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We have analyzed a resonant behavior in the dielectr ic constant associated to the barrier of YBa2Cu3 0 7 

(YBCO) grain boundary Josephson junctions (GBJJs) fabricated on a wide variety of bicrystalline sub
strates: 12° !001] tilt asymmetric, 24° !001] tilt asymmetric, 24° !00 1] tilt symmetric, 24° !1 00] tilt 
asymmetric, 45° 11 00] tilt asymmetric and 24° 100 1] tilt symmetric +45° 11 00] tilt asymmetr ic bicrys
tals. The resonance analysis allows us to estimate a more appropriate val ue of the relative dielectric con
stant, and so a more adequate value for the length L of the normal N region assuming a SNlNS model for 
the barrier. In this work, the L dependence on the critical current density Jc has been investigated. This 
analysis makes possible a single representation for a ll the substrate geometries independently on around 
which axes the rotation is produced to generate the grain boundary. On the other hand, no clear evi
dences exist on the origin of the resonance. The resonance frequency is in the order of 1011 Hz, pointing 
to a phonon dynamic influence on the resonance mechanism. Besides, its position is affected by the oxy
gen content of the barrier: a shift at low frequencies is observed when the misorientation angle increases. 

1. Introduction 

The transport and in general all the properties of YBa2Cu30 7 

(YBCO) weak links depend strongly on their structural quality. 
The physics taking place at YBCO surfaces and interfaces is rich, 
primarily because of phenomena associated with the d-wave order 
parameter symmetry [ 1). All this has originated various hypothe
ses on the transport properties. The most widespread models are 
basically all in between two ideas: on the one hand resonant tun
neling through some kind of dielectric barrier; on the other, espe
cially in grain boundary josephson junctions (GBjjs), a barrier 
composed of insulating regions separated by conducting channels, 
which act as shorts or micro bridges. These channels may have dif
ferent sizes and distributions and obviously a different impact on 
the transport properties. Magnetoconductance measurements in 
YBCO GBjjs suggest that transport occurs in narrow channels up 
to 0.1 ~m [2 ). As a consequence a generic property in YBCO junc
tions appears to be a remarkably long life time of the carriers. This 
has been proved by optical and magnetoconductance measure
ments [3,4). In any case, the barrier region is still hard to define, 
either in its spatial extent or its influence on the adjacent super
conducting regions. 

Also, in studies on artificially fabricated grain boundaries the 
observation that the critical current density jc of a GBjjs depends 
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exponentially on t he misorientation angle has been made. A recent 
publication explores t hat the primary cause of t his exponent ial 
dependence is the charging of the interface near defects which 
resemble classical dislocation cores. This leads to a porous barrier 
where weak links are distributed in a characteristic way depending 
on the misorientation angle. The d wave order parameter symme
try and the nature of the atomic wave functions at the boundary 
which modulate the hopping amplitudes do not appear to be 
essential for the functional form of the angle dependence [ 5 ). 

In this work, we analyze the presence of a resonance response 
in YBCO GBjjs fabricated using different bicrystalline subst rate 
geometries. The results derived offer a complementary analysis 
that allows us to corroborate t he data already published on t he 
spatial extension of the regions adjacent to the barrier. In fact, 
we show the adequacy of using the lengt h L of the N region in a 
SNINS barrier instead of the misorientation bicrystal angle to plot 
the decrease of jc in GBjjs. On the other hand, although caution 
is required, the range of the resonance frequency measured and 
its dependence position on the oxygen content of the barrier points 
to a phonon dynamic influence. 

2. Experimental procedure 

We have fabricated GBjjs based on YBCO of t hree different tilt 
geometries: [001) tilt , [001) tilt and [1 00) tilt. josephson junc
tions were fabricated using SrTi03 (STO) bicrystalline substrates. 



We have chosen 12� [001] asymmetric, 24� [001] symmetric and
24� [001] asymmetric bicrystalline substrates of STO as [001] tilt
geometries, 24� [100] asymmetric and 45� [100] asymmetric sub-
strates to fabricate the [100] tilt junctions and as well 24� [001]
symmetric +45� [100] asymmetric STO bicrystals as one [100] tilt
tilt geometry. The scheme of Fig. 1 illustrates the different tilt
bicrystalline substrates: the misorientation angles for all the geo-
metrical configurations are indicated in Table 1. The [100] tilt
and [100] tilt-tilt bicrystal geometries are of the ‘‘valley’’ type
where the [001] axis is tilted towards the grain boundary.

The bicrystal technique is the most direct way to create a grain
boundary. This is an easy way to vary the relative orientations of
the electrodes in different possible combinations. Other approaches,
as step, step-edge andbiepitaxial techniques aremore flexible in the
location of the junctions for fundamental studies andmore efficient
for circuit design, but the GBJJs are limited to particular misorienta-
tion angles, and the performances of some of these junctionsmay be
less reliable. The bicrystal techniques have been by far the most
used, in part because of its simplicity and extendibility to any other
high temperature superconductor compounds and deposition
techniques [1].

YBCO films were epitaxial grown in a high pressure (3.4 mbar)
pure oxygen dc sputtering system. In the deposition process the
substrate temperature was 900 �C. The accurate control of the film
growth process in our sputtering system has been previously dem-
onstrated [6,7]. Films were patterned obtaining junctions widths
(W) ranging between 2 and 20 lm for all the STO bicrystals by
Ar ion milling. 100 nm thick gold layers were deposited on the
samples for making low contact resistance paths.

The current voltage, I–V, curves of the samples have been mea-
sured using a homemade electronics set-up characterized by a cur-
rent amplifier showing 0.1 nA/Hz1/2 current noise and a voltage
differential amplifier with 7 nV/Hz1/2 output voltage noise at
10 Hz. Moreover, the junction leads are filtered by individuals
cryogenic p filters (one filter per wire), located close to the sample
with a cut off frequency of about 10 kHz. This guarantees that no
high-frequency contribution (rf signals) coming from the external
environment is reaching the junctions.

3. Results and discussion

We have observed Fiske steps in all the YBCO GBJJs fabricated
on the different bicrystalline geometries. Several plots of the evi-
dence of the presence of Fiske steps in the I–V curves have been
published in references [6,8,9]. Examples of I–V curves correspond-
ing to some of the bicrystalline geometries analyzed have been
plotted in Fig. 2 for values of the magnetic field for which the Fiske
steps are clearly observed. No doubts arise in their identification
since the dependence of their intensity on the magnetic field is
as predicted by theory [10].

In general, the structural and electrical information about the
barrier has been mainly derived from the transport parameters:

normal resistance (RN) and critical current (IC). However, we have
already shown the usefulness of the information that can be ob-
tained from the analysis of these resonances [6,8,9,11]. This fact
was also pointed out by Tafury et al.: the resistance of the barrier
was derived from the voltage displacement induced by irradiation
on the resonance steps [12].

In this line, the presence of these resonances allows us to ana-
lyze the dielectric response of the barrier. The Swihart velocity c
is determined by the voltage position of the Fiske step n = 1 by
means of the expression V1 ¼ /0�c

2W where W is the junction width
and /0 the magnetic flux quantum [13]. The ratio of the dielectric
constant to the thickness of the barrier e

t is calculated using
�c ¼ c0 t

ed

� �1=2h i
where c0 is the vacuum light velocity and d the effec-

tive magnetic junction length. At this point, it is necessary to guar-
antee that the external circuit does not influence the e

t calculated
values. Considering the extremely low values of the junctions
capacitances (of the order of several femtofarads) and in order to
guarantee that the external circuit does not influence the measure-
ments, the effect of stray capacitances and/or inductance of wire
connecting the junctions pads to the cryogenic filters is also wor-
thy to be analyzed. As a rough calculation, the resonance frequency
related to the external circuit is of the order of 30 MHz. If the total
capacitance of the circuit would be the one associated with the
wires, this would induce a current step in the I–V curve at the volt-
age V � 2lV that is lower than the range we are dealing with [11].
It means that the capacitance we have measured by using current
steps is completely due to the junction.

Returning to the calculus, form the Fiske voltage position the
resonance frequency of the cavity can also be determined by
means of the expression f1 ¼ V1

/0
[10]. Following this procedure,

the e
t ratio and the f1 values have been calculated for each substrate

geometry and for W values ranging between 2 and 20 lm. Then,
we have established a relation e(f1) which is essentially the disper-
sion relation e(x). In the articles published in the literature focus-
ing in the e

t ratio of [001] tilt junctions a single average value of
such parameter is given for all the junctions independently of W
[12,14–16].

In all the bicrystalline geometries fabricated a resonant behav-
iour is detected. In this sense the data has been fitted to the disper-
sion relation [17]:

e ¼ e0 þ NQ2

m
x2

0 �x2

ðx2
0 �x2Þ2 þ 4c2x2

ð1Þ

where e0 is the vacuum dielectric constant, N the number of atoms
per volume unit, Q the charge carrier per unit cell, m the mass of

free electrons and c the damping constant. In the fitting NQ2

m ; x0

and c have been considered as free parameters. Also for the fitting
a t value has had to be considered in order to deduce the e values
from the experimental et ratios. It has been published a phenomeno-
logical criterion to estimate the thickness of the nonsuperconduct-
ing layer enveloping the grain boundary if the distribution of the
strain in its vicinity is known. This criterion suggests that cores of
the dislocations are no transparent for the supercurrent because
the superconductivity is suppressed in the region of the crystal lat-
tice where strains achieve some critical values [18]. Applying this
approach and based on that the suppression of the superconductiv-
ity by strain is caused by the change of the bond lengths, the
valence of atoms and the number of charge carriers present in
the grain boundary structure the distribution of the strain in the
vicinity of the grain boundary is determined. According to this mod-
el the width of the nonsuperconducting zone has been estimated to
be 1–3 nm depending on the orientation angle and geometry of the
grain boundary [19]. In this line, we have considered correct to use
a value of 1 nm for the 12� [001] geometry and 2 nm for the others
bicrystalline geometries.

β1

c

β2

a

a

α1

α2

Fig. 1. Schematic representation of the [001] and [100] bicrystal orientations.
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In Table 2 we have quoted the values obtained for x0 and c for
all the bicrystalline geometries. The resonance frequency varies be-
tween 7 and 2 � 1011 Hz depending on the substrate geometry.
Some aspects related to the nature and transport mechanism of
the YBCO GBJJs can be deduced and corroborated from its analysis.

In several published works [6,20], values of the relative dielec-
tric constant e0r ranging between 5 and 10 have been assumed for
the barrier from the estimation of oxygen deficient YBCO [21]. At
this point, a more appropriate value of the relative dielectric con-
stant associated to the barrier is the low frequency relative dielec-
tric constant given by the expression:

e0r ¼ 1þ NQ2

me0x2
0

ð2Þ

where the ratio NQ2

m and the x0 values are derived from the fitting to
expression (1). This approximation allows us to calculate a e0r value
for each geometry that correctly considers its particular barrier
microstructure. The obtained values have been shown in Table 3.
Also, an experimental estimation of t can be made from the e

t ratios.
The range of t values is indicated in Table 3.

Previously the dependence of the critical current on the junc-
tion resistance has been investigated pointing to a description of
the barrier as a SNINS structure [22]. Assuming that the resonance
observed is associated to the insulating I region, the length L of the
normal N region has been estimated from the discrepancy ob-
served in the capacitance values derived from the Fiske resonance
voltage positions and the I–V curve hysteresis. In the calculus we
have used the e0r values derived from expression (2) and shown
in Table 3. A detailed explanation of this calculus has been pub-
lished in Refs. [6,9].

The L values calculated are in the interval indicated in Table 3.
We believe that the wide interval for the L values in some geome-
try is a consequence of the faceting of the barrier. On the other
hand, the magnitude of such values for some geometries may seem
strange. However, these values derived from the resonant behav-
iour of the barrier confirm other results already published in the
literature. Techniques as the strain analysis [23] and the atomic
force microscopy [19] reveal that meandering widths range from
5 to 100 nm in [100] tilt junctions.

Table 1
Values of the bicrystal a and b misorientation angles.

Bicrystal geometry a1(�) a2(�) b1(�) b2(�)

[001] tilt: 12� [001] asymmetric 0 12 0 0
[001] tilt: 24� [001] symmetric 12 12 0 0
[001] tilt: 24� [001] asymmetric 0 24 0 0
[100] tilt: 24� [100] asymmetric 0 0 0 24
[100] tilt: 45� [100] asymmetric 0 0 0 45
[100] tilt–tilt: 24� [001] symmetric + 45� [100] asymmetric 12 12 0 45
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Fig. 2. Examples of I–V curves corresponding to some of the bicrystalline geometries analyzed for a fixed value of the magnetic field indicated in each plot.

Table 2
Values of x0 and c (expressed in Hz and cm�1) deduced by the fitting to expression
(1).

Bicrystalline geometry x0 (�1011 Hz cm�1) c (�1010 Hz cm�1)

12� [001] asymmetric 7.5–25.2 3.9–1.3
24� [001] symmetric 4.4–14.7 1.7–0.6
24� [001] asymmetric 4.2–14 1.1–0.5
24� [100] asymmetric 7.4–24.7 6.0–2.0
45� [100] asymmetric 3.3–11 2.0–0.7
24� [001] symmetric

+45� [100] asymmetric
2.9–9.7 2.2–0.8
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As we have mentioned in the introduction, different works
emphasize that the transport properties of the grain boundary
Josephson junctions strongly depend on the misorientation angle
between the two electrodes. In particular, in artificially grain
boundaries it has been observed that the critical current Jc of GBJJs
depends exponentially on the misorientation angle [5]. Common
usage distinguishes the symmetric case, in which the misorienta-
tion between the crystalline axes and the junction interface is
the same on the two sides of the junction, from the asymmetric
case, in which this misorientation is zero on one side of the inter-
face. In this line, it has been found that in the low angle regime
(010) tilt boundaries and (100) twist boundaries reduce the criti-
cal current density much less than (001) tilt boundaries with the
same misorientation angle. Transmission electron microscopy re-
veals a low defect density in the (010) tilt boundaries [24]. We
have analyzed the dependence of Jc on the geometry in our junc-
tions. However, we have chosen L for the plot. We consider this
parameter more adequate for such a representation because it is
not necessary to distinguish between different geometries with
the same misorientation angle, so it allows a single representation
for all the geometries independently on around which axis the
rotation is produced to generate the grain boundary. The results
have been plotted in Fig. 3. The Jc values are in the order of mag-
nitude of the values reported in the literature for junctions of the
same thickness and bicrystalline geometries.

Coming into the analysis of the fitting of Fig. 3, two different re-
gions can be appreciated approximately limited by a length L rang-
ing between 30 and 40 nm. For values of L smaller than 40 nm the
data fit well to an exponential expression on L of the type Jc ¼ Ae�

L
L0

as indicated by the solid line. From such a fitting, the values de-
rived from A and L0 have been 0.92 � 106 A/cm2 and 6.4 nm respec-
tively. The values obtained for both parameters seem reasonable.
For example, following the exponential expression the A value
would correspond to a junction with L = 0, so to a thin film or to
a grain boundary of low angle of misorientation. In this sense,
the A value is close to the value of an YBCO thin film of high quality
at 77 K.

For L values up to around 30–40 nm, the channel model can be
useful in describing the transport properties of the barrier: an
inhomogeneous barrier with a large number of conducting parallel
channels that support the current. We believe that this model is
supported by the behaviour shown in Fig. 3. The number of super-
conducting channels, and so Jc, must be severely dependent on the
width of the GBJJs and so, on the L value. For low angles boundaries
(up to 24) even in the case of (010) tilt boundaries and (100) twist
boundaries, it has been demonstrated that the model of depen-
dence on the misorientation angle works. For these angles, the
presence of uninterrupted YBCO unit cell planes has been con-
firmed [24].

However, when L is above 40 nm, the Jc dependence on this
parameter is weak, for L values ranging between 60 and 100 nm
the Jc values are almost constant. This behaviour seems reasonable:
when L reaches a length above 60 nm the number of filaments in
the barrier must decrease drastically and so, be independent on
the bicrystalline geometry.

On the other hand, for this L range different transport mecha-
nism scenarios could be possible. In (100) tilt junctions it seems
that the dielectric barrier contains a high density of localized states
and the quasiparticle and Cooper pairs current is dominated by
resonant tunnelling via these localized states. If many impurities
are present, the bound states overlap and interfere leading to the
band analogous to the impurity band in disordered semiconduc-
tors [25]. Regarding these results a mixed picture of the barrier
could be more reasonable for the bicrystalline geometries in which
L is higher than 20 nm: a barrier where a tunnelling transport via
localized states is combined with a transport mechanism across
superconducting filaments.

Up to our knowledge, in the literature the parameter that is al-
ways used for the plot of the decrease of Jc is the misorientation
angle. Then, it is not possible to include directly data from other
authors in Fig. 3 since no data of L values are available. Few refer-
ences discuss about both methods of calculus of the capacitance
associated to the barrier. In an analysis of the effect of the substrate
on the dielectric properties of the barrier Tarte et al. [26] found
that the capacitance obtained from the Fiske resonance correlates
well with that determined from the hysteresis measurements on
YBCO 24� and 36� [001] symmetrical GBJJs fabricated on STO
bicrystal substrates. In accordance with this result, for the first
geometry, we have shown small L values (see Table 3).

However, following with the comparison to other authors, we
believe that the correlation observed between the capacitance
per unit area (A) associated to the barrier (C/A) and the product
RNA confirms at least partially our results. Most data of YBCO junc-
tions fabricated on different substrates and the 24� (001) tilt
geometry fell close to a power law of the form C

AaðRNAÞ�1 [26,27].
Our data relative to 24� [001] symmetric GBJJs follow this scaling
behaviour with experimental data dispersion comparable to that
reported in the literature [6]. This scaling behaviour is presented
as consistent with the phenomenological filamentary model as
the tendency plotted in Fig. 3 [28,29] for L values smaller than
40 nm. In the case of 45� [100] asymmetric GBJJs the C/A data cal-
culated from Fiske steps present the opposite behaviour: the C/A
ratio increases when RNA increases [6]. As deduced from the ten-
dency observed in Fig. 3 for L values up to 40 nm, a different struc-
ture of the barrier and transport mechanism is necessary to explain
this bicrystalline geometry.

Concerning the origin of the resonance observed, the data avail-
able leads us to speculate on an optical phonon dynamic influence
on the resonance mechanism. Assuming the SNINS model, we be-
lieve that the e

t ratio calculated from Fiske steps is only related to

Table 3
Values of e0r and intervals of values for t and L.

Bicrystalline geometry e0r t (nm) L (nm)

12� [001] asymmetric 18 (0.2–0.8) (0–0.7)
24� [001] symmetric 28 (0.4–1.2) (0–2)
24� [001] asymmetric 26 (0.7–1.6) (0–2)
24� [100] asymmetric 20 (0.6–2) (0–1)
45� [100] asymmetric 37 (0.7–3.6) (5–26)
24� [001] symmetric +45� [100] asymmetric 43 (0.8–2.5) (31–110)
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Fig. 3. Jc versus L, the length of the normal region following a SNINS model for the
barrier. The solid line corresponds to the fitting to the exponential expression
Jc ¼ Ae�

L
L0 .

198 M.A. Navacerrada et al. / Physica C 483 (2012) 195–200



the resonant cavity close to the crystallographic grain boundary, so
the I region [11]. Such region is generally a very disordered region,
strained, poor in oxygen and where the growth of impurities is fa-
voured. So, from the structural characteristics of the barrier region
it seems reasonable that the phonon structure becomes more pro-
nounced than the electronic background, reinforcing the phononic
nature of the resonance.

Different experimental techniques as Raman spectroscopy
[30,31] or reflectivity measurements [32] have been used to inves-
tigate the optical phonon modes, oxygen contents and structural
properties of YBCO thin films and single crystals. For YBCO the Ra-
man phonon lines correspond to lattice vibrational modes involv-
ing motions of mainly one type of atoms and in general, five
Raman modes whose position ranges between 502 cm�1 and
115 cm�1 have been established. In Table 2 the values of x0 have
been also expressed in cm�1: the resonance frequency position de-
duced from the fitting is lower than the frequency of any of the
modes measured by Raman spectroscopy for full oxygenated sam-
ples. However, the oxygen sub-lattice related vibrations are very
sensitive to YBCO stoichiometry and changes in the Raman spectra
with the oxygen content have been also described [30,31]. The
lines which are quite sharp in the highly doped material display
several unusual properties as the oxygen content is reduced. The
origin of many additional spectral features most strongly pro-
nounced in poorly oxygenated, doped or mixed YBCO samples, is
either unclear or controversially discussed. Nevertheless, there is
a general agreement that the presence of new bands is generally
an indication of defects and local changes of the atomic
environments.

Coming to our experimental results, we believe that the origin of
the resonance we observe is the same for all the geometries. The
resonance appears at a frequency of around 25 cm�1 for the 12�
[001] and 24� [100] bicrystalline geometries. In the other geome-
tries, this resonance is shifted to smaller frequencies ranging be-
tween 14 and 10 cm�1 depending on the geometry. Strain and
oxygen deficiency at the barrier increase when the misorientation
angle increases and the bicrystalline geometry ismore complicated.
Besides the frequency is almost coincident for the 24 � [001] and
45� [100] geometries: it seems that rotation around [100] axis
generates a lower lattice distortion than around the [001] axis.

In this line, independently on the association of the resonance
to a known or new phonon band, its position is affected by the
structure of the barrier. The shift to low frequencies of the reso-
nance goes along with a decrease of the damping constant. These
results are also reported by Schützmann et al. [32]. Few references
related to Raman spectroscopy at grain boundaries have been
found in the literature [33]. But a similar scenario has been de-
tected by other authors. Admittance Josephson spectroscopy
experiments on (100) tilt YBCO bicrystal junctions reveal the pres-
ence of additional lines whose localization is modified by oxygen
annealing of the junctions [34].

4. Conclusions

We have shown that the barrier of all our GBJJs can be modelled
as a dielectric mediumwith losses. Our data e(f1) can be fitted to an
expression e(x) that describes the behaviour of e close to a reso-
nance in a dielectric medium. The presence of the resonance allows
us to calculate the width, L, of the normal N regions of a SNINS bar-
rier using a different value for the dielectric constant for this region
depending on the junction geometry. Jc is plotted as a function of
the L values. Using this length it is not necessary to distinguish be-
tween different geometries with the same misorientation angle. In
such a representation two transport regimes, already described in
the literature, have been observed. The origin of this resonance

seems to be the same for all the bicrystalline geometries studied
and its position is affected by the structure of the barrier (oxygen
order, strain, etc.). We speculate on a fundamentally phononic ori-
gin of this resonance.
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