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Abstract
The critical current and pinning mechanisms at 4.2 K have been studied over a magnetic field
range of 0–14 T for Zr-added (0, 5 and 15 mol.%) REBa2Cu3O7-x (REBCO and RE = rare
earth) coated conductors fabricated by advanced metal organic chemical vapor deposition
(A-MOCVD). It is found that the (Ba + Zr)/Cu content in Zr-added (5 and 15 mol.%) REBCO
affects the critical current at 77 K, 0 T as well as density, continuity and shape of BaZrO3

(BZO) self-assembled nanocolumns and RE2O3 in-plane precipitates that significantly enhance
the pinning force density Fp(H) as well as isotropic pinning landscape at 4.2 K. In addition to
bell-shape dependence of critical current density, Jc, at 4.2 K with (Ba + Zr)/Cu content we
observed an unusual Fp(H) behavior correlated to particular type of pinning centers,
morphology and distribution that have been revealed by TEM microstructure analysis. By fitting
the Dew–Hughes equation of the pinning force density Fp(H) at 4.2 K we extract the scaling
behaviors of the Fp(H) associated with the competition of pinning mechanisms driven by
vertically-aligned BZO nanorods and in-plane RE2O3 pinning defects. This result sheds light on
approaches towards interactive control of strong and isotropic pinning centers in Zr-added
REBa2Cu3O7-x (REBCO and RE = rare earth) coated conductors, and especially understanding
the correlation between microstructural characteristics and vortex pinning mechanisms at 4.2 K
in high magnetic fields.

Keywords: REBCO, coated conductor, metal organic chemical vapor deposition (MOCVD),
critical current density, pinning, microstructure, transmission electron microscopy (TEM)

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, there has been a strong interest in using
REBa2Cu3O7-x (REBCO, RE-rare earth element) coated con-
ductors at low temperatures of 4.2–20 K and high magnetic
fields for applications such as accelerator magnets for high-
energy physics, fusion magnets, and superconducting mag-
netic energy storage systems (SMES) [1–9]. REBCO coated
conductors made by metal organic chemical vapor depos-
ition (MOCVD) and pulsed laser deposition (PLD) with

incorporated artificial pinning centers (APCs) exhibit the crit-
ical current density (Jc) over 8 MA cm−2 and pinning force
density (Fp) over 1.4 TN m−3 at 4.2 K and 20 T [10–12].
Among the various methods to enhance the pinning charac-
teristics in REBCO, BaMO3 (M = Zr, Hf) self-assembled
nanorods, primarily oriented along the c-axis of REBCO, are
one of the most effective APCs [13–19].These nanocolumns
can be grown along entire thickness of film and are about
3–8 nm in diameter, comparable to coherence length on the a-
b plane. Record high Jc over 12 MA cm−2 and pinning force
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of 1.7 TN m−3 at 4.2 K in a magnetic field of 14 T have
been reported by our group for 15 mol.% Zr -added REBCO
4+ µm thick film made by Advanced MOCVD technique,
which is based on direct ohmic heating of a suspended sub-
strate tape and laminar precursor cross flow [20–22]. It has
been possible to grow even 5 µm thick films with a homo-
geneous microstructure free of a-axis grains film in a single
pass by A-MOCVD because of excellent temperature control
and uniform precursor flow. It has been reported that BaZrO3

(BZO) nanocolumns provide strong correlated pinning along
the c-axis and introduce the weak point defects such as oxy-
gen vacancies, dislocations and those due to the strain induced
by lattice mismatch between BZO nanorods and REBCOmat-
rix that enhance the Jc over a wide range of magnetic field
directions [23]. Depending on pinning strength, vortex spa-
cing, and pin density at low temperature, several mechanisms
such as strong and weak pinning have been discussed; how-
ever varied reports leave several unresolved questions. One
question is about the transition mechanism between the strong
correlated and weak uncorrelated pinning with field at tem-
peratures below 20 K and its dependence on the dimension-
ality of pinning defects such as nanorods and nanoparticles.
Another unclear characteristic is α value, a parameter that is
related to the strength of flux pinning in power-law depend-
ence, Ic ∼ H−α. A wide range of α = 0.69–0.89 has been
observed for Zr-added REBCO films [19]. Recently, it has
been reported that α value for REBCO containing RE2O3 pre-
cipitates decreases with temperature and approaches to 0.5 at
5 K [24]. The common conclusion is that there is no univer-
sal value for α and power-law fit for Jc(H) is not always valid.
In addition to these unresolved questions, there is generally
a dearth of reports on the in-field critical current of REBCO
coated conductors at low temperatures.

In this work we studied themagnetic critical current density
(Jc) at 4.2 K and widemagnetic field range 0–14 T applied per-
pendicular to plane of Zr-added (Gd,Y)BCO tape. All studies
focused only on thick (4 + µm) films that we have demon-
strated in our A-MOCVD tool. This tool enables growth of
thick REBCO films without degradation in Jc, resulting in
values between 2.5 and 3.8 MA cm−2 at 77 K, 0 T, over
15MA cm−2 at 30 K, 3 T and 0.5MA cm−2 at 4.2 K, 14 T [17,
20]. The main parameters explored in this study are Zr content
(0, 5 and 15% Zr addition) and Ba/Cu stoichiometry.

2. Experimental details

The Advanced MOCVD method was used to fabricate
(Gd,Y)BCO thick (4+ µm) films with 0, 5 and 15 mol.% Zr
addition and different Ba content [21, 22]. The film growth
temperature range and reactor pressure were 800 ◦C–820 ◦C,
1014 ppm and 1.9 Torr, respectively. The direct ohmic heat-
ing and laminar precursor flow in Advanced MOCVD enable
excellent temperature control, rapid thermal response and dir-
ect monitoring of tape temperature. All (Gd,Y)BCO films
were grown using a constant Gd:Y ratio (0.6:0.6) while the Ba
molar ratio in (Gd,Y)BCO superconducting tapes was varied
over a range of 1.8−2.35. The (Ba + Zr)/Cu content in 0, 5
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Figure 1. Magnetization Jc at 77 K and 0 T as a function of
(Ba + Zr)/Cu for 0, 5 and 15% Zr-added (Gd,Y)Ba2Cu3O7-x tapes
as function of (Ba + Zr)/Cu content.

and 15% mol.% Zr-added (Gd,Y)BCO films was determined
from the composition analysis by inductively coupled plasma
mass spectroscopy (ICP-MS). (Ba+Zr)/Cu ratio has been pre-
viously shown to be strongly correlated with in-field critical
current [16, 25].

Contact-free magnetic measurements were conducted by
a vibrating sample magnetometer (VSM), Quantum Design
DynaCool PPMS with a 14 T maximum field. All samples,
with dimensions 3.2 × 3.2 mm2 cut from the 12 mm tapes,
were measured with the magnetic field applied perpendicu-
lar to Zr/(Gd,Y)BCO tapes. The critical current density Jc
was obtained from measurements of hysteretic magnetization
loops M(H). These data were analyzed using the Bean crit-
ical model for a rectangular sample with sides, b > a, where
the current density (in CGS units) is given by Jc = 20 ∆
M/a (1 − a/3b) [26, 27]. In the VSM, a magnetic field sweep
rate of 200 Oe s−1 was used, which corresponds to an elec-
tric field E ≈ 10−7 V cm−1 defined by E = (a/4) (dB/dt) [24,
28]. Transport critical current measurement at 77 K, 0 T was
conducted in liquid nitrogen using a 4-probe method. The in-
field transport critical currents at 4.2 K in high magnetic fields
up to 32 T were measured in a 31.2 T solenoid magnet at
NHMFL. An electric field criterion of E ≈ 1 µV cm−1 was
used to define transport critical current, Ic. Transmission elec-
tron microscopy (TEM) studies were performed on a JEOL
2000FX microscope.

3. Results and discussion

We first explored the effect of Zr content and Ba/Cu ratio
on the resulting 77 K, self-field behavior. The magnetiza-
tion critical current density (Jc) at 77 K, 0 T as a function of
(Ba + Zr)/Cu content for (Zr = 0, 5 and 15 mol.%) REBCO
tapes is shown in figure 1. The Jc (77 K, 0 T) reduces almost
linearly from 0.95 to 0.2 MA cm−2 for the reference undoped
(Zr = 0) samples, while REBCO tapes with 5 and 15 mol.
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Figure 2. A typical cross section microstructure of Zr-added (Gd,Y)BCO sample at low magnification (a). Cross section microstructure of
15 mol. % Zr-added (Gd,Y)BCO with low (Ba + Zr)/Cu = 0.72 content (b) and high (Ba + Zr)/Cu = 0.846 content (c). In figure 2 (b) the
in-plane RE2O3 precipitates are indicated by dashed lines.

% Zr addition show Jc (77 K, 0 T) decreasing from 1 to
0.3 MA cm−2 and from 0.4 to 0.04 MA cm−2 respectively.

Transport Jc measured on the same samples show higher
values by factor of ∼2 than magnetization Jc due to the dif-
ference in voltage criteria used to define Jc. This difference
also depends on uniformity of samples and index n value of
the power law characteristic of each sample [22, 28, 29].

Figure 1 shows that the achievable Jc in 0 and 5% Zr films
is the highest in Cu-excess samples with (Ba+ Zr)/Cu∼ 0.66.
However, it is seen that Jc degrades at much lower rate in 5%
Zr samples as (Ba + Zr)/Cu content is increased. The slope
of Jc vs. (Ba + Zr)/Cu behavior is practically the same in
5 and 15% Zr samples, while the Jc of samples with no Zr
addition deteriorates at a higher rate. In addition, the 15% Zr
samples have a lower Jc than the 5% Zr samples. This obser-
vation is consistent with reports on Zr/(Gd,Y)BCO films with
variable Ba and Zr content [16, 30–32]. It has been found
that (Gd,Y)BCO c-axis lattice parameter strongly depends
upon the Zr and Ba/Cu concentration in REBCO supercon-
ductor tapes. The reduction of Jc at 77 K, 0 T with a high
level of Zr addition is attributed to in-plane texture degrad-
ation and increasing of c-axis lattice parameter. In Ba-rich
REBCO superconductor tapes, there are suggestions that the
excess Ba content occupies the yttrium (Y) sites which due
to the larger ionic radius of Ba in comparison with Y, results

in an expansion of the REBCO c-axis lattice parameter [33].
On the other hand, deficiency of Ba in the film can cause a
sharp drop of critical current as shown in figure 1 for 0% Zr
with Ba/Cu= 0.65, due to formation of a-axis-oriented grains
and secondary phases, such as CuO. Another factor known to
affect the self-field Jc and in-field performance at B||ab plane
is the concentration of rare-earth elements (Y, Gd) formed in
superconducting film as RE2O3 (REO) nanoprecipitates [34].
In the samples studied in the current work, the RE concentra-
tion is fixed at 1.3, resulting in nominal 0.3 RE excess relative
to REBCO unit cell available for formation of REO precipit-
ates. However, the density of REO nanoparticles, as will be
shown in microstructural analysis, reduces with increasing the
(Ba+ Zr)/Cu content in the films, which is one of the possible
causes for the reduction of Jc at 77 K, 0 T.

A low magnification view of a typical cross-section micro-
structure of Zr-added REBCO films made by A-MOCVD is
shown in figure 2. Homogeneous 4+ µm thick films free of
a-axis grains can be grown in a single pass by A-MOCVD.
We observe uniform distribution of BZO nanorods along c-
axis. The BZO nanorod areal density determines the matching
field for flux pinning and is desired to be as high as achiev-
able without deterioration of the underlying REBCO struc-
ture. Among over 10 samples studied by TEM, a remark-
able observation for 5 and 15 mol.% Zr-added samples is
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Figure 3. Cross section microstructures of 15% Zr-added (Gd,Y)BCO samples with different compositional ratio (Ba + Zr)/Cu: low-0.72
(a), moderate-0.76 (b) and high-0.85 (c). The bottle-shaped BZO nanorods with alternating narrow and wide sections are marked by dashed
lines.

the high density of REO precipitates homogeneously dis-
persed along the ab plane for samples with low Ba content
[(Ba+ Zr)/Cu= 0.72] (figure 2(b)), while the films with high
Ba level [(Ba+ Zr)/Cu= 0.846] do not reveal any appreciable
density of REO (figure 2(c)).

TEM cross section microstructure analysis of 15 mol.%
Zr-added films shows an increasing spacing between in-plane
REO precipitates from 56 to 950 nm with increasing of
(Ba+ Zr)/Cu content from 0.66 to 0.85. An increase of the Ba
concentration in the precursor leads to increase of the Ba/Cu
stoichiometry in the films. For Zr = 0, 5 and 15%, the nom-
inal perfect Ba/Cu stoichiometry is 2/3, 2.05/3 and 2.15/3,
respectively, and accounts for the amount of extra Ba con-
tent needed to form BaZrO3. The corresponding (Ba+ Zr)/Cu
stoichiometric values are 0.667, 0.7 and 0.767, respectively.
At (Ba + Zr)/Cu values lower than the listed values, the films
are Ba-deficient, or correspondingly Cu-rich. This is a pos-
sible cause for formation of a-oriented REBCO grains, nuc-
leating from Cu-oxide precipitates. Simultaneously with Ba
deficiency, an excess RE content is available for the formation
of REO precipitates. The size of RE2O3 particles might vary
from 3 to 10 nm depending on the film growth temperature
and time as well as the variation of Ba in the film composi-
tion. The REO particles as shown in figures 2(b) and 3(a) can
disrupt BZO continuity along the c-axis of REBCO films, res-
ulting in an array of shorter, segmented nanorods.

Figure 3 shows the cross-sectional morphology of 15 mol%
Zr-added films made with low Ba = 2.0, moderate Ba = 2.15
and large Ba = 2.35 in the precursor that correspond to
(Ba + Zr)/Cu compositional ratio in films of 0.72, 0.76 and
0.85 respectively. The films with 5% Zr addition have similar
microstructures as those shown in figure 3, but with different
nanorod density.

It can be seen that increasing the Ba content affects the con-
tinuity, morphology and density of BZO nanorods. The aver-
age diameter of BZO nanorods appears to slightly increase,
from ∼4 to ∼6 nm between the two extremes. The near inde-
pendence of BZO diameter size on doping concentration in
REBCO filmwith sufficiently high BZO content has been pro-
posed by Wu et al based on calculation of elastic energy of
the strained lattice [35]. In the Ba-2.0 sample as shown in

figure 3(a), the BZO nanocolumns appear partially interrupted
by the REO precipitates present along the ab plane. In REBCO
filmswhere REO andBZO are incorporated, additional defects
such as stacking faults are also present and might act as addi-
tional pinning centers [36, 37]. The BaZrO3 nanocolumns in
15 mol.% Zr added film made with Ba= 2.15 precursor show
a modulation of the nanorod diameter along the length. The
nanorods feature bottle-shaped periodic modulations, which
increase the nanorod diameter locally to 10–12 nm diameter,
that appear along the whole thickness of the 4+ µm REBCO
films. Such periodic instabilities in diameter are not currently
predicted by any existing nanorod growth theory and the pre-
cise mechanism behind it is not clear at the moment. The
microstructure of the film made with high Ba = 2.35 pre-
cursor content does not show any bottle-shaped features in
BZO nanocolumns. In addition, there are no significant traces
of any RE2O3 precipitates. The nanocolumns appear continu-
ous and straight. Furthermore, the nanorod diameter appears
larger than that of the low Ba sample. While the nanorod dia-
meter is more difficult to evaluate accurately from the presen-
ted cross-section micrographs compared to the estimate of
nanorod density from plan-view nanorod count, the nanorod
diameter is estimated at 4–4.8 nm for Ba = 2, 5–7 nm for
Ba = 2.15 in the narrow sections and ∼15 nm in the bottle-
shape sections, and 8–9 nm for Ba = 2.35.

The spacing between BZO nanorods of 5 and 15 mol. %
Zr−added REBCO tapes with different Ba content is shown
in figure 4. The square symbols denote estimates of nanorod
density from the peak in pinning force vs applied field as
measured at 65 K by VSM magnetometry. The correspond-
ing estimate of nanorod density from plan-view TEM micro-
graphs is denoted with star and circular symbols. Up to the
matching fields, every flux line can be pinned by an individual
BZO nanocolumn. Our recent publication shows that match-
ing fields of Zr-added REBCO films obtained from magnetiz-
ation curves at 65 K agree well with those evaluated from the
average spacing of BZO nanocolumns [38]. This correlation
at 65 K was observed for over 20 Zr-added REBCO samples
measured over a wide temperature range.

Figure 4 demonstrates that the spacing between BZO nano-
columns decreases with increasing Ba content, implying an
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Figure 4. Spacing between BZO nanorods of 5 and 15 mol. % Zr-
added (Gd,Y)Ba2Cu3O7-x films as a function of (Ba + Zr)/Cu
content. The square symbols represent the data obtained from
matching field characteristics measured over Jc(H) at 65 K. The
circular and star symbols correspond to TEM plan view
microstructure analyses.

increase in nanorod content. It is more prominent for 15mol.%
added films, where the spacing reduces from 24 nm for
Ba= 2.0, (Ba+ Zr)/Cu= 0.72 down to 16 nm for Ba= 2.35,
(Ba + Zr)/Cu = 0.85. On the other hand, films with 5 mol.%
Zr addition show moderate changes in BZO spacing, decreas-
ing from 23 nm for Ba = 2.0, (Ba + Zr)/Cu = 0.67 down
to 19 nm for Ba = 2.3, (Ba + Zr)/Cu = 0.9. This observa-
tion is consistent with earlier published work where increase
of (Ba + Zr)/Cu leads to reduction of BZO-to-REBCO c-
lattice mismatch that promotes formation of BZO nanorods
with higher density [16].

The pinning mechanism at temperatures below 30 K is
expected to be significantly different from that at high tem-
peratures due to changes in coherence length of vortices and
effects associated with temperature fluctuation [23]. At lower
temperatures and highmagnetic fields, dense uncorrelated pin-
ning centers are mostly caused by weak points through oxy-
gen vacancies and those that arise from lattice mismatch strain
fields between REBCO matrix and pinning centers such as
BZO nanorods and REO nanoparticles [23, 39–42]. Hence,
it is important to find out the mechanisms that can optim-
ize the pinning landscape in order to achieve the high per-
formances at lower temperatures in low to high magnetic field
regimes.

Figure 5 shows the magnetic field dependence of Jc at 4.2 K
in the field orientation B||c, for the 0, 5 and 15 mol.% Zr-added
REBCO films with Ba molar ratio in the precursor varied over
1.8–2.35. The Jc of the reference undoped samples over the
field range of 0–4 T is around 4 MA cm−2 which is lower
by a factor of 5 and 3 compared to 5 and 15 mol.% Zr-added
samples respectively. At higher magnetic fields, the factor is
around 8. Another remarkable observation is that at lower
fields of 0–5 T, REBCO tapes with 5 mol.% Zr addition show
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Figure 5. Field dependence of Jc at 4.2 K and B||c for 0, 5 and
15 mol.% Zr-added REBCO tapes with Ba molar ratio in the
precursor varied over 1.8 − 2.35.

higher Jc than 15 mol. % Zr samples by an average factor of
2.5, while at fields above 5 T, the best 15% Zr-added samples
outperform 5% Zr added samples.

The tapes with higher Zr levels are likely more degraded
due to increased c-axis lattice parameter and therefore show
lower critical current at low field where the effect of weak
pinning center is not dominating. At 4.2 K and magnetic
fields above 8 T, the difference in Jc of 5 and 15% Zr-added
samples continuously reduces suggesting that isotropic point
defects are dominating the pinning mechanism rather than
BZO nanorods, which is in a good agreement with earlier pub-
lished work [39]. Data in figure 5 also reveals that over the
magnetic field range 0–4 T, the rate of decrease in critical cur-
rent with increasing magnetic field is stronger for 5 mol. %
Zr added tapes while at high magnetic fields, the rate for both
Zr-added tapes is almost identical. It is worth to note that the
mean value of the lift factor, defined as the ratio of Jc at a given
temperature and field to Jc at 77 K, 0 T, of undoped samples
is around 8 in low magnetic fields, and is around 33 and 50
respectively for 5 and 15 mol.% Zr added tapes. At high mag-
netic fields, the mean lift factor is 1.5, 6, and 13 for 0, 5 and
15 mol.% Zr added REBCO tapes respectively. The high lift
factor value without severe degradation of self-field Jc at 77 K
is an indication of strongly active flux pinning mechanism. It
is also evident from figure 5 that the (Ba + Zr)/Cu content
variation in 5 and 15 mol.% Zr-added REBCO tapes strongly
affects the Jc(H) distribution. At low fields, for example at 2 T,
the samples with 5 and 15 mol.% Zr addition show a range of
Jc from 12 to 27 MA cm−2 and 4–16 MA cm−2 respectively,
while for undoped samples the range is smaller, from 1.4 to
3.6 MA cm−2.

Among the 23 samples presented in the figure 5, two
samples with 15 mol.% addition show anomaly of a peak in
Jc at a low magnetic field, around 1.2 T. All samples were
measured by using the same magnetization sequence, so addi-
tional study of these two samples is needed to understand the
nature of the observed Jc peak. It is worth noting that a sim-
ilar behavior in Jc(H) i.e. an increase in Jc with increasing
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magnetic field known as fishtail (or second peak) effect has
been reported previously, but the interpretation of this phe-
nomenon is still rather controversial [43, 44].

The correlation between the Jc(H) at 4.2 K and
(Ba+ Zr)/Cu content of 0, 5 and 15 mol.% Zr-added REBCO
tapes is shown in figure 6. It can be seen that the Jc for refer-
ence and Zr-added samples at a high magnetic field of 13 T
follows a bell-shaped behavior as a function of (Ba + Zr)/Cu
content. A pronounced peak is observed for tapes with 15%
Zr addition (figure 6(a)). Increasing of (Ba + Zr)/Cu content
from 0.72 to 0.774 leads to an improvement of Jc by factor of 6
which approaches 6.3 MA cm−2, while the further increase of
(Ba+ Zr)/Cu from 0.774 to 0.85 drops the Jc to 0.9MA cm−2.
At 13 T, the peak Jc, is observed for the 15% Zr tape with
Ba = 2.15 nominal level in precursor, (Ba + Zr)/Cu = 0.774.
For this tape, the spacing between BaZrO3 nanorods is 18 nm.
Among filmswith 5%Zr, the peak Jc at 13 T has been observed
for Ba = 2, (Ba + Zr)/Cu = 0.74 where the spacing between
BaZrO3 nanorods is 21 nm.

In figure 6(a) is shown that the highest Jc in the field range
of 7–13 T occurs for the same 15% Zr tape with (Ba+ Zr)/Cu
content of 0.774, while Jc max at fields below 7 T happens in
films with a lower (Ba + Zr)/Cu content, less than or equal to
0.76. Similarly, the optimum (Ba+ Zr)/Cu content in 5 mol.%
Zr added tapes for themaximum critical current decreases with
decreasing magnetic field. So, by tailoring the composition,
the performance of REBCO tapes can be customized to the
magnetic field relevant to the application. In figure 6(c) the
dependence of Jc at 9 T and 13 T of undoped, 5 and 15 mol. %
Zr-added REBCO tapes on (Ba+ Zr)/Cu content is compared.
At 13 T, REBCO tapes with Zr = 0, 5, and 15 addition show
Jc max= 1.4, 5.7 and 6.3MAcm−2 respectively, and at 9 T, they
exhibit Jc max = 1.6, 7.8 and 8.9 MA cm−2. While the 15% Zr-
added tapes show the highest Jc, the 5%Zr-added tapes exhibit
a high Jc over a wide range of (Ba + Zr)/Cu content. Such a
broad window will be valuable for consistency and uniformity
in long-tape manufacturing.

In figure 7 is shown a correlation between the (Ba+ Zr)/Cu
content of undoped and 5, 15 mol.% Zr-added REBCO films
and the alpha parameter defined from power-law dependence,
Ic ∼ H-α, at 4.2 K and magnetic field range of 14–11 T. The
alpha parameter is related to the strength of flux pinning in
REBCO superconducting films. It is seen from figure 7 that the
alpha parameters of 5% and 15% Zr-added films are substan-
tially higher than that of undoped films. It has been reported
that undoped REBCO displays low α ∼ 0.5 due to the lack of
strong c-axis correlated pinning [4, 24].

The observed dependency of α of 5% and 15% Zr-added
films on (Ba+ Zr)/Cu content is similar to Jc behavior presen-
ted in figure 6. The 15% Zr-added films exhibit the highest
α parameter but the 5% film show a high α over a wide
range of (Ba + Zr)/Cu content. The highest alpha values for
5 and 15 mol.% Zr-added REBCO films are 0.89 and 1.02 at
(Ba+Zr)/Cu content of 0.72 and 0.76 respectively. The results
shown in figure 7 imply that a large distribution of α paramet-
ers reported for REBCO samples with Zr addition could be
related to (Ba + Zr)/Cu content.
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Figure 6. Jc(H) of 15, 5 and 0 mol.% Zr-added REBCO tapes at
4.2 K and B||c as a function of (Ba + Zr)/Cu content. In figure c is
shown a comparison of undoped and Zr-added tapes at 9 and 13 T.

In figure 8 is shown the field dependence of pinning
force density Fp measured from magnetization critical cur-
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Figure 7. Alpha parameter defined from power-law dependence,
Ic ∼ H-α, at 4.2 K and magnetic field range of 14–11 T as a function
of (Ba + Zr)/Cu content of undoped and 5,15 mol. % Zr-added
(Gd,Y)Ba2Cu3O7-x films.

rent density of 5 and 15 mol.% Zr-added samples with dif-
ferent (Ba + Zr)/Cu content. The (Ba + Zr)/Cu content of
the 5 mol.% Zr-added samples are 0.674 (low), 0.741 (inter-
mediate) and 0.899 (high). The (Ba + Zr)/Cu content of the
15 mol.% Zr-added samples are 0.72 (low), 0.76 (intermedi-
ate) and 0.846 (high).

It can be seen at 13 T the pinning force of 0.7 TN m−3

is almost the same value between 5 and 15% Zr films with
intermediate (Ba + Zr)/Cu content of 0.74 and 0.776 respect-
ively. The pinning force density values of 5 and 15 mol.%
Zr-added samples with low (Ba + Zr)/Cu are 0.57 and
0.14 TN m−3 respectively. The pinning force density values
of 5 and 15 mol.% Zr-added samples with high (Ba + Zr)/Cu
are 0.6 and 0.25 TNm−3 respectively. Transport current meas-
urements done at NHMFL on the same 15 mol.% Zr-added
sample with intermediate (Ba+ Zr)/Cu shows a transport pin-
ning force density of 1.5 TNm−3 (Jc= 11.7MA cm−2 at 13 T)
which is larger than magnetic Fp by factor of 2.1. Previously,
record high transport critical current density at 4.2 K and 30 K
was reported by our group for optimized 15 and 20 mol.%
Zr-added (Gd,Y)BCO films [17, 19, 20]. Another interesting
observation is an almost constant transport Fp = 1.5 TN m−3

over a field range of 16–32 T. The alpha parameter defined
from power-law dependence in magnetic and transport meas-
urements in the field range 13–11 T and 32–18 T respectively
is almost identical at 1.02 and 1.04.

The normalized pinning force density fp = Fp/Fp-max at
4.2 K of 5 and 15 mol.% Zr-added REBCO samples with low,
intermediate and high (Ba + Zr)/Cu content is presented in
figure 9. Both sets of samples with 5 and 15 mol.% Zr show a
similar behavior.

The field dependence of Fp of tapes with the lowest
(Ba + Zr)/Cu content of 0.674 and 0.72 in 5 and 15 mol.%
Zr-added samples respectively shows a quick rise of normal-
ized pinning force density from 0 up to B∗. For samples with
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Figure 8. Magnetic pinning force at 4.2 K versus magnetic field
applied along the c-axis of 5 (open symbols) and 15 mol.% (solid
symbols) Zr-added (Gd,Y)Ba2Cu3O7-x films with low (black),
intermediate (red) and high (green) (Ba + Zr)/Cu content (a). The
transport pinning force density of 15 mol.% Zr-added
(Gd,Y)Ba2Cu3O7-x with intermediate (Ba + Zr)/Cu content (0.76),
as measured at NHMFL (b).

the lowest (Ba + Zr)/Cu content the B∗ is defined as a field at
which the slope of fp(H) curve changes from high to moderate.
For the films with intermediate and high (Ba+ Zr)/Cu content,
the slope fp(H) is gradual and the derivative of fp(H) as shown
in figure 9(b) inset is used to precisely define the change in
slope. Above B∗, which is 3.9 and 4.2 T for 5 and 15 mol.%
Zr-added samples respectively, the normal pinning force dens-
ity reduces to Bmin and increases again at a slow rate. The films
with intermediate and the highest (Ba + Zr)/Cu content show
a shift of B∗ to higher fields in the following order: 5 and 5.8 T
for 5% Zr samples and 7.8 and 9 T for 15% Zr samples.

The shape of fp(H) curve at 4.2 K may be affected by ori-
entation, morphology and continuity of BZO nanorods on the.
Our earlier publishedwork and current TEM study of Zr-added
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Figure 9. Field dependence of normalized pinning fp = Fp/Fp max at
4.2 K for 5(a) and 15(b) mol.% Zr-added REBCO samples with low
(black), intermediate (red) and high (green) (Ba + Zr)/Cu content.
The inset in figure (a) shows a magnified scale fp(H) of
(Gd,Y)Ba2Cu3O7-x with 5 mol.% addition. The inset in figure (b)
shows a derivative of fp(H) where the dashed lines help determine
B∗, the field at which the slope changes.

samples made by A-MOCVD or conventional MOCVD did
not reveal an inclination of BZO nanorods´ growth direction
from the c-axis orientation of REBCO. Rather, the shape of the
Fp(H) curve is likely associated to the segmentation of BZO
nanorods by RE2O3 in-plane precipitates. As discussed above,
an excess of RE content is available for the formation of REO
precipitates in Zr-added samples with lowest (Ba + Zr)/Cu
content. The appearance of Bmin, shown in figure 9 has been
observed for 5 and 15 mol.% Zr-added samples with lowest
(Ba + Zr)/Cu content. A similar unusual shape of fp(H) curve
has been reported by Tsuchia et al but at 77 K, for BaHfO3

(BHO)-doped SmBa2Cu3O7 −δ [45, 46]. It was explained by
delocalization of the vortex, where the mean amplitude of the
thermal fluctuation is longer than the distance between the

3 4 5 6 7 8 9
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8
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 15% Zr

B*
 (T
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la

) a
t 4

.2
 K

Matching Field (Tesla) at 65 K
Figure 10. Correlation between characteristic field parameter B∗

defined from Fp(H) at 4.2 K and matching field obtained from Fp(H)
at 65 K for all 5 and 15 mol.% added REBCO tapes.

nanorods [47]. We have however not observed the double peak
in the Fp(H) curve at 65–77 K in Zr-added films with low
(Ba + Zr)/Cu content, at least up 13 T.

Figure 10 shows a linear correlation between B∗ defined
from Fp(H) at 4.2 K and matching field obtained from Fp(H)
at 65 K for all 5 and 15 mol.% Zr added REBCO tapes. It
should be noted that the correlation is not only linear, but that
the scale factor is unity, i.e. the B∗ at 4.2 K and matching
field at 65 K are exactly the same. Previously, we had reported
that matching fields calculated from the spacing between BZO
nanorods is almost the same as the matching fields obtained
from normalized Fp(H) curves at 65 K [38]. We can con-
clude that the pinning mechanisms at 4.2 K and low magnetic
fields are mostly governed by BZO nanorods, at least up to B∗.
Hence, the characteristic B∗ field obtained fromFp(H) at 4.2 K
apparently differentiates the cross point between strong correl-
ated pining governed by BZO nanorods andweak uncorrelated
pinning.

To further understand the governing pinning mechanisms
responsible for the different Fp(H) behavior of 5 and 15mol.%
Zr-added REBCO samples at 4.2 K with low and high
(Ba + Zr)/Cu content, we use Dew-Hughes-type functions
for the field dependence of the pinning force density [48].
When there are several types of pinning centers in a super-
conductor, the normalized pinning force can be described by:

f= Abp(1− b)q,

where A is constant, b = B/Birr is the reduced magnetic
field and the variables p and q are parameters that are
associated with the flux pinning mechanism in the original
model. Because the actual irreversibility field Birr is difficult
to determine especially at lower temperatures, the Kramer
plot has been used to define Birr through extrapolation of
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the Jc0.5(B)0.25 curve to zero [49]. The high field region is
mostly described by q parameter. In this region, the repuls-
ive vortex-vortex interaction begins to be the main determ-
ining factor. According to Dew-Hughes, the normalized vor-
tex pinning forces f = FP/Fpmax at different temperatures will
collapse to one curve if there is a dominant pinning mech-
anism [48]. We found that one term equation representing
a single pinning species cannot adequately fit the data for
Zr-added (Gd,Y)Ba2Cu3O7-x samples because of the differ-
ent type of defects such as nanorods and nanoparticles that
contribute to pinning in these samples. We found that =
Abp1(1− b)q1 +Bbp2(1− b)q2 a two-component model, com-
bined additively, gives a reasonable fit for 5 and 15 mol.%
Zr-added (Gd,Y)Ba2Cu3O7-x samples with the lowest, inter-
mediate and largest (Ba + Zr)/Cu content. For example,
figure 11 shows the field dependence of normalized pinning
force f = FP/Fpmax as a function of normalized magnetic
field b = B/Birr for 15 mol.% Zr-added film with the lowest
(Ba + Zr)/Cu = 0.72 content at 4.2 and 77 K. The values
of p1 and q1 for the pinning centers of interest are given by
Dew-Hughes, and will be discussed below, while parameters
p2 and q2 are fitting parameters only. In the Dew-Hughes ana-
lysis the parameter p = 1 is related to core pinning (pinning
center dimension less than the penetration depth) by point-like
normal-state particles. The parameter p1 obtained with the two
component model for all 5 and 15 mol.% REBCO samples
over a temperature range of 77–4.2 K is in the range of 0.9–
1.1. This pinning mechanism is consistent with the 4–6 nm
diameter BaZrO3 particles observed in the TEMmicrograph in
figure 3. However, the obtained parameter q1 which represents
the high field region is different for samples with low and high
(Ba+ Zr)/Cu content at temperatures below 30 K (q1 > 10 for
samples with low (Ba+Zr)/Cu content and q1∼ 2 for samples
with high (Ba + Zr)/Cu content), while it is nearly the same
q1 ∼ 2 at high temperatures (30–77 K) for all samples.

It is recognized that the peak positions of Fp/Fp max curves
point to the pinning mechanism and could be determined as
bmax = p/(p + q) [48]. For REBCO, it has been found that
bmax is in the range of 0.33 to 0.5, which is in accordance with
pinning provided by normal-conducting or insulating regions
[50]. The reported variation of bmax is attributed to different
RE2O3 particles [50]. In figure 12 is shown the temperature
dependence of bmax = p1/(p1 + q1) for undoped sample with
the lowest Ba/Cu (0.648), 5 and 15 mol.% Zr-added REBCO
films with the lowest (Ba + Zr)/Cu (0.67 and 0.72 respect-
ively), intermediate (Ba + Zr)/Cu (0.74 and 0.774) and the
highest (Ba + Zr)/Cu (0.89 and 0.84). It can be seen that for
undoped sample, bmax is temperature independent and equal
to 0.12. For REBCO with 5 and 15 mol.% Zr addition and the
highest (Ba + Zr)/Cu, bmax is around 0.3 over the entire tem-
perature range of 4.2–77 K. This may be due to a monotonous
microstructure of continuous BaZrO3 nanorods without inter-
ference by RE2O3 precipitates in films with high (Ba+ Zr)/Cu
as seen in figure 3(c).

The 5 and 15 mol.% Zr-added samples with the lowest
and intermediate (Ba + Zr)/Cu content show bmax ∼ 0.31 and
bmax ∼ 0.33 at 65 and 77 K. At lower temperatures of 30 and
4.2 K, the 5 and 15 mol.% Zr-added films with the lowest
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Figure 11. The scaled pinning force density f = FP/Fpmax as a
function of the reduced field b = B/Birr and fitting curve of
15 mol.% Zr-added film with the lowest (Ba + Zr)/Cu of 0.72
content, at 4.2 K (a) and 77 K (b).

(Ba + Zr)/Cu content show bmax ∼ 0.08 and 0.05 respect-
ively, while the films with intermediate (Ba + Zr)/Cu con-
tent show bmax ∼ 0.23 and 0.18. We found that at 4.2 K the
bmax for Zr added tapes with the lowest (Ba + Zr)/Cu content
is different than bmax for the samples with intermediate and
high (Ba + Zr)/Cu content, while at temperature above 30 K
where correlated pinning dominates, the bmax is similar for all
samples. Apparently, the bmax characterizing the weak pinning
mechanism at low temperature is affected by density, diameter
and morphology of BZO nanorods and other inclusions such
as RE2O3 which is controlled by the (Ba + Zr)/Cu content.

Based on microstructure evidence of high density of in-
plane RE2O3 precipitates interfering with the BZO nanor-
ods (figure 3(a)) and observed anomaly (Bmin) in the field
dependence of pinning force density at 4.2 K (figure 9) in
REBCO with low (Ba + Zr)/Cu, we attribute the lower bmax
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Figure 12. The temperature dependence of bmax = p1/(p1 + q1) for
undoped (star symbol), 5 and 15 mol.% Zr−added
(Gd,Y)Ba2Cu3O7-x films with the lowest (square symbol),
intermediate (circular symbol) and the highest (triangle symbol)
(Ba + Zr)/Cu content.

at lower temperatures in these samples to the weak pinning
mechanisms that are different from those in samples with high
(Ba+ Zr)/Cu content. The strain-field distribution in REBCO
that is considered to be responsible for weak pinning could be
influenced by the segmentation of the nanorods by REO pre-
cipitates in films with low (Ba + Zr)/Cu content.

4. Conclusion

We have studied the critical current density and pinning mech-
anisms of 0, 5 and 15 mol.% Zr-added 4+ µm REBCO tapes
fabricated by A-MOCVD. We found that in addition to the
amount of Zr addition, the Ba content in the film also strongly
affects the critical current of the tapes. Microstructure ana-
lyses reveals a correlation between (Ba+ Zr)/Cu content with
density, continuity and shape of BaZrO3 nanorods, which act
as effective correlated pinning centers along c-axis and are a
source of weak point defects that enhance the Jc over a wide
range of magnetic fields at 4.2 K. We found that at 4.2 K and
high magnetic fields of 7–13 T, the critical current density
and alpha parameter show a bell-shape behavior as a function
of (Ba + Zr)/Cu content. From Fp(H) behavior at 4.2 K, we
have defined a characteristic B∗ field parameter which appar-
ently shows a transition between strong correlated pinning
governed by BZO nanorods and weak uncorrelated pinning by
points defects. Additionally, fitting of the pinning force dens-
ity Fp(H) by a two-component Dew–Hughes model shows the
scaling characteristics of strong and weak pinning centers.
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