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YBa2Cu3O7−x films with nanotube pores �YBCO/NTPs� aligned along normal of the film have been fabri-
cated with thickness ranging from 0.1 to 1.2 �m. When compared to YBCO films without NTPs, YBCO/NTP
samples show much reduced thickness dependence of the critical current density Jc, in addition to the overall
higher Jc values, in magnetic fields below the matching field of the NTPs. These results suggest that the
through-thickness NTPs may provide an enhanced pinning force per vortex length �Fp� which remains a
constant at various thicknesses.
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The monotonic reduction in critical current density Jc
with increasing thickness �t� in high Tc superconductor
�HTS� films has been one of the major roadblocks for com-
mercialization of high Tc superconductor coated conductors
�HTSCCs�—the so-called second generation HTS wires.1 At
77 K and self-field �SF�, the Jc of YBa2Cu3O7−x �YBCO�
films typically decreases by 50%–60% when the film thick-
ness increases from 0.2 to about 1 �m. While misoriented
grains as well as degraded epitaxy may be responsible for the
Jc reduction at larger t�0.6 �m, such microstructure dete-
rioration in thinner films, where the major Jc reduction up to
40% occurs, is usually insignificant.2–4 This raises a question
on the mechanism responsible for the Jc-t behavior. Interest-
ingly, most observed Jc-t data at 77 K and SF fall on top of
the Jc� t−1/2 curve.5 Considering Jc can be expressed as Jc
=cFp /�0 in the critical state model, where Fp is the pinning
force per vortex length, �0 is the flux quanta, and c is the
speed of light, the Jc� t−1/2 curve implies a thickness depen-
dence of Fp� t−1/2. Such a behavior has been predicted in the
collective pinning �CP� model under the assumption that
each vortex is collectively pinned by surrounding weak point
defects.6 According to this model, Fp follows Fp� t−1/2 as
long as t is much less than the longitudinal pinning correla-
tion length �Larkin length� Lc. However, Lc is sensitively
determined by the property of pinning centers. Weak point
pins such as oxygen vacancies only yield Lc of several
nanometers,7 which is far below the thickness range where
Jc-t occurs in HTS films. For strong pinning systems, such as
YBCO thin films with a high density of strong point pinning
centers like secondary phase inclusions,8,9 the original CP
model has been modified based on the consideration of mul-
tiscale pinning structure. An extremely long Lc up to
�1 �m, which covers the thickness range where the t de-
pendence of Jc occurs, is anticipated due to the suppressed
local vortex bending in YBCO thin films.5

Our recent study of the Jc-t behavior in pulsed laser de-
posited YBCO films suggests that the modified CP model
indeed applies, despite the complication caused by thermally
assisted flux motion �TAFM�, in a wide range of temperature
�T� from 10 to 88 K and a magnetic field �H� up to 5 T.10,11

This result also supports the argument that large randomly
distributed point defects, such as secondary phase inclusions
and precipitates, are most likely the dominant pinning cen-

ters in typical YBCO films.9 A question follows on what
kinds of defect structures may allow elimination of the Jc-t in
HTSCC by maintaining a constant Fp at variable thickness.

One strategy to achieve a pseudothickness-independent Fp
is to construct multilayered YBCO films, in which a thick
YBCO film is evenly divided into n layers by n−1 thin in-
sulating layers such as CeO2.12,13 In a recent experiment, we
studied Jc as a function of the CeO2 layer thickness �tI� in
YBCO/CeO2/YBCO trilayers while the thickness of each
YBCO layer was fixed at 0.25 �m.12 Interestingly, the Jc in
the trilayer samples monotonically increases with tI until it
saturates at about 1.3 times of the Jc of 0.5-�m-thick single-
layer YBCO film when tI reaches to about 20 nm. A conduc-
tive atomic force microscopy study of the CeO2 layer
showed that an almost complete coverage of the underneath
YBCO surface by CeO2 layer occurs at tI�20 nm. This re-
sult suggests, although other arguments also exist,13 that the
CeO2 spacers may simply decouple a long vortex into n short
segments. Therefore, each vortex segment is capable of ad-
justing itself to accommodate the surrounding pinning cen-
ters without energy-costing bending. Consequently, the thin
film Jc �or the Jc of the constituent YBCO layer� can be
obtained in thicker films.12 Nevertheless, the multilayer strat-
egy technically involves a more complicated multitarget
deposition, in addition to the capped Jc dictated by the con-
stituent YBCO layer.

An ultimate solution of the Jc-t problem is to overpower-
ing the point pins with strong aligned linear pins along the
film thickness. These linear defects could provide not only a
thickness independent but also enhanced Fp,14 therefore op-
timized Jc in thick HTS films. This is, by all means, not an
easy task since most reported impurity insertions in YBCO
result in degraded Jc at SF and low H fields.15 However, such
degradation may not be an issue in nanotube pore �NTP�
insertion. In this work, we show that aligned NTPs can be
generated by using a nanoscale strain modulation method.
This method has two important components, vicinal sub-
strate and nanoparticle �NP� insertion, for controlling me-
chanical strain on the YBCO lattice at nanoscales. The NPs
may be inserted either near the film and/or substrate interface
or during the YBCO film growth. The local tune of the strain
by the inserted NPs over the globally strained YBCO lattice
on vicinal substrates plays a critical role in pore nucleation,

PHYSICAL REVIEW B 77, 144525 �2008�

1098-0121/2008/77�14�/144525�5� ©2008 The American Physical Society144525-1

http://dx.doi.org/10.1103/PhysRevB.77.144525


as evidenced from the initiation of pores directly atop the
NPs.16 A large number of NTPs of dimension from few to
hundreds of nanometers uniformly form via self-assembly
growth. No degradation occurs to Tc in these samples and the
resistivity in longitudinal direction �along ab plane� is com-
parable to that of the typical YBCO films without impurity
insertion.17 In this work, we report the experimental results
on a comparative study of Jc-t behavior between YBCO
films with and without inserted NTPs.

Two sets of YBCO films with �YBCO/NTP� and without
NTPs �standard YBCO film� were fabricated by using pulsed
laser deposition �PLD� technique under similar growth con-
ditions. The YBCO/NTP films were grown on 20° vicinal
single crystal �001� SrTiO3 substrates, while the standard
YBCO films on single crystal �100� LaAlO3 substrates. The
laser energy density on the target was �3.2 J /cm2 and the
repetition rate was 10 Hz. The deposition was carried out
onto substrates heated to 765–775 °C in 230 mTorr oxygen
partial pressure followed by annealing in 360 Torr oxygen
for 50 min. In this experiment, although the film thickness
ranges from 0.09 to 1.2 �m, the samples selected for the Jc-t
study that have thickness of only up to 0.6 �m to avoid
complication of the microstructure degradation in thicker

films. After fabrication, silver contact pads were immediately
deposited on to the films to minimize the surface resistance.
For electrical transport measurement, a 20�400 �m bridge
was patterned by using standard photolithography procedure.
For YBCO/NTP films, the bridges were parallel to the lon-
gitudinal direction, constraining current only in the ab plane.
I-V curves were measured by using the standard four-point
configuration and a criterion of 1 �V /cm was applied to
determine the Jc.

Figure 1 shows the scanning electron microscopy �SEM�
images of four YBCO/NTP films with various thicknesses
ranging from 0.09 to 0.6 �m. At t=0.09 �m, many pores
are already formed in addition to some NPs on the surface.
These NPs, which are mostly Y2O3 precipitates naturally oc-
curred during the PLD process, serve as the seeds for NTPs
to initiate. This means that the densities of NPs and pores are
closely correlated.16 With increasing t, the densities of both
NP and pore dramatically decrease and at t=0.16 �m, only
few NPs are observed and the pore density also drops to
about 50% from 9–10 /�m2 to 4–5 /�m2. At t=0.16 �m,
the visible pores have dimension typically about
100–200 nm. It should be mentioned that the pores with
smaller dimension are not clearly visible at the magnification
used while their presence was confirmed in transmission
electron microscopy studies �not shown in this paper�. With
further increasing thickness, the pore density remains almost
unchanged at around 4–5 /�m2 and some large pores of di-
mension on the order of 500–1000 nm appear as shown on
0.6-�m-thick sample.

In order to understand how pores evolve through the film
thickness, a 1.2-�m-thick YBCO/NTP film was thinned via
nine consecutive steps using ion milling and analyzed using
SEM after each step of 0.12 �m thinning. Marks were em-
ployed so that the same pores can be monitored through the
milling steps. Figure 2 includes the SEM images taken on the
original sample surface �R0� and on each of the nine steps of
milling �R1–R9�. Many pores can be traced through differ-
ent layers of the film and most of them are almost through
the entire �for example, the three pores labeled, respectively,
with cyan ovals, blue circles, and pink squares� or a large
portion �green diamonds for a pore through the bottom half
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0.09µm
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FIG. 1. SEM images of YBCO/NTP films at various
thicknesses.

R0(1. 2 µm) R1(1.08 µm) R2(0.96 µm) R3(0.84 µm) R4(0.72 µm)

R5(0.60 µm) R6(0.48 µm) R7(0.36 µm) R8(0.24 µm) R9(0.12 µm)

FIG. 2. �Color online� SEM
images of a 1.2-�m-thick YBCO/
NTP film at different stages of
thinning using ion milling. R0
�1.2 �m� represents the original
film and Rn�d� represents the film
after nth milling with remaining
thickness d. The 500�500 nm2

grids are applied to each image
and a colored pattern is used for
tracking a specific NTP through
different layers of thickness.
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of the film and yellow pentagons for a pore through the top
half� of the film thickness. This means that they have nano-
tube geometry. We have also observed some pores closed at
certain thickness and reappear �red crosses�. Y2O3 NPs,
which were confirmed with energy-dispersive x-ray spectros-
copy, are visible at the bottom of NTPs �a few marked with
yellow arrows�, confirming that NPs indeed play a critical
role in nucleation of the NTPs. It should be noted that the
density of the Y2O3 NPs is at least an order of magnitude
smaller than that near the film and/or substrate interface.17

Above t=100 nm, the NP density is on the order of
0.2–0.3 /�m2. In the thickness range from 0.16 to 0.6 �m,
the density of the pore in YBCO/NTP films is more or less a
constant, which agrees with Fig. 1. This suggests that the
number of generated NTPs is comparable to that of disap-
peared NTPs in this thickness range, while the majority
NTPs initiate at smaller thickness. Interestingly, most NTPs
appear at the same or close to the same lateral location at
different thicknesses while their lateral dimension experi-
ences some increases through the 1.2 �m film thickness.
This means that they are more or less straight nanotubes
aligned along the normal of the film.

In Fig. 3, the Jc at SF and 77 K is plotted as a function of
thickness for both YBCO/NTP �squares� and standard
�circles� samples. Considering the possible nonuniformity of
NTPs in the YBCO/NTP sample at smaller thickness, only
the Jc of the films with thickness in the range of
�0.16–0.6�-�m-thick film are included. The solid lines are
guides for the eyes. There are two interesting observations in
Fig. 3. First, the Jc values of the YBCO/NTP films are over-
all higher than that of the standard YBCO films in the same
thickness range. At t=0.25 �m, the Jc of the YBCO/NTP
sample is 5.83 MA /cm2, which is �20.7% higher than that
of the standard YBCO sample, and at t=0.6 �m, it is

�52.8%. Note that the Jc values of the standard YBCO
samples are between 5.0 and 2.8 MA /cm2 at 0.2 �m� t
�0.6 �m, which are comparable to the typical Jc’s around
5.5–3.5 MA /cm2 reported in the same thickness range.3,15

On the other hand, the YBCO/NTP films experience weaker
thickness dependence of Jc than the standard ones do. This
latter observation can be further illustrated in the inset of Fig.
3 by replotting the two curves in Fig. 3 on a normalized scale
Jc /Jc �0.2 �m�. With increasing t from 0.25 to 0.6 �m, for
example, Jc drops only 26% for the YBCO/NTP films as
opposed to a 40% reduction in the standard YBCO films.
Moreover, the Jc-t of the standard YBCO films can be well
fitted by Jc� t−1/2 as predicted by modified CP model in most
of the thickness range except the deviation below 0.2 �m.
This deviation, which leads to a switch from increasing Jc to
decreasing Jc with increasing t, has been previously
observed.9,10,18 In our previous paper, we argued that this
deviation from Jc� t−1/2 is most probably related to the pro-
nounced TAFM, since a shorter vortex collectively pinned by
point defects is more easily thermally activated than a longer
one within Lc.

10 In contrast to the standard films, such switch
is not observed in the according thickness range for YBCO/
NTP, suggesting that the TAFM is greatly suppressed as
point defect pinning is overpowered by NTP pinning.

Although a weaker thickness dependence of Jc is ob-
served in the YBCO/NTP samples, the remaining Jc-t is un-
expected if NTP dominates the pinning. A possible explana-
tion is the reduced cross-sectional area owing to those
enlarged NTPs at larger thickness, which leads to an under-
estimated Jc in thick films. To quantify this argument, the
NTPs’ lateral dimension increase, which translates to reduc-
tion in the cross-sectional area for the electrical current, was
estimated based on the SEM images shown in Fig. 1. When
t increases from 0.16 to 0.25 �m, the reduced current cross-
sectional area is about 7%. It increases to �29% when t is
increased to 0.6 �m. Considering the correction of the cross-
sectional area, an “ideal” Jc-t curve is extracted and added in
Fig. 3 �triangles�. It is not surprising that the Jc-t curve of
YBCO/NTP films with perfectly straight NTPs drops only
�5% as thickness increases from �0.25 to 0.6 �m. This
greatly weakened Jc-t clearly demonstrates that NTP inser-
tion is indeed an effective approach to eliminate Jc-t by pro-
viding a thickness independent Fp. In addition, the ideal
NTP’s lateral dimension should be on the order of coherent
length in ab plane �ab ��3.5 nm for YBCO at 77 K�.14,19

Higher Jc values are anticipated in YBCO/NTP films if the
lateral dimension of the NTP could be reduced to few na-
nometers close to �ab.

Based on the observed NTP’s density in Fig. 1, the match-
ing field Hm is estimated to be about 8–10 mT. The actual
Hm may be slightly higher due to those uncounted smaller
NTPs in few to tens of nanometer regime. As the applied
magnetic field H exceeds Hm, some vortices will no longer
be pinned by the NTPs. Instead, they will be pinned by other
weaker pinning centers. With increasing H, the NTP will
gradually render the dominancy to those weaker pinning cen-
ters. These weaker pinning centers are most likely isotropic
ones such as secondary phase inclusions. Consequently, the
CP-type Jc-t curves observed in the standard YBCO samples
will be resumed in YBCO/NTP samples at a certain H�Hm.

FIG. 3. �Color online� Jc-t curves of YBCO standard films
�circles� and YBCO/NTP films �squares� at 77 K and SF. Also
shown is the Jc-t curve of YBCO/NTP �triangles� assuming a
thickness-independent NTP lateral dimension. The inset shows the
Jc-t curves of the two types of films in a normalized scale Jc /Jc

�0.2 �m�. The same symbols as in Fig. 1 are employed for the two
curves in the inset. The dash line indicates the fitting of the CP
model.
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This argument seems to agree well with the enhanced thick-
ness dependence of Jc in the YBCO/NTP samples at H
�Hm, as shown in Fig. 4�a�. Note that the Jc of the YBCO/
NTP samples in Fig. 4�a� and hereafter are calculated using
the effective cross-sectional area and H is applied along film
normal. The effect of H on the Jc-t behavior of the YBCO/
NTP films is further quantified in Fig. 4�b�, in which most of
the curves in Fig. 4�a� are replotted on a normalized scale
�Jc /Jc �0.6 �m��. For comparison, the inset of Fig. 4�b�
shows the normalized Jc-t curves measured on the standard
YBCO films. It can be seen that the Jc-t curve of the YBCO/
NTP films gradually evolves into CP type with increasing H.
At around 0.05–0.1 T, it shows a close resemblance to Jc
� t−1/2 indicated by the dash line, suggesting the dominance
of the collective pinning by point defects as H is around
10Hm. Note that this H range �0.05–0.1 T� is exactly where
the two types of film show comparable Jc, also suggesting a
similar pinning mechanism in this field range. With further
increasing H, the effect of the TAFM becomes visible and
more enhanced at higher H, which continuously weakens the
Jc-t of the YBCO/NTP samples in a similar way as in the
case of the standard YBCO samples shown in the inset. This

complex effect of H on Jc-t indicates the existence of dual
pinning systems in the YBCO/NTP films and suggests that
higher density straight NTPs are necessary to extend a flat
Jc-t to higher H fields.

In summary, we have fabricated YBCO/NTP films and
studied their Jc-t behavior at 77 K and various magnetic
fields of up to 5 T. Since the NTPs are linear defects aligned
along the normal of the film and through nearly entire film
thickness, they provide an enhanced pinning force Fp on
each vortex, which remains constant at variable thickness.
The enhanced pinning by NTPs results in high Jc values and
effectively suppresses the TAFM. In addition, the t depen-
dence of Jc observed in the standard YBCO films is much
reduced in the YBCO/NTP samples at H�Hm and may be
completely eliminated when the NTPs’ lateral dimension is
made constant. Interestingly, the CP-type Jc-t behavior is re-
sumed in YBCO/NTP samples H�Hm, which suggests a
switch from the stronger NTP pinning to weaker pinning by
randomly distributed point defects.
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