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Minute doping with deleterious rare earths in YBa2Cu3O7−� films
for flux pinning enhancements
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To enhance the critical current density of YBa2Cu3O7−� films, flux pinning centers are intentionally
added to inhibit flux flow in applied magnetic fields. Here we provide an initial demonstration that
the incorporation of very minor additions ��1% of Y as opposed to the 10%–40% in standard
substitutions� of typically deleterious rare earths into high quality YBa2Cu3O7−� thin films provides
significant improvement of the film’s in-field current density. This is accomplished without
reoptimization of the deposition parameters. Instead of site substitution for Y as might be expected,
the deleterious rare earths potentially result in the formation of nanoparticulates. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2219391�
YBa2Cu3O7−� �YBCO� superconducting thin films can
maintain high critical current densities �Jc� in applied mag-
netic fields up to a few tesla at 77 K. This property makes
this material desirable for use as a high temperature super-
conducting �HTS� coated conductor in the form of biaxially
aligned YBCO coatings on buffered metallic substrates, now
over 100 m or more in length.1–4 The in-field Jc is often
attributed to the intrinsic defects of the as-grown films which
act as magnetic flux pinning centers.5 Even so, the inten-
tional addition of alternate flux pinning centers into the
YBCO films is necessary to further improve upon the in-field
Jc for applications.5–8

In YBCO films, it is difficult to truly ascertain exactly
what defects are the prominent pinning centers, since the
coherence length for this high temperature superconductor is
quite small, ��1.5–2 nm.5,9 Additionally, what may effec-
tively pin in bulk material or lower quality thin films may not
provide the same level of pinning in thin films of higher
quality material.10 Several reports of improved pinning in
YBCO thin films have been published recently.11–16 One ef-
fective method, initially reported by Haugan et al., incorpo-
rated nanoparticulate dispersions into YBCO films.11,12 Sub-
sequent work by others have also demonstrated improvement
with nanoparticulates or stacked nanoparticles.13–16 Another
way to improve pinning is by partial rare earth �RE� substi-
tution for Y since YBCO and other REBCO superconductors
have similar structures.10,17 As a periodic site substitution,
the replacement atom can cause strain induced improve-
ments. This doping of yttrium sites with other rare earths
�e.g., Sm, Eu, Gd, etc.� often provides modest improvements
but not as high as the nanoparticulate additions.

However, certain rare earth elements have been shown to
be less desirable for making REBCO films, for example, Pr,
Ce, and Tb. These elements do not form or not readily form
the proper REBCO phase in bulk powders.10,18,19 When used
as dopants in quantities that other REs enhance performance,

a�
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typically 10% Y substitution or greater, they degrade the
quality of YBCO. Even if a rare earth can readily form the
proper REBCO superconducting phase, such as Nd and La,
they can be poor dopants in YBCO by substituting undesir-
ably into the Ba site, degrading the superconductor’s perfor-
mance. The deleterious dopants do differ: Tb does not de-
grade the Tc of YBCO, whereas Ce and Pr affect the Tc by
lowering it substantially.20

Since these undesirable dopants are degrading in nature,
it is reasonable to assume that when used in very small or
minute quantities as �Y1−x ,REx�Ba2Cu3O7−� where x�0.01,
or �1% of Y, the proper density of defects may be estab-
lished. Such small quantities will require that the inclusions
are sufficiently dispersed as well. In bulk materials, a few
percent of Pr doping of bulk YBCO has demonstrated some
minor improvements to performance,21 but none has been
demonstrated in thin films. The work presented here provides
an initial demonstration that the incorporation of very minor
additions ��1% of Y� of typically deleterious RE into high
quality YBCO thin films provides significant improvement of
the film’s in-field current density, especially at 65–77 K, an
expected operating temperature range of HTS machinery.6–8

Furthermore, this enhancement can be achieved using these
dopants in YBCO thin films processed under the same con-
ditions as the undoped films. By avoiding individualized re-
optimization, YBCO coated conductors can be readily tai-
lored for a given magnetic field environment.

Powders were prepared for the compositions of
�Y1−x ,REx�Ba2Cu3O7−� where RE=Tb, Ce, Pr, Nd, or La and
x=0.0001, 0.001, 0.01, and 0.1 from the precursor powders
of Y2O3, BaCO3, CuO, Tb4O7, CeO2, Pr2O3, Nd2O3, and
La2O3 �all nominally 99.99+% pure�. Initial targets, with
compositions RE=Tb, Ce, or Pr and x=0.001, 0.01, and 0.1,
were made by first preparing powders with compositions
YBa2Cu3O7−� and �Y0.9,RE0.1�Ba2Cu3O7−�. Final composi-
tions were made by diluting the �Y0.9,RE0.1�Ba2Cu3O7−�

powders with the YBa2Cu3O7−� powder before final reaction

at 940 °C. Further powders were made directly from oxides

© 2006 American Institute of Physics3-1
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without diluting. The powders were dried, mixed, and cal-
cined at 850 and 880 °C, respectively. Targets for use in
pulsed laser deposition �PLD� were then manufactured and
fully reacted followed by sintering at 940 °C until they
reached a density of at least 80% of the theoretical density.

The various thin films of �Y1−x ,REx�Ba2Cu3O7−� were
made by PLD using the conditions previously optimized for
YBCO.12,22 The depositions were performed on single crys-
tal strontium titanate �STO� and lanthanum aluminate �LAO�
substrates. A Lambda Physik LPX 305 KrF excimer laser
��=248 nm� was used at a repetition rate of 4 Hz and a laser
fluence of �3.2 J /cm2. The background pressure in the
chamber was reduced to �6�10−6 Torr prior to depositions.
The oxygen pressure during the deposition was maintained at
300 mTorr for all targets with a gas purity of 99.999%. The
deposition temperature was 775 °C. After deposition, an in
situ oxygen anneal was performed at 500 °C for 30 min.

The critical transition temperature �Tc� and magnetic Jc

measurements were made with a vibrating sample magneto-
meter �VSM�. The Tc’s of the films were determined mag-
netically using an ac susceptibility technique with some ad-
ditional resistive measurements. Samples were subsequently
acid etched at the corners, and thickness measurements were
performed using a profilometer to measure the thickness of
the films. The film thickness and dimensions of each sample
were measured multiple times to reduce errors in determina-
tion of the superconducting volume to �5%. Film thick-
nesses were typically �0.3 �m. Transport critical currents
were also performed on some samples in addition to mag-
netic measurements.

The Tc’s of the RE minutely doped films ranged between
89.1 and 92.7 K which are comparable to those of reference
YBCO films. However, the Ce and Pr doped films showed a
marked decrease in Tc as the concentration was increased,
lowering to 87.1 and 86.1 K, respectively, at the 10% levels.
The Jc’s of the minutely doped YBCO had varying effects.
See Fig. 1 for pinning force plots at 77 and 65 K, respec-
tively. The values plotted in the figure are representative val-
ues from several depositions. Multiple depositions were
made to verify repeatability of the results; in several cases
additional targets were processed as well to ensure consis-
tency. As an example, the first deposition of YBCO with
minutely doped Pr �1%� showed little difference from
YBCO, but subsequent depositions consistently demon-
strated enhanced performance. Samples with 10% concentra-
tion of the dopants were also made for comparison. These
results were consistent with previously published work re-
garding the degrading nature of these elements as inclusions
in the YBCO structure.

Note that at 77 K,1−5 T, the best pinning improvement
among the tested dopants was accomplished with a 0.1% Nd
doping of the YBCO. A study showed that Nd doping at
higher levels in YBCO thin films processed at typical YBCO
conditions was not effective for flux pinning enhancement in
applied magnetic fields.23 This is attributed to the Nd substi-
tutions into Ba sites in the unit cell as opposed to the desired
Y site. At 65 K, the best pinning enhancement occurred for
1% Tb doping of the YBCO. Figure 2 shows the Jc versus
magnetic field performance at 65 K for Tb doping. As the
doping concentration of Tb was decreased to 0.01%, its ef-
fectiveness for pinning was removed. In general, for the dop-
ants studied, replacing Y with about 0.1% dopant tended to

improve the in-field properties of the resulting YBCO across
Downloaded 06 Mar 2008 to 134.131.125.50. Redistribution subject to
both temperature regimes with the exception of 1% Tb. Since
the temperature dependences of the minutely doped YBCO
films are dissimilar for certain dopants, the reason the dop-
ants act as pinning centers may differ.

Analysis of the elemental composition by secondary ion
mass spectroscopy �SIMS� of the samples indicates the pres-
ence of the dopants throughout the sample. See Fig. 3 for the
depth profile of the compositional analyses. Although mixed
in such small quantities and processed multiple times, the
minute dopants are indeed present throughout the films.
However, the SIMS data do not clarify the dispersion on the
smaller nanoscopic level to determine if there is site substi-
tution or not. Note in Fig. 3 that the fairly level 63Cu count is
due to mass interference with 47Ti16O. The angular depen-
dence of Jc with respect to the applied magnetic field of the
Tb samples also shows no extraneous peaking than the es-
tablished YBCO form, indicating no preferred pinning orien-
tation.

A question that remains is whether the minute dopants
are site substituting with the Y or causing secondary phase
precipitates. Figure 4 shows a high resolution scanning elec-

FIG. 1. �Color online� Pinning force plots for the minutely doped
�Y1−x ,REx�Ba2Cu3O7−� films �x=0.01 and 0.001�. YBCO is the solid black
line. An x=0.1 Tb doped YBCO is included for comparison which per-
formed the best of the x=0.1 level doping �10% of Y�. The pinning force
was calculated by Fp=JcB: �A� at 77 K and �B� at 65 K.

FIG. 2. �Color online� Jc is plotted as a function of magnetic field for the
�Y1−x ,Tbx�Ba2Cu3O7−� films �x=0.1, 0.01, 0.001, and 0.0001�. The 10%,
1%, and 0.1% doping of Y are representative data. The 0.01% doping is a

single deposition. The data are for magnetic Jc.
 AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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tron micrograph �SEM� of a Nd doped YBCO film as an
example. Here, as with the other films, nanoparticles are seen
on the surface, suggesting the formation of nanoparticulates
by the dopants. Although nanoparticles such as these are
sometimes seen in plain YBCO films, the density of the
nanoparticulates is significantly higher and more dispersed in
the doped films. This is consistent with the relative effective-
ness of site substituting standard RE dopants at higher per-
centages versus nanoparticulate pinning.

YBCO was doped with minute amounts ��1% of Y� of
typically degrading rare earths and thin films made by pulsed

FIG. 3. �Color online� Examples of SIMS data for the minutely doped films
showing the presence of the minor dopants in the �Y1−x ,REx�Ba2Cu3O7−�

films: �A� Overall data for RE=Ce, x=0.01; �B� close-up for RE=Tb, x
=0.01; and �C� close-up for RE=Pr, x=0.001. The Cu concentration in the
figure appears to be constant beyond the interface. It should be noted that it
is an artifact due to the mass interference between 63Cu and 47Ti16O in the
STO substrate. Note that the kink in the signal near the interface is an
artifact, since the sputtering yield and ionization probability change at the
interface.

FIG. 4. �Color online� SEM of the surface for an �Y0.999Nd0.001�Ba2Cu3O7−�

film showing the formation of nanoprecipitates. The nanoparticulates were
seen in several of the films examined, indicating that as opposed to Y-site

substitution, nanoparticles are formed.

Downloaded 06 Mar 2008 to 134.131.125.50. Redistribution subject to
laser deposition. Results demonstrate that minute doping of
YBCO with these rare earths can improve Jc of the sample
by over 200% at a few tesla. Tb and Nd seem to be the best
dopants of those presently attempted at 65 and 77 K, respec-
tively. In every case, the same deposition parameters were
used as that for pure YBCO with no need for reoptimization
of the films.

The Air Force Office of Scientific Research and the Pro-
pulsion Directorate of the Air Force Research Laboratory
supported this work. The authors thank I. Maartense for per-
forming the ac susceptibility measurements and N. Pierce for
the SEM.
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