ 630 °C for BNO, BaSnO3, BZO and
BHO, respectively, indicating a clear correlation between a lower TBMO

and a smaller NP size. Our findings indicate that the formation
temperature, which dictates diffusion, provides another route to tune
the NP size.
Figure 2b shows the self-field Jc (Jc

s.f.) as a function of vol.% of
addition. In particular, no decrease in Jc

s.f. with BHO additions
(dcoat= 30 nm) is found. The inset in Figure 2b shows Jc

s.f. initially
increasing linearly with nnp, consistent with single vortex strong
pinning36,37 by NPs. The Jc

s.f. decrease for the BNO, BaSnO3 and
BZO films (410 vol.%), which is related to the coarsening and
interconnection of NPs, is also evidenced by the sublinearity of
nnp-vol.%. These results highlight the importance of the choice of
dopant material to both tune the density and control size to obtain the
desired performance.

Incoherent fine NP in MOD films
Part of the successful addition of NPs in MOD can be found in
Figure 3 by comparing the structural and superconducting properties
for inclusions with coherent and incoherent interfaces, that is,
coherent NRs in films grown using a low-temperature growth
technique via PLD (PLD-BHO-NRs),20 coherent nanoparticles
(PLD-Y2O3-NPs)

38 and incoherent nanoparticles (MOD-BHO-NPs
(dcoat= 30 nm)). For both PLD films, the c-axis length of the super-
conducting matrix lattice expands markedly with increasing vol.% but,
in contrast, remains flat for MOD-BHO-NPs. Similarly, a negative

Figure 3 Structural and superconducting properties as a function of vol.% of additions and strain maps for pulsed laser deposition (PLD) and metal organic
deposition (MOD) films. (a–c) Normalized c-axis length, Tc and Jcs.f. at 77 K as a function of vol.% of additions, respectively. (d,e) High-resolution plan-view
images, where εxx, εyy and εxy maps were determined by geometrical phase analysis for BaHfO3 (BHO) nanorod (NR)-doped PLD-GdBCO and +12BHO
(dcoat=30 nm) films, respectively. The horizontal bar scale indicates 5 nm for both (d, e).
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trend with vol.% is observed in Tc and Jc
s.f. for PLD films, whereas

for MOD-BHO-NPs, Tc is constant and Jc
s.f. increases. The trends of

the c-axis expansion and Tc decrease in PLD films are consistent
with oxygen-deficient regions surrounding the inclusions.39 High-
resolution plan-view images and geometrical phase analysis
(Figures 3d and e) show the strain induced by PLD-NRs and
MOD-NPs in the matrix. The strain component maps show that
tensile and compressive stain are localized around the coherent NR
interfaces and extend for more than 10 nm that has been observed in
other PLD-BZO-NRs films.39,40 The 410 nm extended strain region

should lead to NRs overlapping at low dopant vol.% with a
corresponding disruption of current percolation and lower Tc and
Jc
s.f.. For the MOD-BHO-NPs, the strain is localized (~2 nm) around

the incoherent NP/matrix interfaces and decays to strain fluctuation
values typical of undoped MOD films. The small strained regions leave
the matrix unaltered with no degradation of the superconducting
properties. The sharp interfaces also have a favorable effect on the
pinning force; for a similar pinning energy, a smaller region of
variation produces a larger pinning force. To summarize, the
key factors for enhancing current transport are a small NP size
(~ comparable to the vortex core size), high NP density and a sharp
NP interface with the matrix.

Dramatically higher Jc with nearly isotropic angular dependence
We now focus on the in-field properties. In Figures 4a–c, we show the
field dependence of Jc(H||c) at different temperatures for the standard
+12BZO (dcoat= 150 nm) and +12BHO (dcoat= 30 nm) films. For the
standard film, Jc is nearly constant at low fields up to a characteristic
crossover field μ0H*, defined at a criterion of 0.9* Jc

s.f., followed by a
power-law regime (Jc∝H−α) at intermediate fields. Finally, a more

Figure 4 Critical current density as a function of magnetic field amplitude and angle. (a–c) Jc(H||c) for the (YGd)BCO, +12BZO (dcoat=150 nm) and +12BHO
(dcoat=30 nm) films at 77, 65 and 26 K, respectively. Inset: Fp-μ0H curves of the +12BHO (dcoat=30 nm) film at each temperature. For comparison, the
data for the Ba2YNbO6 nanorod (NR)-doped pulsed laser deposition (PLD) films45 at 65 and 75 K are included. (d–f) Jc as a function of angle for the (YGd)
BCO, +12BZO (dcoat=150 nm) and +12BHO (dcoat=30 nm) films at 77, 65 and 26 K, respectively. For comparison, the data for Ba2YNbO6 NR-doped
PLD films,45 BaZrO3 (BZO) NR-doped PLD films,47 BZO nanoparticle (NP)-doped metal organic deposition (MOD) films21 and BZO NR-doped MOCVD films17

are included.

Table 1 Critical current density ratio at 3 T

Material JBHOc;min=J
ðYGdÞBCO
c;min at 3 T

26 Κ 65 Κ 77 Κ
+12BZO (dcoat=150 nm) 1.5 2.4 2.7

+12BHO (dcoat=30 nm) 6.2 6.3 4.7

The Jc ratio (¼ JBHOc;min=J
ðYGdÞBCO
c;min ) for +12BZO (dcoat= 150 nm) and +12BHO (dcoat= 30 nm) films at

3 T and different temperatures.
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rapid decay of Jc is observed as H approaches the irreversibility field.
This behavior occurs at all temperatures with α~0.63–0.7.41

For both NP films, we observe an increase in Jc
s.f. and μ0H* at all

temperatures, consistent with a much larger density of NPs.42

This improvement is maintained as a function of field with Jc(H)
that does not follow the standard power-law dependence. This type of
non-power-law dependence is similar to that observed in
cuprate21,31,41,43 and pnictide films44 with the strong pinning in both
cases being due to the NPs. Because of the large NP size (~25 nm) in
the +12BZO (dcoat= 150 nm) film, NPs cease being the dominant
pinning center at low temperatures; the significant improvements at
high temperatures are lost, and a power-law dependence is regained
similarly to the reference film.41 However, given the small size
(~7 nm) of the +12BHO (dcoat= 30 nm) films, a non-power-law Jc
(H) decay is observed, indicating that NPs are the dominant pinning
center at all temperatures. This is also seen in the magnitude of the Jc
increase at 3 T that is approximately a factor of 6 at all temperatures
(see Table 1).
The remarkable in-field performance of the +12BHO

(dcoat= 30 nm) film is highlighted in the insets of Figures 4a–c, where
the pinning force, Fp= Jc(H) × μ0H, is compared with the highest
previously reported values.34,45 At high temperatures, the +12BHO
(dcoat= 30 nm) film shows a maximum Fp= 33 GNm− 3 at 77 K and
124 GN m− 3 at 65 K. Moreover, at T= 26 K, the Fp of the +12BHO

(dcoat= 30 nm) film reaches a nearly constant ~ 677 GNm− 3 from
μ0H43 T up to 9 T, an Fp value 10 times greater than that of Nb3Sn
at 4.2 K.46 Because the pinning landscape is produced by NPs,
Fp measured along the c-axis is actually close to the minimum value
as a function of angle, not the maximum, contrary to the case of films
with NRs,45 as can be observed in the Jc(θ) curves of Figures 4d–f. For
the +12BZO (dcoat= 150 nm) film, the BZO NPs are much less
effective at 26 K than at a higher T. However, for the +12BHO
(dcoat= 30 nm) film, we see significant Jc increases for all orientations
and temperatures compared with that of the BZO MOD films, with a
higher Jc minimum (Jc,min) than that previously reported for any
REBCO film or wire.17,21,45,47,48

Relation between flux creep and NP density
The different temperature dependence of the Jc improvement (seen in
the Jc ratio) between BZO and BHO has its origin in the NP size (DNP)
relative to the normal-core diameter (2ξab), as shown in Figure 5a. For
BZO (DNP~ 25 nm), DNP/2ξab is 1.5 at 80 K but 44 at low
temperatures, whereas for BHO (DNP ~ 7 nm), d/2ξab⩽ 1 and ~ 2 at
high and low temperatures, respectively. Values of d/2ξab 43 or oo1
lead to less effective pinning;44 thus, the ability of the 7-nm BHO NPs
to increase Jc is higher and is restrained to lower temperatures.
Insights into the benefit of further increasing NP density are found

by plotting the ratio Jc,BMO/Jc,standard vs μ0H in Figure 5b; this ratio has

Figure 5 Field dependence of the flux creep rate and the Jc ratio. (a) Temperature dependence of the size ratio (DNPs/2ξab) for the +12BZO (dcoat=150 nm)
and +12BHO (dcoat=30 nm) films. (b) Field versus Jc ratio (ΔJc= Jc,BMO/Jc,standard) at H||c and 65 K for +12BZO (dcoat=150 nm) and
+12BHO (dcoat=30 nm) films. Inset: H(ΔJc,max) at H||c for BaZrO3 (BZO) nanoparticle (NP)-doped iron-based films44 (open squares); and for +12BHO
(dcoat=30 nm) films (solid stars). H(ΔJc,max) at H||c. (c) Temperature dependence of S for the (YGd)BCO, +12BZO (dcoat=150 nm) and +12BHO
(dcoat=30 nm) films at H||c and 3 T. (d) Field dependence of the flux creep rate S for the (YGd)BCO, +12BZO (dcoat=150 nm) and +12BHO (dcoat=30 nm)
films at H||c and 65 K.
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a strong correlation with the density of NPs.44 The +12BHO
(dcoat= 30 nm) film shows a maximum Jc ratio (ΔJc,max) of 6.5 near
μ0H(ΔJc,max) ~ 3.5 T. The field values are extremely close to μ0HNP,

the field at which the intervortex distance (af) matches LNP (~20 nm).
The new data fit extremely well with the μ0H(ΔJc,max) ~ n~1/2

universal dependence44 we found for the cuprates and pnictides with
NPs, indicating that the maximum effects are obtained when af ~ LNP.
This condition (af ~ LNP) is also manifested in the flux creep rate.

The flux creep rate S ¼ �dlnðJcÞ=dlnðtÞ measures the rate at which
vortices exit pinning centers as a result of fluctuations. These
fluctuations enable vortex depinning via different types of excitations,
thus effectively reducing Jc.

49 In Figure 5d, we find that S is
significantly reduced with respect to that of (Y,Gd)BCO when NPs
are included. The stronger the pinning, the smaller S is; however,
more importantly, the reduction of S(H) continues up to higher field
strengths with an increasing density of BMO NPs; the maximum field
for the low creep onset (μ0H(Sonset)) is 1.5 T for the +12BZO
(dcoat= 150 nm) film and 3.5 T for the +12BHO (dcoat= 30 nm) film
(see arrows in Figure 5b). Thus, it is clear that the maximum
improvement, as evidenced by μ0H(ΔJc,max) and μ0H(Sonset)), can be
achieved with the same characteristic field when af ~ LNP, where af is
the intervortex distance.
Not only is the onset pushed to greater fields, but the field slope of S

is greatly reduced, such that S for BHO at large applied fields is much
smaller. This reduction in S is maintained at all temperatures, as

shown in Figure 5c. There is additional evidence of the link between
S improvement and Jc enhancement; a lower S(T) for BZO is observed
down to ~ 40 K, where DBZO/2ξab(T) ~ 3, which is concomitant with
the loss of the non-power-law behavior in Jc(H) and the marked
decrease in the Jc,BZO/Jc,standard ratio.41 On the other hand, the
+12BHO (dcoat= 30 nm) film shows a lower S at all temperatures
compared with that of the other two films. These data indicate the
importance of both density and size to reduce flux creep as well as to
increase Jc. Ultimately, the maximum improvement produced by the
NP additions in Jc(H) occurs when the elastic energy is minimized and
thermal activation effects are reduced by the strong pinning of the
high-density BHO NPs.
All of these improvements are obtained with simple multicoating

deposition without the need for ex situ treatments or convoluted
procedures. The easily controlled and fabricated nanostructured
functional material with greatly enhanced and nearly isotropic Jc(θ)
shows that materials can be grown to target different applications.

Simple pinning model for superconductor with strong pinning NPs
We have seen the clear effect of high-density BHO NPs on the
enhancement of Jc and the reduction of thermal activation. The
challenge now is to quantify improvements to be able to target specific
applications based on Jc(T, H, θ). Several models have been proposed
to explain Jc(T, H, θ) in cuprate and pnictide superconductors with
strong pinning NPs or NRs.21,24,50–59 Although the influence of creep

Figure 6 Experimental and theoretical Jc as a function of field, temperature and angle. (a) Temperature dependence of the experimental Jc (symbols) and
theoretical Jc (solid lines) for +12BZO (dcoat=150 nm) and +12BHO (dcoat=30 nm) films at H||c and 65 K. (b) The field dependence of experimental Jc
(symbols) and theoretical Jc (solid lines) for +12BZO (dcoat=150 nm) and +12BHO (dcoat=30 nm) films at H||c and 65 K. (c, d) Angle dependence
of experimental Jc (symbols) and theoretical Jc (solid lines for (YGd)BCO, +12BZO (dcoat=150 nm) and +12BHO (dcoat=30 nm) films at H||c and 65 K.
In (c, d), the dashed line is the Jc0 for the +12BHO (dcoat=30 nm) films at each measurement condition. For comparison, the experimental Jc of (YGd)BCO
films is also shown in (a–d).
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on Jc for these superconductors has been known for a long time,49,60

only a few attempts have been made to link the pinning improvements
to Jc and S.60,61

To calculate the temperature, magnetic field and field
angle dependence of Jc (Jc;calc:), we use Jc;calc: T;H; yð Þ ¼
Jc0 T;H; yð Þ 1� Sln t=t0ð Þð Þ, where t0 is the effective attempt time,
Jc0 is the creep-free Jc and S is the experimentally obtained flux
creep rate.
Here, we assume that NPs are elliptical; thus, the creep-free Jc for

NPs is given by

JNPsc0 T; y;Hð Þ ¼ nnp
m0HcðTÞð Þ2pxabðTÞl0

4m0

 !

cos 2yþ g�2 sin 2y

cos 2yþ c=bð Þ2 sin 2y

 !0:5
1� T

Tc

� �1:5

m0Hð Þ�0:5 1� m0H
m0Hc2ðTÞ

� �2
ð1Þ

where l0 is the NP diameter at θ= 0°, that is, along the c orientation,
c/b is the ratio of the NP dimensions along the c and ab orientations,
respectively, ε yð Þ ¼ cos 2 yð Þ þ g�2 sin 2 yð Þ� �0:5

and γ is the
electronic mass anisotropy.50 Here, the temperature dependencies
are simply assumed as HcðTÞ ¼ Hcð0Þ 1� T=Tcð Þ and xabðTÞ ¼
xabð0Þ 1� T=Tcð Þ�0:5, and the field-dependent factor 1� H=Hc2ð Þ2
comes from the reduction in the condensation energy.62 A detailed
derivation of these equations is shown in Supplementary Figure S1.
We focus on the additional pinning from NPs, assuming that the rest
of the pinning landscape remains unchanged. To take into account
the effect of fluctuations, Jc0 (creep-free Jc) must be calculated that is
then added to the NP contribution using statistical summation.63,64

Using Jstan:c0 T;H; yð Þ ¼ Jstan:c;exp: T;H; yð Þ= 1� Sstan:ln t=t0ð Þð Þ, where
Jstan:c;exp: T;H; yð Þ is the experimental Jc for standard (Y,Gd)BCO, the
calculated Jc for a composite sample is

JBHO
c;cal:ðT;H; yÞ ¼ Jstan:c0 T;H; yð Þ2 þ JNPsc0 T;H; yð Þ2� �0:5

1� SBHOln t=t0ð Þ� �
ð2Þ

The parameters used are listed in Supplementary Table S1.
Figure 6a shows the temperature dependence of the experimental Jc

(symbols) and calculated Jc (solid lines) for the +12BZO
(dcoat= 150 nm) and +12BHO (dcoat= 30 nm) films at H||c= 3 T.
Using as average NP size DBMO from microstructural data and the
experimental S(T), in Figure 6a, we show that the calculated Jc values
for both films are in good agreement with the experimental Jc. The
field dependence of the calculated Jc at H||c and 65 K for NP-doped
films is again in very good agreement with the experimental Jc(T) data
shown in Figure 6b. Figures 6c and d show the angular dependences of
the measured Jc (symbols) and the calculated Jc (lines) for the
+12BHO (dcoat= 30 nm) film at (65 K, 3 T) and (26 K, 6 T) and the
calculated Jc0 for the BHO NPs (JBHOc0 ). The agreement is very
satisfactory in both cases given that the large temperature difference
(65 and 26 K) induces large changes in the superconducting values
that are taken into account by the model using the same parameter
values. Careful comparison of the experimental and calculated Jc(θ)
show some disagreement at ∼ 30–80° with better fits for BZO
(Supplementary Figure S2) than BHO (Figure 6). The deviation is
associated with the NP contribution and could be associated with only
using the average value of the NP size rather than the actual size
distribution and because of the fact that the pinning landscape changes
slightly after adding NPs.26 The most important feature of the present

model is that all the parameters used are derived by fitting to a limited
set of experimental data (no free parameters) and that temperature,
angle and field properties at other experimental conditions are then
calculated.

CONCLUSION

To summarize, we have demonstrated the ability of adding a large
density of second-phase NPs of tunable size without affecting the host
matrix. We show that limiting diffusion (thermally and/or spatially) is
the key to reducing the NP size; we achieve this by selecting a second-
phase material with lower crystallization temperature and modulating
the precursor composition through the deposition layer thickness.
This ability, coupled with extremely good modeling, indicates that
MOD REBCO can be used for specific performance requirements and
that this NP tuning method is amenable to other functional perovskite
materials.
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