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We report on compositional tuning to create excellent field-performance of Jc in “self-
doped,” GdBa2Cu3O7−y (GdBCO) coated conductors grown by ultrafast reactive co-
evaporation. In order to give excess liquid and Gd2O3, the overall compositions were
all Ba-poor and Cu-rich compared to GdBCO. The precise composition was found
to be critical to the current carrying performance. The most copper-rich composition
had an optimum self-field Jc of 3.2 MA cm−2. A more Gd-rich composition had
the best in-field performance because of the formation of low coherence, splayed
Gd2O3 nanoparticles, giving Jc (77 K, 1 T) of over 1 MA cm−2 and Jc (77 K, 5 T)
of over 0.1 MA cm−2. © 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4893339]

For many years, the evaporation method has been studied widely for the manufacture of high
quality 2G coated conductors on large scales with a high production rate.1, 2 Reactive co-evaporation
by cyclic deposition and reaction (RCE-CDR) is a very promising method for coated conductor
production. Low oxygen partial pressure (pO2) is used for the deposition followed by reaction
in high pO2, in a cyclic manner.3, 4 However, this system is complex and incurs high labour or
equipment depreciation costs and it is difficult to scale-up. On the other hand, reactive co-evaporation
by deposition and reaction (RCE-DR) is simpler and has significantly higher deposition rates by
around an order of magnitude (the conversion from an amorphous glassy phase to a superconducting
phase occurs at high temperature and high oxygen pressure very quickly, within around 30 s).5–7

The process involves moving through a liquid phase zone before conversion of these phases to the
superconducting phase. It is possible to make ∼1 km length conductors in only 2–5 h8, 9 with critical
currents in excess of 450 A cm−1 at 77 K.

For some applications of coated conductors it is necessary to optimize Jc at low fields (e.g.,
for fault current limiters), whereas for others (e.g., motors or magnet inserts) it is necessary to
optimize Jc for higher fields. In the RCE-DR process, the fraction of liquid and excess rare earth
pinning fraction depend critically on the precursor composition, and it is important to determine
how precursor composition influences the Jc(H) behaviour. We address this question in this study.

Figure 1(a) shows a schematic image of the batch-type RCE-DR system and the cru-
cial parameters of the process are shown in Table I. The system consists of two different
parts: a multi-turn reel-to-reel (R2R) deposition chamber and a reaction zone. Films are first
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FIG. 1. (a) Schematic of the Reactive Co-Evaporation-Deposition and Reaction (RCE-DR) method employed by SUNAM
for making long length GdBCO conductors. (b) The growth path followed during the reactive co-evaporation deposition and
reaction (RCE-DR) method employed by SUNAM superimposed on the GdBCO phase stability line. The position of the line
is not well documented and hence is only schematic here. Note that this plot is applicable to films of GdBCO and hence the
decomposition phases are different to the bulk, e.g., Gd2BaCuO5 is not apparent when GdBCO decomposes at either high T
or low pO2 or both. Instead Gd2O3 is formed owing to epitaxial stabilization of this phase.

TABLE I. Parameters for growth of long length HTS conductor by the Reactive Co-Evaporation-Deposition and Reaction
(RCE-DR) method employed by SUNAM.

Parameter Process parameters

Raw material Bulk (cheap metal material)
Ts 870 ◦C
pO2 zone 1: ∼10−5 Torr, lower zone 2: ∼30 mTorr, higher zone 3: 100 mTorr
Deposition rate Total: ∼ 1.0 km in 2–5 h, Fast (∼30 s) conversion
E-beam power Fix 30 kW of each material
Vacuum Differential pumping channel between reel to reel and heat treatment regions

deposited in the deposition chamber on a ∼50 nm LaMnO3 (LMO) buffered IBAD-MgO hastelloy
metal tape10 at a deposition rate of 0.1 μm/min with multi pass deposition and translation rate of
120 m/h, at a very low partial oxygen pressure around 10−5 Torr.9, 11 Each metallic component
evaporation rate is controlled by a quartz crystal monitor and feedback program. Each material was
put in a crucible, and deposited with a differentially pumped pierce type e-gun (30 kW). 10 m length
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TABLE II. Compositions of the three samples studied and the microstructural and suprconducting properties achieved.

Gd/(Ba+Cu)
Calculated based

Ic Jc (77 K Atomic on the position of
Thickness (12 mm- self-field, ratio composition on Comment on

Film (μm) width, A) MA/cm2) Tc (K) (Gd:Ba:Cu) L+ Gd2O3 tie line composition �φ◦ �ω◦

A 1 185 1.54 92.47 1.0:0.88:3.04 0.255 Most Gd-rich/liquid poor 4.92 2.66
B 1.15 334 2.42 92.22 1.0:1.25:3.42 0.215 Intermediate Gd and liquid 4.36 2.93
C 1.14 440 3.21 92.82 1.0:1.09:5.32 0.156 Most liquid-rich/Gd poor 4.16 2.25

FIG. 2. Ternary phase diagram showing the positions of compositions studied in this work. As discussed in the main text,
the position of the liquid region is schematic, and is based on Ref. 16. All compositions A, B, and C lie on the tie line,
“1/2Gd2O3 + liquid” and hence when in region 2 of Fig. 1, only these phases are present.

conductors were fabricated in around 5 min and pieces were cut from this length for the various
measurements.

Figure 1(b) shows a schematic phase stability diagram and the path followed for the conversion
process through the GdBa2Cu3O7−y (GdBCO) phase stability diagram.12 The diagram is schematic
because the conversion process is not undertaken at equilibrium. We also note that the GdBCO line
position is not identical to the YBa2Cu3O7-y (YBCO) line because different rare earths shift the
stability lines quite considerably.13 After deposition of the precursor, the tape is moved from the
very low pO2 zone (Region 1, ∼10−2 mTorr O2) where an amorphous phase (with possibly some
nanocrystalline regions) is present, to the low pO2 zone (Region 2, ∼30 mTorr) where nanocrystalline
Gd2O3 forms. While bulk equilibrium thermodynamics predicts Gd2BaCuO5 to be stable in region
2, Gd2O3 is stable instead owing to reduced kinetics and/or epitaxial driving forces.14 Finally, in the
higher pO2 zone (Region 3, ∼100 mTorr), GdBCO forms very rapidly (<60 s).

Up to now, a typical ratio of Gd:Ba:Cu of ∼1:1:2.5 has been studied.9, 15 However, here, to give a
higher liquid fraction during processing, we explore 3 new Cu-rich compositions (A, B, C) as shown
in Table II and in Figure 2. The position of the liquid region in Figure 2 is schematic. The region is
not well documented for low pO2’s. We have estimated the position of the liquid region based on
the work of Wong-Ng and Cook.16 A summary of the compositions of the 3 samples studied is as
follows:

• A is the most Gd-rich and (Ba+Cu) poor. It is therefore furthest away from the liquid region
of Fig. 2. It is the most Gd2O3-rich and liquid-poor composition.
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• B is the intermediate composition where both moderate Gd2O3 and liquid are present.
• C is the most Gd-poor and hence most (Ba+Cu) rich. It is therefore the most Gd2O3-poor and

liquid-rich composition.

All compositions lie on quasi-equilibrium “L+Gd2O3” tie lines (to avoid confusion these lines
are not shown in Fig. 2). Hence, for all three compositions, only 1/2Gd2O3 and L should be present at
stage 2 of the processing stage (before conversion to GdBCO), as shown both in Figs. 1(a) and 1(b).
During the conversion to GdBCO, i.e., moving to region 3 of Fig. 1(b), the GdBCO crystallizes and
the liquid moves to the surface of the film.17 After the conversion is complete, “GdBCO (Gd123)
+ 1/2Gd2O3 + solidified liquid” should be present in proportions roughly determined from the
phase diagram of Fig. 2. The “solidified liquid” at the film surface is in the form of BaCuO2

+ Cu2O.12

The microstructural and superconducting properties of a number of ∼1 cm sections of tape
cut from each length were studied. There was a high reproducibility of all measured properties
along the tape length. X-ray diffraction (XRD) (θ -2θ scans and φ scans) was undertaken to learn
about the crystallinity and misorientation of the grains. Low resolution and high resolution cross
sectional transmission electron microscopy (TEM) were undertaken to image the microstructural
features in the tapes.

The transport critical current density was measured at 77 K using a conventional four-point probe
method with a 1 μV cm−1 criterion on 50 μm wide bridges. Using a photolithographic technique,
resist pads were transferred on the electrical contact area of the sample and a solution of H2O2, NH3,
and ethanol was used to remove the unprotected silver capping layer from the sample and expose
the GdBCO layer. Similarly, resist track patterns were transferred on the GdBCO surface and the
unprotected GdBCO layer was removed using ion milling process and wet etching. The transition
temperature (Tc), the critical current density field dependency (Jc(B)), and the angular dependency
(Jc(θ )) in maximum Lorentz force configuration by rotating the applied magnetic field in a plane
perpendicular to the current direction were all measured.

X-ray diffraction of the tapes showed all the expected (00l) peaks for the different materials
present in the metallic tape, buffer, and film (see Figure S1(a) in the supplementary material24).
(00l) Gd2O3 was present owing to its formation in Region B of the growth diagram (Figure 1(b))
and (111) Cu2O, (600) BaCuO2, and (211) BaCu2O2 were present because it forms when remnant
liquid phase solidifies. Figures S1(b) and S1(c) in the supplementary material24 show the rocking
curves and φ scans of the different samples, and the �φ and �ω values extracted from these plots
are included in Table II.

Summarizing the relationship between the microstructure and superconducting properties of the
different samples, we find:

• Sample A has the highest in-plane grain misorientation (�φ = 4.92◦) and the lowest Jc of
1.54 MA cm−2. This is expected since grain orientation and self-field Jc are closely connected.18

The large in-plane misorientation likely results from the lower amount of liquid present in the
sample, which means less kinetic assistance to align the GdBCO grains with respect to one
another during the rapid conversion process.

• Sample B of intermediate composition has an intermediate self-field Jc of 2.42 MA cm−2 and
an intermediate �φ of 4.36◦, and the best in-field Jc performance.

• Sample C shows the opposite behavior to A. It has the highest liquid fraction, the lowest
in-plane grain misorientation (�φ = 4.16◦), and the highest self-field Jc of 3.21 MA cm−2.

To understand about the pinning in the different samples, we now turn to the in-field Jc perfor-
mance. Figure 3 shows representative data from 1 cm sections from each sample composition. As
noted already, within each composition batch there was very little difference between each section
measured. The first observation of Fig. 3 is that sample B shows a very similar form of in-field
performance as sample A, both with only a gradual drop-off of Jc at higher fields. However, the
overall levels of the Jc(H) are different with B being shifted up compared to A. The result indicates
that the difference in liquid fraction (more in B than A, see Table II) is more critical to the self-field
Jc than the difference in Gd2O3 fraction (less in B than A) is to the c-axis pinning. The second
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FIG. 3. Jc measurements. (a) Jc versus H parallel to c for samples A, B, and C. Inset shows pinning force versus field for the
3 samples; (b) Angular Jc data comparing samples B and C; (c) �J (defined as the difference between the experimental value
and the random pinning contribution obtained via the Blatter model fitting) versus field parallel to c comparing samples B
and C.

observation is that there is a worse field dependence of Jc for sample C compared to samples A and
B. This is consistent with there being significantly less Gd (and hence less Gd2O3 pinning phase)
and more liquid in C. Less Gd2O3 and more liquid will mean a greater possibility of more ripening
of the lower Gd2O3 fraction during the conversion process. We discuss this point more later when
we analyse the TEM data.
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FIG. 4. Cross-sectional TEM images of samples B (a) and C (b). For B, Gd2O3 nanoparticles are present in the film and they
show, splayed low coherence along c as indicated by the 2 sets of arrows. For C, the Gd2O3 nanoparticles are more random
without any apparent orientation along c.

The key point that comes out of Fig. 3(a) is that precise tuning of the Gd to liquid fraction ratio
is very important to the conductor performance. On the other hand, for the RCE-DR process, this
result is perhaps not surprising considering the very rapid speed of phase formation in the conversion
process and it indicates that precise control of the precursor composition is very important.

Looking now in more detail into the pinning of the three samples using pinning force plots
(inset to Fig. 3(a)), we find that A has a low, very broad peak with maximum pinning force Fpmax at
∼0.8 T; B has a much larger and broader peak with Fpmax at ∼1.8 T; and C has a small peak with
Fpmax at ∼0.6 T. The difference in the curves clearly shows the very different pinning landscapes
resulting from the compositional variation, with the most effective pinning coming from sample B
of intermediate Gd:liquid ratio.

We then focused on understanding the reasons for the different performances of the samples.
We focused on comparing the best in-field performance sample (sample B) to the best self-field
performance (sample C). Field angular measurements of Jc (Figs. 3(b) and 3(c)) and TEM (Fig. 4)
analyses were undertaken. Looking first at the angular data (Fig. 3(b)), we find that at any given
field B has higher Jc values over all angles than C (sample C was measured to only 3 T since above
this field Jc dropped off rapidly). For sample B, between the θ = 90◦ (ab) peaks, a very broad, flat
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region of Jc is observed, indicative of a smeared c axis peak. This flat region is much less obvious
for sample C.

To extract the c axis component of Jc from the angular data, the curves were fitted according
to Blatter’s anisotropic scaling approach.19 According to this model, the Jc’s of samples with
uncorrelated point-like disorder depends only on a single variable Ĥ = H(cos(�)2+γ −2sin(�)2),
where γ ∼ 5−7 is the electronic mass anisotropy. Thus, the measured Jc(�, H) curves collapse
together in the (�, H) regions where only random pinning is present when plotted as a function
of Ĥ. In this case γ is a fitting parameter constrained to the values 5–7. The collapsed curve Jr(Ĥ)
represents the random pinning contribution to Jc(�, H) and can be mapped back to the experimental
data. The difference, �J, between Jc and Jr is the contribution of correlated pinning to Jc given by
the combined effect of random and correlated random pinning.

Figure 3(c) shows �J versus field for both samples. The values are much larger for B than for C
and the data for B also extend to higher fields (6 T compared to ∼3 T). Hence, for sample B strong c
axis correlated pinning is observed at all fields. The width of the c axis peak for B (not shown) was
large, approximately ∼150◦, indicative of splayed, low coherence nanoparticles along the c-axis.
This is similar to what is observed in RE2O3 excess Metal Organic Deposition (MOD) conductors
Ref. 20. The difference though is that the conversion process using the RCE-DR process is much
faster than the MOD process. Also, strong c axis pinning is not common for growth processes which
involve a large liquid excess fraction. Growth in the presence of excess liquid normally leads to low
pinning Refs. 21 and 22 because of high crystalline perfection. On the other hand, for the RCE-DR
process the growth is very fast and so defects are not healed out by the liquid. There are similarities
both in the nature of the process and in the properties obtained to the hybrid liquid phase epitaxy
process for making coated conductors Ref. 23.

An understanding of the different pinning exhibited by B and C is gained from cross-sectional
TEM images (Fig. 4). For sample B (Fig. 4(a)), we observe low coherence regions of rather equiaxed
nanoparticles of Gd2O3 with alignment broadly along the c-axis (examples are indicated by two sets
of arrows) and with spacing between ∼50 nm and 100 nm, corresponding to a matching field of
∼1–2 T. Wide possible tilt angles were observed which mimic a broad splay of defect correlations.
The TEM data are consistent with the various Jc data of Figs. 3(a)–3(c).

Nanoparticles of Gd2O3 are also present in sample C (Figure 4(b)) but they show no clear tilt
alignment along c and are therefore considered to act mainly as random defects. This explains both
the lower c axis peak in the angular data (Figures 3(b) and 3(c)) and the poorer field dependence
(Figure 3(a)) observed for sample C. The nanoparticles are also slightly larger and appear more
fused together than for sample B, consistent with the presence of a larger liquid phase fraction in C
(Table II).

Although it was not possible to accurately assess from TEM or XRD the relative fractions of
Gd2O3 between samples B and C, the higher out-of-plane grain tilting (ω) of B compared to C (�ω

= 2.93◦ and 2.25◦, respectively, Table II) is consistent with both more Gd2O3 nanoparticles which
disturb the growth of the GdBCO grains, and less liquid to assist the alignment of the GdBCO grains
during growth. It should be noted though that for both samples B and C, despite the very fast growth
process, from TEM the Gd2O3 nanoparticles were observed to grow heteroepitaxially within the
GdBCO matrix without any major disturbance of the surrounding GbBCO lattice. A high-resolution
cross sectional TEM for sample C is shown in Figure S2(a) of the supplementary material.24

Finally, it is important to note that the interface of GdBCO with IBAD MgO is very clean (see
Figure S2(b) of the supplementary material24) indicating no destruction of the buffer by the presence
of the large amount of liquid. This is very important for production of long length conductors where
no weak spots by corrosion of the buffer or metal by the liquid can be tolerated anywhere along the
length. In normal circumstances of growth in the presence of a large amount of liquid, the buffer is
attacked by the liquid,17 but the special feature of the rapidity of the RCE-DR conversion process
means this is not the case.

The superconducting and microstructural properties of GdBa2Cu3O7 coated conductors fab-
ricated by an ultrafast RCE-DR process were studied. Three new precursor compositions were
explored which were Ba-poor and Cu-rich compared to the 1:2:3 ratio, and which were more Cu-
rich than in previous studies. The conductor performance was found to be strongly dependent on
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the precise composition. The best conductor in terms of in-field performance had an intermediate
Gd:Ba:Cu ratio (1.0:1.25:3.42). The conductor contained heteroepitaxial Gd2O3 nanoparticles which
had a broad splay of defect correlations with wide possible tilt angles. This gave rise to strong and
broad correlated pinning around the c axis of the GdBCO, with Jc (77 K, 1 T) of over 1 MA cm−2

and Jc (77 K, 5 T) of over 0.1 MA cm−2. Creation of this broad coherence of nanoparticles in very
rapidly grown conductors is a unique feature of the RCE-DR process and is very promising for
achieving high performance conductor at low cost.
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by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIP)
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