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Abstract. The effect of BaZrO3 (BZO) dopant concentration (0-9 wt-%) on magnetically
obtained irreversibility field Birr and upper critical field Bc2 is investigated in YBa2Cu3O6+x

(YBCO) thin films prepared by pulsed laser deposition on SrTiO3 (001) (STO) substrates. It
is found that the magnetic determination of Birr and Bc2 works well. The results show that
BZO-doping increases Bc2 in all concentrations, implying a change in the coherence length and
band structure of the superconductor.

1. Introduction

In preparation of superconducting wires for applications, the flux pinning properties of the
superconductor are essential. For most applications, isotropic dependence of critical current
density, Jc, on magnetic field angle is desired and the most common way of inducing it, is
by addition of non-superconducting nanorods or -particles. In the past years there has been
discussion on how the apparently lowered anisotropy should be interpreted: can the Blatter
anisotropy scaling [1], which comes from electron mass anisotropy, be used for analysis of Jc(θ)
curves? Most researchers have recently come to the conclusion that the lowered anisotropy of
Jc(θ) curves is due to strong flux pinning by the nanoinclusions, not a change in electron mass
anisotropy. The correct way of measuring the electron mass anisotropy, γ, is from high pulsed
magnetic field measurements of resistivity and determination of upper critical field, Bc2. Such
measurements have been recently published with inconsistent results: in BaZrO3-doped (BZO)
films with nanorods the anisotropy was seen to lower from 5 of undoped film to 3.4 in 4%
BZO-films [2], but in films with BZO-nanoparticles no lowering of anisotropy was seen [3].

In this paper we test the method presented in [4] to determine the irreversibility field, Birr

and Bc2. These are determined for YBa2Cu3O6+x films doped with varying amounts of BZO.
We compare the results to those made in high fields for similar samples [2] and also resistive
measurements at low fields from the same films [5].

2. Experimental

The YBCO thin films were deposited by pulsed laser ablation from five differently BZO-doped
nanograined targets on single crystal SrTiO3 (100) (STO) substrates. The targets were prepared
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Figure 1. The normalized real
parts of the ac-magnetization for
all the films. The inset shows the
dependence of Tc on temperature.
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Figure 2. Jc of all the films in 0 T
and 4 T determined from hysteresis
loops measured at 10 K.

using the citrate-gel method [6] adding the BZO already in the sol-phase. The BZO contents of
the targets were 0, 2.6, 4, 5 and 9 wt-%. The used ablation parameters were optimized for Jc
and the substrate temperature was 770 ◦C and the ablation pressure was 23 Pa. The detailed
deposition conditions can be found at [2]. At this substrate temperature the BZO forms straight
5-7 nm diameter rods perpendicular to the surface of the substrate [7].

The critical temperatures, Tc, of the films were determined using the ac-magnetometry option
in a Quantum Design PPMS with zero dc-field and 0.1 mT ac-field at 113 Hz frequency. The
real parts of the magnetizations are shown in Fig. 1. Tc was defined as the temperature where
the reduced magnetization is -0.1. The transition widths, ΔTc were defined as the temperature
difference between -0.9 and -0.1 values of the reduced magnetization. For all the samples ΔTc

was between 1.3 and 2 K with no clear dependence on BZO-content. The films show typical
decrease of Tc with increasing BZO-content [8], but as the transition widths show, the quality
of all the films is good.

The critical current densities, Jc, were determined from magnetization loops measured at 10
K between -8 and 8 T using the Bean critical state model [9]. The obtained critical current
densities in zero field and in 4 T are shown in Fig. 2. It can be seen that at zero field the 2.6
% and the 4 % sample give the highest Jc, but at 4 T the highest Jc is obtained with the 5 %
sample. This is in accordance with our previous results [10] where it was found that the optimal
BZO-content increases with increasing magnetic field. The obtained values of Jc show that the
samples are highly optimized also for critical current density.

The upper critical field, Bc2, and the irreversibility field, Birr, were determined using the
method introduced in [4]. Using the PPMS dc-magnetization option the zero field cooled, ZFC,
and field cooled, FC, temperature dependent magnetizations were measured at fields of 0, 0.125,
0.25, 0.5, 1, 2, 4, 6 and 8 T. The irreversibility temperature for the measurement magnetic field,
Tirr, was determined as the temperature where the ZFC and FC curves deviate from each other
(Fig. 3). Similarly, the critical temperature related to the upper critical field, Tc2, was defined as
the temperature where both the ZFC and FC curves deviate from the constant diamagnetic signal
given by the STO substrate. The obtained temperatures define the temperature dependences of
Bc2 and Birr.

3. Results and discussion

The overall shape of the ZFC and FC curves can be explained using the critical state models
and vortex compression models [11, 12, 13]. In ZFC the sample is cooled down in zero field
and then at low temperature the measurement field is switched on. The vortices penetrate the
superconductor according to the critical state model and a large diamagnetic signal is observed
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Figure 3. The definition of Tirr

and Tc2 for the 5 wt-% BZO
sample in magnetic field of 1
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STO substrate shown as a blue line.
The inset shows the full ZFC and
FC curves.
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samples.
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Figure 5. The temperature
dependence of Bc2 for all the
samples.

(inset of Fig. 3). As the temperature is increased, the vortices move more into the sample and
the diamagnetic signal decreases. Close to the critical temperature, a paramagnetic signal is
observed. The origin of this paramagnetic signal has been discussed earlier [11, 12, 13], and
in general it is thought to arise from the compression of the vortices away from the surface
by the shielding currents. In all of our measurements the ZFC curve has a maximum at Tirr,
i.e. where the vortices are not pinned anymore. It is natural that the highest compression
and paramagnetic signal is obtained just before the vortices are free to move. Above Tirr the
magnetization approaches zero, which it reaches at Tc. The maximum in the ZFC is observed
in all our measurements regardless of external field, but the shape of the ZFC curve has been
observed to depend on both the external field and the length of the measurement scan [12].

During field cooling the field fully penetrates the sample above Tc and upon cooling the
vortices are formed and compressed to show a paramagnetic response. At Tirr the ZFC and
FC curves deviate and the FC curve continues to give a paramagnetic signal. Below Tirr the
signal slightly increases due to further compression of the vortices, which is caused mainly by
the increase of Jc with temperature [12].

The determined irreversibility fields for all the samples are shown in Fig. 4. The Birr(T ) of all
the doped films are fairly close to each other, but the undoped film is clearly different from these.
At low temperatures the undoped film has lowest Birr and the 5% doped sample has highest.
Around T = 0.94 Tc there is a crossover above which the undoped sample has the highest Birr.
The result at low temperature is easily understood to be caused by the strong pinning by the
BZO-rods. The rods form much stronger pinning sites for the vortices than the dislocations
prevalent in the undoped sample, which increases Birr. Close to the critical temperature the
undoped sample is better probably due to more homogeneous material.

The determined upper critical fields show (Fig. 5) a similar tendency as the Birr. Bc2 of the
doped films are clearly higher than those of the undoped film, although the difference is not as
large as in Birr. This is in line with the previous observations for BaHfO3-doped films [4] as well
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as data from pulsed high fields [2]. Increase in Bc2 implies a decrease in the Ginzburg-Landau
coherence length, ξ. According to the BCS-theory the ξ depends on the superconducting gap
and the Fermi-velocity, i.e. BZO-doping causes a change in the band structure of YBCO. The
ξ can also change when the superconductor shifts from the clean limit to dirty limit. This effect
is most notable at high temperature, where it can explain the increase of Bc2, but at lower
temperatures, T < 0.9 Tc, the distance between the BZO-rods is much larger than ξ and the
decrease of the electron mean free path is not enough to explain the two-fold increase in Bc2.

When these data are compared to the resistive data from the same samples [5], we can see
that this method of determining the Bc2 from magnetic measurements is actually closer to the
“correct” high field measurements. Both methods give higher Bc2 for the BZO-doped films,
where as the low current and constant field measurements give similar values for all samples
except the 9 wt-%, where Bc2 is lower. This is easily understood as the low current resistive
measurements probe only the very best superconducting paths in the samples.

In [2] it was seen that for 4 % -doped YBCO the increase of Bc2 is connected to lower electron
mass anisotropy (γ = 3.4 for BZO-doped film). Since the BZO-nanorods are only about 20 nm
apart, it is plausible that the strain they cause to the YBCO lattice, also would have an effect for
the band structure. Naturally, based on data from only one orientation, we cannot say anything
about the electron mass anisotropy for these films, but since the results are similar as in [2], it can
be assumed that the electron mass anisotropy is lowered also for the other BZO-concentrations.

4. Conclusions

We have magnetically measured thin YBCO films with different BZO-concentrations and
determined the Birr and Bc2 from ZFC and FC measurements. It was found that the method
works well, specially for the determination of Bc2. It was found that the BZO-doping increases
Birr for all the samples as was expected. The Bc2 was also found to increase for all the BZO-
doped films. This implies a change in the band structure of YBCO and is consistent with the
results from high magnetic field measurements [2].
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