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Abstract The quasi-multilayer films of YBa2Cu3O7−δ/YSZ
are prepared by means of pulsed laser deposition (PLD)
and a systematic study of I–V characteristic curves for the
YBCO/YSZ quasi-multilayer film are presented, with mag-
netic fields up to 7 T and 15 K < T < 80 K. The activa-
tion energy E(H,T ) for flux line depinning is determined
by fitting the nonlinear of the curves up to the flux flow
region. And magnetization relaxation rate S(T ) is also ap-
proximately obtained by a convenient way. The results show
the S(T ) plateau-like domain for the YBa2Cu3O7−δ/YSZ
quasi-multilayer film develops at high H (∼ 7 T) at inter-
mediate temperatures 25 K < T < 55 K, while the S(T )

plateau-like domain for the optimally doped YBa2Cu3O7−δ

films disappears at H = 2 T, which implies the defects intro-
duced in the quasi-multilayer serve as strong pinning centers
and influence the thermal activated state of the system at low
bias current values.

Keywords I–V characteristic · Activation energy ·
Magnetization relaxation rate

1 Introduction

The epitaxial thin-film structure of the high-Tc supercon-
ductor REBa2Cu3O7−δ (REBCO, RE = Y, Nd, Sm, etc.
rare earths) allows generation of the high critical current
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densities, although the vortex-pinning mechanism remains
controversial. These current densities indicate that a large
amount of correlated defects is present in thin films, pro-
viding for strong vortex pinning [1–4]. A few groups have
made great efforts to improve the flux pinning properties in
REBCO thin films. Columnar defects produced by irradia-
tion or extended linear defects incited by miscut substrates
can act as the strongest artificial pinning centers [5–7]. Re-
cently, a few other artificial routes, such as rare-earth mixing
[8–12], substrate decoration [13, 14], and quasi-multilayer
structure [15–19], are also developed to increase flux pin-
ning behaviors for REBCO films. All these defects pro-
duced introduced by the methods above act as vortex pin-
ning centers in REBCO films, even though they have dif-
ferent strengths and relevance, and influence the static and
dynamic magnetic properties.

For the investigation of vortex dynamics of high-tempera-
ture superconductors (HTSs), however, the relaxation of the
irreversible magnetization is an essential tool. The under-
standing of magnetic relaxation in HTSs can contribute to
the broader understanding of the pinning mechanisms and
to an improved determination of the thermodynamic proper-
ties of high-temperature superconductors [20, 21]. For disor-
dered HTSs, the magnetization relaxation rate S(T ) exhibits
a plateau-like effect which is associated with the existence
of an elastic vortex glass, and disappears at high H [20–24].
In this work, we discuss the vortex dynamics of a supercon-
ducting quasi-multilayer film through a detailed analysis of
magnetization relaxation. The quasi-multilayer structure in-
vestigated is built up by using pulsed laser deposition (PLD),
which consists of YBa2Cu3O7−δ (YBCO) and Yttria Stabi-
lized Zirconia (YSZ), where the doping phase, YSZ is a
widely used substrate or buffer layer material for YBCO
film, having a matchable lattice constant with YBCO. Dur-
ing the laser deposition, several pulses on the YSZ target
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give no rise to a complete layer of heterogeneous phases.
This results in a so-called “YBCO/YSZ quasi-multilayer”,
consisting of YBCO film matrix and the island-like nanopar-
ticles. The results show the appearance of the plateau in
S(T ) at high H , which is directly related to a crossover in
the vortex-creep process generated by the thermal fluctua-
tion and the macroscopic currents induced in the system.

2 Experimental Details

A series of quasi-multilayer films of p × (m YBCO/n YSZ)
were prepared by means of on-axis pulsed-laser deposition
using a commercial stoichiometric YBCO target and a YSZ
target onto (100) SrTiO3 single-crystal substrates, where
m,n denoted the number of laser pulses on YBCO and YSZ,
respectively, and p was the periodic number. A Lambda
Physik KrF excimer laser (λ = 248 nm) run at a repetition
rate of 5 Hz with an energy density of 2.4–3.0 J/cm2 on the
target. It was observed that the Tc decreased and the transi-
tion width broadened with increasing YSZ doping content.
So we focused on the quasi-multilayer film with relatively
lower doping contents such as m = 40, n = 2, and p = 70.
Further details about growth and structure could be found
elsewhere [18, 19].

Crystallinity and texture were characterized by x-ray dif-
fraction (XRD) with the aid of JADE 6.0 software. The
typical θ–2θ XRD pattern (Cu Kα1, λ = 1.5406 Å) of a
YBCO/YSZ quasi-multilayer revealed that the epitaxial c-
axis orientation perpendicular to the plane of the substrate
was achieved. In the YBCO/YSZ quasi-multilayer, a chem-
ical reaction takes place, leading to a heterogeneous per-
ovskite phase of BaZrO3. It was also observed that large
particles with a size of more than 50 nm were scattered in
the quasi-multilayer by Atomic Force Microscopy (AFM).
Transmission Electron Microscopy (TEM) showed the more
detailed microstructures such as the planar defects or the
nanometer-sized precipitates (correlative defects). The ex-
perimental details about these situations above can be found
in our previous work [18, 19].

I–V characteristics were measured in various magnetic
fields (Quantum Design PPMS) by the standard four-probe
method on a bridge of 0.8 mm length and 50 μm width,
patterned by photolithography. Magnetic field dependence
of I–V curves was measured in the magnetic fields of 0–9
T with the direction parallel to the c-axis and normal to the
current flowing direction.

3 Results and Discussion

The I–V characteristics of the YBa2Cu3O7−δ /YSZ
(Tc = 87.5 K) quasi-multilayer has been measured by a four-
contact method on patterned lines at various magnetic fields

Fig. 1 Magnetotransport measurement for patterned YBCO/YSZ
quasi-multilayer films: double logarithmic plots of voltage vs. current
at 3 T for various temperatures

Fig. 2 (Color online) Experimental I–V curves measured for
patterned YBCO/YSZ quasi-multilayer films with H = 7 T and
61 K ≤ T ≤ 79 K. The temperature step between the selected curves
in the graph is 3 K. The continuous lines are fittings according to the
vortex activation model

and temperatures. Figure 1 shows a series of isothermal I–V

curves. These were measured with temperature variation at
a fixed applied field H = 3 T, which are plotted in double
logarithmic scale. The I–V characteristic curves indicate
a power-law behavior, representing vortex creep effects at
currents very close to or above the critical current. A simi-
lar behavior was also observed for other measured magnetic
fields.

Figure 2 shows a set of experimental I–V curves mea-
sured for H = 7 T. The continuous lines are fittings de-
scribed below. The nonlinear region of the experimental
I–V curves was fitted from the voltage value correspond-
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Fig. 3 (Color online) Temperature dependence of the vortex-creep ac-
tivation energy E(H,T ) for different applied fields. H = 1, 3 and 7 T.
E(H,T ) was extracted with the I–V characteristics by fitting the non-
linear of the curves up to the vortex flow region, showing a maximum
at the crossover temperature Tcr2

ing to the Jc criterion up to the linear behavior using the
well known expression [21, 25],

V (I,H,T ) = αI exp[E(I,H,T )/kT ], (1)

where I is the applied current, k is the Boltzmann constant,
α is a constant, and E(I,H,T ) is the current and applied
magnetic field dependent activation energy. The parameter
(αI) allows a continuous transition to the vortex regime. The
activation energy could be assumed to vary linearly with I ,
and it was written as follows [21]:

E(I,H,T ) = E(H,T )(1 − I/I0). (2)

An alternative dependence, Ea ∝ ln(1 − I/I0), leading to
unsatisfactory fittings. For a fixed magnetic field, the activa-
tion energy E(H,T ) is evaluated from the fit parameter I0,
using the expression above. E(H,T ) is sometimes called
“the effective pinning energy.” While it cannot actually be
identified with the effective pinning barrier, this is very use-
ful for detecting changes in the vortex-creep to vortex-flow
crossover process.

For three fixed magnetic fields (H = 1, 3 and 7 T), the
E(H,T ) values for a set of curves are determined and plot as
a function of temperature, as shown in Fig. 3. The E(H,T )

variation within the range of higher magnetic field (such as
7 T) shows three distinct regions. At the crossover temper-
ature Tcr2 ≈ 55 K, E(H,T ) exhibits a maximum, which in-
dicates a crossover from vortex-creep to vortex-flow behav-
ior. For T > Tcr2, E(H,T ) shows a sharp decrease, which
is mainly caused by the increased thermal fluctuations and
the macroscopic current induced in the YBCO/YSZ sam-
ple. At the crossover temperature Tcr1 ≈ 25 K, E(H,T )

Fig. 4 (Color online) Temperature variation in the normalized magne-
tization relaxation rate S(T ) = T/E for different applied fields. H = 1,
3 and 7 T. At high H = 7 T the S(T ) plateau-like domain was ob-
served, and was located just below the crossover temperature Tcr2

shows the vortex change in the quantum creep to vortex
creep process. The situation that T < Tcr1 corresponds to
the quantum creep, while the situation that Tcr1 < T < Tcr2

corresponds to vortex creep process. For the latter, E(H,T )

rises monotonously with the increasing T , and at this case
the vortex creep is entirely elastic since some defects may
heal and the others will be collectively pinned [21, 24].

For the investigation of vortex dynamics of high-tempera-
ture superconductors (HTSs), however, one tends to use
the normalized magnetization relaxation rate to describe
the vortex-creep behavior and usually determines a nor-
malized magnetization relaxation rate averaged over a fixed
relaxation-time window,

S = −d ln(|M|)/d ln(t), (3)

where M is the irreversible magnetization and proportional
to the current density J of the macroscopic current, and t

is the relaxation time. There are, however, a few drawbacks
in using this method to determine the relaxation rate in thin
films at different temperatures. At low temperatures, the re-
laxation is expected to be slow and the relaxation measure-
ments probe the initial process. On the other hand, at high
temperatures the decay is fast and for the fixed experimen-
tal time window only the “tail” of the relaxation process is
measured. So, we avoid the experimental measurement and
seek tentatively another convenient way to determine S. Fol-
lowing [24], the related normalized vortex-creep activation
energy could be written as

E = −T d ln(t)/d ln(|M|). (4)

According to (3) and (4), the relationship between E and
S can be obtained, S = T/E. If the activation energy E is
known, S can be obtained.
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In the case of HTSs with relevant random quenched dis-
order, the S(T ) variation at relatively low H exhibits three
distinct regions [21–24]. At high T ,S(T ) increases with in-
creasing T . At intermediate T values a approximate plateau
in S(T ) develops, whereas at low T a slight decrease in
S(T ) with decreasing T appears. The apparent S(T ) uni-
versity in the plateau-like region is considered as the ex-
istence of elastic vortex glass [26]. Nevertheless, the S(T )

plateau-like domain shrinks with increasing H , and the
S(T ) plateau-like domain will disappear at high H (such as
H = 2 T), even in optimally doped YBCO films [24]. The
S(T ) variation for the YBCO/YSZ quasi-multilayer film
at H = 1,3 and 7 T is plotted in Fig. 4. Figure 4 shows
broad plateau-like domain effect, even at high applied field
H = 7 T. At the lower temperatures (T < 25 K) S(T ) bends
down toward T = 0 K, which corresponds to a approxi-
mate constant relaxation rate S(T ) due to quantum creep.
At intermediate temperatures (25 K < T < 55 K) E(H,T )

rises monotonously and the S(T ) plateau-like develops. At
higher temperatures, however, the S(T ) increases exponen-
tially due to the effect of thermal fluctuations and macro-
scopic current induced in the YBCO/YSZ quasi-multilayer
film, which results in a sharp decrease of E(H,T ). Com-
pared with optimally doped YBCO films (see [24]), the
S(T ) plateau-like effect at high H implies the correlative
defects introduced in the quasi-multilayer serve as strong
pinning centers, promote the localization of the flux lines,
and delay the transition from vortex-creep to vortex-flow
process. It is demonstrated that our growth control strat-
egy is very effective in preventing the vortex motion at high
fields and high temperatures.

4 Conclusion

The quasi-multilayer films of YBCO/YSZ are prepared by
means of pulsed laser deposition (PLD) and a detailed in-
vestigation of I–V characteristic curves in the YBCO/YSZ
quasi-multilayer films are presented. Information on the
quasi-multilayer film pinning and vortex-creep process can
be extracted, by the analysis of the I–V characteristic at
high H . The normalized magnetization relaxation S(T ) for
the quasi-multilayer films exhibits apparently the plateau-
like behavior at the intermediate T range and the high H ,
associated with the presence of elastic vortex creep. This
shows the defects introduced in the quasi-multilayer serve
as strong pinning centers, promote the localization of the
flux lines, and impede the transition from vortex-creep to
vortex-flow process.
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