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Relative pinning strength of twin boundaries and outgrowths in YBa2Cu3O7 thin films
and superlattices
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YBa2Cu3O7 films and superlattices displaying various structural properties were synthesized. X-ray diffrac-
tion, scanning electron microscopy, and transmission electron microscopy characterization reveal that the
defect densities can be changed over a large range of magnitude. In particular, by controlling the strain
relaxation in the material, superlattices without twin boundaries as well as highly twinned ones are deposited.
ac susceptibility measurements are performed on many samples. Using a recent procedure based on flux-creep
models, the relaxation rate of the vortices as a function of temperature is plotted in the region of large creep.
The qualitative correlation between the defects densities~outgrowths, twins! and the pinning properties pro-
vides a description of the pinning landscape. Twin boundaries seem to play a preponderant role in vortex
pinning. Intersections between the twin planes are believed to be the main pinning sites when present in our
samples.

DOI: 10.1103/PhysRevB.63.144506 PACS number~s!: 74.60.Ge, 74.62.Dh, 74.80.Dm, 74.76.Bz
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I. INTRODUCTION

Vortex pinning has been studied in many works over
last several years. This is of great interest for understand
superconducting material properties, and a central issue
applications. Concerning copper oxide superconducting
films, some applications in electronics~flux-flow transistors,1

and Giaever transformers2! are based on vortices in motio
that then require a great vortex mobility. Therefore, a v
low pinning energyU is required.

These parameters determine the magnetic propertie
the sample and can be investigated by measuring the ac
ceptibility x and deriving the vortex relaxation rateS
5kBT/U. PlottingS(T) from low temperature toTC is reli-
able to explore different successive behaviors for the vo
population. A study at relatively low temperature3 describes
the vortex phase diagram and displays the temperature lim
for different ac fields, of the vortex lattice. Hypotheses on
domain boundaries of the collective flux creep are form
lated. The validity of the hypotheses on the collective fl
creep is discussed. In the present work, we focus on
higher-temperature region, where the pinning effects are
duced. This domain is defined by the irreversibility tempe
tureTirr , above which depinning is thermally activated, a
thermally activated flux flow~TAFF! is observed.4 In this
region, the zero voltage state vanishes, and the flux-c
equations are not relevant anymore. TheS(T) law should
display a sharp change forT5Tirr , but in fact the threshold
is not so clear.Tirr is sometimes defined as the peak te
peratureTpeak of the x9(T) curve. This criterion cannot be
invoked here, becauseTpeak is frequency dependent,5 and
our S(T) curves are built out from measurements made
different frequencies and single temperatures. These is
have already been discussed by Tinkham,6 and a criterion
may be helpful to define the limits of the reversibility regio
0163-1829/2001/63~14!/144506~8!/$20.00 63 1445
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Thermal fluctuations are already efficient even forkBT,U
and one can define a boundary of the TAFF region byU
,20kBT, i.e., S.0.05. This criterion is justified by the fac
that the depinning, defined as an activation process, ca
determined from the equation7

U5kBTirr ln
t

t0
, ~1!

with t the time scale of the experiment~in the range
1023–1025s) andt0 the characteristic time scale of the vo
tex depinning (t0;10211s). At the irreversibility line, one
should obtainU/kBTirr between 15 and 20, in good agre
ment with our value. This criterion proves to be very ef
cient for establishing a difference between samples disp
ing various pinning properties. The higher the pinni
energy, the narrower the TAFF temperature domain be
TC .8

YBa2Cu3O7 ~YBCO! thin films are known to have high
critical current densities9,10 and pinning energies.11,12 Differ-
ent kind of defects are present in copper oxide films. Each
them is able to play a role in the pinning mechanism, as s
as it constitutes a potential well for vortices, with at least o
transversal dimension on the order of magnitude of the
herence length. Many works investigate the origin of pinni
in high-temperature superconductor materials, and part
larly in films. No clear feature is established up to no
Recently, the correlation between the dislocation density
the critical current density in YBCO films has been studied13

and the authors claimed that dislocations normal to the fi
were the main pinning sites in these materials. This assu
tion provides helpful information in this field. Nevertheles
one must be cautious before concluding. First, this is beca
films present various morphological properties, depending
the growth method and the deposition parameters. Secon
a given sample, many different defects families are fou
©2001 The American Physical Society06-1
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and a very exhaustive description of the ‘‘landscape’’ is
only means of having a precise idea of the vortex behav
Moreover, some structural properties are often correlate
each other~dislocations with growth islands, roughness w
film thickness, outgrowth morphology with crystalline qua
ity!, and interpretations become very tricky. In any case,
evidence for the influence of a defect on the film pinni
properties is a positive step, if we do not conclude t
quickly, and if it helps to improve the material for applic
tion.

To this aim, we studied the influence on pinning of tw
kinds of defects in our films. On the one hand, we ha
measured several YBCO films that present various o
growth densities, depending on the deposition parame
used. Outgrowths are large volume defects~diameters be-
tween 50 nm and 1mm! including various phases. Alway
present in films synthesized by the laser ablation method
believe that they are able to pin the vortices at the interf
with the superconducting volume, or even inside the def
On the other hand, we have measured four superlatt
YBa2Cu3O7 /PrBa2(Cu12xGax)3O7 ~YBCO/PBCGO!, dis-
playing various twinning, in order to study the influence
twin boundaries~TB’s! on the pinning properties. Indeed,
previous studies, we have shown that the YBCO/PBC
superlattices may be tetragonally strained on the SrT3
~STO! cubic lattice if the thickness of the YBCO elementa
layer is low enough (,4 uc!, but it also depends on th
substrate miscut orientation with respect to the in-plane a
and on the miscut angle with respect to the~100! surface.14

When the superlattice is tetragonally strained, no evidenc
the twinning along the@110# and @11̄0# directions—typical
of the YBCO thick films deposited on STO—is found
transmission electron microscopy~TEM! plane views, as in
ultrathin YBCO films.15,16

II. PINNING ENERGY

Pinning centers attract vortices with a force depending
their distance; the work of the force required to extrac
pinned vortex out of the interaction range is equal to
pinning potentialU. A current flowing in a thin film gener-
ates a Lorentz force acting on the vortices. As this fo
helps an individual vortex to escape from the pinning cen
by thermal activation~strong individual pinning!, the effec-
tive pinning energyU is lowered by the current densityJ.
This dependence has been first modeled by Anderson
Kim43 in their description of the flux-creep regime by th
simple analytical form

U~J!5U~0!S 12
J

Jc
D , ~2!

whereJc is the critical current density separating the flu
creep from the flux flow regimes. The latter is characteriz
by an ohmic behavior and appears forJ.Jc . A model de-
veloped by Bardeen and Stephen17 gives the flux-flow resis-
tivity of type II superconductors,rFF5rN•(B/BC2) where
rN is the normal-state resistivity.
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A third regime is observed whenU is not large compared
to kBT: the vortices are not pinned and move in a reversi
regime at low current densities~TAFF!. TAFF is observed
experimentally as a nonzero resistance forJ!Jc . We can
use the criterionU(0),20kBT to draw the diagram of Fig.
1, describing the different regimes in reduced coordina
(J/Jc ,U/20kBT). On this figure appear two other propose
dependencies ofU(J).

~1! The following relationship is proposed using a mod
of collective flux creep~i.e., for J;Jc):

U~J!5U~Jc!•S Jc

J D m

, ~3!

where m depends on the size of the vortex bundle18 and
usually varies from1

7 to 5
2 .

~2! The model proposed by Zeldovet al.,19 accounting for
a logarithmic barrier deduced from experiments on magn
relaxation rates,

U~J,T,H !5U~T,H !• lnS Jc

J D , ~4!

whereH is the applied magnetic field. This empirical resu
yields, together with the Arrhenius law for the electric fiel

E~J!5E0 exp
2U~J!

kBT
, ~5!

a power law for theV-I curve, often verified by transpor
measurements20,21

FIG. 1. Representation of the different regimes of vortex d
namics on a (J/Jc ,U/20kBT) diagram; the dotted lines separate t
corresponding domains, and the plain lines describe the behavi
a sample according to the models of~a! Anderson-Kim~Ref. 43!,
~b! Zeldov ~Ref. 19!, and~c! collective flux creep. At low tempera
ture as assumed on the graph,U(0,T).20kBT, so that the TAFF
regime is not observed. This regime is separated from the fl
pinning regime by the conditionU520kBT for J;0. At higher
current densities, the limit of the TAFF regime is given by (J/Jc).
(U/kBT)!1.
6-2
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E~J!5E0S J

JC
D n

, ~6!

where

n5
U

kBT
~7!

is the so-called flux-creep exponent.
In order to compare the pinning energy for vario

samples, we follow an extraction algorithm recently pr
posed by Jo¨nssonet al.22 The authors extract the flux-cree
exponent, well defined in the flux-creep regime, or the rel
ation rate

S5
1

n
~8!

as a function of temperature, from a single temperature s
of ac-magnetic-susceptibility measurements at several
quencies. Within the frame of the critical state model, we c
approximate the ac susceptibility of a thin circular disk
the simple form23

x8;2
8R

3pd
c1h23/2, ~9a!

x9;2
8R

3pd
c2h21 ~9b!

in the limit h@1, whereh52H0 /Jcd is the reduced field,
H0 is the amplitude of the ac field,R is the radius of the film,
d is its thickness, andc1 andc2 are numerical factors. There
fore,

x8}Jc~T,H0 , f !3/2. ~10!

Using results of the collective flux-creep theory24 in the
framework of the critical state formalism,25 the frequency
dependence of the critical current density can be descr
by the power law

Jc~T,H0 , f !5Jc~T,H0!S f

f 0
D 1/n

. ~11!

By combining this relation with the flux-creep Eq.~10!, we
obtain

x8~T,H0 , f !5K~T,H0! f [3S(T,H0)/2]. ~12!

Thus, we are able to extract the so-called relaxation
S(T,H0) from ac susceptibility measurements at various f
quencies. In particular for a givenH0, a simple temperature
scan directly provides the curveS(T), which is much faster
than the usual method for getting the critical current den
from Tpeak(H0) measurements. The comparison between
S(T) curves and the irreversibility temperatures measu
from two films provides a direct comparison between the t
pinning energies. This method is a practical tool for the ch
acterization of film pinning properties.
14450
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III. EXPERIMENT

Films and superlattices were preparedin situ by pulsed
laser deposition in a multitarget LDM 32 Riber machine u
ing a frequency-tripled Nd:yttrium aluminum garnet las
~B.M. Industries 503 DNS! with a pulse length of 5 ns at a
repetition rate from 1–5 Hz. It delivers a laser beam a
355-nm wavelength with a power density fro
50–600 MW/cm2 depending on the focus on the target.
this work, the growth parameters have been set in orde
obtain a deposition rate at 0.3 nm/s for PBCGO and at 0
nm/s for YBCO at a repetition rate of 2.5 Hz and a substra
target distance of 35 mm. The YBCO and PBCGOx
50.2) targets were stoichiometric with a density exceed
90% of the theoretical one. The PBCGO target was prepa
at the Crown Center for Superconductivity at Techni
University.26 They are continuously moved to ensure a u
form ablation rate. Before the growth, the~100! STO sub-
strates are cleaned by heating in pure oxygen up to 800
for 10 min at a pressure of 40 Pa. After this procedure, cle
liness and flatness of the surface are verified by reflec
high-energy electron diffraction before starting the grow
procedure. The growth temperature was 785 °C, measure
the surface of the substrate holder. The growth was car
out in 40 Pa of pure oxygen, while the substrate holder w
continuously rotated at 45 rpm. At the end of the depositi
the pressure was increased to 4 104 Pa. The sample was the
cooled to room temperature within 45 min including an i
termediate temperature plateau at 400 °C during 15 min.

X-ray-diffraction ~XRD! analysis has been carried out b
usingu22u and four-circle x-ray diffractometers in Bragg
Brentano geometry with Cu(Ka) sources. The growth rate
are calibrated fromu22u XRD measurements performed o
a set of two calibration superlattices and from low ang
x-ray reflectometry on thin (,50 nm! YBCO and PBCGO
layers deposited on STO. The period of the studied supe
tices is then controlled by XRD after the growth,27 as shown
in Fig. 2, which presents a typicalu22u diffraction pattern
recorded from a (15YBCO/6PBCGO)10 superlattice. All su-
perlattices contain 10 periods, the growth being initiated
the PBCGO layer. It is then encapsulated by a PBCGO la

FIG. 2. 001 and 002 reflections of theu22u XRD pattern of a
c-axis-oriented YBCO/PBCGO superlattice grown on STO~100!
recorded using Cu (Ka) radiation ~15YBCO uc/6PBCGO uc/10
periods; growth temperature5785 °C), yieldingLXRD525.3 nm.
6-3
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having the same thickness as the PBCGO layer of the
ementary period.

The films are cooled in a flow cryostat Oxford CF120
The temperature is measured near the sample by a Si d
using steps of 0.1 K and a 0.03-K relative accuracy.
10-mT dc field normal to the film is applied during the me
surements to ensure thatHAC!H0 and that external condi
tions are identical for all the measurements. The excita
magnetic field is applied normally to the film, with an am
plitude of 0.5 mT at frequencies varying from 1 kHz–10
kHz. The magnetic susceptibility measurements are p
formed in the screening configuration. The 10310 mm2 film
is placed between two coils~diameter 5 mm!.

In order to calibrate all our measurements, the signa
assumed to be totally screened by the superconducting
terial in the low-temperature state~i.e., x9521 in this tem-
perature range!. This assumption is justified by the fact th
the real part of the ac susceptibility measures the variatio
the magnetization, depending on the flux-line mobility.
the low-temperature critical state, if present, they are tot
pinned. In the normal state, we can neglect the eddy curr
in these low-conductivity materials, so thatx950.

Flux creep only appears at higher temperature. We plox8
as a function of the signal frequency for different tempe
tures. As explained above, we directly obtain theS(T) curve.

IV. RESULTS

A. YBCO films

For more clarity, we display results concerning fo
YBCO films that are representative by their deposition
rameters, structure, and outgrowth densities of many o
films measured in the same way. Morphological characte
tics of these films are summarized in Table I. These par
eters are of great importance for the interpretation of
pinning mechanisms, since the correlation with the magn
measurements quantifies the pinning properties of the
fects.

The density of dislocations is not known, and the tw
ning due to the relaxation mechanism is supposed to
roughly constant, and much larger than the flux-line den
during the measurements~see Fig. 3!.

Figure 4 displays normalizedx8(T) andx9(T) curves at
several frequencies for sample AL962. DefiningTC

onsetas the
minimum temperature wherex850, we determineTC as the
extrapolation of theTC

onset at infinite frequency.
As a general feature, the high-temperature part of

x(T) curves and critical temperatures forH0510 mT are

TABLE I. Thickness (t), roughness average (Ra), and out-
growth density~Doutg! of the YBCO films.

Sample t Ra Doutg
~nm! ~nm! (cm22)

LDM443 100 2 5105

AL962 50 3 2.1107

AL971 300 6 4.4107

AL1057 500 6 2.7107
14450
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actually not shifted as compared to theH050 measurement
The frequency dependence is very similar. This behav
usual at a temperature close to the transition, is character
of the flux-flow regime.

A finite response is obtained only in a very narrow te
perature range belowTC . This means that very strong vorte
pinning is provided by deep potential wells. Thermal dep
ning and flux creep occur very close toTC , where fluctua-
tions appear and penetration length diverges. In this c
vortex depinning by a pure activation process is unlike
since the vortex structure goes through transformation. If
critical temperature were increased, flux creep would oc
at higher temperature in the same way.

S(T) for the film AL962 is plotted in Fig. 5. The criterion
S50.05 chosen for determining the irreversibility leads
Tirr 585.9 K. Similar remarks could be made for the oth
samples.

Figure 6 displays theS(T) curves of the four films around
the criterion value, where we use the reduced tempera
T5T/TC to make the curves directly comparable@because in
this case,U(T) varies much more thankBT#. A noticeable
difference exists between the four reduced irreversibi
temperatures, i.e., between the pinning energies avera

FIG. 3. TEM picture of TB’s in a YBCO film.

FIG. 4. Real and imaginary parts of the ac-magnetic susce
bility as a function of temperature for different frequencies.
6-4
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over the whole samples. Indeed, this relative variation in
temperature, where fluctuation-induced depinning occ
provides information on how largeU is compared withkBT.
The largerU/kBT is, the stronger the fluctuations must be
induce depinning, and the higher theTirr . As a consequence
the sample AL971 displays the highest pinning energy in
temperature range, and LDM443 the lowest. More than
films were measured in this way. We noticed that the thi
ness has no systematic effect on the results, nor does
surface roughness. Only the outgrowth density seems t
slightly correlated withTirr . This trend is shown in Fig. 7
The plot dispersion can be explained by the irregular o
growth density over each film.

The error bars relative toS(T) measurements~coming
from the normalization of the susceptibility curves and t
fitting procedure! do not discard this trend. These resu
show that the outgrowths have an incidence on the vo
pinning. Several theoretical works describe pinning by n
superconducting inclusions28,29 in the volume of the defects
or at the boundary. Peculiarly, experimental results are la
ing.

The outgrowth concentration, if close to the vortex de
sity, is very sensitive too. We are not able to provide a p
cise description of this mechanism and we do not assert
these kinds of defects are the main pinning sites in our fil

FIG. 5. S(T) curve of the YBCO film AL962.

FIG. 6. S(T) curves of the single YBCO films. The dotted lin
corresponds to the irreversibility criterion.
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Nevertheless, we believe that such large and numerous
fects influence vortex dynamics and pinning.

B. Superlattices

The superlattices showing the shortest periods~AL1319
and AL1235! are strongly tetragonally strained as shown
the XRD data reported in Table II. Although AL1235 wa
not analyzed using four-circle XRD, we observed ac-axis
lattice parameter consistent with a strained YBa2Cu3O7 film
and the full width at half-maximum~FWHM! of the rocking
curve of the~005! YBCO reflection is very narrow and char
acteristic of an epitaxial growth.14,30 Stress relaxation barely
appeared in sample AL1318, as seen fromu22u diffraction
on ~308!. There is no evidence of twinning as measured b
F scan on the~227! planes (F is the angle of rotation
around the direction normal to the surface of the samp!.
The sample with the thicker YBCO layers, AL1481, is
relaxed structure showing properties close to those of sin
YBCO thick films, such as~i! FWHM of the rocking curves
of the ~005! reflection,~ii ! F scan on the~102!, ~227!, and
~038/308! reflections, and~iii ! a twinning rate.

In such relaxed films and heterostructures, the twinn
takes place about the~110! and (11̄0) planes of YBCO;
therefore, in absence of symmetry breaking~for example the
miscut orientation and angle!, both domains should have th
same weight.15,31 All of these samples display comparab
outgrowth densities (;107 cm22).

Figure 8 displays theS(T) curves for the four superlat
tices. The critical temperature is given for each sample. I
dramatically reduced for the superlattices with the thinn
YBCO layers, in good agreement with previous studies.32,33

For this reason, the choice of a temperature scale is tric
The use of the linear scale is justified below; the tempera
ranges where pinning is inefficient are much larger for th
superlattices~AL1319, AL1235, and AL1318! than for the
fourth ~AL1481!, which behaves like single YBCO films
Concerning AL1319, AL1235, and AL1318, the irreversib
ity temperature is far fromTC ~between 10–15 K below!,
which indicates that the vortex depinning that happens d
ing the measurement is fundamentally different from t

FIG. 7. Reduced irreversibility temperature of the single YBC
films as a function of their outgrowth density.
6-5
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TABLE II. Summary of the XRD analysis of a YBCO thin film and the superlattic
@(YBCO)M /(PBCGO)N#10//STO.

Sample L ~nm! Parameter FWHM FWHM FWHM Twinning FWHM
M ,N (Å ) ~005! ~102! ~227! rate ^110& ~038/308!

~degrees! ~degrees! ~degrees! ~227! ~degrees!

AL1319 11.47 a53.895
M53,N56 b53.895 0.108 0.41 0.53 N.D. 0.50

c511.749
AL1235 11.0 a5 J not measuredM54,N55 b5 0.190

c511.7135
AL1318 31.0 a53.860

M59,N518 b53.910 0.470 0.57 0.77 N.D. 0.78
c511.740

AL1481 25.3 a53.842
M515,N56 b53.896 0.315 0.78 0.67 0.56/0.44 0.65

c511.714
AL959 100 a53.825
~film! b53.889 0.384 0.77 0.57 0.51/0.49 0.62

c511.687
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mechanism invoked with the single films. Indeed, the th
mal energykBT is compared with the pinning energyU(T).
kBT increases linearly with the temperature, whereasU(T),
quantifying the interaction between a vortex and a pinn
site, decreases very slowly at low temperature and vanis
close to TC because of the divergence of the size of t
vortex. Then, forTirr close toTC , in which case, as ex
plained above, other mechanisms are involved, we can c
pare two samples by assuming that there is an unique
vation process quantified by the well-defined pinning ener
The use of the reduced temperature scale is then fully ju
fied. However, for the superlattices, the thermal depinn
energies must be underscored. Therefore, we prefer the li
temperature scale in this case~anyway, a reduced scal
would not qualitatively change the trend!. Analyzed in this
way, theS(T) curve reveals that the four superlattices ha
pinning energies that are strongly different at a given te
perature~in increasing energies: AL1319, AL1235, AL131

FIG. 8. S(T) curves of the superlattices. The dotted line cor
sponds to the irreversibility criterion.
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and AL1481!. The use of the reduced temperature as
have used for the single films, would provide, we believe,
incorrect picture, because of the large critical temperat
differences. Nevertheless, we can notice thatTirr /TC is dra-
matically reduced for the strained superlattices, as compa
to the relaxed one~AL1481!.

The pinning properties of the superlattice AL1481 a
identical to those of YBCO films. The twinning is very sim
lar in the two cases and strong pinning by TB’s seems to
an accurate hypothesis. Concerning the three other supe
tices, the pinning energy given above decreases with incr
ing strain measured by x-ray diffraction, and following, wi
decreasing twin boundaries concentration.

V. DISCUSSION

Outgrowths and twin boundaries are found to influen
the pinning properties, and no correlation with other defe
was established. In bulk materials, many experimental e
dences prove the role of TB’s in pinning properties.34–37 If
the vortex motion is normal to the TB planes, they constit
strong pinning centers, whereas if the vortices move in
same direction as the TB planes, they act as grooves c
neling the flux lines.38 In the present case, TB’s are prese
in two directions with an angle of 90°, at645° with respect
to the sides of the substrate and to the vortex motion dir
tions. Anyway, the channeling mechanism should happe
the transverse pinning force induced by the twin boundary
a flux line is strong enough to keep it in the potential groo
Then, the vortex will move along it until it reaches a tw
boundary intersection. The interboundary spacing is less t
100 nm in these films. The vortex can then be pinned
again channeled in a direction normal to the previous o
The intersection between two TB’s induces a local pertur
tion in the crystallographic order that constitutes effect

-

6-6



e
th
e
e
y
v

n

t
u
a
y
n
th
T
b
le
a

in

s
s
p

n
p
d

-
h
iv
e
n

h
v

o
r

to
de-
he
l of
n
pro-

esis,
hat
,
r,

ese

ies
n

ary
le
s to
the

ion
nd,
ing
s,
ther
s a
the
icu-
e

ri-
the
ials.

s
nd
D
gan
s

RELATIVE PINNING STRENGTH OF TWIN . . . PHYSICAL REVIEW B63 144506
pinning sites.39 These defects are present with a high conc
tration in the relaxed films and disappear abruptly in
strained samples. We assume that these defects are pot
wells deeper than a twin boundary for a free isolated vort

Ravelosonaet al.40 have studied the irreversibility line b
magnetization measurements in strained superlattices
similar to ours~1–4YBCO/4PBCGO!. They find irreversibil-
ity temperatures in good agreement with our measureme
They assume that the vortex arrays are decoupled, but
adopt a three-dimensional behavior in each superconduc
layer. Then, the superlattices should be considered as eq
lent to a collection of thin independent YBCO films. As
consequence, the decreasing thickness of the YBCO la
induces a reduction of the condensation energy, and the
the pinning energy at zero temperature. Unfortunately,
effect works in the same direction as the reduction of the
concentration. Therefore, no definitive conclusion can
proposed concerning the role of these defects. Neverthe
the qualitatively different behavior of the strained superl
tices tends to show that another pinning mechanism is
volved. Therefore, we do believe that TB’s are effective p
ning centers in our films.

The role of the outgrowths is not clear. In relaxed film
these defects seem to slightly favor pinning. In strained
perlattices, such a behavior could not be established. A
ning mechanism including several defects~TB’s and out-
growths! could be invoked. Nevertheless, the pinni
energies have not been measured and a systematic com
tive study including several pinning defects is lacking. A
ditional measurements are then required.

Two recent works41,42 study the role of TB’s by measur
ing YBCO films twinned in one direction only. They bot
find highly anisotropic critical current densities and resist
ity, and conclude that TB’s have an effective channeling
fect. In this case, where no intersection of TB’s is prese
TB plans seem to be governing the vortex dynamics. Villa
et al.41 have measured the critical current density with t
current parallel and perpendicular to the TB’s, and ha
found 1.2 106A cm22 and 25 times less, respectively, at 7
K. This anisotropy is a clear demonstration of the role
twins in pinning mechanisms. Moreover, at this temperatu
1445
n-
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our films display critical current densities close
107A cm22. These higher values suggest that pinning by
fect intersections is predominant. The discrimination of t
effect of one particular defect requires a precise contro
the microstructure. Films with an unique twinning directio
have been synthesized. Further measurements are being
cessed on such samples in order to test the above hypoth
and will be reported elsewhere. Preliminary results show t
these samples have aTC as high as the present YBCO films
but a much lower temperature of irreversibility. Moreove
these films display anisotropic transport properties. Th
facts corroborate the above analysis.

VI. CONCLUSION

We have synthesized YBCO films with various densit
of defects capable of pinning the vortices. X-ray-diffractio
measurements and TEM imaging reveal the twin bound
density due to the strain relaxation in the films. A simp
processing of ac-magnetic-susceptibility data enables u
compare the pinning energies, and to correlate them to
defect densities. This qualitative study provides informat
on the effective pinning sites in our films. On the one ha
outgrowths are believed to have a real effect on pinn
properties in single YBCO films with high TB densitie
even if no precise mechanism is proposed. On the o
hand, the disappearance of TB’s in superlattices induce
drop in the zero-temperature pinning energy. Pinning by
twin planes and by the intersection between two perpend
lar TB’s is invoked. This last kind of defect is believed to b
the effective pinning site in our YBCO films. Further expe
ments are proposed in order to establish if TB’s are
dominant defects in the pinning landscape of these mater
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