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The growth of BaZrOs3 (BZO) in pulsed laser deposited YBa,Cu30; — 5 (YBCO) thin films was studied by varying
the deposition temperature. It was found that there are three deposition temperature ranges based on the
properties of J.(6), the angular dependence of critical current density. Samples made at a relatively low
temperature (low-T samples) do not show a c-axis peak in J.(6) whereas mid-T samples exhibit a peak
as B c-axis of YBCO. In high-T samples the c-peak disappears again. In the low-T samples BZO rods are too
splayed and short for a c-axis peak whereas in the high-T samples vortices move along correlated, but shortened
rods as well as along stacking faults, which causes the c-axis peak to disappear. The superconducting properties
of the films were studied with both magnetic and transport measurements and the structural properties were
characterized using X-ray diffraction and transmission electron microscopy. Correlations between the structural
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Thin films and superconducting properties were analyzed using the vortex path model.
Transmission electron microscopy © 2014 Elsevier B.V. All rights reserved.
Flux pinning

Columnar defects

1. Introduction

The properties of YBa;CusO; _ 5 (YBCO) thin films have been
improved in the past years by many methods [1]. The most used way
is to dope YBCO with a non-superconducting second phase, e.g. BaZrOs
(BZ0) [2-4], which forms either nanodots or nanorods in the YBCO
matrix. In addition to increasing the critical current absolute values,
BZO nanorods also affect the angular dependence of critical current,
J(6), where usually a broad peak is seen [4] when B c-axis of YBCO.
It has been noted that while the density of rods changes with differ-
ent doping concentrations, the radius of the rods stays about the
same [5]. Also, it has been estimated that the rods that form do not
consist entirely of BZO, but about half of rod volume contains
distorted YBCO [6] and the rod is surrounded by distorted YBCO
with dislocations [7]. On the other hand, in a study by Maiorov
et al. [8] it was found that the rods consist merely of BZO in BZO
and Y,053 co-doped YBCO. The lattice mismatch between YBCO and
BZO is about 9% which explains the strain and distortion of the
YBCO-BZO-lattice. The strain also gives a plausible explanation for the
columnar growth of BZO [9]. In a similar way, the growth of InAs
columns on GaAs(100)-surface has been attributed to differences in
lattice parameters [10].
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The effect of deposition temperature on pulsed laser deposited
(PLD) YBCO films has been studied before. In undoped YBCO, the
stacking fault densities increase with deposition temperature [11],
which enhances the critical current densities in a magnetic field.
Also, other defect-related effects and possibly a Ba-Cu-0 liquid
phase during growth has been attributed to growth temperature
[12]. In the latter case, an abrupt change of the shape of J.(6) and
a drop of J. near ab-peak were seen with increasing deposition
temperature. The effects in BZO doped films provide similar kind
of pinning improvements. The lengthening of the plateau region
in J.(B)-curves and the shift of the flux pinning force density maxi-
mum to higher fields with elevated deposition temperature have
been attributed to correlated pinning centers [13,14]. Within the
deposition temperature window used in Refs. [8] and [9] the length
of the rod has been seen to increase and splay has been found to de-
crease with increasing deposition temperature both for BZO and
BZ0 and Y,03 co-doped YBCO. The deposition temperature does
not only affect the structure but also the growth mode of pure
YBCO; low substrate temperatures produce spiral growth while at
higher temperatures (normal conditions) 2D nucleation and growth is
favored during pulsed laser deposition [15].

In this paper, we study the effect of growth temperature in BZO
doped PLD YBCO thin films. The film structures were characterized
with X-ray diffraction and transmission electron microscopy
(TEM). The superconducting properties were determined using


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2014.04.093&domain=pdf
http://dx.doi.org/10.1016/j.tsf.2014.04.093
mailto:mika.malmivirta@utu.fi
http://dx.doi.org/10.1016/j.tsf.2014.04.093
http://www.sciencedirect.com/science/journal/00406090

M. Malmivirta et al. / Thin Solid Films 562 (2014) 554-560 555

magnetic measurements and also the angular dependencies of
critical currents were measured. The results are interpreted with
the vortex path model for angular dependencies of critical cur-
rents. The structural results are connected to the superconducting
properties.

2. Experimental details

The films were grown with a pulsed laser deposition (PLD) sys-
temon 5 x 5 mm? SrTiO5 (100) substrates using a 5 wt.% BZO doped
nanostructured YBCO target (prepared as described in [16]). The
deposition system is described in more detail in [17]. The deposi-
tion temperature Tgep, Was varied between 700 and 850 °C in
25 °C steps and after ablation each film was oxygenated at 50 °C
below Tgep in an atmospheric pressure of O, for 10 min. Ablation
was done with a XeCl excimer laser (A = 308 nm) in an oxygen
pressure of 23 Pa. Based on the properties of the J.(0) curves
of the films, they were grouped into three categories: low-, mid- and
high-T groups where T refers to deposition temperature. The boundary
between low- and mid-T categories is about 700-725 °C and
between mid- and high-T is about 800-825 °C. In each category,
several films were made with different deposition temperatures.
Because there are no major differences between the films in the
same category, the properties of mainly one film is presented from
each group.

The crystal structures were examined with an X-ray diffractome-
ter (Philips X'pert Pro with Schulz texture goniometer). To check the
purity of the films, 6-26 scans with {y = 0 were measured between
20° and 70°. Also, more accurate 6-26 and rocking curve scans were
performed on the YBCO (005) peak. To determine the growth of
BZO, similar 6-26 and rocking curve scans were made for BZO
(002). The crystal growth direction was determined by 26-¢ scans
for YBCO (102) with two different s for c- and a-axis oriented grains.
Similar 20-¢ scans were taken of YBCO (212) to quantify twinning
[18]. In addition to this, a 26—¢ scan for BZO (110) was made. The
microstructure of the films was analyzed by electron transmission
microscopy using a JEOL 2200FS TEM instrument with double Cs
correctors, operated at 200 keV. All cross-sectional TEM specimens
were prepared by a modified mechanical polishing method; a Si/film/Si
sandwich structure was firstly glued by epoxy after which it
was cut into thin slices. After that, the thin slices were ground
and polished by a MultiPrep polishing system (Allied High Tech
products, Inc.), and finally milled in an Ar ion polishing system
(Model 691 PIPS, Gatan Inc.).

The magnetic and superconducting properties were determined
with a Quantum Design Physical Property Measurement System
(PPMS). The onset critical temperature T, was defined with the
ACMS option of the PPMS from the onset temperature of the in-
phase component of the AC-magnetization. DC-magnetization was
measured between —8 and 8 T at 10 and 77 K and from these
measurements the critical current was calculated using the Bean
formula [19]. The angular dependencies of the critical currents
were measured using the horizontal rotator option in magnetic fields
between 0.5 and 8 T and at angles between 0° and 360° in the maxi-
mum Lorentz force configuration using 3° steps. For these measure-
ments, each sample was patterned with wet chemical etching. The
etched pattern was a standard four probe measurement circuit
with a 50 um wide current stripe. The contacts on the samples
were made by tapping with indium. Measurements were done at
temperatures 10-70 K in 10 K steps for all fields and angles. The
values for voltage between the voltage pads as a function of applied
current were recorded with the critical electric field of 215 puV/cm.
On some samples the critical value was increased slightly to deal
with the noise. However, the shape of the J.(6)-curve did not change
with the voltage limit [20].

3. Results and discussion
3.1. Structural properties

By scanning the YBCO (102) peak in a- and c-axis configurations, it
was assured that there were no a-axis oriented grains in any of the sam-
ples. In scans of the YBCO (212) peak set, peak splits due to twinning are
clearly seen for high-T samples and slightly less clearly in the other
group, but the width of the four peak set stays approximately constant
in 260- and ¢-directions throughout different deposition temperatures.
The splits in high-T films indicate that the structure of high-T samples
is slightly more relaxed than that of the low- and mid-T samples.
Rocking curves of YBCO (005) showed full width at half maximum
(FWHM) values of 0.2°-0.3° with no clear dependence on deposition
temperature. The values are similar to what has been found before
[21,14]. According to these results, the YBCO matrix does not contain
out-of-plane oriented grains. Also the oxygen content of YBCO lattice
was estimated by comparing the intensities of (00/) YBCO peaks
in #-20-diffractograms. 1(005)/1(004) < 20 and I(005)/I(007) is be-
tween 7 and 10, and thus 6 < 0.1 [22] for all films.

BZO, on the other hand, shows a stronger dependence on Tgep. The
evolution of its (002)-peak as a function of Tqep, (Fig. 1) clearly shows
a change of the BZO lattice parameters with Tgep. At low temperatures
the peak is seen at a higher 26 angle than the corresponding peak of a
bulk sample (vertical line in figure is calculated from data in [23]). At
higher temperatures another peak forms at lower 260 angle, close to
the bulk value. In other words, with increasing deposition temperature
the c-axis parameter rises from smaller than bulk to about the same as
bulk. A similar evolution is found for BZO (110), i.e. a peak also shifts
to lower 26 values with higher Tqep,. Due to the small amount of BZO
in the YBCO matrix, the diffractograms are too noisy that the differences
in the FWHMs of the curves could reliably be seen.

Cross-sectional TEM images of low-, mid- and high-T samples
(Fig. 2) show significant differences in the films. In the low-T sample
there are splayed nanocolumns with a width of 4.5-5.5 nm and a
splaying angle of about 15°-30° with respect to the c-axis. In the
mid-T sample there are well-aligned rods with a width of 6-7 nm.
According to this image, the rods are separated by about 10-15 nm.
The high-T sample has equally aligned nanocolumns with a width of
4-8 nm, but they are shorter than in the mid-T sample. Also, a large
number of stacking faults parallel to the ab-plane are observed. The
rod diameters have in all the cases been extracted from a single image
and they may not always be representative samples. Therefore, it can-
not be said that the rod diameters in different temperature ranges
would differ significantly. According to energy dispersive X-ray spec-
troscopy, the rods in all the samples do not consist merely of BZO but
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Fig. 1. The evolution of BZO (002) peak with deposition temperature. The black vertical
line shows the 20-value of bulk BZO. The intensities have been shifted for readability.
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Fig. 2. Cross-sectional TEM images of (a) low-T, (b) mid-T and (c) high-T films.

incorporate also Y and Cu atoms. Moreover, the nanocolumns con-
trast in all samples seemingly corresponds to Moire fringes between
YBCO and BZO nanorods, which is in agreement with the previous
reports [6,8].

In all the samples, BZO has a large interface area in the YBCO matrix.
To relieve the interfacial strain, BZO shortens its lattice parameters and
thus larger 260 values than in the bulk are attained. Moreover, the extra Y
and Cu atoms in the BZO rods cause an additional distortion of the BZO
lattice parameters. On the other hand, in the high-T sample the peak at
smaller 26 value in the diffractogram (Fig. 1) corresponds to pure BZO
phase. The double peak indicates that BZO is more pure in the high-T
than in other samples and this is possible because BZO hardly reacts
with YBCO [24].

3.2. Magnetic properties

The magnetically determined onset critical temperatures increase
monotonically from 80 K via 85 K in the mid-T samples to almost 90 K
in the high-T samples (Fig. 3a inset). At the same time, the width
of the transition decreases from approximately 10 K in low-T films to
2-3 K in mid-T films. In high-T films the width starts to increase again
being around 8 K at the highest deposition temperature of 850 °C. The
rise of T, and eventually a small decrease with deposition temperature
are similar to the observations by Galluzzi et al. [13] for 7% BZO doped
films. Also in our work the film quality decreases with too high deposi-
tion temperature. As can be seen in our TEM images, the decrease of
quality could be explained by the increasing amount of stacking faults
while the oxygen content stays the same.

The magnetically determined critical current density at 10Kand 0 T
(Fig. 3a) depends similarly on Tgep as Te. At first the value of J. rises to
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about 30-40 MA/cm? and deteriorates again at high deposition temper-
atures. The increase is likely to be caused by better pinning on more
ordered BZO columns and better superconductivity between the rods.
In the high-T sample, stacking faults start to deteriorate pinning. Also,
the shape of the J(Tqep) curve in nonzero magnetic field does not differ
from this curve significantly. At 77 K and 0 T the J. dependence on mag-
netic field reflects both T, and the width of the transition. Before this
work, a monotonic increase of J. with deposition temperature has
been found for BZO doped YBCO in moderate fields [9]. On the other
hand, BZO and Y,0, co-doped YBCO showed a maximum of J. at
800 °C in a study by Maiorov et al. [8]. For undoped YBCO both a
maximum [12] and a monotonic increase [11] of J. has been found.

The accommodation field B* for which J.(B*) = 0.9/.(0) at
10 K (Fig. 3b) approximately linearly decreases from 400 mT
(Tgep = 700 °C) to 100 mT (Tgep = 850 °C). At 77 K, B* shows a quite
opposite trend with deposition temperature and the magnitude of
B* is remarkably smaller than that at 10 K. It is noteworthy that in
the case of BZO doped samples, B* < B, [25], where B, is the so called
matching field, where there is one pinning site per vortex. At B¥, the
pinning changes from the single to the collective vortex pinning
regime [26]. In other words, the decrease of B* means that pinning
in small fields and at low temperatures is deteriorated as Tgep is in-
creased. This can be explained by the fact that in the low-T samples
there are more but shorter and more splayed rods. The rods pin vor-
tices at sites that minimizes vortex-vortex interaction. In mid- and
high-T samples the number of vortices in such optimal places is
smaller because straighter rods force vortices to sit more precisely
at certain points. The straighter rods, however, are responsible for
the increase of J. at 0 T. At 77 K, on the other hand, B* reflects mainly
the behavior of T..
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Fig. 3. (a) Critical current density at 10 K as a function of deposition temperature and the evolution of the onset temperature and the width of the transition (inset). (b) The accommodation

field of samples at 10 K and at 77 K.
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The critical current exponent o at 10 K (J. o< B~ %) is about 0.35 for
the low- and high-T samples and about 0.15-0.20 for mid-T samples.
That is to say, the pinning properties in magnetic field are the best in
themed-T samples. In Ginzburg-Landau simulations [27] the smallest
a was achieved with the largest rod diameter. In this experimental
case, however, the J(B) is less linear at B> B than in simulations and
the widths of the rods are not all the same. Because no clear differences
between the rod diameters are seen in TEM images (Fig. 2), there must
be also other pinning mechanisms that can affect the value of . At 77 K,
the values of cvare somewhat larger, about 0.35-0.50 for low- and high-T
films and 0.25-0.35 for mid-T films. It is interesting to see that mutually
inconsistent results have been found previously for the temperature
dependence of the rod diameter. In a study by Baca et al. [9], the diame-
ter of the rods was not seen to change with deposition temperature,
whereas SmBa,Cu30, doped with BZO [28] showed a clear increase in
rod diameter with increased deposition temperature.

3.3. Angular dependence of critical current

Below T, ($70K), the shape of the angular dependence of the critical
current is roughly constant at different measurement temperatures.
This is also the case for the magnetic field dependencies of J. [5,29] as
J. drops almost linearly with rising measurement temperature. The
measurements of angular dependencies of critical current, I., are
shown for the three deposition temperature ranges in Fig. 4a-c.
The 6 = 0° corresponds to the case where B c-axis of YBCO. Although
the measurements were made in a rather wide temperature range,
only the measurements at 40 K are shown, since it is far enough
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from T, and technologically more important than 10 K [30]. The angular
dependencies of critical currents in films of different deposition tem-
peratures exhibit major changes with increasing deposition tempera-
ture. Going from low-T to mid-T films, the c-axis peak appears. When
going even further to the high-T range the c-axis peak disappears
again. This is intuitively related to the continuous rods seen in the
TEM-image of the mid-T sample. Splayed and shorter columns in the
low-T sample and shorter columns and stacking faults in the high-T
sample both result in the disappearance of the c-axis peak. The twin
boundaries and dislocations present in all the samples are not strong
enough to create the c-axis peak.

Between the low- and mid-T ranges the c-axis peak appears first at
high magnetic fields as a double peak i.e. two peaks near 6 = 0°
(Fig. 5). Going to mid-T, the peak evolves to a single and sharper peak
and eventually disappears in films deposited at high enough tempera-
ture. At 0.5 T there is no c-axis peak seen in any of the J.(6)-curves.
Baca et al. [9] have found a c-peak at 1 T and 77 K for BZO doped samples
whereas in this work the c-axis peak is seen more clearly only at higher
fields but for all measurement temperatures. At fields higher than the
matching field By, the c-peak should disappear at higher measurement
temperatures [25]. Calculating the defect density from the distance be-
tween nanorods in the TEM image of the mid-T film (15 nm) and as-
suming a square lattice, we estimate a rod density of approximately
4400 ;un_z. Using the formula By, = ndg, where @y is the flux quantum
and n is the density of defects, this gives B, =~ 92 T. Therefore, the c-axis
peak should not disappear in the measurement fields used in this study.

The ab-peak also changes drastically with Tgep. The shape of the
curve for the low-T film is approximately independent of B. For mid-T
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Fig. 4. The angular dependencies of critical current I. in low-T (a), mid-T (b) and high-T (c) films in different magnetic fields. The I.-values are scaled with the minimum of I. at 8 T. (d) The
relative values of ab-peak to c-peak show a clear dependence on the deposition temperature. There are no large differences between measurements at different temperatures far

from T.. As an example, the measurements made at 40 K are shown.
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Fig. 5. The evolution of the c-axis peak in different temperature ranges. The curves have
been normalized and shifted for clarity.

and low B, the ab-peak first forms a dip and then evolves into a
sharp peak with increasing magnetic field. For the high-T sample,
the ab-peak does not disappear and it sharpens at higher fields. Wang
et al. [29] explained that the more ordered rods, which are attained
with higher deposition temperature, distort the ab-planes of YBCO
and thus deteriorate pinning in that direction. In our experiments, this
corresponds to the samples between the low- and mid-T ranges.
At higher deposition temperature, the pinning in the ab-direction is
enhanced. This can be explained by the large number of stacking faults,
which are clearly visible in the TEM image of Fig. 2c.

There is a major change in the ratio I.(B ab)/I.(B c) (Fig. 4d) with de-
position temperature. The ratio reflects the anisotropy of the sample. If
this value becomes closer to one, the anisotropy decreases. The mid-T
sample has much smaller anisotropy than the other films, and for that
film the ratio described above does not show a clear dependence on
magnetic field either. With increasing field the critical current drops
only 22% in the ab-direction and 18% in the c-direction as B changes
from 0.5 T to 8 T. Thus, the ratio plotted in Fig. 4d does not change
significantly for the mid-T range.

For the other two ranges, the change in anisotropy is much larger.
The drop of I in the low-T sample is about 80% with field and it stays
roughly the same through all angles. In the high-T sample the drop is
much greater in the c-direction (75%) than in the ab-direction (23%)
and thus the relative difference in the critical values becomes larger.
The value of I.(B ab)/I(B c) in the low-T sample rises due to the dimin-
ished critical current whereas the shape of the curve stays almost the
same. In practice, there are less c-oriented pinning sites in both the
low- and high-T samples than in the mid-T samples. The shattered
and, in the sense of pinning, too splayed rods are not equally good for
pinning in the c-direction. Although in both low- and high-T films the
ratio I.(B ab)/I.(B c) is large, there are clear differences in the nature of
the pinning sites for the low- and high-T films as indicated by the
TEM-images and the dissimilar angular dependencies of J..

The change in T4, where the c-axis peak appears is rather small.
Wang et al. [29] used two films with 20 °C difference in deposition tem-
perature and their lower-T film did not have a c-peak while the higher
one did. The rods that form have been noted to be more continuous
with increasing Tqep by Baca et al. [9] and by Maiorov et al. [8] within
anarrower temperature window than used in this work. Also, according
to Baca et al., BZO forms less nanoparticles and more continuous rods
with higher deposition temperature. This behavior is confirmed by our
experiments, with the exception of high-T samples where the rods
start again to be more discontinuous.

As the length of the rod decreases with decreasing deposition tem-
perature, at some point we go over the limit that BZO rods are no longer
correlated rods but roughly spherical pinning centers. In that case, they

do not exhibit a c-axis peak [31]. As pointed out by Maiorov et al. 8],
the pinning sites are still stronger than mere point pinning centers.
Considering growth kinetics, the reason for the disappearance of the
c-peak in low-T sample could be related to a maximum in the formation
probability as a function of Tgep. That would also explain the discontin-
uous columns in the high-T range. This initial idea on strain-mediated
growth as postulated by Xie et al. [10] was further developed for BZO
doped YBCO by Baca et al. [9].

To quantify the change of the c-axis peak in the angular dependence
of J, the vortex path model [32-35] was fitted to the 40 K data. In short,
the model treats vortices at pinning sites statistically. Depending on the
steps that vortices take inside the superconductor, there either exists or
does not exist a c-peak. The practical realization of the model is similar
to that described in [32]. The overall critical current density is divided
into three parts

.,C‘tOt(O) :.]C(G) +]c(0+900) +.’c‘rand(0)- (1)

In the Eq. (1) above,

JC<6>—JO[1‘” exp( ! >+ U 2)

sin2() 2rZtan?(9)) ' cos?(6) + I2sin?(6) |’

where 6 is the deviation from c-axis, 17 is the Lorentzianity of the peak, I',
and I'; are parameters giving the width of the Lorentzian and Gaussian
peak shapes and Jy is a scaling constant. For the ab-peak, 1) = 1 and only
the Lorentzian part is considered. For the c-peak inJ.(0), 6 shifted by 90°.
The random part above is taken as [32,36]

—1/2

Jerana(8) = Jeo ((cos’(6) + sin’(6)/7) 3)

Again, Jo is a scaling constant and vy is the effective mass anisotropy
parameter for which a value of 3.4 was used for BZO doped films [17].
The parameter vy is constant in the function that transforms a physical
quantity from anisotropic to isotropic systems. The larger vy is, the larger
is the anisotropy of the system. The scaling of random pinning centers
with electron mass anisotropy was developed by Blatter et al. [36].

An example fit to the data from a high-T sample at 40 K and 8 T with
different components is shown in Fig. 6. From the fitted parameters the
FWHM for the c-axis peak using the formula from [32] was calculated.
A clear difference in FWHMs is seen, depending on whether there
is a c-peak or not (Fig. 7). Films that show a c-axis peak, have FWHM
< 55° and without a c-peak they have FWHM 2 55°. With highest Tgep,
before the disappearance of the c-peak, the FWHM is narrowed down

high-T sample il
j L B=8T |

I, (arb. units)

-135 -90 -45 0 45 90 135

Fig. 6. The vortex path model fitted to the high-T sample data taken at 40 K and 8 T. The
actual fit J.¢or consists of a part giving the ab peak (J.q») and the c-peak (Jc). The random
point pinning part added is (Jrana)- In this particular example, there is no c-peak, but
shoulders near ab-peak.
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Fig. 7. The FWHM of the c-axis peak in J.(0)-figure in different deposition temperature
ranges determined by fitting the vortex path model to the data. Only mid-T films have a
c-peak and it is also reflected to this figure.

to 45° in 8 T as the field is increased whereas the FWHM stays nearly
constant at lower deposition temperatures that show the peak (mid-T
in Fig. 7). For the films without a c-peak the whole shape of the
FWHM(B) changes. In many of these cases, the pseudo-Voigt distribu-
tion width I'is large enough so that no c-axis peak is seen. Instead, a con-
tribution near or at the ab-peak [32,33] is observed, depending on
whether I or I} is large. In general, the values of T are similar to the
values reached before, but the FWHM is slightly decreased with increas-
ing field, which is opposite to [32]. However, the BZO doped film in [32]
was deposited at temperature between low- and mid-T ranges and the
decrease is strongest at Tge, Which is near the transition between mid-
and high-T ranges.

The fitted pseudo-Voigt width T' (or since peaks are mostly
Lorentzian, I';) is related to the vortex steps by [32,33]

M= (4)

where o is the standard deviation of the distances of columnar pinning
sites, m is the average number of steps that vortices take and A is the
average length of a step at a pinning site. In the c-direction, mA equals
the thickness of the film. The standard deviation of the distance
distribution of the rods o = 34 nm was taken from [32]. The standard
deviation o is according to Eq. (4) proportional to I' and thus o would
likely be the smallest for samples with the smallest T'.

To give an illustrative picture of the vortex steps, the step length and
number of steps were calculated from Eq. (4). The calculated results are
shown in Table 1 for averages of T in different magnetic fields. The
700 °C sample is in the low-T range, 725-800 °C in the mid-T range
and 825 °C in the high-T range. For samples with small splay and long
rods (mid-T) one gets the smallest I and thus the largest step lengths,
about 45 nm as a maximum. Also the number of steps shows a
minimum in this case. In the low- and high-T samples without a
c-peak, vortices take more steps and the steps are consequently

Table 1
Vortex path step length A with different deposition temperatures. I'; is the Lorentzian
width of the curve and m the number of steps.

Taep (°C) I m A (nm)
700 12 8 195
725 1.0 5 322
775 0.9 3 449
800 09 3 436
825 1.1 8 21.8

shorter. Although high-T samples have correlated pinning centers, no
c-axis peak is seen. Vortices follow both the rods and the stacking faults
that can be seen in the TEM images. In other words, the absence of
the c-axis peak does not necessarily imply that there would not be
any correlated pinning centers.

4. Conclusions

BZO doped YBCO thin films were grown by PLD at different depo-
sition temperatures (Tgep). With higher Tqep straighter rods were
formed and also the number of stacking faults increased. Three temper-
ature ranges were identified, and only in the mid-T range the films
exhibit a peak in J.(0#) when B c-axis of YBCO. Low-T films have too
splayed rods for a c-axis peak to appear and the stacking faults in
high-T films prevent the appearance of a c-axis peak although correlat-
ed rods exist. As is illustrated by the vortex path model, the vortices in
both the low- and high-T cases take shorter steps than in the films of
the mid-T range.
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