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Abstract

®

CrossMark

We measured the resistivity of pulsed-laser-deposited BaCeO3; (BCO)-doped YBCO thin films
containing spherical BCO particles in fields up to 30 T. The average diameter of the particles
depends on the dopant concentration being below 4 nm in all the samples. Raised values of
the upper critical field, B.,, were observed in all the samples. Additionally, the parameter ~,
describing the electron mass anisotropy, decreased from 6.2 in the undoped sample to 3.1 in
the 8 wt.% BCO-doped sample. These results can be explained by the increased number of
defects decreasing the mean free path of electrons and thus lowering the coherence length,

which in turn increases B,.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The performance of high-temperature superconductors in
high magnetic fields is crucial for future applications. One
very commonly used procedure for improving the perfor-
mance of YBCO thin films for applications in magnetic fields
is to add non-superconducting dopants to the YBCO matrix.
The improvement achieved by adding a dopant is quantified
by measuring the relevant critical quantities, some of which
are extrinsic, like the critical current density J., and others
intrinsic, like the upper critical field B,.

Itis preferred for the dopant not to react chemically with the
YBCO, meaning the intrinsic properties of the YBCO should
not change. However, an increase of B, has been seen [1, 2]
when measuring BaZrO; (BZO)-doped YBCO. According to
these results, the change occurs both in pulsed-laser-deposited
(PLD) films and chemical-solution-deposited (CSD) films. In
PLD-made films, BZO forms columnar, correlated structures
[3, 4] with diameters below 10nm [4, 5], somewhat larger than
the sizes of the vortex cores at low temperatures. In contrast,

0953-8984/16/175702+6$33.00

if films are made by CSD, BZO forms much larger, non-cor-
related, mostly randomly oriented particles with a diameter
of 30nm [2, 6]. Based on these arguments, the increase of B
is unlikely to be caused by a certain size or shape of dopant
particle. Additionally, small (a couple of nanometers in diam-
eter [7]), topotaxially grown spherical particles are formed as
BaCeOj3; (BCO)-doped YBCO is deposited using PLD.

In applications, YBCO is used as a coated conductor, i.e.
deposited on a buffered thin metal tape. Also, the weakest
direction of a superconductor determines its feasibility
in applications in a magnetic field and thus the smaller the
anisotropy is, the better. In addition to improving the magn-
etic field dependence of J., the other aim of doping from the
coated conductors’ point of view is to make the anisotropy
of YBCO smaller for magnetic field applications. Anisotropy
can be described using the Blatter scaling [8], which is usually
applied to B, as
~1/2

sin(6) ’ (1

B, (0) = Bo( 5
~

+ cos? (0)]

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a)—(b) The cross sectional TEM image of BCO-2 and BCO-8. The dotted line circles show some of the BCO particles.
(¢)—(d) The size distributions of the BCO particles in the samples. The averages, (d), and the standard deviations, o, of the particle

diameters are also given.

where By is B at 6 = 0°, 0 the angle between the magnetic
field and the YBCO c-axis and + the anisotropy parameter.
Often v is extracted from the J. data, but it is then denoted
as ¢ because of the extrinsic nature of J.. It has been dem-
onstrated that 4, can be changed by doping [9], but that the
intrinsic +y is also then changed [1, 10]. However, contrary
results for the behavior of « exist too [2, 11], i.e. that the ~
does not change with doping.

For this report, the angular dependences of B, and the irre-
versibility field, Bj;, were measured using a pulsed magnetic
field for PLD-made YBCO thin films at BCO doping levels of
0, 2 and 8 wt.% (hereafter BCO-0, BCO-2 and BCO-8§, respec-
tively). In addition, the shape and size of the BCO particles were
studied in detail by transmission electron microscopy. The data
is used to further discuss the reason behind the change in By,.

2. Experimental details

Details of the film deposition on SrTiOs (1 0 0) substrates
and the target preparation can be found in [1, 12]. The BCO-0

sample was also used in [1]. The selection of concentrations
was based on our previous work [13], where the 2 wt.% and
the 8 wt.% BCO-doped films had a different dependence of
B, on temperature.

The critical temperature 7; and the critical current density
J. were measured in an out-of-plane magnetic field configura-
tion (B]|c where ¢ is the longest lattice vector of YBCO) by
an AC measurement option of the quantum design physical
property measurement system (PPMS). The T, was defined as
the onset temperature of the in-phase component of AC mag-
netization. The structural properties and phase purity were
measured by a Philips Xpert pro x-ray diffractometer (XRD)
with a Schulz texture goniometer. To investigate the YBCO
matrix and BCO particles in detail, the samples were further
imaged using a JEOL 2200 FS transmission electron micro-
scope (TEM) with double Cs correctors, operated at 200 keV.
The wedging cross-sectional TEM specimens were prepared
by a modified mechanical polishing method. From the attained
TEM data, the size distributions of the BCO particles were
analyzed using ImageJ software.



J. Phys.: Condens. Matter 28 (2016) 175702

M Malmivirta et al

70
60
%0 ) i ) o |
40 .
30
20
10
0
-10

0.96 T, 0°

p (12 cm)

0 5 10 15 20 25 30
B(T)

Figure 2. An example of the resistivity of the BCO-2 sample as

a function of the magnetic field. The black solid line is a fit [1]
used to phenomenologically describe the data. As an example, the
tangents used to determine By, for 0.907; 0° are shown with dashed
lines and Bj,; and B, are indicated with arrows.

To measure the critical fields, resistive measurements in
pulsed magnetic fields up to 30 T with a pulse duration of
8ms were carried out. The samples were first patterned into
a 50 pum current stripe with a four-probe configuration using
wet chemical etching. After that, the thicknesses of the films
were determined by atomic force microscopy and the contacts
on the samples were made by brazing them with indium. The
samples were mounted in the maximum Lorentz force config-
uration on a rotating sample holder and measured in 10° steps
from 0° to 100°, where the case 0° corresponds to B||c. The
angles were calibrated in 1° steps by measuring the low-field
resistivity with the sample in the superconducting transition
and choosing the angle with the lowest resistivity to be 90°.
The measurement temperatures were chosen to be 0.967; and
0.907; relative to the magnetically determined 7¢. At angles 0°
and 90°, measurements were also made at 0.927,. and 0.94T..
All the measurements were made with a 200 pA current.

3. Results and discussion

The structural properties of the films, as measured by XRD,
are similar to those measured before [7, 12]. As the BCO con-
tent increases, the full width at half maximum (FWHM) of the
YBCO (0 0 5) reflection increases, indicating an increase in
microstrain along [00/]. In addition to the broadening, the peaks
also shift to lower values of 20, indicating an increase in the
length of the c-axis. This is in line with previous studies, where
the introduction of a dopant lengthens the c-axis [7, 14, 15].
The rocking curve of YBCO (0 0 5) also broadens with a
higher BCO concentration, implying an increase in out-of-
plane splay.

Both BCO-2 and BCO-8 contain spherical BCO particles
(figures 1(a) and (b)). Some of the particles are clustered into
lines along the ab-planes of YBCO. Similar clustering has also
been seen in PLD-made YBCO films containing Y,0O3 parti-
cles [11]. At higher BCO concentrations the particles become
more aggregative. The average diameter of the BCO particles

B||c-axis of YBCO

B2 (T)

0.92

Figure 3. The upper critical field B as a function of temperature
T scaled with magnetic 7, in samples containing different amounts
of BCO. The samples are oriented so that B||c. The temperature
dependence of By, is shown in the inset.

(figures 1(c) and (d)) is 1.6nm in BCO-2 whereas the particles
in BCO-8 are 3.6nm in diameter. In addition, the film with
4% BCO has a particle size of 2.5nm [7], logically suggesting
that the particle size tends to grow with BCO content. This is
in contrast to BZO-doped YBCO, which creates an increased
number of rods with the same diameter as the concentration
of the dopant increases [16]. The size distribution of BCO-2
particles is skewed to the right, i.e. there is a greater number
of larger particles than the average suggests. In contrast, the
size distribution of BCO-8 is rather symmetric. In addition to
distortions directly related to BCO, the samples also contain a
large amount of stacking faults, which can be seen as line-type
contrasts in the images.

The increase in BCO concentration also correlates to the
superconducting properties. The critical temperatures measured
from the magnetization data are 7, = 87.6 K and 7, = 8§3.2 K
for BCO-2 and BCO-8, respectively. The T, of the undoped
reference BCO-0 sample is 88.6 K [1]. The behavior of 7, and
J.. are in line with previously published results [7, 12], where
both J.(0) and 7, decrease with an increasing BCO concen-
tration, due to distortions created by the BCO. The addition
of BCO also widens the transition: BCO-2 has AT, = 1.4 K,
whereas BCO-8 has AT, = 3.2 K. On the other hand, the in-
field values of J; are enhanced by a moderate BCO addition
[12]. At 10 K in the field of 3 T, the J. is 7.3 MA cm~2 for the
undoped sample, whereas the 2 and 4 wt.% BCO-doped sam-
ples have 8.9 MA cm~2 and 7.9 MA cm ™2 [7], respectively.

The critical fields were extracted from the magnetic field
dependences of resistivity. Examples of the resistivity of
BCO-2 are shown in figure 2. The measured resistivity of a
sample depends both on the temperature and orientation in
the magnetic field. For the purposes of analysis, the data was
fitted using a function consisting of an exponential function
multiplied by a first degree polynomial [1, 17]. The Bj, was
defined to be the field at which the fitted resistance was 1%
of the normal state value. The B, was defined to be at the
intersection of two tangents drawn at the steepest point of the
transition and normal state resistance [1, 2].
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Figure 4. The angular dependence of B, at T = 0.96T; scaled with
the B||c values. The solid lines are fits to the Blatter scaling [1, 8].
The inset shows the absolute values of B.y(0) at T = 0.961...

The temperature dependence of B, at the angle 8 = 0°, i.e.
when Bl|c, is rather linear at all concentrations (figure 3) at
the measured temperature range 0.907.—0.967.. The larger the
BCO concentration, the larger the B.,. The error bars in the
figure correspond to the sum of errors from the fitting of the
phenomenological p(B) equation and errors that are caused
by uncertainties in the temperature and in the magnetic field.
The errors were calculated by using the total differential of the
magnetic field and assuming that all the errors have an affect
at the same time. Additionally, calculating 7, by extrapolating
the B.»(T') to B, = 0 yields the critical temperatures of 88.3 K
[1], 88.9 K and 89.0 K for BCO-0, BCO-2 and BCO-8, respec-
tively (called extrapolated 7, hereafter). The extrapolated 7.
is higher than the magnetic 7. due to the percolative probing
current that only needs a much smaller part to be supercon-
ducting compared to the detection limit of the magnetic meas-
urement. Because the measurement temperatures were chosen
relative to the magnetic 7., BCO-8 was measured at a lower
temperature than BCO-2 with regard to the extrapolated T.
On the other hand, from the inset of figure 6, it can be seen
that in a series of BCO concentration the magnetically deter-
mined 7, and T in the zero-field measured resistivity curves
(called resistive T, hereafter) correspond well to each other,
with an approximately constant shift. Thus, we can conclude
that the magnetic 7T, can be used as a proxy for the zero-field
resistive T.. Additionally, the values of the By, are rather
close to each other in different samples (figure 3 inset) and
the values are roughly the same as in the BZO-doped samples
[18]. The dependences of Bj; as a function of temperature are
also rather linear at all concentrations.

The angular dependence of B, is clearly affected by the
BCO concentration as well (figure 4 inset). The higher the
content of BCO, the higher B, is through all angles. The rela-
tive change in B, with concentration is larger at = 0° (i.e.
B||c) than at # = 90°. The solid lines in figure 4 are fits to the
Blatter scaling [1, 8]. They describe the data well at all angles.
The fit has been done simultaneously for both temperatures,
but since the B.,(0) values at 0.907;, 8 > 60° are above 30 T,
and thus unreliable, they are omitted in the analysis.

70 |
‘MM
60 r scaled By, : 1
= %0 BCO-2, 0.96T.
§ 40 o
e
2 30! ° - 60° -
= 100 - 700 -
20 | 20° —— 80° -
I 30° - 90° -
10 40° 100° -
0 50° -

0 5 10 15 20 25 30

Figure 5. The resistivity of BCO-2 at 0.967; at different angles
scaled using the effective magnetic field and the fitted ~.

There are no significant differences in the angular depend-
ences of the B, between 0.907; and 0.96T, but at 0.907. the
highest values are above the measurement limit of 30 T. The
data for 0.967; is shown in figure 4, scaled with the out-of-
plane values and unscaled in the inset of figure 4. The data
from BCO-0 gives a vy value of 6.2, whereas BCO-2 and
BCO-8 can best be fitted with v = 4.5 and 3.1, respectively.

As the scans of resistivity are plotted using the same
scaling as in equation (1), we get the effective magnetic field,
Betr = B[cos?(0) + sin’(0)/y*]"/? (figure 5)—also used in [9,
19]. It can be seen that at around B, the curve collapses to
a single line, whereas around By, there is a spread of curves
depending on the angle between the magnetic field and the
sample. The behavior of BCO-0 and BCO-8 is similar and
thus not shown. The figures also show that for angles around
0 = 90° a 30 T pulse is not enough to overcome the transition
and the pulse does not necessarily reach Bg,. In these cases,
the errors of the parameters of the fitted function also become
rather large, as can be seen in figure 4.

The apparent effect of the BCO content on the values of
B, may originate from the discrepancies between the extrapo-
lated and magnetic 7. values. This, however, does not explain
the change of ~, since it has been seen that below approxi-
mately 0.95T /T, the values of +y are roughly constant [10, 11].
In other words, the differences in ~ cannot be attributed to the
uncertainty related to the definition of Tt.

Both the BCO- and BZO-doped samples [1] demonstrate
changes in B, and v compared to the undoped samples.
Previously, the increase in B., was attributed to the scat-
tering of electrons from the interface between the supercon-
ductor and the dopant, or to the strain caused by the dopant
[10, 20]. Similar improvements in B, due to disorder have
also been seen in NbsSn [21], for example. In general, it
has been seen that by adding non-magnetic impurities to a
superconductor, the anisotropy becomes smaller and the T,
decreases [22, 23].

The improvement in B, which is attributed to increased
electron scattering, can be understood by considering the dirty
limit of superconductors. According to the dirty limit Ginzburg—
Landau model [24, 25], in cases of isotropic scattering, the
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Figure 6. The normal state resistivity at 100 K as a function of
BCO concentration as measured from our other BCO sample
series. The estimated mean free path at the same temperature is
shown on the right. The inset shows the critical temperatures of
the same sample series measured both resistively in zero-field and
magnetically.

in the anisotropy of B, (equation (1)) is replaced by the diffu-
sivity ratio, which in turn depends on the mean free path [26].
When the coherence lengths are not restricted by the mean free
path, the B, depends on y and & as [27, p 361]

Boaw &
v = c2,ab Lb, )
BCZ,C é.c
where By ap (Beae) is the B, when B L ¢ (Bl|¢). Assuming

that the diffusivity can be estimated with the mean free path
limited & as [28, p 410] 5;1 = fa} + 171, where i is either the
direction of ab or c, &, the unrestricted coherence length and /
the mean free path determined by the impurities, we can cal-
culate the mean free paths from the apparent anisotropy of B,
obtained from the above fits. Taking the coherence lengths at
OKas§ ,;, = 1.6nmand§, . = 0.3nm [29] and the temperature
dependence to be [27, p. 145, 148] £ o< (1 — T/T.)" "2, we get
§o.ap = 4.8 nm and &, . = 0.9 nm for BCO-2 and &, ,, = 4.0
nm and &, . = 0.8 nm for BCO-8 at 0.907;. The impurity-
restricted mean free path is /=20nm and /= 3.8nm for
BCO-2 and BCO-8, respectively.

In addition, a simple numerical mean free path calcul-
ation based on the uniform spatial distribution of BCO par-
ticles with the same size distributions and concentrations
as in figure 1, gives a mean free path of about 31 nm for
BCO-2 and 15nm for BCO-8. The mean free path can also
be estimated by using the normal state resistivity values. We
observe arise in the normal state resistivity p, as a function of
BCO concentration (figure 6). The resistivity of an undoped
sample at 100 K is roughly 50 1 €2 cm, whereas the 10 wt.%
doped sample has a resistivity of 150 u €2 cm. The errors in
the values are based on the uncertainty of the determination
of the measurement stripe dimensions. The change in resis-
tivity was converted into a change in the mean free path [ (the
right-hand scale in the figure 6) with the assumption that /
for the undoped sample is the same as for a single crystal at

100 K, roughly 10nm [30], and that the excess resistivity in
the doped samples is purely due to the impurity scattering.
Thus, the BCO additions clearly decrease the mean free path
in the normal state. Because there are more defects in thin
films than single crystals and the twin boundaries in thin
films also restrict the mean free path remarkably [31], this
overestimates the absolute value of /. The YBCO mean free
path for a single crystal at around 0.907 is roughly 30nm
[30]. Using this value for the BCO-0, and assuming that the
resistivity ratios are the same as at 100 K, we get the mean
free path to be 22nm and 7.3 nm for 2% BCO and 8% BCO,
respectively. The mean free paths are very close to the values
calculated by using the fitted +.

The above-calculated values of / are smaller for the doped
samples than for the undoped sample, indicating that the
dopants do indeed shorten the mean free path. It is addition-
ally shortened by strain and other defects created by BCO,
which are especially seen in BCO-8. All these suggest that
the shortening of the mean free path is responsible for the
increase in the B. Additionally, the coherence length & is
intrinsically smaller than £, and thus the restricting effect
of the uniformly distributed BCO particles is smaller in the
B L cdirection. Therefore, the anisotropic change in B, leads
to the decrease in . It is also noteworthy that the smallest ~y
is achieved at a much higher concentration than the highest
value of J.(B).

This dirty limit explanation can equally well be used to
explain the observed increase in B, on BZO- [1] and BaHfOs-
doped YBCO [20]. In contrast, in the cases of CSD-made
YBCO with large BZO particles [2], there are no changes seen
in 7y because the large BZO particles are far away from each
other and do not restrict the mean free path remarkably; thus,
no changes in -y are seen.

4. Conclusions

To conclude, the angular dependences of B, in BCO-doped
YBCO thin films were measured in pulsed magnetic fields
up to 30 T. The introduced BCO distorts the YBCO struc-
ture but improves flux pinning by forming spherical par-
ticles whose diameter depends on the concentration of the
dopant. Additionally, B, is increased by the doping. The
relative change is largest in the case B|lc and thus doping
also lowers the intrinsic anisotropy. The mechanism behind
the improvement is likely to be the scattering of electrons
from the BCO-related defects, with the dopant causing the
YBCO to be close to the dirty limit. The dirty limit can be
used to explain the changes in B, in films with other dop-
ants as well.
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