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Abstract

The vortex dynamics of an undoped uniaxially textured YBa,Cu3zO7_s (YBCO)
superconducting film grown onto a MgO (100) substrate was inspected by applying the vortex
glass and collective-pinning models. The texture and structural characterization studied by
X-ray diffraction revealed a uniaxially (00 1) YBCO layer, which coexists with minor
Y;,BaCuOs and CuO phases. The temperature dependence of the magnetization in the
superconducting state revealed a critical temperature 7c = 88 K. By measuring the hysteresis
loops (M (H)) at 10-70 K, the critical fields Hcy, Hcy, Hp and Hj,, were estimated and a vortex
matter diagram was sketched. By using the Bean model, the critical current density values

Jc (T, H) were obtained and the typical peak effect is observed. The vortex dynamics mechanism
is discussed taking into account four vortex feature regimes in the double-logarithmical J¢ (H)
curves. The vortex pinning mechanism is discussed by obtaining the pining force, Fp, its
normalization, f(h), and magnetic relaxation M () measurements taken in field cooling mode at
10-60 K. The glassy exponent p and the characteristic energy U (J, T) in the vortex glass model
were estimated following the Maley method. The collective-pinning model is used to discuss the
possible vortex regimes mechanism (individual flux lines, small bundles and large bundles of
pinned flux). Eventually, the E (J) curves, expressed from the swept field and creep
measurements, show a power-law behaviour, in agreement with the vortex matter.
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1. Introduction

YBa,;Cuz;O7_5 (YBCO) is one of the most studied high-
temperature superconducting (HTSC) materials [1-3]. High-
quality YBCO textured films have been developed in recent
years in order to understand the superconducting phenomena
and to apply them in electrical devices [4]. Because YBCO
possesses a strong magnetic anisotropy [5], several studies
have been focused on biaxially textured YBCO films [4, 6, 7]
in order to improve the critical current density (J¢) values by
ordering the CuO; superconducting planes [5]. However, J¢ is
influenced by the strength of the vortex pinning in the material.
Thus, in order to apply industrially YBCO, it is important to
understand the vortex pinning mechanism in partially textured
layers and under many different conditions.

On the other hand, vortex physics strongly governs the
physical properties of superconductors [8]. The state-of-the-
art in this topic is performed in the study of vortex mat-
ter by simulations and theoretical models [9-11]. Few recent
experimental works focusing on transport measurements have
the disadvantage that the heating dissipation on the con-
tacts limits the analysis [12]. Among the theoretical models,
the Anderson-Kim or flux-creep [13], giant flux creep [14],
Zeldov logarithmic barrier [15], vortex-glass [16] and FGVL
[17] fit well the experimental data. Whereas the Gingzburg—
Landau framework theory, the Ovchinikov and Ivlev equations
[18], and the Van der Beek model [19] describe the field
dependence of Jc behaviour in YBCO and other HTSC
materials.

Irregularities in the superconducting film can disrupt trans-
lational symmetry and thus can pin vortices. They are usually
in the 2¢ (£, coherence length) dimension, with & ,, (0 K) =~
2 nm for YBCO [20]. Thus, understanding the vortex mat-
ter under different experimental conditions, including vortex—
vortex and vortex-pinning centre interactions, provides a path-
way for improving the performance of well-textured YBCO
films. In fact, a detailed knowledge of the flux pinning due to
naturally occurring defects of YBCO allows a clear vision for
the enhancement of J¢ by introducing additional artificial pin-
ning centres (APCs) into the superconducting matrix [21-23].

The existing studies on vortex dynamics in YBCO have
focused on bulk and bi-axial thin films, with special interest
in the improvement of the transport capabilities by both order-
ing the CuO; superconducting planes and (or) inserting APCs
[21-25]. In the present work, the vortex dynamics in the pres-
ence of natural pinning centres (e.g. secondary phases, stack-
ing faults, grain boundaries, misoriented grains, point defects)
is studied in an undoped uniaxial YBCO superconducting film.
Also, both the vortex glass and the collective-pinning models
are tested to determine which one best fits the experimental

data. In this way, the study was carried out under different
experimental conditions, such as different ranges of temper-
ature and under different applied magnetic fields in order to
obtain a wide landscape of the pinning matter as from intrinsic
pinning mechanisms in the film. Thus, since the data presen-
ted in this work has been obtained under several experimental
conditions, and rigorously analysed by the models mentioned
above, the present results provide valuable examples on how to
apply the theory of vortex dynamics in superconducting films.

2. Experimental

A uniaxial YBCO film was purchased from the CERACO
Ceramic Coating GmBH Inc. Germany, which was deposited
on a (100) high textured MgO substrate using the sputter-
ing technique. This sample is sold by CERACO, suggesting
applications on low temperature electronics, multilayers and
submicron structures. Additional information about the char-
acterization of the sample as well as its magnetic properties
is found in [5]. The crystallization of the sample was studied
by x-ray diffraction (XRD). The data were collected from 8°
to 80° (0.01° step) using a powder universal diffractometer
Bruker D8 FOCUS with Cu K, radiation (A = 1.54056 A).
The crystallite size was estimated from the basic Scherrer’s
formula, neglecting the peak broadening caused by residual
stresses in the films [26],
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Here D is the average crystallite size, A is the wavelength
of the applied x-ray (Acuka1 = 0.154056 nm), 6 is the
Bragg’s angle, [ is the width of the x-ray peak on the 26
axis, which were easily found by measuring the full width at
the half maximum (FWHM) of the reflection and K is the so-
called Scherrer Constant. K depends on the crystallite shape
and the size distribution, indices of the diffraction line, and
the actual definition used for 5 whether FWHM or integral
breadth [27]. K can have values anywhere from 0.62 to 2.08.
In this paper, K = 0.916 was used. Further, microstrain in the
crystallite or nanocrystal also affects the width 3, which needs
to be considered in an accurate analysis. Spatial fluctuations in
the alloy composition can also affect the width. Therefore, the
calculated values of D represent estimates, but are sufficient
for the purpose of this work.

The magnetization hysteresis loops were measured
using a Quantum Design DC-MPMS-SQUID magnetometer
equipped with a 7 T superconducting magnet. All the M (H)
measurements were taken in a field range 0-5.5 T, with the
applied magnetic field perpendicular to the surface sample,
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and at different temperatures 7 = 10-70 K. The super-
conducting transition temperature 7¢c was determined from
temperature-dependent measurements of the magnetization
under Hexe = 500, 1000, 5000 and 10000 Oe. Temperature-
dependent measurements under several Hg applied both
transversal and along to the film were previously reported
and the T¢ variation studied [5].

Magnetic relaxation measurements were also performed
with the DC-MPMS-SQUID magnetometer. The sample was
field-cooled at T = 10, 30, 40 and 60 K under a 1 T applied
magnetic field, parallel to the c-axis. The Hex was then sup-
pressed and the decay of the magnetization was measured with
time. The scan length of the magnetometer was reduced to
30 mm in order to minimize the effects of field inhomogen-
eities. The ramped up and down for the field were for both
cases equal to 500 Oe s~

The critical current density Jc values were estimated using
the critical state Bean model between Hp < H < H;;, follow-
ing expression 2, valid for a rectangular sample [28]:

20AM

Je=|—F—uy
w(l—3%)
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where M and M~ are the magnetization branches in the
fully penetrated state for decreasing and increasing applied
fields, respectively. Here AM = M~ — M, the unit of AM is
emu cm—>, and w, [ are the width and length of the sample
measured in cm (w < [), respectively. For the different mag-
netization measurements, a square-shaped YBCO film with
dimensions w = /=4 mm and t =1 pum were used. Here, ¢
is the thickness of the undoped film.

3. Results and discussion

3.1. Magnetic phase diagram

The applied magnetic field dependence of the magnetization
loops, M (H), measured at T = 10, 20, 30, 40, 50, 60 and
70 K, shown in figure 1(a), reveal hysteresis. The demagnetiz-
ation factor was properly accounted for in the used geometry
for all loops. Since the magnetization values decay rapidly as
the temperature is increased, the hysteresis loops are shown in
arbitrary units for eye-guide. The figure S1 in the Supporting
Information shows the M (H) loops in emu cm™> units. In
order to study the vortex matter, the superconducting critical
fields H.;, H,, and H;, were identified from both the M (H)
and the M (T) curves. The irreversible line that corresponds to
first-order transition on the vortex lattice, has an experimental
behaviour defined as [20, 29]:

Hiyy = Hir (O) (1 - T) (3)

Tc

which describes the experimental data in the field range from
0 up to 25 T (n=1.4), while for n=1.5 the expression
corresponds to the case of thermally activated flux creep.
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Figure 1. (a) M (H) loops of a YBCO/MgO film measured under
Hex: || c-axis at T = 10-70 K, showing hysteresis. Inset: M (H) at
10 K zoomed around the initial cycle in order to observe the
reversible magnetization and the arising of the irreversible
magnetization. (b) Temperature-dependence of the magnetization at
Hexi = 10 kQOe. The different superconducting stages are showed.

Nonetheless, at n = 1.3, the line limits the transition from vor-
tex glass to vortex liquid [20]. Table 1 summarizes the exper-
imental H;, (T) values obtained from the hysteresis loops, in
which each irreversible field value is estimated from the point
where M, becomes zero.

The irreversible field values, experimentally obtained from
the M (H) curves, were plotted against the temperature and
the loop was fitted using equation (3). In this way, n~ 1.3
is obtained (see figure S2(a)). This means that the first-order
irreversible line of the sample corresponds a glass-liquid vor-
tex transition. Once the expression for the irreversible line is
obtained, the different Ty, values from the M (T) curves allow
computing the corresponding Hi, (T, ) values.

On the other hand, the lower critical field Hc (7) is
estimated from the point where the linear field-dependence
of magnetization disappears (or where the M;, appear due to
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Table 1. Lower critical field, irreversibility field and upper critical
field values estimated from M (H) and M (T) measurements.

Experimental data source 7' (K) Hc1(Oe) Hir (Oe) Hcz (Oe)
Hysteresis loops 10.00 703 69 948 121 064
20.00 402 51424 107 106
30.00 302 50073 105 347
40.00 101 32626 82105
50.00 90 27613 64326
60.00 50 15073 50076
70.00 30 12565 32796
M(T) 79.81 — 3593 10000
82.62 2080 5000
85.57 740 1000
85.70 689 500

the magnetic flux penetration on the material) in figure 1(a).
Therefore, for each T, the point at which the field deviates from
the initial linear dependence corresponds to Hc (7). This ini-
tial linear behaviour of the magnetization corresponds to the
Meissner state response (perfect diamagnetism). Considering
an applied field H > Hcj, the magnetic field starts to pen-
etrate the sample but there exists a region between Hc; <
H < Hp in which the magnetic flux does not reach the centre
of the sample and thus, it is not possible to apply the crit-
ical state model. Here, Hp corresponds to the penetration
field which guarantees that the field reaches the centre of
the film.

Similarly, the second critical field Hc, (7) values are
determined from both M (H) and M (T) experimental curves
by finding the field value in which M., drops to zero. From
M (H) loops, the corresponding Hc; (T) value is determined by
extrapolating the M., curve to zero. Additionally, the M (T)
curves present a linear dependence at Tj, (reversible beha-
viour, M,.,) except at temperatures near ¢, in which thermal
fluctuations dominate the system (see figure 1(b), in which the
different superconducting stages are highlighted). Therefore,
by extrapolating the linear part of My, to M = 0 in the M (T)
loop, the Hc, (Tc;) can be also estimated. Considering this,
figure 2 shows the temperature-dependence of the magnetiza-
tion measured at Hex = 500, 1000, 5000 and 10 000 Oe applied
along the c-axis. Once the Hc, (T) values are experimentally
obtained, the resulting curve can be fitted by the following
expression [20] (see figure S2(b)):

T
Heo = Her (0) <1 - T) (€]
C

The experimentally-obtained critical field values are sum-
marized in table 1 and the magnetic phase diagram for the
YBCO film is presented in figure 3. The inset figures present
a zoom of the B — T diagram near 7, and the critical state
CTOSSOVer.

3.2. Critical current density

Figure 4(a) shows the Jc (H) isothermal curves obtained with
the critical state Bean model. In contrast to the loop taken at
10 K, an abrupt decrease on the J¢ values are observed at 20—
30 K. This is caused by the disorder of the CuO, superconduct-
ing planes along the ab-plane, which prevents the transport
without loss of energy when increasing the temperature. This
was expected since the sample consisted of a uniaxially tex-
tured film as confirmed by the XRD (see figure S3). Previous
works show a strong relationship between the YBCO crystal-
lites order and the Jc improvement, in which lower values than
10°A cm~2 are typical for uniaxial texture, while higher val-
ues are reported for well-ordered biaxially textured films (both
at 77 K, self-field) [20]. A comparison of several Jc (H, T) val-
ues with different textured YBCO films grown onto MgO has
been previously reported elsewhere [5]. Considering the aniso-
tropy and the uniaxial texture of the YBCO film in the present
work, a clear drop in the J¢ values is also obtained for applied
magnetic fields stronger than 1 T. In addition, the weak peak
effect noted at different temperatures (see inset figure 4(a)),
is confirmed by its influence in vortex regime transitions, as
explained in more detail in the next section. The peak effect
indicates twin structures, intrinsic pinning of vortices at the
CuO; planes, secondary phase particles, or clusters of oxygen
vacancies [19, 31].

The temperature-dependence of the critical current density,
Jc (T), is shown in figure 4(b). The experimental data were fit-
ted with equation (5), which is the typical exponential decay of
the Jc [32] and shown as solid lines in the figure. The estimated
Jo (noH) values are listed in table 2. Extrapolating the semi-
logarithmic data (presented in the inset figure), the value Jc
(at uyoH=0T, 77 K) ~ 105Acm—? is estimated. Higher mag-
netic field values imply a rapid transition to flux creep in the
sample, as shown in the inset figure, where the experimental
deviation from the linear power-law is noted,

T
Je = Joexp <T0> 5)

3.3. Vortex dynamics

The Ovchinnikov and Ivlev (OI) [18] formulation was applied
in the Jc (H,T) data to study the vortex dynamics in the uni-
axially textured YBCO film. This formalism considers a large
number of pinning sites spread over the film. The theory starts
by statistically averaging the pinning forces of the different
defects as in weak collective pinning, but evaluating the prob-
ability that a vortex line eventually encounters a pinning site.
Note that, in the present work, the YBCO film is not doped
and thus, no APCs should be considered. In contrast, the vor-
tex pinning mechanism in the film corresponds to intrinsic pin-
ning sites acting as spread pinning sites, in agreement with the
development.

The theory was applied by Van der Beek et al [19] to
analyse YBCO films deposited by pulsed laser deposition
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Figure 4. (a) Critical current density values at different
temperatures. The peak effect is apparently noted at 10 and 20 K.
Inset: semi-logarithmic plot where the effect peak is apparently
observed at different temperatures. (b) Jc (T) data at several applied
magnetic fields obtained by the Bean model. The data were fitted
with equation (5) in order to estimate the Jo (7)) values. Inset:
semi-logarithmical Jc (T) curves, where experimental deviation
from the linear power-law is noted.

Table 2. Jj values at different applied magnetic field. The data were
obtained from the figure 4.

poH 05T 1T 2T 3T 4T

Jo 3.73x10%  4.30x10% 3.82x10% 7.67x107 4.83x10’

on single-crystal substrates assuming sparse strong pinning
centres [19]. By extending the theory, the power-law region
of Jc(B) is described by two functions with a crossover
around an ‘accommodation field’ (B,). With these assump-
tions, the following Jc (B) relationships were obtained for
various regimes of the magnetic flux density B, for the field
Hey || c-axis [33]:

W

1
Je=~0.28n;Jy for B < B*

i (1) ©

DF (T [ @)\ Y®
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Figure 5. (a) Double-logarithmic plots of the field dependence of
Jc at T = 10-70 K for a uniaxially textured YBCO film grown onto
a MgO substrate. The four regimes discussed in the text are clearly
visible and the crossover fields are noted as dotted lines. The solid
lines are fits to the power-law Joc = C(T) H~*. (b) Normalized
pinning force f(h) versus normalized magnetic field 4 at different
temperatures.

Here, n; is the defect density, Jo = (Sfm\) ( ) [33]
is the depairing current density, € is the anisotropy para-
meter (e =~ % for YBCO [34]), ¢ is the in-plane coherence
length, D7 is the extent of the defects along the field dir-
ection, and D; is their transverse extent (perpendicular to
the field direction) [18]. Also, F(T) =1In[1+ D?/2¢*(T)]
[33] is a temperature-dependent factor and depends on the
coherence length £ (7). From force-balance considerations,
this is approximately F(7T) ~ (Di> (g—g) [33]. Also, U, and
® are the pinning energy per defect and the flux quantum,
respectively.

For the Ol model, D corresponds to the characteristic length
scale over which a defect influences the superconducting prop-
erties, such as vortex pinning. It represents the physical dimen-
sion of the defect where its perturbing effects on the supercon-
ductivity are observable [18, 19].

In order to apply the theoretical developments to the present
work, Jc is plotted in a log—log scale (see figure 5(a)). Four
different regions are noted in the plot and they are separated
by dash lines as a vidual guide. In the first region (so-called
Regime I), the strength of the magnetic field is low and each
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Table 3. The pre-factor values C(T) and exponent « values from the power-law Jc = C(T) H~* for a uniaxially textured YBCO film
grown onto a MgO substrate. The fitted data corresponds to the regime II and III from figure 5(a).

Regime 10K 20K 30K 40K 50 K 60 K 70K

1 « 0.483 0.949 0.698 0.650 0.706 0.869 1.076
c(T) 50115 141 x 10" 93807 x 10° 6 x 10 6.921 x 108 1.027 x 10° 1.19 x 10°

il a 2.298 1.465 2.280 3.247 3.458 4.686 4.567
c(T) 218x 107 380 x10% 141 x10' 1.7 x 10" 6.18 x 10' 2.369 x 102 1.34 x 10*!

single-vortex is individually pinned. The vortices do not inter-
act and Jc(~ constant) follows the relationship described in
equation (6). The low magnetic field also generates a low dens-
ity of flux lines in the film. The lines penetrating the sample,
or vortex, are randomly distributed in the material with low
density with respect to the bulk. Eventually, this regime ends
at the so-called accommodation field B*. B* (T) corresponds
to the characteristic field from which the density of vortices
exceeds the pinning sites ones and vortex—vortex interaction
takes place. There are two considerations during the estim-
ation of the pinning sizes in Regime I: (i) the temperature-
dependent factor F (T) ~ 1 for isothermal curves (i.e. neglect-
ing the experimental thermal fluctuations contribution) [35]
and (ii) the geometry of the pinning centres is spherical Df ~ D
[33]. Thus, equation (6) becomes:

1/23/2 2
Je 14D D (JC>

P 9
Jo 3 Jo ) 0.49D? ©)

As mentioned above, B* is the boundary field for Regimes
I and II from which J¢ becomes field dependent, i.e. the point
where the vortex—vortex interaction becomes relevant in the
system. It is expressed as B* = w @ on; (Up/gg) [33], where
Up =~ ¢oDF (T) /4 is the pinning energy per defect and ¢y is
the vortex energy scale. Then, the accommodation field can
be expressed as B* = w ®on;D /4, and after combining with

equation (9), it is obtained:
7'('(130 JC
~ A/ — . (10
1.96B* (JO) (10)

2
« 7T<D0 JC
B~ —r—— — D=~
4><0.49D2(J0> -

By using the experimental values for Jy and taking the
accommodation field value B* = 0.200748 T from figure 5(a)
(at 10 K), the pinning centre size in the present work can be
estimated by using equation (10). Thus, D;_y; ~ 52.31 nm. In
the same way, from the relation B* = 7 ® yn;D/4, the defect
density n; ~2.33 x 10*'m~ is obtained. This defect density
value is in agreement with previous works, where sparse insu-
lating or normal metallic second-phase inclusions are reported
[23, 24].

Any irregularities disrupting the translational symmetry
in a superconductor can pin vortices. The relatively large
size Dy_y; found with respect to the coherence length reflects
the three-dimensionality pinning mechanism for this regime.
Whereas 3D pinning sites are characterized by sizes largely
exceeding the superconducting coherence length [30, 36, 37]
and they usually correspond to spherical or nonuniform sec-
ondary phases [21]. Note that the studied film in the present

work is not doped, however secondary phases spontaneously
form during the YBCO film growth [35, 38]. In fact, the XRD
analysis above reveals the presence of secondary phases such
as Y,BaCuOs (Y211), which should act as pinning sites. This
is in agreement with similar works reported by other authors
[39-42], in which the green phase is reported to work well for
a pinning vortex.

As the magnetic field intensity increases (B > B*), J¢ falls
following a power-law field dependence Jc oc H~ %, as shown
in figure 5(a) for all the experimental temperatures. This beha-
viour corresponds to a second regime (Regime II) which is
characterized by a large flux line density and a not neg-
ligible vortex—vortex interaction. Van der Beek predicted a
power-law Jc = C(T) H® with o = 3 = 0.625 as described
in equation (7), where the exponent o depends on the pin-
ning mechanism [19]. The pre-factors C(T) and exponent «
values obtained by fitting the data are listed in table 3. The
crossover field B* between Regimes I-II is employed for the
estimation of Dy_p. Following the Ol model, the Y211 pinning
sites mechanism also applies for Regime II.

When the magnetic field reaches the crossover field B,,
another power-law region is expected in agreement with the
OI approach and the following equation (8) (Regime III).
However, depending on the composition of the superconductor
sample, there are cases in which the magnetic field dependence
of Jc [32,43-45] do not reveal Regime III. Nevertheless, in the
present work, figure 5(a) confirms its presence. Additionally,
the crossover field B, between the expressions (7) and (8) cor-

2
responds to the characteristic field B, = @0(55—‘:)) . In this

way, the expression for the pinning energy per defect is Up ~
€oDF (T) /4, and taking the same considerations as for Regime
I, the following expression is obtained:

4e
- V Ba/(bO

where the pinning centre size Dy ~ 30 nm is found by using
the crossover field B, =1.48 T (at 10 K, figure 5(a)) in
equation (11). Despite the difference between Dy and Dy_y
above, the Y221 phase still fulfils the pinning mechanism
assumption taking into account that the experimental B* is
usually affected by self-field effects [35]. Therefore, the decay
of J¢ in comparison to Regime II is caused by the intensity of
the vortex—vortex interaction.

Table 3 summarizes the exponents and pre-factor values
found by fitting the Jc = C(T) H~“ expression for Regime III.
As noted from equation (9), the OI model predicts o = 1 for

an
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Table 4. By (T) values experimentally obtained and calculated from figure S2(c).

Bpeakl() BpeakZO Bpeak30 Bpeak40 BpeakS() Bpeak60 Bpeak70
Experimental (T) 1.25 Not found 1.26 Not found 1.01 0.70 0.60
Calculated (T) 1.25 1.24 1.22 1.16 1.05 0.81 0.51

this regime. In contrast, the « values in this work exceed the
unit and the Jc values decay more rapidly. This behaviour is
caused by the faster relaxation at high magnetic fields, where
the measured Jc is much lower than the real critical current
density, leading to the apparent steeping of the slope in the
double-logarithmic J¢ (B) curves. The magnetic relaxation is
discussed in detail in the next section.

The well-known secondary peak effect is detected at dif-
ferent temperatures in figure 4(a) above. The Bpeak (T) val-
ues are listed in table 4 and they correspond to the cros-
sover line between the Regime III-1V, as shown in figure 5(a).
The presence of the secondary peak effect is proved since
the experimental Bpey values are fitted with the expression

4 n
Bpeax o< [1 — (T—TC) } (see figure S2(c)) and they are in agree-

ment with the values reported for YBCO [46, 47]. Finally, the
experimental By, values at each temperature were plotted as
a single dotted line in figure 5(a). From the figure, it is noted
that J¢ decreases abruptly to zero in the Regime IV zone.

The field dependence of the pinning force is analysed to
find a possible change in the pinning mechanism at different 7'
in the Regime IV zone. The pinning force Fp (H, T) was calcu-
lated from the temperature dependence of the J¢ curves shown
in figure 4 above following the expression Fp = J¢ fioHex- The
Fp(H, T) curves are shown in figure S4, while the estim-
ated Fp"™* (T) values for each temperature are plotted in figure
S2(d) using the Kramer scaling law [20, 48]:

Fp = [Bir (T)]"f(h) (12)

where f(h) = Fp/Fp™* is the normalized pinning force and
h = H/Hj, is the reduced field. From the double-logarithmical
plot, the exponent m = 2.12 is found. Considering this, the pin-
ning force can be expressed as Fp = [Bi (T)]>*f(h). If the
same pinning mechanism dominates over a certain temperat-
ure range, then, Fp (H, T) can be scaled as [20]:

f(h)=AR'(1 —h)? (13)
where A is a constant, while p and g are exponents that depend
on the pinning mechanism. This scaling law expression is use-
ful in practical cases for estimation of the pinning character-
istics under difficult circumstances for experiments.

Figure 5(b) shows the Fp/F"* (h) dependence at differ-
ent temperatures. A clear change in the pinning mechanism is
observed at 10 K, as evidenced by a shift in the field at the
maximum Fp. The change in the pinning mechanism at low
temperatures can be attributed to the contribution of intrinsic
defects in the pinning process in this temperature range.

With the aim of corroborating that the change in the pin-
ning mechanism is not related to the kind of pinning centres,
the pinning centre size is estimated at B = Bpea. According

to the OI approach, Regime IV is governed by equation (8);
and taking the previous considerations F (7) ~ | and D; =~ D,
the pinning centre size at 10 K is Dy = 40 nm, which is in
agreement to the Dy_; and Dy values found above.

From equation (13) and figure 5(b), the pinning for the sys-
tem can be expressed as Fp = 12[Bi (T)]*"2H07(1 — h)**7,
which is valid for the temperature range 20-70 K. On
the other hand, Fp at low temperatures range as Fp =
14.32[Bi (T)*2h12(1 — b) .

3.4. Magnetic relaxation

The magnetic relaxation was measured at different temperat-
ures in order to determine the relationship between the current
density and the effective activation energy (see figure S5). The
M vslnt curves presented in the inset plot in figure S5 do not
decay linearly, but the slow decrease in the relaxation rate is a
general property for HTSC [16]. Taking this into account, the
current dependence of the effective activation energy Ue (J)
is non-linear and the magnetic relaxation cannot be explained
in the framework of the thermally activated flux-creep theory
proposed by Kim et al [13]. In this case, the nonlinear beha-
viour has been inspected by many theoretical efforts, specific-
ally by vortex-glass and collective pinning theories. Note that
the logarithmical barrier model proposed by Zeldov ef al [15]
does not include the crucial i exponent which gives inform-
ation about the presence of different vortex regimes. Thus, it
is discarded in the present work. These valid models give a
similar inverse power law type barrier [49, 50]:

“w
Ueff (J7 TvB) = l]O(MT"B) |:(JC0> - 1:| (14)

J

where Uy (T,B) is the characteristic pinning energy, J is the
current density that is far below J¢, Jeo is the critical cur-
rent density at which the barrier vanishes and p is the glassy
exponent which determines the nature of the pinning barrier.
The p exponent gives information about the size of the vor-
tex bundle and it allows to differentiate between the Kim-
Anderson (¢ = —1), vortex-glass (1 < 1) and collective pin-
ning (different values as 1/7, 7/9 and 3/2, depending on the
collective pinning regime) [20] models. Considering that all
the relaxation curves were measured at the same magnetic field
woH=1T, then Ut (J, T,B) = Ueff(.], T).

The thermal function G(7) is defined as Uy(T,B) =
Uy (B)G(T) and thus, Uy(B) = Up. The thermal function
accounts for various temperature dependences and serves to
establish a continuity of Uy (J) under conditions of lower
density current and elevated temperatures.

With the aim to obtain experimentally Uy and therefore
determine the nature of the flux creep, Maley er al [51]
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Figure 6. (a) U (/) curves obtained by applying the Maley
method. The fitted dotted curve corresponds to the vortex-glass
model equation. Inset: The effective pinning energy Ues (J, T)
versus J isothermal curves. (b) Experimental results analysis using
the collective-pinning model. The analysis allows to observe the
existence of different behaviour regime of pinning in the sample.

developed a useful analysis to calculate the pinning energy
based on a relaxation time approximation:

dmM
‘+TA

Usp = —T1
ft n dr

5)

where the relationship between M and J¢ is given by the Bean
model, previously described in equation (4). A =1In(J¢/7) is
a time independent constant, related to the average hopping
velocity and 7 is an unknown macroscopic attempt time for
vortex hopping. The method proceeds by plotting the experi-
mental data using equation (15) and adjusting the A constant
to produce a smooth curve of U (T,J) at low temperatures, as
shown in the inset figure in figure 6(a), where the experimental
value A = 52 is obtained. A correct estimation of A requires
that the fundamental superconducting parameters, penetration
depth and coherence length do not vary much. The Maley
method takes into account the rapid magnetization decay rates
usually observed for HTSC materials [51].

The Maley model typically provides an estimate of the aver-
age pinning energy per vortex rather than the sum of pinning
energies of all vortices within the film. Therefore, the pinning
energy obtained from the Maley model represents the aver-
age energy required to pin a single vortex due to the collective
effect of defects or impurities. It does not directly sum up the
energies of all vortices present in the film.

The thermal function G (T) was used to approximate the
temperature dependence of U.g. As mentioned above, con-
sidering Uesr (T, B) = UestG (T), it is possible to obtain U =
Uett (T,B) /G (T). By applying this thermal function in the
inset figure in figure 6(a), the continuity of the pinning energy
atlow J and at high temperatures is warranted, as it is observed
at 60 K. The following empirical thermal function was used in
the present work [20, 52]:

7\2
Y

The J dependence of the U, is shown in figure 6(a), where
the data is plotted and fitted using equation (14). The glassy
obtained exponent i = 0.87 matches well with the vortex-glass
model. However, the data obtained at 30 K does not exactly fall
on the fitted curve, which might be caused by thermal fluctu-
ations during performing the measurement or the used pinning
energy model is not suitable for this case.

In order to inspect the J dependence of Uy (J) more
closely, the data was plotted on a double-logarithmic scale,
as shown in figure 6(b). Considering the nonlinear behaviour
of the data at 30 K, the solid curves show the fitting using
equation (14), where different glassy exponent x4 values, 1.21
and 0.89, are obtained. These values suggest that the exper-
imental results follow the collective-pinning model, where p
varies with the dimensionality and length scales for the vor-
tex lattice, resulting in different regimes of vortex pinning.
According to this model, for collective pinning by weak point-
like disorder is obtained p = 3/2 = 1.21. This applies to small
bundles of pinned flux (at higher Hey and T lower J). This
is in agreement with figure 6(b). Also, for pinning of large
bundles of flux under high applied fields, high temperature
and small J, the glassy exponent is around p = 7/9 ~ 0.89.
Additionally, the collective pinning model predicts a third
regime with p = 1/7 for pinning of individual flux lines at low
temperatures. This regime is not observed in figure 6(b) due
to the measuring experimental conditions used in the present
work. Previous works reported the presence of a single regime
(vortex glass) and different behaviour regimes (collective pin-
ning) in the U (J) diagram, and depending on the character-
istics of the samples. Table 5 lists the results of similar works
reported in the literature and compares them with the present
work.

In the present work, the Y211 secondary phase acts as col-
lective pinning centres of vortices in the YBCO film at dif-
ferent regimes. Eventually, by employing the A and Jy val-
ues resulted from the fitting, the macroscopic attempt time 7
can be estimated from the equation A = In (J¢ /7) = 52, giving
7~ 19 x 107° s (i.e. in the microsecond range). This repres-
ents the scale hopping time for the jump of a single vortex or

3/2
(16)
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Table 5. Comparison of different glassy exponent, vortex regimes, thickness and vortex model reported in the literature and this work.

Glassy exponent Number of

Sample Characteristics Thickness p values regimes reported  Vortex model References
(Gd-Y)-Ba—Cu-O Thin film 0.7 pm 1.7 3 Vortex glass [49]
1.4 pm 1.75
2.8 um 1.65
YBCO Biaxially textured. 34 nm 0.56-0.69 3 Collective [33]
Undoped by RABiTS 170 nm Pinning
process 500 nm
1450 nm
YBCO/STO Prepared by PLD using 200 nm 0.6; 1.7 4 Collective [32]
a target obtained by Pinning
citrate-gel method
YBCO/STO Prepared by PLD using 200 nm 0.6;2.2 4 Collective
a commercial target Pinning
BizSr,CayCuz xMoxO1o45 x = 0.0 Glass samples 0.771 3 Vortex glass [53]
x=05 0.773
x=10 0.812
x=15 0.797
YBCO/MgO Undoped uniaxially 1 pm 0.89; 1.21 and 4 Vortex This work
textured 1/7 (predicted) Glass/Collective
Pinning

bundle vortex in different pinning sites. From the obtained pin-
ning regimes, the pinning energy Uj is estimated by fitting the
loops in figure 4(b). Here, the Uy values 2.877 and 1.753 meV
were obtained for regimes I and II, respectively.

3.5. E-J characteristics

To complete the discussion about the pinning models, the
dependence of the electric field £ on the current density J
is studied. Usually, the E — J curves are directly obtained by
transport measurements [49] or indirectly obtained by mag-
netic measurements using VSM or SQUID magnetometers
[12]. In the present work, the E — J characteristics are obtained
from a combination of swept field (from M (H) loops) and
flux creep (from M (t) loops) measurements. The advantage
of the indirectly method is the free-dependence of wire con-
tacts which prevents instrumental errors and allows a facile
study of the superconducting properties at low temperatures
and high magnetic fields. This is an advantage over conven-
tional transport methods in which typically E ~ 1uVem™! is
obtained [12]. Furthermore, the dissipation level tends to be
self-limiting, thereby precluding the hazard of overheating or
destroying the sample. This is observed in the heating of the
contacts, restricting the transport measurements at higher tem-
peratures and lower currents. In the present work, the study
is carried out using a DC-MPMS-SQUID magnetometer as
described in the experimental section.

Figure 7 shows the E —J characteristics under poH =
1T and plotted in log—log-scale. The data were obtained
from swept field (at 7 = 10, 20, 30, 40, 50, 60 and 70 K)

and flux creep (at T = 10, 30, 40 and 60 K) measurement
modes. For the swept field rates, the data were obtained
from the variation of the magnetic field H during the M (H)
measurements (see figure S6), taking the magnetization val-
ues at applied magnetic fields near to 1 T, where the vari-
ation of B was around dB/dt=74.76 mTs~'. The J data
were calculated with equation (4), while the induced field
E values on the perimeter of the film were obtained using
equation (17). The obtained values lie in the interval 107>—
10~% V.ecm™!. On the other hand, the creep data was extracted
using equation (18) in the relaxation measurements shown in
figure S5, where d and a are the thickness and width of the film,
respectively. From the creep measurements, the E data range
1073-10""" Vem !

Figure 7 shows the linear relation between E and J when
plotted in a log—log scale. The relationship behaviour cor-
responds to the power-law relation E o< J", where n is the
power-law index. As shown in the figure, 7 is the slope of the
E(J) curves at the log-log scale, which reflects the underly-
ing vortex pinning properties of the sample. The n values gen-
erally decrease with temperature and applied magnetic field,
becoming small at high T and high H [49]. The power-law
behaviour provides evidence of a flux-creep process in the
film [54]. The collective flux creep theory predicts that the
E(J) curves changes from convex (at high J values) to con-
cave curvature (at low J values) [17, 55]. In the limit when
J — 0, the pinning energy U (J) — oo, meaning that the E(J)
curves become gradually steeper. For the case U(J) — oo,
vortex hopping to neighbouring sites becomes impossible. The
change of curvature is a very slow process as it is observed at
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Figure 7. E (J) characteristic curves determined at different
temperatures by swept field and creep measurements under an
applied magnetic field poH = 1 T transversal to the YBCO film.
The n values were obtained from the power-law E o J".

10 and 30 K for the creep measurements, which is in agreement
with the theory,

dp /dt 1
= ('0/ = - — (area x magnetic field)
perimeter  perimeter d¢
a (dB
:4<w) (an
mad (dJ
E(J)=pny— | — ). 1
W=ng (G as)

4. Conclusions

The vortex glass and collective-pinning models were applied
to the experimentally obtained magnetic data for an undoped
uniaxially textured YBCO film and the different obtained
regimes were discussed. The presented rigorous analysis of
experimental results provides a valuable example on how to
apply the theory of vortex dynamics to YBCO superconduct-
ing films. According to the collective-pinning model, a third
regime at temperatures lower than 10 K was expected; whereas
for the vortex-glass model a single vortex regimen was expec-
ted. For both cases, the Y211 secondary phase is found to be
the main pinning mechanism in the superconducting system,
in agreement with a 3D pinning centre description. According
to the field dependence of the pinning force, a change in the
pinning mechanism is found at 10 K. This change can be attrib-
uted to the contribution of other intrinsic defects with different
dimensionality in the pinning process of the system, such as
stacking faults, grain boundaries, misoriented grains or point
defects.
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