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Featured Application: This work concerns the study of the granular nature of an YBa2Cu3O7-x

superconducting film, whose expertise can be useful in understanding the temperature and the
DC and AC field application ranges of these materials with non-optimized fabrication properties,
which are typically found in superconducting wires and power cables.

Abstract: The study of granularity in superconducting films by using AC susceptibility has a crucial
role in the development of and improvement in the ReBCO-coated conductors, which are a constantly
evolving reality in the modern power applications of superconductivity. Specifically, the study of
the granularity is essential because the ReBCO superconducting wires and tapes are far from the
regularity of a single crystal while they often present an inter- and intragranular contribution to the
critical current density. On the other hand, the AC susceptibility is a key part of the characterization
of a granular sample because this technique is very sensitive to the presence of granularity in the
superconductors and, moreover, the study of its first harmonic allows for determining pivotal
properties such as the pinning energy as well as the dissipation processes acting in the sample.
The pinning energy values and the granularity of an YBCO thin film have been studied by means
of AC susceptibility measurements as a function of the AC amplitude, temperature, and DC field.
In particular, the first harmonic imaginary component of the AC susceptibility χ′′

1 related to the
dissipation processes of the sample has been studied. First, starting from the Brandt approach, the
critical current density Jc and the pinning energy U of the sample have been extracted at 77 K by using
the χ′′

1 measurements as a function of the AC amplitude at different AC frequencies and DC fields.
From these measurements, a first signal of granularity appears. In order to confirm it, the temperature
dependence of the χ′′

1 at different DC fields has been studied and a contribution deriving from the
inter- and intragranular part of the sample has emerged. By taking the temperature corresponding
to the crossover between the two contributions at the different DC fields, the intergranular and
intragranular response has been separated. Successively, the temperature has been fixed to 77 K,
together with an AC frequency equal to 1597.9 Hz, and the χ′′

1 as a function of the DC field at different
AC amplitudes has been analyzed showing a clear presence of granularity in all the curves. By
drawing the contour plot of the χ′′

1 with the DC and AC values, it was possible to determine the best
parameters to put at 77 K in order to exploit the material for applications.

Keywords: AC susceptibility; magnetic measurements and characterization; pinning energy; critical
current density; granularity; inter-grain and intra-grain contributions; vortex dynamics; high-Tc

superconductors; superconducting film; superconductivity and magnetism
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1. Introduction

Since its discovery in 1911 by Kamerlingh Onnes [1], the phenomenon of superconduc-
tivity has undergone an intense theoretical and experimental investigation due to its unique
characteristics, such as zero electrical resistance and the complete expulsion of the magnetic
field from the material when it is cooled below a certain characteristic temperature, which
is known as the critical temperature. The discovery of high-Tc superconductors in 1986
by Bednorz and Müller [2] was a paradigm shift, revealing materials that conduct elec-
tricity without resistance at temperatures significantly higher than the previously known
superconductors. This discovery has expanded our understanding of quantum physics and
revolutionized the development of superconductive applications. In fact, the major part of
the high-Tc superconductors is characterized by their ability to exhibit superconductivity at
temperatures above the boiling point of liquid nitrogen [3,4], making them more practical
for real-world applications compared to their low-temperature counterparts. On the other
hand, the BCS theory [5] governing the low-temperature superconductors is not applicable
to the high-Tc ones. Despite the significant advancements, the mechanism behind high-Tc
superconductivity remains one of the most intriguing puzzles in condensed matter physics.
The cuprates family is the most well-known class of high-Tc superconductors, with critical
temperatures reaching up to 135 K [6]. Among the cuprates, YBCO (Yttrium Barium Copper
Oxide) is one of the most studied cuprate compounds and it is historically considered
the first compound to become superconducting above the boiling point of liquid nitrogen
(77 ◦K), at about 92 ◦K [7]. This remarkable property opened the door to potential various
technological applications, such as clean energy area power applications [8,9], Magnetic
Levitation Trains (Maglev) [10,11], the Superconducting Quantum Interference Device
(SQUID) [12], Magnetic Resonance Imaging (MRI) [13,14], and Superconducting Power
Transmission Cables [15,16]. More recently, superconductors have been essential to the
development of quantum computing [17,18]. It is worth noting that in order to use YBCO
for the aforementioned applications, samples in the form of coated conductors or thin films
are usually exploited [19,20] because of their high critical temperature and high upper
critical field [21,22]. In this framework, granularity is a strong performance barrier because
the intergranular current density is highly dependent on the adjacent grains’ misorientation
angle [23]. This implies that even with a moderate misalignment, the angles correspond to
a significant reduction in the macroscopic critical current density [24,25]. On the contrary,
large-angle boundaries also form excellent Josephson junctions [24]. Moreover, it has been
demonstrated that the intergranular current density controls the current transport at low
fields, while at fields in the Tesla range, the critical current inside the grains (intragranular)
dominates the current transport [24]. So, it is clear that the understanding of the granular
structure and its impact on superconductivity is crucial for the development of practical
applications that could revolutionize energy systems and electronic devices. This work
deals with the AC magnetic response of an YBCO thin film by studying the imaginary com-
ponent of the AC susceptibility. The choice to perform and measure the AC susceptibility
derives from the fact that this technique is very sensitive to the presence of granularity
in the superconductors because it can reveal the complex electromagnetic properties of
the granular structure of materials [26–35]. In particular, the AC susceptibility has been
studied as a function of the AC amplitude χ

′′
1 (hAC), the temperature χ

′′
1 (T), and the DC

magnetic field χ
′′
1 (HDC). From the χ

′′
1 (hAC) curves performed at different AC frequencies

and DC fields, the critical current density together with the pinning energy have been
obtained, evidencing the first signals of granularity inside the sample. From the χ

′′
1 (T)

and the χ
′′
1 (HDC) curves performed at different DC fields and AC amplitudes, respectively,

the granularity has been revealed and, by means of a contour plot of the χ
′′
1 with the

temperature, DC field, and AC amplitudes, the inter- and intragranular regions have been
highlighted and separated.
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2. Materials and Methods

The film was grown by Pulsed Laser Deposition (PLD) on a 5 mm × 5 mm SrTiO3
(STO) single-crystal substrate using a KrF excimer laser with a 248 nm wavelength with
a pulse duration of 30 ns, repetition rate of 3 Hz, laser energy density of 1.5 J/cm2, laser
energy of 266 mJ, and target–substrate distance of 5 cm, with the laser having a scanning
beam. The system has a multi-target carousel; the two targets used for this sample being
YBa2Cu3O7-x doped with 4% at. BaZrO3 (YBCO/BZO) and metallic Ag. The substrate
temperature was 800 ◦C and the oxygen partial pressure during deposition was 450 mTorr.
After the deposition, the film was cooled down in a partial oxygen atmosphere of 450 Torr at
the rate of 8 ◦C/min. The sample is a 4 µm thick bi-layer, with Ag nano-islands decorating
the substrate and with the same architecture of the Ag nano-islands between the two
YBCO/BZO layers. Silver nano-islands on the substrate and in the quasi-layer were grown
by 15 laser pulses at 400 ◦C in vacuum. The AC magnetic susceptibility was measured
using a Quantum Design PPMS-9 T equipped with an ACMS option. In particular, the
AC susceptibility measurements as a function of an applied AC field were performed at
T = 77 K, with the HDC ranging from 0 T up to 9 T, AC amplitude hAC up to 12 Oe, and
AC field frequency ν between 177 Hz and 9997 Hz. Concerning the AC susceptibility
measurements as a function of temperature, they were performed by applying the magnetic
fields parallel to the c crystal axis at a fixed AC amplitude hAC = 10 Oe and AC frequency
ν = 508.94 Hz, both with and without a DC field applied parallel to the AC one and ranging
from 0 T up to 9 T. To avoid any possible effects on the sample response [36], the residual
trapped field inside the PPMS DC magnet was reduced below 3 × 10−4 T before each
measurement, according to the protocol described in a previous paper [37]. After that,
the sample was cooled to 10 K in the absence of a magnetic field and allowed to stabilize
thermally for at least half an hour in order to reach thermal equilibrium. Subsequently,
the fields were activated, and information was gathered at a sweep rate of 0.1 K min−1 for
temperature increases reaching 100 K. In conclusion, an analysis of the AC susceptibility at
T = 77 K was conducted, considering varying AC field amplitudes (hAC = 0.5, 1, 2, 4, 8, and
12 Oe) and a constant frequency of v = 1597.9 Hz. Specifically, the sample was thermally
stabilized and cooled to 77 K in the zero field. Following the fields’ activation, the data
were collected using a DC field increment of 0.05 T within the range of 0 T to 9 T.

3. Results and Discussion

3.1. AC Susceptibility as a Function of AC Field Amplitude: χ
′′
1 (hAC)

We want to determine the pinning potential U values of the sample. It is known
that there are several methods to accomplish this task: One of them is by performing DC
relaxation measurements, which consist of measuring the DC magnetization as a function
of time at a fixed temperature and DC field [38]. In particular, by taking the slope of the
normalized magnetization as a function of the natural logarithm of time, it is possible to
directly obtain the creep rate and thus the pinning energy values [39]. Another method
to determine the pinning potential values is by considering the slope of the Arrhenius
plots, which allows for directly determining the pinning potential values as a function of
the DC and AC fields [40]. Another way to find the pinning potential in superconducting
materials by means of AC measurements is to measure the frequency-dependent out-of-
phase (imaginary) AC susceptibility χ

′′
1 as a function of the AC field amplitude hAC at fixed

temperatures and fixed DC fields [41,42]. The critical current density of the sample can be
correlated with the χ

′′
1 (hAC) dependence at a given temperature for different HDC values.

This dependence may show a peak in the experimental window of measurements at a
given temperature, with its position h* representing the AC field of full penetration of the
perturbation in the center of the sample [43]. We are going to use this last method in order
to obtain the pinning potential values as a function of the DC field at a fixed temperature
equal to 77 K, which is of particular interest in the framework of the power application of
superconductivity. In Figure 1, at HDC = 0 T, χ

′′
1 (hAC) shows an evident peak at all the AC

frequencies ascribable to the full penetration of the AC field in the center of the sample.
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Then, it is clear that by increasing the DC field (up to 2 Tesla), there is a disappearance of
the peak, which would induce one to think that the χ

′′
1 values are going toward zero with

the increasing in the DC field due to the transition of the sample to the normal state. On the
contrary, by further increasing the DC field, the χ

′′
1 values start to increase again with hAC.
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1 as a function of the AC field amplitude at T = 77 K for different DC fields and AC

field frequencies.

This could be due to a granular conformation of the sample and therefore to inter-grain
and intra-grain contributions to the whole signal [44–46]. In particular, the first peak at
low DC fields, which quickly disappears, is associated with the inter-grain link among the
grains, while the second peak, which develops at higher DC fields, can be ascribed to the
contribution deriving from the single grains. We will look at this in more detail in the next
subsections. Now, even after the discovery of the granularity in the sample, we want to
focus on the possibility of extracting the pinning energy values starting from the curves of
Figure 1 and, in particular, by taking the h* values at the different AC frequencies and DC
fields. Because the thickness of our sample is much smaller than the other two dimensions,
it is possible to use the Brandt approach [47], which links the location of the maximum h*
in the χ

′′
1 (hAC) dependency to the critical current density:

Jc = h*/γd (1)

where γ ≈ 0.9 is a coefficient that varies slightly with the geometry and d is the thickness
of the sample equal to 4 µm. So, the critical current densities at different frequencies, at
77 K, and in multiple DC applied fields have been estimated from the h*. The dependence
of Jc (in logarithmic scale) on ln(f0/f) is displayed in Figure 2, where f0 is the macroscopic
attempt frequency, which is approximately 106 Hz. It is worth noting that the Jc values



Appl. Sci. 2024, 14, 4379 7 of 14

decrease up to 3 T, while an increase in Jc is observed with further increasing the magnetic
field. This can be associated with the intergranular and intragranular contributions already
noted in Figure 1, respectively. The behavior of the experimental dependence of Jc as a
function of ln(f0/f) provides insight into the suitability of different pinning models [42]:
the Anderson–Kim model of pinning is represented by a downward curvature [48], the
collective pinning model is represented by an upward curvature [49], and the suitability
of a logarithmic dependence of the pinning potential on the current density is indicated
by a straight line [50], which is the case with our data. For the latter case, as was shown
in ref. [42], the pinning potentials for each DC applied field, U0 = kBT(1 + 1/b), can be
estimated thanks to the slope b of the straight lines in Figure 2.
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Figure 2. Critical current density as a function of frequency at 77 K at different DC fields. The slopes
of the linear fits (their values are reported on the fitting lines) allow for estimating the values of the
pinning potential U.

The obtained values of U0 in K (kB = 1) as a function of the DC field are displayed in
Figure 3. It is interesting to note that the two different behaviors of the pinning energy as
the field are increased: up to about 4 Tesla, the slope of the U values is low and constant,
but as the field further increases, the pinning energy values show a strong decreasing trend.
Moreover, the U(HDC) curve can be fitted by the power law U(H) ∝ H−α where the vortex
pinning regime operating in the sample is indicated by the exponent α. Specifically, for a
value of α ≈ 0, we are considering a single vortex pinning regime [49], while for α > 0.5,
we are in a collective pinning regime [51]. In our case, we have α = 0.25 for 0 T < H ≤ 4 T,
indicating a single vortex pinning regime with a very low vortex interaction. For H > 4 T, α
shows a much larger value equal to 3.6, indicating a collective pinning regime with very
strong vortex interactions. This is in agreement with the inter- and intragranular hypothesis
because, for lower magnetic fields, the interaction among the vortices is low (single vortex)
because the number of vortices that can be accommodated in the normal links among the
grains is low as well as their interaction, because each vortex is pinned by a defect. For
higher fields, the number of vortices increases, forming bundles of vortices predicted in
the collective pinning theory [49]. In this case, their interaction is much higher than the
single vortex state and, together with the high values of the magnetic field, leads to a fast
decrease in the pinning energy as evidenced in Figure 3.
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3.2. AC Susceptibility as a Function of Temperature: χ
′′
1 (T)

Until now, the sample granularity has just been assumed by looking at the χ
′′
1 (hAC)

and Jc behaviors. If this hypothesis is true, we expect to find evidence of granularity in
the χ

′′
1 (T) and χ

′′
1 (HDC) measurements as well. In Figure 4, the χ

′′
1 (T) curves at an AC

frequency ν = 508.94 Hz, an AC amplitude hAC = 10 Oe, and for different DC fields have
been reported. The main panel of Figure 4 shows the curves ranging from 10 K to 100 K
and it is evident they do not follow the standard behavior predicted by the Bean critical
state model [43,52], in which usually the χ

′′
1 (T) has a single peak associated to the full

penetration of the AC field in the center of the sample. From these curves, the granular
nature of the samples is visible because the presence of a double peak in the imaginary
part of the first harmonic is a known feature of a granular magnetic response [53]. In
particular, the peaks visible in the inset of Figure 4 can be associated to the contribution
given by the individual grains present in the sample (intragranular contribution), which
are electrically disconnected from each other. At lower temperatures, the connections
between the neighboring grains become superconducting (intergranular contribution) [53].
Because the intergranular part of the χ

′′
1 (T) curves is very large, this lets us understand

that the connection among the grains is weak. Another indication about the weakness of
the grains’ connection is the fast disappearance of the intergranular peak with the increase
in the superimposed DC field. In the inset of Figure 4, the colored arrows indicate the
end of the low-temperature peak and the beginning of the high-temperature one, thus
individuating Tg [54], i.e., the temperature that marks the transition from a behavior
primarily controlled by the intergranular component caused by currents flowing across
the grains to a behavior primarily controlled by the intra-grain component caused by
currents flowing only inside the grains. In Figure 5, the contour plot of the χ

′′
1 with the

temperature and DC field is shown. In particular, the Tg values at the different DC fields
have been reported together, with Tc estimated by taking the first non-zero value of the
χ
′′
1 (T) curves. Both the Tg and Tc field dependencies can be fitted with the power law

HDC(T) = HDC(T = 0 K)(1 − T/T∗(HDC = 0))n where T∗(HDC = 0) is the characteristic
temperature at zero DC field, and n is the exponent. Specifically, Tg(0) = 86.27 K, and
n = 1.63. On the other hand, Tc(0) = 88.91 K, and n = 1.31. The red line separates the
inter-grain region from the intra-grain one while the black line separates the intra-grain
region from the normal state of the material. From the contour plot, it is possible to observe
how a major part of the dissipation processes occur in the inter-grain region. It is worth
noting that from an electric transport point of view, the intergranular region is preferable
because the grains are in contact each other and the current is favored to flow inside the
grain junctions instead of flowing inside the single grains.
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Figure 5. The contour plot of the χ′′
1 with the temperature and DC field shows the intergranular and

intragranular regions. At this AC frequency and amplitude, the intergranular contribution is much
more active than the intragranular one.

An alternative, good way to identify the inter- and intragranular response and the
associated Tg of a sample is by using the fundamental harmonic Cole–Cole plots consisting
of plotting the imaginary part of the fundamental harmonic as a function of the real part.
As shown in Figure 6, the fundamental harmonic Cole–Cole plots have been plotted at
different DC fields for ν = 508.94 Hz and hAC = 10 Oe. Especially for HDC > 1 T, the
presence of a second peak in the χ

′′
1 vs. χ′

1 behavior can be noted, indicating the presence of
granularity in the sample. Looking at the whole curves, each first harmonic Cole–Cole plot
is characterized by two dome-shaped curves. The closed symbols correspond to the inter-
grain contributions, while the open symbols correspond to the intra-grain contributions.
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hAC = 10 Oe. The two dome-shaped curves evidence the inter-grain (closed symbols) and the
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3.3. AC Susceptibility as a Function of DC Field: χ
′′
1 (HDC)

An interesting approach that can be used to detect the granularity in a sample is to
plot the imaginary part of the fundamental harmonic χ

′′
1 as a function of the DC magnetic

field. In the main panel of Figure 7, χ
′′
1 vs. HDC curves at different AC amplitudes, at a

fixed temperature equal to 77 K and fixed frequency equal to 1567.9 Hz, have been reported.
The presence of an anomalous trend of the curves is evident because usually these curves
are characterized by the presence of a standard dome-shaped curve [33]. In our case, after
the anomalous initial decrease in the χ

′′
1 signal [33] due to the inter-grain contribution, a

peak at high DC fields is present for all the reported curves and can be ascribable to the
intra-grain contribution. The crossover between the two contributions is identifiable by
considering the minimum of the curves as indicated by the colored arrows in the inset of
Figure 7.
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Figure 7. χ′′
1 as a function of the DC field at different AC amplitudes, a fixed frequency ν = 1597.9 Hz,

and T = 77 K plotted on a semi-log field scale. Inset: the arrows indicate the local minimum of the
curves corresponding to the crossover between the inter-grain and intra-grain contributions.
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The detected points, named Hg
DC, are reported as a function of the AC amplitude

in the contour plot of the χ
′′
1 (see Figure 8). The obtained curve can be fitted with the

power law Hg
DC(hAC) = Hg

DC(0) + bhc
AC where Hg

DC(0) is the contribution separation
when hAC = 0 Oe, b is a coefficient, and c is the exponent. Particularly, Hg

DC(0) = 10.4 T,
b = −6.24 T/Oe, and c = 0.16. In Figure 8, the black solid line separates the intergranular
and the intragranular regions in the case of having T = 77 K, which can be interesting for
different superconducting applications. It is important to note that at 77 K, the intragranular
response is dominant, especially at high AC amplitudes, which makes this material inter-
esting for several types of applications, including, among others, energy transmission [55],
signal filtering [56], and magnetic confinement fusion [57].
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1 with the DC field and AC amplitudes is evidence of the

intergranular and intragranular regions of the sample. At this temperature, 77 K, and at this AC
frequency, the intragranular contribution is much more active than the intergranular one.

4. Conclusions

An YBCO film superconductor has been studied by means of AC susceptibility mea-
surements as a function of the AC amplitude, temperature, and DC field. The first harmonic
imaginary component of the AC susceptibility χ

′′
1 related to the dissipation processes of

the sample has been measured initially as a function of the AC amplitude at different AC
frequencies, DC fields, and at 77 K in order to obtain the critical current density Jc and,
consequently, the pinning energy U values. From these curves, the presence of a double
peak with increasing DC fields has been noted, indicating the presence of granularity inside
the sample. In particular, the inter-grain link between the grains is responsible for the first
peak at low DC fields, which quickly vanishes, while the contribution from individual
grains is responsible for the second peak, which forms at higher DC fields. From the
position of the peaks, the U values have been extracted and graphed as a function of the
DC field, showing a crossover from a single vortex pinning regime to a collective one.
After that, the temperature dependence of the χ

′′
1 at different DC fields has been studied,

revealing a double-peak structure correlated with the granularity of the sample. By taking
the temperature corresponding to the minimum between the two peaks, a contour plot of
the χ

′′
1 with the temperature and DC field values has been drawn, allowing for separating

the inter- and intragranular response of the sample. Finally, the temperature has been
fixed to 77 K, in view of the possible applicability of the material for power applications,
together with an AC frequency equal to 1597.9 Hz, and the χ

′′
1 as a function of the DC

field at different AC amplitudes has been analyzed. At this temperature, the granularity
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is strongly present at all the AC amplitudes even if the intragranular response is wider
than the intergranular one. This aspect can be important when the sample is studied by
applying a magnetic field instead of probing the sample with transport measurements
because the creation of the superconducting currents due to the applied field are favored to
form inside the grains rather than among the grains’ weak links. This aspect makes this
material interesting for several types of applications, such as energy transmission, signal
filtering, and magnetic confinement fusion.
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